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A gas aggregation source for the production of heterogeneous molecular clusters

We present the design of a versatile gas aggregation source that allows producing molecular beams of charged clusters containing a controlled amount of chosen impurities. Several examples of clusters production using this source characterized by time of flight mass spectrometry are presented here. We demonstrate the source ability to produce homogeneous clusters, such as pure protonated water and alcohol clusters, as well as inhomogeneous ones such as water clusters containing a few units of uracil, glycine, sulfuric acid or pyrene.

I. INTRODUCTION

Clusters are assemblies of a few units up to several thousand atoms or molecules. Atomic clusters (rare gas, metallic) have long been studied and led to the discovery of geometric or electronic shell structures for instance [START_REF]Clusters of Atoms and Molecules[END_REF][START_REF] De Heer | [END_REF] . One of the interests of studying clusters resides in the possibility to observe the size evolution of matter properties. It is then possible to study the emergence of macroscopic properties out of microscopic properties [START_REF]Clusters of Atoms and Molecules[END_REF][START_REF] De Heer | [END_REF][START_REF]Handbook of Nanophysics: Clusters and Fullerenes[END_REF] .

Molecular clusters are interesting in several aspects. In atmospheric chemistry, water clusters and clusters containing atmospheric relevant molecules, such as ammonia or sulfuric acid, are of particular interest for nucleation of water droplets and ion induced chemistry in the atmosphere [START_REF] Hirsikko | [END_REF][5][6] . Hydrogenated aromatic polycyclic molecules (HAP) are also present in the atmosphere as a result of imperfect combustion of fuel in cars or domestic heating. Furthermore, grains formed from HAP and water are also expected to be of importance for the chemistry of interstellar medium [7][8][9] .

Doping water clusters enables to study the influence of solvation on molecular conformation or dissociation 10 . Nanosolvated molecules can thus be seen as prototypes for experimental and theoretical studies of biochemical processes, which generally take place in aqueous environment 11 .

It is therefore desirable to be able to produce molecular clusters containing impurities or mixed clusters, and more specifically hydrogen bonded clusters such as water clusters. A wide variety of sources were developed since the early 1980s in order to produce clusters [START_REF]Clusters of Atoms and Molecules[END_REF][START_REF] De Heer | [END_REF][START_REF]Handbook of Nanophysics: Clusters and Fullerenes[END_REF]12 . Clusters have been produced using seeded supersonic nozzle sources 13,14 , gas-aggregation sources [15][16][17] , laser vaporization sources 18 , ion sputtering sources 19 , liquid-metal ion sources 20 or electrospray 21 . Among these devices, gas aggregation sources have been widely and successfully used for the production of large clusters 22 . Originally 2 designed for the production of metallic clusters 16 , it has since also been used to produce molecular clusters 23,24 .The success of the gas aggregation source comes from its great simplicity of operation, the ease of production of charged species and, as will be demonstrated with our design, its versatility. Moreover, they are used advantageously whenever one wants to thermalize the clusters just after their production: a second cooling stage attached directly to the source benefits from the already present buffer gas therefore available for thermalization. Furthermore the ability of these sources to produce charged clusters prior to thermalization is also an advantage when one is interested in mass selecting the clusters while preserving the control over their temperature, such as in nanocalorimetry experiments [25][26][27][28] .

The principle of operation of this type of cluster source is rather simple: an overheated vapor condenses in a cold atmosphere created by a buffer gas. The source itself usually consists in a chamber whose walls are refrigerated with water or liquid nitrogen. Inside this chamber a crucible allows one to vaporize the condensable material from which clusters are to be formed. A buffer gas, usually a rare gas, is introduced in the chamber. This buffer gas is cooled by collisions with the wall of the chamber and creates the cold supersaturated environment necessary for the vapor to undergo nucleation. Clusters are formed and exit the source transported by the buffer gas stream, thus producing a continuous cluster beam.

Clusters can be ionized in situ by using the crucible as a cathode for creating a discharge in the source. A voltage applied to the crucible is generally sufficient to create a discharge in this type of source owing to the relatively high pressure in the source (typically 1 mbar).

We present here a gas aggregation source that has been initially optimized for the production of water clusters. This source is also well suited for the production of alcohol clusters and virtually any molecular species with a sufficiently high vapor pressure. Atomic or molecular clusters are generated by nucleation of their supersaturated vapor that can be either injected in the source from outside, seeded in an inert carrier gas, or produced by heating a crucible embedded in the source, which contains the liquid or solid condensable element; using these two possibilities simultaneously allows us producing mixed clusters. One innovative feature of our source is its special ability to produce a variety of mixed clusters of components that have an extended range of vapor pressures. This will be demonstrated with the production of mixed clusters containing both water molecules and either sulfuric acid, glycine, uracil, or HAP. These mixed clusters (H 2 O) p X q are produced over a rather extended size range and with controlled stoichiometry.

The manuscript is organized as follows: in the next section the source design is described in details. The next two sections will be devoted to the demonstration of the source ability in producing various clusters, pure (section III) and containing impurities (section IV). The last section will draw conclusions.

II. DESCRIPTION OF THE SOURCE

A schematic of the gas aggregation source is presented in FIG. 1(a). The source consists in a cylindrical double wall stainless steel chamber that is placed under vacuum. This chamber has an inner diameter of 10 cm and is 18 cm long. Liquid nitrogen is circulated in the double wall in order to cool down the source.

Outside the source a glass reservoir contains the liquid material from which clusters are to be formed. The temperature of this reservoir can be controlled in order to adjust the vapor pressure.

A 6mm external diameter, 4mm internal diameter stainless steel tube goes through the back wall of the source. This tube is used to bring into the source the carrier gas, helium, seeded with the condensable vapor from which clusters will be formed. The amount of condensable vapor is adjusted with the help of a needle valve above the reservoir and connected to the helium pipe. Inside the source, the tube is connected to a 50mm long and 30mm inner diameter oven. It is made of stainless steel due to its corrosion resistance to a broad range of chemicals, such as sulfuric acid . The exit hole of this oven is 4 mm in diameter. The tube that brings in the carrier gas and the condensable vapor is heated, at typically 20°C, so that no condensation nor freezing can occur in the tube. Finally the source is closed by an aluminum cover extended by a 20 mm inner diameter cylinder, 6.5 cm long, that is connected to the thermalization chamber. Sealing of the source is done with indium wires. The exit hole diameter of the source is generally 7 mm. The choice of aluminum for this part is motivated by the good thermal conductivity of aluminum compared to stainless steel. A coaxial heating element allows to control the oven temperature in the source T oven , which can be varied from -150°C up to 150°C. Temperatures are measured in the source at three different places. One measure is done close to the back wall of the source, with a platinum resistance thermometer. Another platinum resistance thermometer records the temperature at the end of the cylindrical extension, at the source exit. Under typical operation conditions, the temperatures recorded in the source are -120°C at the back of the source and -180°C at the end of the source. The third temperature is measured in the oven with a type T thermocouple and regulated with the help of a proportional-integral-derivative controller. The oven temperature is usually kept between -20°C and +20°C when pure hydrogen bonded clusters are produced. For the production of water clusters containing impurities, depending on the nature of the impurity, the oven has to be heated up to 120°C in order to have a sufficiently high vapor pressure of the material of interest.

In order to ionize the clusters, a discharge can be produced inside the oven by applying a voltage to a small stainless steel ring electrode placed 5 mm towards the oven entrance. Typical voltages applied range from 300 to 900 V, leading to discharge current on the order of few tens of µA to several hundreds of µA. Alternatively, a miniature electron gun depicted in FIG. 1 Inside the oven is placed, if desired, the material to be added to the condensable element injected with the carrier gas. So far we have tested sulfuric acid, glycine, uracil and pyrene onto water. Varying the oven temperature also allows controlling the stoichiometry of the mixed clusters produced.

The helium flow into the source is usually on the order of 5 mbar.l.s -1 (extreme values go from 2 to 7 mbar.l.s -1 ), leading to a pressure inside the source on the order of 1 mbar. The helium flow is controlled by a mass flow controller (Tylan 2900).

Condensation occurs spontaneously in the cold source environment. Although the principle of operation of this source is quite simple, we cannot provide a clear detailed understanding of the nucleation processes at play in this source. However, we can still observe the influence of the various source parameters, such as helium flow, condensable vapor amount, oven temperature, discharge current, exit hole diameter on the cluster production and more specifically on the size distribution obtained from the source.

After the source, the clusters enter a thermalization chamber. It consists in a 20 cm long, 2 cm inner diameter copper piece, which is attached to a closed-cycle helium cryostat whose temperature is controlled within 1 K and can be varied from 25 K to 340 K. Thermalization of the clusters is assumed through collisions with the helium carrier gas. Efficient thermalization is insured by the large amount of collisions (of the order of 10 5 ) between clusters and carrier gas atoms 29 . In most of the results presented here the cluster temperature is at 25 K. The ion current exiting the thermalization chamber has been measured by collecting the ions onto a +/-30V biased metal plate. The currents measured are of the order of few tens of nA (which corresponds to about 10 11 ions/s), both for positively and negatively charged clusters. Time of flight mass spectrometry is used to characterize the size distribution of the ionized clusters produced in the source. Cluster size distribution can be varied by adjusting the source parameters. Obviously, the amount of condensable vapor introduced in the helium flow plays a direct role: the more vapor is introduced, the bigger the clusters. Another important parameter is the helium flow: large flows tend to reduce the residence time of the clusters in the source and favor the production of smaller sizes. Conversely, small flows tend to increase the residence time and thus produce bigger sizes. We have also noticed the influence of the oven temperature and discharge intensity on the size distribution, although the origin of these influences are quite unclear. Higher oven temperatures favor the production of smaller clusters. Similarly intense discharges favor as well small cluster production.

Using this various parameters, one can quite easily tune the size distribution, going from size distribution centered around a few units up to few hundred molecules per cluster.

In the following we will first give some examples of the influence of source parameters for the production of water clusters. We will then give several example of clusters production for different species, going from pure hydrogen bonded clusters (methanol, ethanol, pyrene) to water clusters containing impurities (sulfuric acid, glycin, uracil, pyrene). In order to produce water clusters, the reservoir outside the source is filled with 99.99% H 2 16 O (Sigma Aldrich). We use isotopically enriched water in order to limit the number of isotopic peaks in the mass spectra, in particular those due to the presence of 18 O isotope whose abundance is far from negligible in large clusters: in (H 2 O) 100 natural water clusters for instance, the probability to find one 18 O atom is about 20%. This reservoir being at room temperature, the vapor pressure of water inside is about 20 mbar. The amount of water introduced in the helium flow is regulated with the help of a needle valve. FIG. 2 presents the influence of the variation of the amount of water on the size distribution of protonated water cluster (H 2 O) n H + . As the needle valve above the water reservoir is opened more, the quantity of water entering the helium flow is increased. More water is then available in the source for the production of clusters, and bigger sizes are formed. As illustrated in FIG. 2, the size distribution can be easily varied from a distribution centered around n=30 to n=110.

III. PRODUCTION OF PURE HYDROGEN

We have estimated the water flow used to produce water clusters to be of the order of 1.3 10 -4 mol/min (0.053 mbar.l.s -1 ). For a typical helium flow of 5 mbar.l.s -1 , we have thus about 1% water in helium entering the source. 3 and the time acquisition is the same. One can clearly see that the noise level is much better for protonated water clusters. Although the ion current measured at the exit of the thermalization chamber is of the same order for positively and negatively charged clusters, we have always noticed that the transmission in the TOF mass spectrometer for the negatively charged clusters is poorer than the one of the positively charged. We have traced back the origin of this phenomenon to a different transmission through the skimmer placed in between the source chamber and the high vacuum part containing the TOF-mass spectrometer. Negatively charged species are more likely to release their excess electron than positively charged ones are expected to catch an electron from the skimmer. The electrons released by anions contribute to build up electrostatic charging of the skimmer and neighboring surfaces and thus alter the transmission of ions. FIG. 4 shows the effect of helium flow on the size distribution of clusters. The discharge current is kept constant at 300µA. As the helium flow is increased, the voltage required for the same discharge current diminishes from 900 to 540V.

Increasing the helium flow favors the production of smaller clusters. This tendency can be explained by the fact that the residence time in the growing region in the source is diminished as the gas flow is increased.

These few examples have shown how the source parameters can influence the water clusters size distribution. We have at hand more parameters to influence the cluster production. As already mentioned one can as well vary the discharge intensity, the oven temperature or change the exit diameter of the source.

To summarize, we report here our observations about the influence of these various parameters:

-Helium flow : Increasing the helium flow favors the production of small clusters. As a side effect, for a given voltage on the electrode in the oven, this increases the discharge current and the source temperature.

-Discharge current : Increasing the discharge current favors the production of small clusters.

-Amount of water : Increasing the amount of water introduced in the helium flow favors the production of big clusters.

Side effect: for a given voltage the discharge current increases.

-Oven temperature : Increasing the oven temperature favors the production of small clusters. Side effect : discharge current diminishes, source temperature rises.

-Exit diameter : bigger diameters favors the production of small clusters.

As can be seen, varying a source parameter often led to a change in the others. This mutual dependence of the source parameters makes it sometimes tricky to operate. Nevertheless, we have found the operation of the source reliable enough to perform complicated and lengthy experiments. Furthermore, once a set of parameters have been found to obtain the desired size distribution, the same size distribution can be obtained from day to day using the same parameters. FIG. 4 Evolution with the helium flow of the TOF-MS for protonated water clusters. As the helium flow is increased, from top to bottom, the size distribution shifts towards small sizes.

B. Alcohol clusters

For the production of alcohol clusters we have simply replaced the water in the reservoir by methanol or ethanol. We used 99% pure alcohols. However, this purity is not high enough to get rid of impurities in clusters mass spectra, and in order to reduce the water content observed in the mass spectra, molecular sieves are placed together with the alcohols in the reservoir.

Alcohol vapor pressure is much higher than water vapor pressure. In order to obtain the required alcohol flow -which is comparable to the required water flow -the needle valve should be very slightly opened, which would drastically reduce the precision of flow control. Cooling down alcohol reduces its vapor pressure, allowing to operate at a larger valve opening and thus to increase its precision. The reservoir was typically cooled down to 5°C for both alcohols. FIG. 5 and6 give examples of mass spectra obtained with ethanol and methanol. We can see on these mass spectra that despite the efforts to reduce the water content, one can still clearly see alcohol clusters containing water, especially for ethanol. In the case of methanol one can also see a peak at +14 amu from the pure methanol clusters that could originate from ethanol contamination. For both alcohols, the positively charged clusters have an excess proton.

For alcohols, we have noticed that the discharge created in the oven was not optimal: indeed, after few hours, the amount of clusters tends to diminish. We noticed that the oven interior and the electrode used for the discharge were covered by a black powder. For alcohols, the discharge may create some cracking reactions inside the oven. To circumvent this issue, we used instead for the ionization of the clusters the miniature electron gun. Sulfuric acid has a quite low vapor pressure at room temperature, namely about 3.10 -5 mbar at 20°C. In order to produce water clusters containing one or more sulfuric acid molecules, 99.99% pure sulfuric acid is put in the oven in the source. A few ml of sulfuric acid is deposited in a small Teflon tank placed in the oven. Once the optimal conditions are achieved for the production of water clusters in the desired size range, the oven temperature is increased until the appearance of water clusters containing sulfuric acid. As the temperature increases, small peaks of (H 2 O) n (H 2 SO 4 )H + first appear. At 50°C, the vapor pressure of sulfuric acid is about 5 10 -4 mbar. At this oven temperature, the peak intensity of (H 2 O) n-1 (H 2 SO 4 )H + and (H 2 O) n H + become comparable. As the temperature further increases, the amount of pure water clusters diminishes as more and more clusters are produced with one or more sulfuric acid molecules. This is illustrated in FIG. 7 where the amount of pure water clusters and of water clusters containing from one up to 6 sulfuric acid molecules is plotted as a function of the oven temperature. At a given cell temperature, the population of clusters plotted as a function of the number of sulfuric acid molecules follows a poissonian distribution. This suggests that the mixed clusters are formed by successive attachment of the sulfuric acid molecules on preexisting water clusters. In FIG. 8 In FIG. 8(b), we take a closer look at the TOF-MS, around the n=37 water cluster. We can clearly distinguish the different species and assign unambiguously the clusters as being of the type (H 2 O) n (H 2 SO 4 ) x H + : clusters are always produced with an excess proton carrying the charge. For the most intense peak, (H 2 O) 32 (H 2 32 SO 4 )H + in this part of the TOF-MS, we also observe small peaks at +1 and +2 amu. These peaks originate from the isotopes in H 2 SO 4 , in particular the isotope 34 S which has a relative abundance of 4.5%.

The size distributions of the different clusters species have been extracted from the TOF-MS presented in FIG. 8 

B. Uracil

In order to produce protonated water clusters containing uracil C 4 H 4 N 2 O 2 (U), uracil powder is introduced in the oven.

In FIG. 10 we show a TOF-MS showing the production of water clusters containing up to 3 uracil molecules. The source was here operated so that quite small clusters were produced. The oven was heated to 120°C and even with such a high temperature, the source is still able to produce water clusters. The size distribution is centered around n=13 for the protonated water clusters. Under these conditions we are able to see both the bare ionized uracil molecule U + and its protonated from UH + . For the solvated uracil, the main species are in the protonated form (H As one can see from FIG. 11b the mass spectrum is quite rich, with peaks appearing every 1 amu. This might be due to the discharge taking place in the oven that fragments the glycine molecule.

The fact that the magic numbers at n=21 and n=28 for protonated water clusters are so clearly visible comes from the fact that these data were recorded with a relatively high thermalizer temperature of 168K. Pyrene powder ( 98% pure, Sigma-Aldrich) is placed in the oven which is heated up to 80°C. We were able to produce pure pyrene clusters over an extended size range as shown in FIG. 12. It is then possible to introduce a little amount of water to produce pyrene clusters with few units of water. It is also possible to start with pure water clusters and by heating progressively the oven, as for sulfuric acid, glycine or uracil, one produces water clusters with an increasing number of pyrene molecules.

In the case of the production of pure pyrene clusters, it can be difficult to have a stable discharge in the oven. We have once again tested successfully the miniature electron gun presented above to ionize the clusters. Alternatively, we can introduce a minute quantity of water so that a discharge takes place. The amount of water introduced is so small that the presence of water in the mass spectrum is hardly noticeable. FIG. 12(b) presents details of the peak corresponding to (Py) 2 + . Multiple peaks separated by 1 amu are present. The main peak is due to (Py) 2 + . Peaks at +1 amu and +2amu mainly come from the isotopic abundance. We cannot exclude completely the production of pyrene clusters in the protonated form (Py) 2 H + . The peaks at -1 and -2 amu correspond to the loss of 1 and 2 hydrogen atoms respectively.

V. CONCLUSION

We have demonstrated the ability of our source design to produce easily pure hydrogen bonded molecular clusters (water, ethanol, methanol). Hydrogen bonded charged clusters are produced with both positive and negative polarity, essentially in their protonated or deprotonated forms, respectively. Other species can be produced as well as demonstrated with pyrene clusters.

Our source is well suited for the production of clusters containing a controlled amount of selected impurities. These impurities can have very different vapor pressures from the molecules forming the clusters. The cluster size distributions obtained with this source can be tuned easily and extend over a broad range, from a few units up to tens or even hundreds of molecules, which is of particular interest when the size evolution of clusters properties is investigated.

We have demonstrated that atmospheric or biological relevant molecules can be added to water clusters.

This source has been effectively used to carry experiment on size selected clusters, for instance we have measured the attachment cross-section of molecules onto ethanol and methanol clusters 30 , we have studied the collision induced fragmentation of solvated uracil 31 and ongoing experiments are performed to measure the evaporation rate of size selected pyrene clusters. 
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 1 FIG. 1: (a) Schematic of the gas aggregation source. (b) Zoomed view of the oven in the source with the attached miniature electron gun which is used to ionize the clusters. The aluminum housing of the tungsten filament is 20mm high and has a 16 mm external diameter (12mm inner diameter).

  (b) placed just outside the oven can be used for clusters ionization. It consists in a filament mounted on a ceramic plate, usually used for electron microscopy (Kimball ES-020), and housed in small aluminum cylinder. Typical working current and voltage are I=2.7A and V=-100V, respectively.

  FIG.2: Evolution of the TOF-MS of protonated water clusters as the amount of water introduced in the source is increased, from top to bottom.
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 3 FIG. 3: TOF-MS showing the size distribution obtained with the same source conditions for protonated water clusters (red) and deprotonated water clusters (blue). Charged water clusters are produced in our gas aggregation source under protonated (H 2 O) n H + and deprotonated (H 2 O) n-1 OH -form. Both species are produced simultaneously by the discharge taking place in the oven. Under the same source conditions, the size distribution obtained for negatively charged clusters are centered around bigger sizes as shown in FIG. 3 which gives an example of two TOF-MS recorded for the exact same source conditions for deprotonated and protonated water clusters. The protonated clusters size distribution is centered around n=25 whereas it is centered around n=70 for the deprotonated ones. The TOF-MS have been normalized by dividing by the maximum intensity in FIG. 3 and the time
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 5 FIG. 5: TOF-MS of protonated ethanol clusters. (a) Whole size distribution. (b) Zoom on the size distribution showing ethanol clusters containing one water molecule. The peaks structure is due to the presence of isotopes.

  FIG. 8: TOF-MS of protonated water clusters doped with sulfuric acid. The oven temperature in the source is 50°C. (a) The size distributions for different clusters composition, from pure water clusters to water clusters containing up to 3 sulfuric acid molecules, are highlighted. (b) A closer look at the TOF-MS shows the different clusters species.
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 9 FIG.9, these size distributions are normalized and plotted as a function of the number of water molecules in the clusters. The

  FIG. 10 TOF-MS of protonated water clusters containing uracil.
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 11 FIG. 11: TOF-MS of protonated water clusters containing glycine.

3 N o r m a l i z e d i n t e n s i t y m a sN o r m a l i s e d i n t e n s i t i e s N u m b e r o f w a t e r m o l e c u l e s 3 N o r m a l i z e d i n t e n s i t y m a s

 33 s ( a . m . u . ) s ( a . m . u . )

ACKNOWLEDGMENTS

The authors thank warmly Laurent Polizzi, Michel Gianesin and Daniel Castex for their technical support in the design and construction of the cluster source. This work has been partly funded by the Agence Nationale de la Recherche (ANR) under Grant No. ANR 2011-BS04-028-01.