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Abstract. The experiment SPIRALES coupling a tunable infildeser to a pulsed supersonic free jet has allaveetd
reinvestigate the high-resolution absorption spscopy of the Sfdimer in thev3 mode region under various
experimental conditions. In addition to thesSlmer spectrum so far reported, we demonstratexisence of two new
spectral features: i) one assigned to a secondoef of this species, characterized by a largeratomic distance as
well as ii) a complex (Sf»-He.

INTRODUCTION

Supersonic free jets are an ideal way to form andysvan der Waals complexes [1], through the ‘iest
cooling and rarefaction of the gas during the espan leading to the stabilization of these isolaspécies. Of
course, the formation of these complexes dependmatically on the expansion conditions, i.e. thezi®
geometry, the nature of the gas mixture and thgnsttion conditions ( Ty). Taking advantage of this sensitivity,
we have used a series of different expansion dondito explore the potential energy landscapéef3k dimer
with high resolution spectroscopy.

Low resolution spectra of the SHimer were first studied by photodissociation $fescopy in the groups of
Reuss [2] and coworkers and of Scatesl.[3]. They used line-tunable cw GOr N,O lasers to excite the dimers:
In the first group, they monitored the depletionttedé dimer while in the latter one they measureddissociation
fragments ejected off the beam axis. The absorg@ttra of the dimer were not rotationally resdlaed featured
two broad bands respectively blue-shifted and tefles! from the monomer band at 948tm

The first high resolution absorption spectrum @& 8% dimer was obtained by Urban and Takami in a jeted
IR diode laser spectroscopy study [4]. The rotatilynresolved spectrum was recorded in an axisymméte jet
of 5% Sk in helium and stagnation pressure 7-8 bars astartte of 20 mm from the nozzle (diameter D = OaB)m
with a rotational temperature of 1 K. In thesSHkmer, the triply degeneratg band of the monomer splits into two
bands, the parallel and perpendicular bands respBgtcentered at 934.01 and 956.10°cr single conformer of



(SK). was observed. The rovibrational analysis of theafid allowed to determing/, the rotational constants B”
and B’ and a vibrationally averaged S-S distanaeaktp 475.4 pm. Only one perpendicular band waeonled and
found to be consistent with afstructure of the SFdimer. This was in agreement with the work of &adel et
al. who predicted that the most stable {ghad a Dy symmetry in a simple atom-atom potential model Egu
and Takeuchi used a more sophisticated intermaeqdtential and obtained similar conclusions fdwever, a
second predicted structure of\Gymmetry was not observed experimentally by Urdnach Takami.

The high resolution absorption spectrum of small 8Hsters embedded in helium clusters has also been
observed in the 10 micron region [7]. It displayspartially rotationally resolved structure at thery low
temperature (0.37 K) of the helium clusters. Theeysbation due to the helium environment is weatt tire shift of
the solvated dimer bands with respect to thoséefitee dimer is expected to remain small. Howeseen if the
rotation of the small Sfclusters is nearly free in the helium droplet, greximity of helium atoms leads to an
increase of the moments of inertia, and therefareatdecrease of the rotational constants, whiclvepte
determining structural information about the frémet.

More recently, 2 or 3 conformers of the sS#imer have been predicted to be nearly isoenergeithin
0.5 kJ/mole by quantum chemistry calculations [8].

As only one conformer had been detected experirtgntiae spectrum of the SElimer has been reinvestigated
at high resolution in the 10.5 micron region thattkthe SPIRALES setup [9].

EXPERIMENTAL SETUP

The SPIRALES experimental setup couples a tunatftared laser and a pulsed supersonic free jeugiro
multipass optics in order to record the absorpsipactrum of rotationally cold species and weaklyritbcomplexes
that can be formed in the jet [10] [9]. The ligbusce is a continuous wave external cavity quantastade laser
(EC-QCL) with a spectral width of 10 MHz. It covelse 930-990 crh range and its power is about 120 mW
around 950 cf. It can be scanned on a frequency range of 0:Baia repetition rate of 100 Hz allowing data
acquisition with a very good detectivity. 8% of tlaser light is sent through two laser channelsréative and
absolute frequency calibration with an accuracyuado 0.0001 ci. The remaining light is sent through an
astigmatic optical cavity aligned according to 2-p&ss configuration mounted in the jet chambeg.(E). The
light intensity transmitted through the jet is m&asl by an HgCdTe detector in order to record thsogption
spectrum.

FIGURE 1. Scheme of the multipass cell mounted in the jetdbex



The Sk clusters were generated in pulsed supersonic sigraof He/Sk or He/SE/Rg mixtures. The gas
mixtures were prepared in a 10 | tank fitted to glas lines. Their compositions were determinedhleyratio of the
partial pressures of different gases forming thgtumé. In order to reinvestigate the conformatiolaadscape of
(SK),, it was necessary to change the conditions of &tion and stabilization of these clusters, andetoee the
conditions of the expansion. This was achievedhiad different ways:

« The supersonic free jet was generated from a puisede (General Valve) with different geometrieisher

a 0.35 mm circular nozzle or a slit nozzle (30 nmength xI=50 um width). A good balance between
efficient rovibrational cooling and high moleculdensity was found even at longer distances up to
z=18 mm for slit jet expansions {¥ 3 K) and at shortest distances (z =12 mm) for fpole jet
expansions (= 0.8 K).

e The Sk dilution was varied from 0.25 to 4 % in He andbals ternary mixtures He/Rg/SF

« The stagnation pressure was varied up to 10 bars.

For all the experiments, the reservoir and the leorzre at room temperature. The stagnation pressas
measured by two sensors connected to the gas érgsratron capacitance manometer for the presanges up to
1 bar (precision: 0.1 mbar), and a transducer basetl piezo-resistive ceramic (precision: 0.1 f@rYhe pressures
between 1 and 10 bar. The absorption spectra Hewdaen recorded at different distances from tiezle between
z=9 and 18 mm, in order to probe different regiai the expansion. However, the region probed \fih
multipass cavity is relatively broad (about 10 manyl corresponds to a large range of reduced destazi® ().

EXPERIMENTAL RESULTS

Slit Nozzle: Evolution of the Parallel Band Region of (SFe), with the SFg Concentration and
Evidencefor Three Different Featuresin He-SFg Expansions

We started our study by investigating the pardihd region of (Sf, (933-935 crit) in order to detect other
spectroscopic signatures than the band detectddriign and Takami [4]. Figure 2 presents the evatutf the
parallel band region of the SHimer as a function of the §Eoncentration (from 0.25 % for (a) to 4 % for (&)
He for the slit expansion. The backing pressufehars, the distance from the nozzle 9 mm.

The experimental linewidth (100 MHZz) is rather kafgr a planar expansion. If the slit nozzle wadqut, at the
distance z =9mm (z/l = 180), the translational gemture would be equal to about 17 K, correspandin a
Doppler width of only 7 MHz at 934 cifor SR (142 amu). But our slit has a finite length anébisd to the front
valve very close to the circular hole exit to littie size of the buffer volume. As a consequereghs is not very
well distributed over all the length of the slitdaan expansion not quite planar is expected. I ¢hse, residual
Doppler broadenings take place, particularly imaottwvhen using helium as a carrier gas: It is dube fact that a
streamline can be at an an@ldo the jet axis, and thereforé2-0 to the laser direction. This has the effect of
inducing a Doppler shiffv =v, U sin@)/c for the transitions at frequengy of a Sk molecule flowing at speed U
along this streamline. $ks seeded in helium, the speed of which is ab@00Im/s at z = 9mm. Of course U is
smaller than this value due to the velocity slfpvé take U = 1200 m/s thekw = 32 MHz for@ = 20°, and 47 MHz
for 8 = 30°. The distribution of molecules along divagistreamlines can therefore explain the obseinegvidths
which nevertheless remain much smaller than ircéise of axisymmetric expansions [11].
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FIGURE 2. EC-QCL absorption spectra of the parallel bandrf@mer at various concentrations: (a) 0.25%, (BY&.(c) 1%,
(d) 2%, (e) 4% of Sfdiluted in helium. The stagnation pressure isi® bad the axial distance from the nozzle 9 mm.
Reproduced frorPhys. Chem. Chem. Phyl9.(26), 17224 (2017) with permission from the PCGInér Societies.

The band denoted #1 is in agreement with the régblation spectrum of Urban and Takami [4]: It é&enposed
of a“Q(J,K) branch peaking at 934 chas well as well J-resolveédP(J,K) and°R(J,K) branches. The experimental
linewidth (100 MHz) does not allow resolving theskibstructure. On the red side of band #1, ano#sufe is
observed (noted #2 hereafter) at 933.58 cifhis new spectral feature that was not detectedigusly presents
well identified P, Q and R branches. The intensité#1 and #2 begin to increase with the @&ncentration before
dropping significantly above 1%. However, the ratlb/ #1 increases continuously as the/IS€ ratio is increased:
It suggests that the formation of #2 is favorechwitspect to that of #1 in these expansion conditice. with more
collisions between SFmolecules and a slightly higher translational astdtional temperature. One can notice also
the presence of a small satellite band (noted #3he red side of the feature #2 at small conctatraf Sk

Parallel Band Region of (SFe)2: Comparison between Slit and Circular Nozzle Spectra

The absorption spectrum has also been obtainedthatttircular nozzle free jet: It also shows thep@ctral
features detected with the slit nozzle but withyveifferent intensities. Figure 3 presents a corigpar of spectra
recorded in the axisymmetric and slit expansionh&istagnation pressure of 6 bars.
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FIGURE 3. Comparison of spectra of the parallel band regiqi$5;), obtained in the pinhole expansion (in blue) anthanslit
expansion (in red) with a stagnation pressurelmr8, at low concentration of §&nd various distances from the nozzle exit:
(a) pin hole nozzle at z = 12 mm with 0.25%;3B) pin hole, z = 12 mm, 0.5% §Kc) slit nozzle, z = 18 mm, 0.5% &Sénd

(d) slit nozzle, z =9 mm, 0.5% §MReproduced frorfhys. Chem. Chem. Phy$.(26), 17224 (2017) with permission from the

PCCP Owner Societies

Figure 3 shows that the feature #3 becomes intentee circular nozzle free jet and at low concatitns of
SR. This band, not previously detected, is locate®3& 56 crit and presents P, Q and R branches clearly vigible i
this case (Fig. 3a and b). On the contrary, thensity of the feature #3 becomes much smaller énsth nozzle
expansion, even if it increases a little bit apgtardistances from the nozzle exit (Fig. 3c). Sepedhding on the
experimental conditions, the new spectral feat(#2sand #3) can reach intensities that are compatalthat of the
dimer feature #1. However, it seems that #2 andréot favoured by the same expansion conditié®sappears
mainly at low Sk concentrations and low temperature expansion (eirawzzle), whereas #2 is more intense at
higher Sk concentrations and higher temperature (slit expamsiMoreover, these features are very close
(933.58 crit and 933.56 cihfor # 2 and #3 respectively) and #2 and #3 havbe@ssigned while taking into
account these puzzling properties.

Rovibrational Band Contour Analysis and Assignments

The conformer #1 is similar to (9 previously observed by Urban and Takami [4]. Theresponding
experimental spectra of the parallel and perpetaliduands are presented in red on Fig. 4. The simdlspectra
are plotted in blue assuming agDstructure and a rotational temperature of 3 Kallows to determine the
rovibrational constants and the distance S-S etmad74.2 pm in agreement with that previously (p7b
measured. The rotational temperature of 3 K ig/fatinsistent with the translational temperaturé . that can be
calculated in a slit expansion at z/l = 180 fosthmixture from the formula of H. Murphy [12] [13],we neglect the
energy release due to nucleation.
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FIGURE 4. Conformer #1: Experimental spectra (in red) offiheallel (a) and perpendicular bands (b) comparelde
corresponding simulated spectra in blue. The palrafid perpendicular bands of ¢bfave been recorded with 0.5%¢SF
seeded in 6 bar He at z = 9 mm using a slit nozzle.

We have then to assign bands #2 and #3 knowingliegthave maximal intensities for different expezntal
conditions and that the two features are very clogeequency. Several possibilities have to besatered for these
assignments: Another conformer of the; 8ifner, the SEtrimer or larger multimer, or a complex with He(8%),-
He. Actually, the simulation shows that #2 corresfmto a new conformer of the gfmer: Figure 5 presents the
comparison of the experimental spectrum recorded =a® mm in a slit nozzle expansion of 0.5% $F He
(Po = 6 bars), with a simulation spectrum. The laitethe sum of the simulation spectrum of thegfSEonformer
#1 with a symmetry B and a rotational temperature of 3 K, and the sathwrh spectrum of the (g} conformer #2
with a symmetry &, and a rotational temperature of 8K. The distane® i8 this second conformer is equal to
480.1 pm. It is interesting to note that the twoational temperatures (3 and 8 K) used in the stards are
substantially different: Presumably because, with multipass cell, the laser beam is able to predecral
conformers present in different regions of the jet.

Concerning the band #3, despite the contour featar€), R branches, some details of the contopecésly on
the R branch side, could not be properly reprodune@d simulated symmetric top transition, suggestimat the
species responsible could not be a symmetric thp.rétational constants derived being neverthelesssimilar to
bands 1 and 2, but inconsistent with a homotrimeleoule, we are left with an assignment to agfSHe trimer.
This is consistent with the fact that the preseofcthe He atom is not expected to strongly afféet 8k dimer
features: Neither the rotational constants, norvibeational spectral shift (-0.02 ¢th A further support to this
assignment has been found in complementary expetéinvehich were performed by recording spectraa®zanm
in slit nozzle expansions of ternary mixture 0.5%RBB/He and Rg = He, Ne, Ar, Kr, Xe. Except for pheium
spectra, a SRg equimolar concentration is used. The backireggure was 2= 6 bars. These spectra are shown
on Fig.6 (a). Each spectrum presents a specifictsideature red shifted with respect to #2. Togespondind®Q
branches are marked by an asterisk. The vibratism#tl of these branches with respect to the cefreguency of
#2 is plotted as a function of the polarizabibityf the rare gas Rg: The experimental data can eqtky fitted by
a straight line and this linear dependence sugdéstisthese spectral features are composed of 2hdirter
complexed with a single rare gas atom and simitacgires. The fact that the vibrational shift eafure #3 follows
this linear dependence, supports its assignmeath@lium complex of the #2 dimer. On the contréng, #1 dimer
does not show any additional bands in its vicititst could be assigned to a complex of the #1 dicoenplexed
with a rare gas atom. This seems to indicate afgpbehavior in terms of complexation.
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is compared to the total simulation spectrum (irebpMhich is the sum of the simulated spectrunoofarmer #1 (B4
symmetry, 3 K, in purple) and conformer #2(6ymmetry, 8 K, in green). Reproduced frBmys. Chem. Chem. Phyi€ (26),
17224 (2017) with permission from the PCCP Ownai&ies
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FIGURE 6. (a) Complementary spectra of the parallel ban&éf); recorded at z = 9mm in slit nozzle expansions. %0
SK/Rg/He (Rg =He, Ne, Ar, Kr, Xe) withP 6 bars. Except for the pure helium case/ 8fd Rg have the same concentration.
The®Q branches marked by an asterisk are assignedr-(8g complexes. Their red shift with respect toGhleranch
position of conformer #2 is plotted as a functiéthe rare gas polarizability on panel (b). RepratifromPhys. Chem. Chem.
Phys.19 (26), 17224 (2017) with permission from the FQ@wner Societies

DISCUSSION AND CONCLUSION

In this experiment, two different conformers #1 @aof the Skdimer were observed including one which had
not been detected previously. The rovibrationalyamis of the parallel band contours of th@ transition allows



determining two distinct S-S distances for thesef@oners. A complex of He with the conformer #2 vwaso
identified. This was only possible thanks to thesaélity of the experimental setup that enablesougary the free
jet conditions, by using either a circular nozzteclit nozzle, by changing the gSgoncentration of the gas mixture
with He, by varying Pand the distance z from the nozzle exit to thation where the jet was probed or by adding
another rare gas to the mixture. Indeed, the dycsamwi their formation seems specific to each canéor In the
circular nozzle expansion, at high pressure and3&ywconcentration, the fast cooling in the early exgam leads

to the stabilization of dimer #1 and of the hetenotr #3 with a low rotational temperature (0.8 K)s the
concentration of SHncreases, an increased number of-Sk; collisionsleads to the formation of some population
of the conformer #2.

The slit expansion is slower and the collision saéee larger at the same reduced distance (z#) ithdahe
circular expansion (z/D), which apparently favdre formation of the conformer #2. There is als@rfaermational
relaxation as proved by the decrease of the ratiewden populations of #2 and #1 at large z (se@ Eignd d). This
also indicates a larger stability of #1 and a lomergy barrier to interconversion. The larger stgbibf the
conformer #1 is confirmed by its presence in ak tbxperiments where SHlimers are detected. As the
concentration of SHncreases, the conformer #2 is strongly favoretth wéspect to #1 (Fig. 2) by §BF;collisions
and Sk - dimer collisions suggesting a mode of formatib# significantly different from that of #1. Pojatilon
of #2 is consistent with hot complexes formed ia #arly stages of the expansion by these collisidhis is also
consistent with the two different rotational termgieres measured for the two conformers in theegfiansion.

A third band has been assigned togigHetrimer on the ground of complementary experimerits ®F:Rg:He
mixtures that has allowed the assignment of alk);SRg trimers. The hetero trimers are formed fromdbeformer
#2. It also suggests an interconversion betweesnt1#2 consistent with the picture of a confornize#tropically
favored in presence of rare gas collision partners.
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