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High-Resolution Molecular Spectroscopy of 
van der Waals Clusters in Liquid Helium Droplets 

Matthias Hartmann, Roger E. Miller," J. Peter Toennies,? 
Andrej F. Vilesov 

Small van der Waals clusters of sulfur hexafluoride (SF,) and mixed SF,-rare gas clusters 
were prepared inside large droplets of helium-4, with each droplet consisting of about 
4000 helium atoms. A diode laser was used to measure the high-resolution infrared 
spectra of these clusters in the vicinity of the u, vibrational mode. In all cases rotational 
structure was observed, indicating that the embedded species rotate nearly freely, 
although they had been cooled to a temperature of 0.37 kelvin. The results indicate that 
helium droplets are probably superfluid and thereby provide a uniquely cold yet gentle 
matrix for high-resolution spectroscopy. 

Spectroscopy has contributed greatly to our 
~~nders tanding of molecular behavior, but 
unfortunately many of the methods are in- 
effective when applied to co~nplex mole- 
cules because of spectral congestion (vihra- 
tional and rotational) that blurs the details. 
For this reason, free jet expansions are wide- 
171 used to  simplify spectra by cooling mol- 
ecules (1 ). Nevertheless, for large molecules 
the heat capacity may be so large that the  
cooling is incomplete. Although ultracold 
solid matrices (2 )  overcome this limitation, 
the  matrix interactions can significantly 
perturb the  spectrum ( 2 ,  3) .  From this point 
of view, liquid He  would be the ideal ma- 
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trix, exceot for the  fact that the solvated 
molecules are quickly lost to  the container 
t47alls (4-6). T11is problenl can be o\;ercome 
if the  rnolecules are captured inside small 
droplets of liquid He, thus providing the 
needed isolation (7-9). Reported here are 
high-resolution spectra (0.01 cm-')  of a 
nuinber of He-solvated molecules, clusters, 
and van der Waals cornolexes that dernon- 
strate that this is a viable approach for 
carrying out ultracold spectroscopy of large 
molecules. T h e  res~ilts show that the sol- 
vent effects are weak yet interesting in their 
own rieht and that the  solvated soecies are " 
cooled to the  temperature of the liquid 
droplets (0.37 K). 

W e  have previously studied the  case of a 
single SF6 rnolecule in a He  droplet ( 9 ,  10).  
W e  concluded that the  lnolecule n7as sol- 
vated inside the  droplet in a homogeneous 

environment, as deduced from inass spec- 
trometer experiments (1 1) and predicted by 
theory (12-14). This is in  contrast with the  
idea that the SF6 lnolecule is positioned a t  
a n  asymmetric surface site [this hypothesis 
was proposed earlier o n  the  basis of low- 
resolution infrared studies (8)]. T h e  vibra- 
tional hot  bands of SF,, which are observed 
even in the free jet expansion spectra (15),  
were completely absent in our spectrum, 
indicating that the cooling was complete. 
These results suggested that l i q ~ ~ i d  He  drop- 
lets may provide a n  ~~ l t r aco ld ,  gentle matrix 
in which lnolecules are free to rotate and 
that the detailed rotational structure may 
provide insights into the  interactions be- 
tween the  llquid He  and the  trapped mole- 
cule. W e  found from the rotational struc- 
ture of the  SF, spectrum that the tempera- 
ture of the 4He droplet was T = 0.37 K. 
Nevertheless, in considering the  generality 
of the  method, one lnight argue that the  
spherical symmetry of the  SF, ~nolecule is 
ideally suited to minimizing the  interaction 
with the  H e  and that this example may not 
be representative of the  general case. Rath- 
er than switching to a different molecule to 
address this issue, we chose to study van der 
Waals co~nplexes of SF,, for example, the  
diluer of SF, which has been studied exten- 
sively in  free jet expansions (16, 17) and a t  
low resolution in liyuid He  (8). 

T h e  experimental apparatus used in  the 
present study has been described previously 
( 9 ,  10) (Fig. 1). W e  introduced SF, mole- 
cules into the  He  droplets using a "pick-up" 
method (18).  Once formed, the droplets 
passed through a scattering chamber where 
the gas of interest, SF,, was added a t  a 
known pressure, typically 10-' mbar. T h e  
average nurnber of rnolecules captured hy 
the He  droplet depends directly o n  this 
pressure (1 9 ) .  Upon capturing a hot SF, 
molecule, the  droplet rapidly evaporates He  
atoms from its surface, and after approxi- 
mately I@-%, the  temperature returns to 
the initial droplet temperature, cooling the 
capturecl molecule. Of the  -4000 H e  atoms 
that make up the  droplet (20),  about 600 
evaporate during the capture process (1 9) .  

T h e  SF,-containing He  droplets were 
detected by electron impact ioniiatlon In a 
quadr~rpole inass spectrometer. By far the  
most probable event 1s ionization of a H e  
aton1 in the droplet, followed by resonant 
charge transfer with neighboring atoms un- 
til the charge localizes o n  the  SF, molecule 
( 1  1 ). This charge localization usually results 
in  the  colnplete evaporation of the  rernain- 
ing H e  droplet, owing to the  release of the  
large difference in the  ionization energies of 
H e  and SF, to the  cluster. T h e  largest ion 
signals were observed at the  Inass of the  
major SF6 ion fragment, namely, SF,-'. A 
selnicond~ctor  diode laser was used to ex- 
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cite the v, vibrational mode (near 946.5 
c~n- ')  of the SF, solvated in the droplet as 
it passed between the scattering chamber 
and the detector. The vibrationally excited 
molecule is rapidly quenched by interac- 
tions with the surrounding He, resulting in 
the evanoratio~l of -200 additional He at- 
oms. This laser-induced decrease in the 
droplet size, as well as the correspondillg 
recoil of the droplet, results in a depletion 
in the mass spectrometer signal of several 
percent, providing a monitor of the spectral 
absorption. 

Clusters of rnore than one SF, molecule 
can be formed in the interior of the liauid 
He droplets by coagulation, if the pressure in 
the scattering chamber is increased so that 
rnore than one molecule is captured (19). 
Spectra of the SF, dimer, trimer, and tet- 
ralner in He (Fig. 2B) were compared with 
the spectrum of the gas-phase dirner ob- 
tained with a diode laser in a free jet expan- 
sion (Fig. 2A) (17). We were able to assign 
the spectral features in Fig. 2B to specific 
cluster sizes by observing their dependence 

011 the pressure in the capture cell (1 9). The 
dependence of the depletion signal (1,') mea- 
sured with the laser frecluency tuned to the 
various spectral features observed in Fig. 2 is 
shown in Fig. 3 as a f~~nct ion  of SF, pressure 
in the scattering chamber. The probability 
of formation of a specific (SF,), cluster is 
given hy the probability for independent 
capture of k SF, molecules, which is a Pois- 
son distribution (1 9), 

where K,<, is an amplitude factor, n is the 
number density of the gas, o is the capture 
cross section, and L is the length of the cell. 
The experimentaj data were fit hy Eq. 1 
with a = 3900 A2. This corresponds to a 
He droplet containing -4100 atoms, which 
is in good agreement with a more direct 
measurement (20). 

The dimer spectrum shown in Fig. 2B 
consists of two bands, which result from a 
lifting of the v, vibrational degeneracy (1 6 ,  
17) as a result of the resonant interaction 

Droplet Scattering Photon absorption Ionization in 
source chamber and mass 

pick up evaporation spectrometer 

Fig. 1. Schematic dagram of the molecular beam apparatus for the depletlon spectroscopy of molecules 
embedded In He droplets The He droplets are produced by expanson of He gas from a cryogencally 
cooled orlfce 5 p,m In dameter at To = 20 K and a pressure of Po = 44 bars Under these condtlons the 
He droplets are known to have a mean slze of 4000 He atoms (20) The output (1 00 pW) of a continuous 
tunable dlode laser (Mutek MSD 11 00) Interacts wlth the droplet beam as ~t passes from the scattering 
chamber to the detector When the laser IS In resonance wlth the molecules In the droplet, the absorbed 
energy leads to evaporation of -200 He atoms and a depletlon In the mass spectrometer slgnal We 
measured the relatlve sgna depletlon by chopplng the laser beam and uslng phase-sens~t~ve detection 

Trimer 

Tetramer 

Wave number Wave number 

Fig. 2. Absorption spectra for (SF,),. (A) Spectrum of SF, dmers In a free jet expansion obtained wlth a 
tunable dlode laser (1 7). (B) Spectra obtained in the present work for (SF,),, embedded In He droplets. The 
decrease in the relatve absorption signal from dimer to tetramer is largely an ariifact of the measuring 
method. The depletion is detected at the SF,+ mass in a cases. Because the number of fragmentallon 
channels increases wlth cluster slze, the signal is smalerforthe larger clusters. 1 ,  dpoe postioned parallel 
to the intermolecular axs; 1, dipole positioned perpendicular to the intermolecular axis. 

between the vibration-induced dipoles of 
the two SF, molecules. The two bands cor- 
respond to the positioning of transition di- 
poles of the SF, molecules either parallel ( 1 )  
or perpendicular (1) to the i~ltermolecular 
axis. The dipole-dipole coupling energy, y2/ 
R3 (where U. is the transition dioole mo- 
ment and R' is the internuclear disiance), is 
much stronger than the interaction with 
the surroundine He atoms: therefore, the u 

splitting is characteristic of the distance 
between the SF, molecules in the dimer. 
This expectation is confirmed by the good 
agreement of these data with the observed 
splitting in the gas-phase dimer (Fig. 2A and 
Table 1). The spectra of the dimer and 
tri~ner (Fig. 2B) show P, Q, and R branch 
structure that is only partly resolved. This is 
most clearly seen for the parallel dimer 
hand, n41ereas in the perpendicular dilner 
hand strong shifts of the individual K sub- 
hands make the P, Q, and R branches less 
distinct. 

Comparison of the two sets of dimer spec- 
tra, namely, for the gas phase and in the He 
liquid, shows that the rotational constant B 
in the latter case is collsiderably smaller than 
in the former, vresumablv as a result of the , . 
solvent interactions, which reduce the line 
spacing to less than the apparent resolution 
of -0.01 c m l .  We have reported a similar 
effect for the SF, monomer (10). Here, we 
show that rotat~o~lal structure can also be 
observed for a van der Waals complex in a 
matrix. The dimer and even the trimer ro- 
tate in liquid He, establishi~lg that this phe- 
nomenon is not restricted to spherical mol- 
ecules. Even the tetramer spectrum shows 
some rotational structure. 

We inl~estigated the versatility of the 
method hy considering the formation of 
mixed complexes within the He droplets, 
for example, by adding a rare gas (RG) to 
the capture cell. The spectra of the SF,-RG 

d 

g SF, partial pressure ( loe5 mbar) 

Fig. 3. Dependence of the depleton signal on the 
SF, pressure In the capture cell, as measured for 
the dfferent bands of Fig. 2B. Solid curves are fits 
according to Eq. 1. Sod clrcle, monomer; open 
circle, dmer; open triangle, trmer; solld, Inverted 
triangle, tetramer. 
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complexes (Fig. 4) also exhibit sharp lines 
and show rotational contours characteristic 
of the geometry of these complexes in the 
liauid. In these svstems also. the soectra in 

to rotation about the intermolecular bond count for the strength of the interaction of 
axis and an axis perpendicular to this, re- 
spectively. Both of these values are much 
snlaller than the corresponding constants for 
the free dimer, namely, A = 0.0455 cm-' 
and B = 0.0083 cm-' (1 7). For SF,-Ar we 
find A = 0.014 cm-' and B = 0.0063 cm-'. 
The spectra of the free SF6-Ar van der Waals 
comvlex are not known at vresent, and 

" 

the co~uplexes with the He atoms relative to 
the He-He interaction. With increasing in- 
teraction strength, the motions of the bodv 

the vicinity of the v, vibrational mode are 
split into a parallel and a perpendicular 
band. However. for the SF,-RG co~uolexes 

" ,  

and rnediurn cannot be separated and should 
be treated as a united quantum system. 

The widths of the central 0 branch lines 
this splitting is approxinlately one-fortieth 
of that for (Table I ) ,  as a result of the 
much weaker dipole-induced dipole interac- 
tion, ctp/R"(where ct is the polarizability of 
the RG atom). In view of the much weaker 

- 
give information on the rate of energy dis- 
sipation and thereby an upper bound on the 
shear viscosity of the surrounding He. From 
the relaxation lifeti~ue and the moment of 
inertia determined for a single SF, ~nolecule 
(9 ,  l o ) ,  and assuming a simple Stokes-Ein- 
stein model (23), we estimate an upper 
bound on the viscosity associated with its 
rotation of 0.08 micropoise ( pP )  (1  P = 1 
dv11e.s cmP2).  This is nearly three orders of 

therefore we estimated the constants, assum- 
ing adigid rotor with a bond distance of R = 

4.2 A ,  giving A = 0.091 cm-' and B = 

0.023 cm-'. The large decrease in the rota- 
tional constants of the van der Waals com- 
plexes in He droplets corresponds to an in- 
crease in the moments of inertia. In (10) we 
sholved that similar differences between the 

coupling present in these spectra, it is likely 
that they are luore sensitive to the solvent 
surro~rndings and might therefore provide 
detailed information on the interactions 
with the He environment. For the SF,-Ne 
complex, no splitting was observed in the 
spectrum. A possible explanation for this 
behavior is that the surrounding He atoms 
compete with the Ne atom for occupancy of 
the first solvation shell around SF,. As a 

rotational constants of isolated and solvated 
SF, luonolners could be explained by assum- 
ing that 8 He atoms are rigidly attached to 
the SF,. For the dilner we found that -30 
attached He atoms are needed to fit both the 

kagnitude slialler than t h i  value of 30 p P  
for normal He (24). Although this model is 
quite crude, the large reduction in viscosity 
may be an indication that the He droplets 
are indeed su~erfluid. Our recent results on 

result, the Ne atom no longer occupies a 
fixed site adjacent to SF, but rather on 
average is delocalized over the surface of the 
molecule. For the heavier RG atoms, the 
spectra indicate that the RG-SF, interaction 

A and the B constants. O n  the other hand, 
for SF,-Ar, 16 and 30 rigidly attached He 
atoms are needed to explain A and B, respec- 
tively. We obtained these values by assuming 
that the He atoms are distributed on trun- 

high-resolution laser electronic excitation 
of glyoxal in He droplets (25) provides in- 
dependent evidence for superfluidity. 

The spectroscopic experi~uents de- 
scribed here de~uonstrate that liauid He 

is so much stronger than the He-SF, inter- 
action that the RG-SF, structure is relative- 
ly unchanged from that of the gas phase. 

Rotational constants A and B of the SF, 
dimer and those of the SF,-RG co~uplexes 
can be obraihed from the detailed shape of 
the parallel bands, assuming T = 0.37 K 
(10). For the dimer we fo~md A = 0.007 
cm-' and B = 0.0044 cm-',  corresponding 

cated spheres around both constituents of 
the complex with radii equal to the minima 
of the corresponding van der Waals poten- 
tials (21 ). 

The fact that different numbers of He 
atoms are needed to explain the two rota- 
tional constants of SF,-Ar suggests that the 
assumption of rigidly attached He atoms may 
not be valid; rather, it is likely that the 
cornplexes have to push their way through 
the liquid, which is easier for rotation about 
the inter~uolecular axis of the prolate sym- 
metric tov than for rotation about the axis 

droplets can be used to prepare and study 
molecules and co~nplexes at ultralow tem- 
peratures (a constant heat bath at 0.37 K)  
and at high resolution (0.01 cm-'). The 
range of molecular "shapes" considered here 
suggests that the nearly free rotation of the 
molecules in liquid He is a general phenom- 
enon. In all cases we observed very narrow 
vibrational bands indicative of long life- 
times, due to the weak interaction and the 
low temperature of the droplets. The very 
high resolution can be used to explore in 
ereat detail the interaction of the  robe 

perpendicular to it. This behavior is indeed 
expected for the rotation of an anisotropic 
body in an ideal nondissipative liquid (22). 
The effective rnornent of inertia is increased 
simply by the backflow of the liquid dis- 
placed as the anisotropic body rotates. Such 
a model predicts a much greater effect on B 
than on A, as observed in the experiments. 

" 
molecules with its superfl~rid environment. 

Another advantage of this method is 
that it can easilv be used to studv comolexes 
that cannot be 'prepared by other meihods. 
Vibrational band origins of the cornvlexes " 

in He can be obtained with high precision. 
This method is potentially important for 
larger complexes where analysis of the ro- 

Of course, a more realistic theory must ac- tational structure is less important and the 
main structural information colues from the 
analysis of vibrational spectral features. In 
the study of large molecules with low vola- 
tility, the method has the additional advan- 
tage that the pressure in the capture cell 
need only to be 10-j mbar. This procedure 
may find use in the study of large biological 
molecules at these low temperatures, both 
isolated in the droplet and interacting with 
different numbers of water molecules that 
have also been capt~rred by the droplet. 

Table 1. Band origins of the perpendicular (1) 
and parallel ((1)  bands for (SFs), and SF,-RG. The 
frequencies of the v, vibrat~ons of the free SF, 
monomer and SF, in a He droplet are 947.976 
and 946.562 c m ' ,  respectively. 

Cluster in v (cm-') v (cm-I) 
He droplet 11 band 1 band 

(SF,), 932.88 954.70 
Free (SF,),* 934.007 956.098 
SF,-Ne 946.480t 
SF,-Ar 945.673 946.049 
SF,-Kr 945.361 945.842 
SF,-Xe 944 962 945.564 

Wave number 

Fig. 4. Absorption spectra of the RG-SF, compex- 
es compared with that of bare SF, in He droplets. 
The splitting in the RG-SF, spectra corresponds to 
the lifting of the v, vibrational degeneracy as a re- 
sult of the presence of the heavy RG atom. 
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Direct pH Measurement of NaCI-Bearing Fluid 
with an in Situ Sensor at 400°C and 

40 Megapascals 
Kang Ding* and William E. Seyfried Jr 

The pH of concentrated NaCI-HCI fluids (0.57 mole of NaCl per kilogram of water) has 
been measured at supercritical conditions of water with a yttria-stabilized zirconia sensor 
in a titanium flow reactor. At 400°C and 40 megapascals, the in situ pH of the fluids, 
ranging from 3.3 to 6.2, differs greatly from its original value of 1.9 to 7.6 at ambient 
conditions. The measurements agree well with theoretical predictions, showing strong 
associations of HCIO and NaOHO complexes in high-temperature fluids. The pH sensor 
provides a powerful tool to investigate unambiguously the distribution of species in 
aqueous fluids at elevated temperatures and pressures. 

T h e  pH of hydrothermal fluids is a critical 
factor in assessing homogeneous and heter- 
ogeneous chemical reactions that occur in 
high-temperature aqueous solutions. Thus, 
direct pH measurement of chemically com- 
plex aqueous fluids a t  supercritical condi- 
tions (1 )  has long been a major challeilge 
(2) .  A t  present, in situ pH is often indirect- 
ly estimated from pH measurement at am- 
bient conditions (for example, pH,,oc) to- 
gether with available thermodynamic data. 
Moreover, it is typically assumed that Hi -  
and OH--bearing species in fluid at high 
telnperat~lres ( T )  and pressures (P )  behave 
conservatively with cooling. This often is 
not the case, however, especially for metal- 
and sulfide-bearing fluids, such as mid- 
ocean-ridge hydrothermal vent fluids (3). 
Considering the important role of p H  in 

sea-floor and sub-sea-floor hydrothermal 
processes (4 ) ,  direct determination of fluid 
o H  at elevated T and P would lead to  a 
significant advance in our understanding of 
these important hydrothermal systems. 

Numerous efforts have been made to de- 
velop instruments suitable for pH measure- 
ment in hvdrothermal fluids. For examole. 

L ,  

hydrogen concentration cells (5) and palladi- 
um hydride electrodes (6) have been used 
successf~~lly to determine pH at subcritical T 
(<320°C) and relatively low P (<25 MPa). 
A yttria-stabilized zirconia (YSZ) (Zr02 with 
9% Y20,)  membrane (7), however, provides 
an alternative method for ineasuriilg pH at 
relatively high T, and some preliminary mea- 
surements of low-ionic strength, high-pH flu- 
ids have been made at supercritical aqueous 
coilditioils (8-1 0). 

Although these coilditioils lnav be au- - 
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hydrothermal processes (1 2)  are character- 
ized by relatively high T, high P, high ionic 
strength, and low pH. For example, most 
axial hot-spring fluids are acidic, with dis- 
solved CI concentrations ranging from 40 
to  200% of the  seawater value (0.55 m) ,  and 
have temperatures as high as -400°C (1 3). 
Thus, to  assess the  viability of the YSZ 
membrane as a pH sensor in fluids with 
relatively high ionic strength (0.57 m 
NaCI) and low to moderate pH,  we per- 
formed experiments at 400°C and 40 MPa 
and compared our results with theoretical 
predictions. 

W e  performed experiments in a comput- 
er-controlled T i  flow reactor, which is es- 
pecially resistant to corrosion by acidic 
NaC1-bearing fluids (9 ,  10 ,  14).  A n  advan- 
tage of this facility is that the  YSZ mem- 
brane and associated electrodes have direct 
access to  the  fluid phase a t  the  experimen- 
tal conditions, which ensures in situ mea- 
surements. Exper~ments cominenced with 
the  continuous flow (2  inl/inin) of 0.57 m 
NaCl  havlng values between 1.9 
and 7.6. W e  varied the  pH of the  source 
fluid by adding HCI. As the  fluid flowed 
into the reactor, cell potential was mea- 
sured with a Keithley (Clevelaild, Ohio)  
2001 electrometer with an  input impedance 
of 10'' ohms. Uncertainties 111 the  measure- 
ments were geilerally within ? 0.005 V at 
the  95% confideilce level, which resulted In 
an  uncertainty in pH,,, ,,,, of (0.05. 

T h e  electrocheinical cell for pH deter- 
mination can be described as 

I A ~ C I  I c i - ,  H+, H?O I YSZ I ~g 1 H ~ O  
( 1  

As indicated, Ag/AgCl was used as a refer- 
ence electrode (15),  and because it was in 
direct contact with the  test fluid, liquid 
junction potential was avoided. Other  cell 
elemeilts are described in (9 ,  10).  Cell po- 
tential hE(V)7,p as a fuilction of can 
be described as 

1 2.303RT 
- - log a(HzO)]  + --- 

2 F PHT,P (2 )  

where 4E0 is the  cell ootential at standard 
state, which can be calculated from the 
standard state poteiltials of EoAgiAgCI and 
Eol,glligi); R is the  gas constant; F is the 
Faraday constant; and a(C1-) and a ( H 2 0 )  
are the  activities of C1- and H,O, respec- 
tively. Because the  amount of HC1 added to 
the test solution was negligible compared 
with the  total amount of NaC1, the  differ- 
ence of the  first two terms o n  the  right side 
of Eu. 2 can be taken as a constant. In  
effect, changes in are reflected solely 
by changes in measured hE(V) I,p. Thus, a t  
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