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Stark Spectroscopy of Polar Molecules Solvated in Liquid Helium Droplets
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Presented here are the first rotationally resolved Stark spectra of a polar molecule in a liquid. This
high-resolution spectroscopy is made possible by the fact that superfluid liquid helium is extremely
homogeneous. The results presented here show that the interactions between the molecule and the
helium solvent result in a splitting very similar to that induced by the applied electric field, providing
new insights into the nature of these interactions. [S0031-9007(99)09227-3]

PACS numbers: 67.55.Lf

The interaction of an external electric field with a polarexperiment [9,13] and theory [14—-16] agree that the
molecule is of fundamental importance and has beemajority of the helium in these droplets is superfluid, a
studied extensively in the gas, liquid, and solid phasesequirement for obtaining high resolution. Although the
[1]. The high spectral resolution available in the gasmolecules interact weakly with the surrounding helium, a
phase allows for the accurate determination of moleculasignificant increase in its effective moment of inertia is
dipole moments for individual quantum states [2,3]. Inoften seen [7-9].
the condensed phases the spectral resolution is generallyThe experimental apparatus is described in detail else-
much lower. Nevertheless these electric field effectavhere [17]. It incorporates a liquid helium droplet source
are sufficiently important to have focused considerablesimilar to those reported previously in the literature [6,18].
attention here [1]. Indeed, polar solvents near chargeth brief, droplets consisting of approximately 3700 helium
membranes, macromolecules, and electrode surfaces oftatoms (determined using published scaling laws [19,20])
experience large electric fields that can fundamentalhare formed by the expansion of pure helium (50 bar)
alter their structural and dynamical properties [4]. Thusfrom a 20 K, 5-um-diam nozzle. These droplets pass
the detailed understanding of such physical, chemical, antthrough a pickup cell, where the pressure is optimized
biochemical processes requires that these electric fielfbr the capture of a single HCN molecule. A Burleigh
induced modifications be understood. F-center laser is used to excite the C-H stretching vi-

Stark spectroscopy analogous to that done in the gdsration of the HCN. Subsequent vibrational relaxation
phase, namely, where the transitions are resolved inteesults in the evaporation of approximately 600 helium
their M components ¥ being the quantum number rep- atoms. The corresponding loss in beam flux is monitored
resenting the projection of the rotational angular momenusing a bolometer detector [21]. The laser-molecular
tum (J) on thez axis], has never been done in liquids. beam interaction region is located between a pair of Stark
In fact, M is usually not a good quantum number in lig- electrodes used to apply the electric field. The angle be-
uids, which is to say that molecules generally do not rotween the laser polarization and the dc electric field could
tate freely. Much has been written about the problemse varied from 0to 90°, changing the selection rule from
associated with extracting accurate information from theAM = 0to AM = =1, respectively.
broad spectra typical of condensed phases [1]. In this pa- The vibrational frequency shifts associated with solva-
per we report the firsM resolved Stark spectra of a polar tion in helium tend to be small and to the red, so we began
molecule in a liquid, namely, superfluid helium. In par- the search for the HCN spectrum near the gas pRé8ge
ticular, we consider the case of HCN solvated in smalltransition of the C-H stretching band, revealing the spec-
droplets of superfluid helium. A newly constructed laser-trum shown in Fig. 1. Given the proximity of this tran-
molecular beam apparatus is used to record the infraregition to the gas phasg(0) transition 3314.412 cm™!
spectrum under conditions where there is a single HCN iifi22]), the assignment seems clear. Since the rotational
each droplet. These Stark spectra provide interesting neaonstant of HCN in the gas phase4(7822 cm™! [22]) is
insights into the nature of the interactions between the poguite large compared to the droplet temperature (370 mK
lar molecule and the helium solvent. [8]), this is the only transition we expect to see; the

High-resolution spectroscopy of molecules solvated in/ # 0 states have no thermal population. The linewidth
liquid helium droplets is new, the first experiments beingobserved in this spectrum is extremely narrow (approxi-
done in the infrared on $H5,6]. Recent studies show mately 200 MHz) for a molecule in solution. Neverthe-
that “He solvated molecules often display rotationally less, it is broad compared to the instrumental resolution
resolved spectra [7—11] characteristic of a temperaturé<10 MHz), which we believe is the result of the inho-
of 370 mK [8], in excellent agreement with theoretical mogeneity of the HCN-helium interactions [23]. Of par-
calculations based upon evaporative cooling [12]. Botlticular interest is the fact that the line shape is unusual,
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LI T 1 The inset in Fig. 2 shows a series 6f(0) spectra
recorded as a function of the electric field. Although
its intensity increases with electric field strength, the line
shape remains approximately constant and the position
shifts slightly, with the latter being due to the fact

& that the dipole moments and the rotational constants
£ | are slightly different in the ground and vibrationally
E excited states. In the gas phase the dipole moments
are2.985188D and 3.017408D for the ground [26] and
vibrationally excited [26,27] states, respectively, while
the corresponding rotational constants &s7822 cm™!
and 1.46800 cm™! [22]. By fitting the peak position of
31348 31350 31355 31360 31365 the Q(0) transition as a function of the electric field,

we were able to extrapolate to zero field to determine
the vibrational band origin for HCN in helium, namely,
FIG. 1. TheR(0) transition of HCN in a liquid helium droplet, 3311 70 cm~! (the absolute accuracy limited by the wave
showing evidence for splitting into two components. meter used to calibrate the laser frequency).
The combination of the vibrational band origin and
the zero field position of th&(0) transition is sufficient

showing two peaks that are poorly represented by tw@o determine the (excited vibrational state) rotational
Lorentzian or Gaussian profiles. The assignment of thigonstant of the HCN in helium, yielding.175(3) cm™".
splitting and the understanding of its origin constitutes theviost of the uncertainty in this value comes from the
main focus of the present study. 0(0) measurement, which had to be extrapolated to zero

The dramatic cooling observed here is actually probfield. The small change in the rotational constant of
lematic, since a single transition is insufficient to inde-HCN upon solvation in helium is in contrast with SF
pendently determine the vibrational frequency shift andand OCS, where the corresponding change is a factor
the rotational constant. In previous gas phase studies Wsf approximately 3 [8,9]. There is some evidence that
have used large electric fields to mix the rotational quanthe rotational constants of water [10], ammonia [11], and
tum states of a polar molecule, causing a breakdown in thglF [28] are also relatively unaffected by the helium.
associated selection rules and the appearance of normafffhe general trend seems to be that molecules with
forbidden transitions [24,25]. In particular, for a linear |arge rotational constants (small moment of inertia) rotate
polar molecule this mixing results in the appearance ofnore freely in helium than those with small rotation
the “Q(0) transition,” as shown in Fig. 2. This spectrum constants. A possible explanation for this is that the
was recorded at an electric field 80 kV/cm, with the  Jighter molecules rotate so quickly that the helium atoms
laser electric field polarized parallel to the dc electric fieldcannot respond to the motion. The associated rotational
(AM = 0). averaging of the interactions minimizes the coupling
between the two helium and the molecule. On the
other hand, for molecules with large moments of inertia,
molecular rotation is slow enough for the helium atoms to
adiabatically follow the motion. The correlated motion of
RO)" the helium atoms with the molecule results in an increase

] in the effective moment of inertia [29]. The present
i ] results are particularly important in defining these two
] 14y regimes, since HCN has the largest moment of inertia of

Ttvsneett] ok any molecule that has yet been found to fall into the weak
o maegomenbipun s KV coupling regime.
| "QO)" RIS pon——rtt As pointed out above, thR(0) transition shows a split-
P ey ity ting, which is clearly not present in th@(0) transition.
/ A possible explanation for this is that thi&g0) transition
JL has two componenta\(¥ = 0 andAM = =1), while the
e i T St e e e V1 , , 0(0) transition has only onéAM = 0). If this is the
3311.0 3311.5 3312.0 3312.5 3313.0 3313.5 3314.0 source of the structure |R(0)' the question iS, “What is

Frequency (em™) the cause of the splitting of th&f levels?”, given that

FIG. 2. The spectrum of HCN in helium in the presence of athey are degenerate in isotropic (field free) space. We

10 kV/cm dc electric field. The inset shows t0) transiton ~ address this question by presenting further evidence link-
as a function of electric field strength. ing the splitting in ther(0) transition to the lifting of the

Frequency (cm™)
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M degeneracy. Indeed, a dc electric field can be use@he dashed lines in the figure are Stark calculations of
to lift the M = 0 andM = =1 degeneracy, providing us the expected shifts for thR(0) transition, assuming that
with a means of assigning the associated transitions. Ithe dipole moment in the ground and excited vibrational
doing so, the laser polarization can be configured eithestates are unchanged from the gas phase. Within the ex-
parallel or perpendicular to the dc electric field, yielding perimental uncertainty, we see no change upon solvation
selection rules (in the absence of any other interactions) and the behavior at high fields is consistent with a free
AM = 0 andAM = =1, respectively. Figure 3 shows a rotorlike Stark effect. Future experiments will involve a
series of parallel polarizatioR(0) spectra, recorded as a more accurate calibration of the electric field in an attempt
function of the electric field strength. Consistent with theto reveal such changes, which could provide further infor-
above assignment, the separation between the two peaksation on the nature of the HCN-helium interactions. As
in the zero field spectrum smoothly increases with appliegxpected, the calculated splitting goes to zero at zero elec-
electric field. In particular, the higher frequency peaktric field, while the experimental splitting does not vanish.
shifts to the blue more quickly than the one at lower fre-It is as if there is a residual “field” associated with the in-
quency, consistent with (see the inset of Fig. 3) assignteraction between the molecule and the helium. We note
ing the higher and lower frequency peaks Adf = 0  here that great care was taken to ensure that no stray ap-
(the longer arrow) andM = =1 (the shorter arrow), re- plied fields were present.
spectively. Further support for this comes from the fact We put “field” in quotation marks here since it is
that in parallel polarization th&(0) transition becomes a not necessary that the interactions that split the
single peak as the field is increased, which appears atates have theP;(cod6)) functionality of a dipole-
the frequency corresponding to théd/ = 0 transition in  electric field interaction (wher@ is the angle between
Fig. 3. A comparison between a pair of parallel and perthe molecular dipole and the electric field). Indeed, a
pendicular polarization spectra, recorded @tV /cm, is  recent theoretical study by Lehmann [23] shows that,
shown in Fig. 4. for a polar molecule solvated in a helium droplet, the
The inset in Fig. 4 shows a plot of the frequency shiftssum of all the dipole-induced dipole interactions gives
for the two transitions as a function of the electric field.rise to an anisotropic interaction that goesPagcod6)).
Furthermore, these calculations indicate that the molecule
is primarily situated away from the center of the droplet,
where this interaction is indeed nonzero. In fact, much of

0.6 _m=0 the line broadening in the spectrum is likely the result of
__<' the fact that the interaction strength is dependent upon the
5 03 e =1 radial displacement of the molecule from the center of the
‘% = droplet. In this treatment, the anisotropic interaction is
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FIG. 4. A comparison between the parallel and perpendicular

FIG. 3. A series of HCNR(0) spectra as a function of electric Stark spectra at 10 kV. The inset shows a plot of the frequency
field strength (parallel polarization). The field clearly splits theshifts as a function of electric field for thaM = 0 and

AM =0 and AM = =*1 transitions in the manner expected AM = =1 transitions. The dashed lines are calculations based

from the relevant energy level diagram, shown as the insebn the HCN rotational constant determined here and the gas

(o = 0.0168wE/B, whereE is the applied electric field). phase dipole moment.
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