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A home-built helium nanodroplet isolation spectrometer has been utilized by undergraduate students in course-
based experiments to investigate the rovibrational dynamics of small molecules. Helium nanodroplets are a
versatile medium that simplifies the spectroscopy of embedded molecules owing to their low temperature (0.4 K)
and weakly interacting nature. In the infrared spectral region, this often results in a small number of rotationally
resolved lines that can be observed and analyzed within several lab periods. We demonstrate the advantages of

using this well-established technique in an upper-level undergraduate chemistry course for which the laser
spectroscopy of helium solvated '3C-labelled formic acid was investigated for the first time.

1. Introduction

Studying the medium/high resolution infrared spectroscopy of
molecules in the gas phase is a standard physical chemistry experiment
that is typically introduced early on in a quantum chemistry laboratory
course. For the most part, small linear molecules are investigated, with
the most common being HCI [1]; this is on account of its lightness, large
transition dipole moment, and putative simplicity (effectively having
only one unique rotational constant; inversely proportional to the
moment of inertia, I). Typically, the goal of such an experiment is to
perform a fit of spectroscopic constants (ground and excited rotational
constants, band origin, centrifugal distortion constants) to the line po-
sitions, ultimately affording the structural parameters of the investi-
gated molecule, such as the bond length, r (from the relation I = pr?).
More complicated species with two unique moments of inertia are
sometimes investigated by infrared spectroscopy in an undergraduate
course, such as CH3l [2]. This naturally requires the inclusion of addi-
tional parameters in the fit, such as multiple band origins, rotational
constants, and Coriolis coupling constants. The most complicated type of
molecule, having three unique moments of inertia is typically avoided in
undergraduate spectroscopy laboratories because the infrared spectra
can be exceptionally rich, often displaying 1000s of lines at room tem-
perature. It should be noted that in teaching laboratories that are
equipped with microwave spectrometers, that it is more feasible for
students to investigate asymmetric tops [3-5], especially when the
sample is generated in a supersonic expansion (vide infra) [6,7].

The rotationally resolved spectrum of a given molecule can be
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simplified by lowering the rotational temperature of the sample. Various
techniques can be used for this purpose, for example, buffer gas cooling
[8], and cooling in a supersonic expansion [9,10]. These techniques
typically result in a reduction in the (rotational) temperature by one to
two orders of magnitude, giving rise to simplified spectra that are more
feasible for students to perform an in-course analysis on. Such spectra,
however, often contain many lines that necessitate a somewhat involved
analysis: for example, the 12 K spectrum of formic acid in the C—O
stretching band (~50 em~! broad) was found to contain ~200 lines
[11], some of which are finely split due to the asymmetry of the mole-
cule (i.e., “asymmetry splittings”). The rotationally resolved spectra can,
however, be simplified even further by reducing the temperature by
three orders of magnitude relative to the gas phase; this can be accom-
plished by embedding the molecule of interest in superfluid helium
nanodroplets. Fig. 1 provides a comparison of the simulated infrared
spectra in the vg band (C—O stretch) of H'3COOH in the gas phase (using
constants reported in Ref. [12]), and in liquid helium nanodroplets
(using constants reported here); note the dramatic simplification of the
spectrum.

The first high-resolution investigation of a molecule in superfluid
helium nanodroplets was performed on SFg, for which the infrared
spectrum revealed rotationally resolved substructure with an intensity
distribution that is consistent with a rotational temperature of ~0.4 K
[13]. Several years later the infrared helium nanodroplet spectrum of
OCS in the C—O stretching fundamental was reported [14], which
contains a small number of baseline resolved P and R branch peaks that
can be analyzed using standard linear rotor energy level expressions. A
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Fig. 1. Simulated spectra of H'>COOH at 300 K in the gas phase (Gaussian
linewidth of 0.002 cm ™!, FWHM), and at 0.4 K in liquid helium nanodroplets
(Lorentzian linewidth of 0.04 cm™!, FWHM).

couple of years later, formic acid was investigated in the vicinity of the
O—H and C—H stretching fundamentals [15]. While evidence for
extensive Fermi and Coriolis coupling was found (differing linewidths
between the bands), the rotational substructure within each band was
well resolved, and analysis of the small number of peaks (<6) within
each band resulted in determination of the rovibrational parameters (v,,
A, B, C). In the following, we describe the value of employing this
technique in an undergraduate teaching lab, and show data (and anal-
ysis) collected (and performed) by students on formic acid in helium
nanodroplets.

2. The experiment

The helium nanodroplet isolation spectrometer the experiments
were performed on was mostly built by undergraduate students over the
course of ~2 years. It has been described in detail elsewhere [16-18],
and here we provide only pertinent details; for additional information
about the technique please see Refs. [19-28]. Fig. 2 shows the spec-
trometer, highlighting the three vacuum chambers that are labelled
according to their functionality: the “Source Chamber”, “Pick-up
Chamber”, and “Detection Chamber”. Helium nanodroplets are pro-
duced in the source chamber by expanding high purity (99.9995%)
helium gas at a pressure of 34.5 bar through a nozzle (~5 pm) held at
~19.5 K. Under these conditions the average droplet size ((N)) is 2.4 x
10° atoms, which is determined using well established empirical scaling
laws that relate it to the backing pressure, nozzle size, and nozzle tem-
perature [29,30]. The expansion is skimmed (0.51 mm dia.) at the end of
the source chamber, and the newly formed helium droplet beam passes
into the pick-up chamber where it encounters gas phase 'C-labelled
formic acid. The pressure of the dopant is optimized so that on average,
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Fig. 2. The JMU helium nanodroplet isolation spectrometer. The source and
pick-up chambers are evacuated with diffusion pumps and the detection
chamber is evacuated with a turbo pump.

one molecule is picked-up per droplet. The pick-up process involves a
room temperature molecule colliding with a helium nanodroplet; the
thermal conductivity of superfluid helium is 30x that of copper, and this
allows for the excess kinetic energy of the molecule to be rapidly
liberated through the evaporation of several hundred helium atoms. The
captured molecule at 0.4 K can then be interrogated by laser spectros-
copy before entering the detection chamber.

The output of an external cavity quantum cascade laser (~9-10 pm)
was aligned antiparallel to the helium nanodroplet beam. The laser
beam was chopped and focused to a point somewhere in between pick-
up and detection, and can be tuned with a modified computer program
previously developed [31]. When the laser is resonant with a rovibra-
tional transition of a captured formic acid molecule, it can absorb a
photon. In the C—O stretching band investigated here this corresponds
to an energy (E,/hc) of ~1095 cm™?, and since the binding energy of
helium is ~5 cm ™! [32], absorption of a photon, followed by vibrational
relaxation, will (on paper) result in the evaporation of ~220 atoms from
the droplet (i.e., AN = 1095/5). After the droplet beam is interrogated
by the output of the laser, it encounters an off-axis quadrupole mass
spectrometer that is housed in the detection chamber. A small fraction of
droplets are ionized by electron impact in this chamber, with a proba-
bility that is proportional to their geometric cross section (which varies
by N%3). Ionization of doped droplets typically gives rise to a positive
charge on helium that migrates through the droplet until it encounters
the embedded molecule (such as HIBCOOH), and since the ionization
potential of any impurity is substantially less than that of helium,
droplet explosion and molecular fragmentation typically occurs [33].
The resulting positively charged fragments with masses greater than ~6
u are transmitted through the quadrupole mass filter and detected with
an electron multiplier tube. The resulting signal is processed with a lock-
in amplifier with a phase angle optimized such that a positive output
signal corresponds to depletion.

3. Instrument preparation and data acquisition

Helium nanodroplet isolation spectrometers consist of a large num-
ber of components, some of which are semi-permanently on while others
are on for the duration of the experiment. Major equipment that falls
into the latter category on the JMU helium nanodroplet isolation spec-
trometer are the diffusion pumps, closed cycle helium cryostat, and mass
spectrometer. Our system is configured such that we can remotely
activate these components by way of an email to a Raspberry Pi™. We
turn these components on a couple of hours before experimentation,
with the cool down of the coldhead taking the longest. Students enter the
lab after cool down, and configure the spectrometer for the planned
experiment(s). This involves transferring several mL of liquid sample
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(for the formic acid experiment) into a round bottom flask with a 1/4” SS
pipe fitting, and coupling that to an inlet flange on the pick-up chamber.
A needle valve is used to control the sample flow into the chamber, and
after evacuating the head gas, it is adjusted to a pressure of ~5 x 10~°
torr [34], which is optimized for the pick-up of one molecule per droplet.
It is instructive to measure the mass spectrum of the neat droplet beam,
and compare it with what is observed after doping the droplets. Before
doing this, students fill the liquid nitrogen Dewars (on the pick-up and
detection chambers) and open a solenoid driven pneumatic gate valve
(8" CF) that separates the last two chambers.

After establishing that helium droplet conditions are optimized,
students turn on “optical” elements, which correspond to the infrared
laser, piezo driver, wavemeter, and chopper wheel. Before scanning the
laser, the group of students discuss a wavenumber range that would be
most efficient to scan based on previous helium nanodroplet in-
vestigations (which show that vibrational shifts in going from the gas
phase to helium is ~1 cm™!), taking into account the band origin, band
type, and rotational constants of the target molecule in the gas phase.
For H!'®COOH in the C—O stretching band, these are very accurately
known [35]. After establishing suitable parameters for collecting the
spectrum (scan range, scan speed, data acquisition rate, lock-in sensi-
tivity...), students begin scanning and acquiring data. While we have
LabVIEW programs that fully automate the scanning, it is more engaging
to manually control the coarse stepping of the laser (while a separate
program applies a triangle wave to the piezo element of the laser for the
fine scanning). In this way, over the course of about two hours, the data
corresponding to the spectrum shown in Fig. 3 was collected (this is after
data reduction [31]).

4. Spectroscopic analysis
4.1. Computer assisted fitting

A number of computer programs have been developed that can be
utilized for fitting spectroscopic parameters to rotationally resolved
spectra [36-42]. Arguably, the most user friendly of these is PGOPHER
[40], which makes it well suited for incorporation into undergraduate
coursework. The spectrum shown in Fig. 3 was collected by one group of
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Fig. 3. Experimental (black) and simulated (red) spectra of H'®COOH in heli-
um nanodroplets in the C—O stretching fundamental. The constants from
Table 1 along with a temperature of 0.4 K and Lorentzian linewidth (FWHM) of
0.04 cm ™! was used in the simulation. The right inset shows the principal in-
ertial axes superimposed on the CCSD(T)/aug-cc-pVQZ optimized structure of
formic acid, and the left inset shows a typical depletion signal students observe
n “real time”.
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six students who were enrolled in the Biophysical Chemistry course,
each of which performed a fit of the spectroscopic parameters to the line
positions. Leading into this experiment we had covered rovibrational
spectroscopy of nothing more complicated than linear molecules in our
guided inquiry Quantum Chemistry & Spectroscopy course (that all six
students were enrolled in). Additional background material on asym-
metric tops (I, # Iy # I.) had to be covered to ensure that the significance
of the molecular parameters used in the model were adequately un-
derstood. This involved discussing material from Section 6.5 in
Ref. [43], which shows how rigid asymmetric rotor energy level ex-
pressions can be derived, along with mention of selection rules and line
intensities.

Students began by simulating the infrared spectrum of gas phase
H'3COOH with PGOPHER, using the known band origin and principal
rotational constants (for the ground and excited C—O stretching states)
[35,44], along with a reasonable estimate of the band type (which can
be readily done with most electronic structure computational packages).
Since the default temperature is 300 K in PGOPHER, 100s of rotational
states are populated which gives rise to 1000s of lines in the simulated
spectrum [45]. An extended activity on the Boltzmann distribution
(“Population of Quantum States” [46]) was covered before fitting the
experimental spectrum, which gave students the necessary background
on the effect that temperature has on the infrared band profiles (as
shown in Fig. 1). Thus, the very dramatic effect that reducing the tem-
perature in the simulation from 300 K to 0.4 K (the temperature of he-
lium droplets) was immediately appreciated. In fact, at this stage the
simulated lines could be readily assigned to the observed ones, and the
spectroscopic parameters optimized. The result of doing this is shown in
Fig. 3, which reveals excellent agreement between the experimental and
simulated spectra, the latter of which was generated using the constants
listed in Table 1.

4.2. Manual fitting

An alternative method of analyzing the spectrum is to determine the
constants by taking the combination differences of transitions. This
method requires more of an understanding of asymmetric top molecular
energy levels so that assignments can be readily made (see Fig. 3). The
first step is to generate a list of line positions, assignments, and energy
level expressions [43], similar to what is shown in Table 2, where we
labelled each transition with a lowercase italicized letter (for conve-
nience). The logical starting point in analyzing the spectrum shown in
Fig. 3 seems to lie in taking the difference between transition f and e,
which is equal to 4C’. Next, A’ can be determined by realizing it’s equal
to [—a+c—d+e]/2, and similarly, B’ is equal to [a—c—d+e]/2. The band
origin can then be determined by subtracting the appropriate (just
determined) upper state rotational constants from either transition a or
c. Finally, B"+C" is most easily gotten by subtracting d from the band
origin. It is satisfying and instructive to perform a check to see if the
constants are correct by calculating the line position of transition b (the
only one not included in the analysis) using the determined spectro-
scopic constants.

Table 1

Spectroscopic parameters of H'>COOH embedded in helium nanodroplets; un-
certainties (in last place) are estimated. Values were determined by students in a
Biophysical Chemistry course using PGOPHER.

Vo A’ B’ c (B"+C")/2
Gas” 1095.403646  2.522449  0.40012796  0.34396941  0.37413491
He 1094.954(2) 1.451(2) 0.268(1) 0.206(1) 0.254(1)
Gas/ 1.000411  1.739 1.492 1.668 1.473
He

2 From Ref. [12].
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Table 2
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Lines positions and assignments for H'3COOH embedded in helium nanodroplets. Also included are the rigid asymmetric rotor energy level expressions for the ground

(" and excited () states.

J'kake—J "ka ke v (em™) F F* label
101-000 1095.420 B+C’ 0 a
202-1o1 1095.873 2A’+2B'+2C"—2((B'~C")*+(A'~C")(A'—-B))? B"+C" b
111-000 1096.620 AC 0 c
000—101 1094.449 0 BiC" d
lic-lon 1096.161 A+B B"+C" e
215101 1096.985 A’+B+4C B"+C" f
nanodroplet isolation spectroscopy in a teaching laboratory by way of an
Table 3 example molecule that was explored by undergraduate students. The

Moments of inertia from the helium nanodroplet experiment on H'*COOH
(values for the excited vibrational state). Units are amu*AZ2,

He + rotor Rotor” He
I, 11.6 6.68 4.93
I 62.9 42.1 20.8
I 81.8 49.0 32.8

2 From Ref. [12].

4.3. Hybrid approach

What we label as the “hybrid approach” involves determining the
entries in Table 2 (which entails assigning peaks and determining term
values), then performing a least-squares fit. While a number of different
programming languages can be used for this purpose (e.g., FORTRAN,
C++, Mathematica...), we opted for Python (with the NumPy and SciPy
extension modules). The code that was written (21 lines) could be
developed by undergraduate students with little programming experi-
ence in the time taken to average the spectra (~2 h). It returns the same
constants as did PGOPHER (see Table 1).

5. Inertial analysis

Following the spectroscopic analysis, an inertial analysis allows for a
closer connection to be made with the physical attributes of the system.
The moment of inertia about a certain axis is obtained by inverting the
corresponding rotational constant, e.g.,I, = ﬁ where I, is the
moment of inertia about the a-axis (in amu~m2), h is Planck’s constant
(in J-s), my is the atomic mass constant (in kg/amu), c is the speed of
light (in cm/s), and A is the rotational constant about the a-axis (in
em1). A convenient conversion ratio (if pressed for time) is I; =
(16.8576~amu-Az-cm_l)/A. In this way the moments of inertia about the
three principal inertial axes for H'>*COOH were obtained, both in the gas
phase and in superfluid helium nanodroplets (see Table 3).

By taking the difference between the gas phase and helium solvated
moments of inertia, one obtains the moment of inertia of helium (AIye)
that couples to the molecule as it rotates about each of the principal
axes. What the students found for this molecule is that the amount of
helium that couples to rotation decreases with increasing angular ve-
locity (which is proportional to the rotational constant; see Table 3): as
noted by one team of students, “The moment of inertia for helium about
the a-axis may be concerningly low, however, since the rotational con-
stant is so high for the a-axis, it may be explained that since formic acid
is rotating so fast, it may not drag as much helium along for the ride”.
This is known as breakdown of the adiabatic following approximation,
and reference to the literature on this aspect of the investigation can be
made [16,17,47,48].

6. Summary & outlook

Here we highlighted the value of including the technique of helium

molecule chosen was H'3COOH because it is biophysically relevant, it
has a large C—O stretching transition moment, it is relatively small
(which allows for rotationally resolved peaks), and most importantly it
is accessible with our (borrowed) laser system. This investigation was
performed after acquiring and analyzing the gas phase infrared spectra
of the linear rotors, CO and CO (formed from the pyrolysis of formic
acid), in addition to covering basic molecular spectroscopy in an
activity-based Quantum Chemistry & Spectroscopy course. The primary
learning outcome was that students got to advance their understanding
of rovibrational spectroscopy by investigating an asymmetric rotor, and
in doing so they utilized state-of-the-art instrumentation that is un-
commonly included in undergraduate courses.

It is important to note that while the normal isotopologue of formic
acid has previously been explored in helium nanodroplets (as has the
monodeuterated form) [15,49], this is the first time that 13¢.1abelled
formic acid has been investigated. Part of the motivation in doing so was
to provide a mini course-based undergraduate research experience
(CURE) [50], with the hopes of recruiting student(s) to continue the
research project after completion of the course it was seeded in. Future
research directions include investigating the infrared spectra of formic
acid clusters, beyond the dimer [51], and to this end a spectrum has been
collected in-lab with preliminary assignments made.

In closing, we note that there are many potentially interesting un-
explored molecules that can be investigated by helium nanodroplet
isolation spectroscopy, and a relatively simple one we plan to investigate
in Physical Chemistry II Lab is methyl fluoride (CHsF), since it is small,
and it has a very bright C-F stretching vibration that falls within the
tuning range of our current laser system. Additionally, as noted by Craig
and Lacuesta [52], the laboratory-based infrared investigation of a
molecule with different symmetry species will provide students with a
somewhat rare opportunity to consolidate the group theory they may
have learnt in inorganic or physical chemistry courses.
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