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High Throughput Chirped Pulse Fourier-Transform Mi-
crowave Spectroscopy of Ethanol and Water Clusters

S. E. Dutton,∗ G. A. Blake∗

Here we discuss the design and performance of a novel high-throughput instrument for Chirped Pulse
Fourier-transform Microwave (CP-FTMW) spectroscopy, and demonstrate its efficacy through the
identification of the lowest energy conformers of the ethanol trimer and mixed water:ethanol trimers.
Rotational constants for these trimers were calculated from observed lines in the spectra from 10 to
14 GHz, and compared to the results of anharmonic ab initio computations. As predicted, all trimers
share a cyclic donor-acceptor hydrogen bonding structure, with the ethanol monomer favoring the
gauche conformation in the lowest energy structures. The increased speed of data collection and
resulting sensitivity opens a new avenue into rotational studies of higher order clusters.

1 Introduction
Small molecule clusters, though simple in their nature as modest-
atom systems, are host to a number of open questions in physical
chemistry. One need only examine the long-standing debate sur-
rounding the nature of the hydrogen bond – a topic introduced in
introductory chemistry courses – to see the mysteries still encap-
sulated in the dynamics of few molecule systems.

The hydrogen bond is of vast importance to physical, chemical
and biological processes on earth, bottle-necking reaction rates
in the atmosphere and determining solvation interactions in con-
densed phases1,2. The importance of this motif is in part due to
the weak nature of the hydrogen bond (4 to 40 kcal/mol), allow-
ing bonds to break and form easily1.

A specific area of interest addresses the behavior of hydrogen
bonding interactions in alcohol-water mixtures. Condensed phase
mixtures of alcohols such as ethanol and water display intriguing
behavior, including their negative entropy of mixing. This is in-
dicative of incomplete mixing on a microscopic scale3–5. This be-
havior has not yet been fully characterized or understood, and the
impacts of these properties are far reaching; for example, recent
publications investigate the relevance of these physicochemical
anomalies to hand-sanitizer effectiveness against COVID-196,7.

To empirically elucidate the clustering behavior that gives rise
to this microaggregation of water and alcohol, the structure deter-
mination of small clusters of alcohol and water is a useful proxy
system to elucidate the dynamics of bulk mixtures. In the present
work, small clusters of ethanol and water are studied, so that
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accurate structural information may be used to build up to fully
molecular bulk models of ethanol and water mixing.

One consideration specific to ethanol clusters, that adds fur-
ther complexity to accurate modeling, is trans versus gauche con-
formational variation. Previous studies have demonstrated that
weak hydrogen bonding in ethanol and water clusters may addi-
tionally stabilize the gauche conformation over the trans8, which
is favored for the monomer. Computational studies of the ethanol
trimer have shown a similar trend, with a number of low energy
structures with both the trans and gauche conformation of one or
more monomers9,10.

To characterize the potential energy surfaces pertaining to such
clusters, Chirped Pulse Fourier-Transform MicroWave (CP-FTMW)
spectroscopy has become the main tool for the high resolution
rotational spectroscopy of gaseous species. Invented by the Pate
group at the University of Virginia11, many previous studies have
demonstrated the efficacy of this technique for high-sensitivity
measurements of pure rotational spectra from cm to (sub)mm
wavelengths8,12–15.

One challenge in past studies with this approach is that sensi-
tivity can be limited by both the pumping speed and by the capa-
bilities of chirp and signal acquisition digital electronics, requiring
that gas be pulsed into the chamber to avoid collisional broaden-
ing or destruction of clusters from high pressures in the vacuum
chamber8,16–18. Pulsed gas expansions are effective, but most
have a duty cycle of only a few percent.

In this work, a continuous, large aperture expansion instru-
ment for CP-FTMW is presented, and compared to pulsed instru-
ments. The efficacy of this technique is further demonstrated
through the study of the ethanol trimer and mixed water:ethanol
trimers. Rotational spectra and anharmonic ab initio calculations
are used to guide the rotational constant assignments of the low-
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est energy conformers of the these clusters. We first turn to a
description of the new instrument and results, before describing
the nature of hydrogen bonding in the trimers.

2 Experimental methods
The high vacuum chamber design is specifically designed to per-
mit a collinear orientation of the microwave horn and supersonic
beam expansion. This orientation allows the same microwave
horn to be used for both the broadcast and detection of MW ra-
diation, and optimizes the interaction volume. This instrument
is thus an alternative to the ’original’ single-nozzle system, as op-
posed to a multi-nozzle system as implemented elsewhere19.

The high pumping speeds necessary for the desired experi-
ments were achieved via a magnetically levitated Osaka TGKine
3304 Turbomolecular pump in series with an Edwards EM 275
Rotary Vacuum pump, which comes with an additional rough-
ing pump. With this system, the base pressure in the chamber is
roughly 10−9 torr, and the pumping speed for molecular nitrogen
is ∼3400 L/s. For Ar or N2 expansions, the maximum compres-
sion ratio is nearly 108 (for molecular hydrogen or He the com-
pression ratio drops to 103−4). With this high pumping speed, gas
may be continually introduced into the chamber at 2 atm nozzle
pressure without the background pressure rising above 4 ∗ 10−4

torr, and the high compression ratios achievable mean quite mod-
est backing pumps and roughing lines are required. The resulting
mach disk distance, for a pinhole expansion, is at least 1 me-
ter away from the nozzle, ensuring free expansion of the clusters
without collisions, and imparting a new ability to probe cluster
formation in continuous expansion conditions.

As described previously, we employ direct digital synthesis
(DDS) (specifically the Analog Devices AD9914 board) to gener-
ate a 2 GHz chirp over 1.2 microseconds12. The pulse is low-pass
filtered (Mini-Circuits VLP-24) and heterodyned with the local os-
cillator (LO) frequency from the output of Hewlett-Packard func-
tion generator (HP 83260B Series Swept Signal Generator) with
a microwave circuit mixer (Marki MIR0726). The resulting pulse
contains the sum and the difference of the LO frequency and the
digitally generated broadband chirp.

The heterodyned pulse is amplified with a 40 watt solid state
amplifier, or SSA (Microsemi RF Integrated Solutions Model
LO618-46-T680), and passed through a circulator (Teledyne C-
12S63T) to the microwave horn. A diagrammatic representation
of the microwave circuit is depicted in Figure 1. Note that this di-
agram does not accurately depict the geometry of the nozzle and
gas expansion in the chamber.

The entire circuit is triggered by a digital delay generator (Stan-
ford Research Systems Model DG535 4 Channel Digital Delay
Generator). For signal detection, a waveform is sent to an arbi-
trary waveform generator (Stanford Research Systems Model DS
340 15 MHz Frequency Generator) to trigger the AD9914 DDS
board every 20 microseconds, so that an 18 microsecond FID is
collected for each microwave pulse. The delay generator also trig-
gers the solid state amplifier to amplify the signal for only the
duration of the input pulse.

The detection electronics include a high-gain, low-noise am-
plifier (Miteq AMF-5F-08001800-14-10P), a mixer to downcon-

Fig. 1 Schematic of the microwave circuit built. Solid lines represent
SMA cables transmitting the microwave signal. Dotted lines represent
clocking signals, and dashed lines represent trigger signals.

vert the double-sideband signals (Marki MIR0726), and an Agi-
lent digital-to-analog converter (DAC) board. This DAC board is
clocked to the same external source as the DDS board, and sam-
ples the molecular FID at 4 GS/s. FID collection is triggered by
the DDS board, and up to 10 million FIDs are averaged at a time
before being written directly to text files. Critically, both the DDS
board and the DAC board have low latency. This ensures high
duty cycles even under continuous excitation and FID acquisition
environments.

The system is clocked by a rubidium frequency standard (Stan-
ford Research Systems Model FS725 Rubidium Frequency Stan-
dard), providing a time base for a Valon dual frequency synthe-
sizer (Valon Technology LLC 5008) that is used as a reference
for the DDS board and the digitizer. The rubidium standard also
clocks the LO signal generator to ensure phase stability.

We have tested both pinhole and slit expansions. There is some
concern about collisional broadening for the latter, as the pres-
sure at the outlet of the slit decreases more slowly than in pin-
hole expansions, and because such collisions are clearly manifest
in pulsed large aperture Laval nozzle expansions20 used to study
low temperature chemical kinetics. To confirm that the mach disk
for the slit nozzle is sufficiently far from the slit, experiments with
longer FID acquisitions were run. Normally, an FID of 18 mi-
croseconds is taken, as this maximizes the signal-to-noise ratio
of the observed peaks in a given wall clock time. Longer FIDs
optimize the spectral resolution, at the cost of reduced sensitivity.

To characterize the expansions, experiments with molecular
FIDs of 50 microseconds were acquired for both the slit and
point source nozzle. With Ar as the carrier gas (used for its ro-
tational cooling21 and cluster generation efficiency) at 0.4 atm
background pressure, a mixture of argon and ethanol was flowed
continuously into the chamber at 50 sccm. Under these condi-
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Fig. 2 Long FID (50 microsecond) collection for 1 mm diameter circular source (left) and a 10 cm × 25 µm slit nozzle (right) continuous expansions
of Ethanol at 0.4 atm, 50 sccm flow. Longer FIDs result in resolution of the Doppler splitting of the ethanol dimer line at 1008 MHz offset from the
12.0 GHz LO frequency. Full width half max of each line is 60 KHz.

tions, the pressure in the chamber hovered near 2.0 ∗ 10−4 torr.
With a 12.0 GHz LO field and 50 million averages collected, the
full width half max (FWHM) of the strongest peaks was ∼60 kHz
for both the point source and the slit expansion, as shown in Fig-
ure 2. These longer FIDs also reveal the expected Doppler split-
ting of transitions, a result of the emitted radiation propagating
both towards the horn and away from it, then reflecting back in
to the detection circuit.

The consistent width of the peaks for both the point source and
slit nozzle expansions indicates that collisional broadening is not
significant for either nozzle under these expansion conditions. At
carrier gas background pressures exceeding 1 atm, initial exper-
iments do show that the peaks from the slit nozzle are slightly
wider than those from the point source nozzle, implying that this
is the maximum background pressure for a slit nozzle continuous
expansion to avoid collisional broadening of the pure rotational
transitions of molecules and clusters in the molecular beam.

3 Results and discussion

3.1 Computational results

To aid in spectral assignments, ab initio calculations for the equi-
librium and ground state rotational constants were carried out
with second order Møller-Plesset (MP2) perturbation theory us-
ing the 6-311++G(d,p) basis set with anharmonic corrections via
Gaussian 09 package22. This level of theory and basis set choice
have previously been used in studies of the ethanol/water dimer,
and produce reasonably accurate rotational constants without
taking prohibitively long to converge on modest clusters8. Initial
structures were generated based on chemical intuition and from
comparison to studies in the literature8,9. Images of the lowest
energy structures for (C2H5OH)2H2O are shown in Figure 3. The
rotational constants from the converged structures were used to
simulate spectra with the program PGOPHER23. These rotational
constants are shown in the first column of Table 1 for the two

lowest energy conformers of the ethanol trimer, and in Table 2
for the lowest energy conformers of the trimer formed between
two ethanol molecules and one water molecule. Observed rota-
tional lines were then fitted with the program SPFIT24, and the
fitted rotational constants were compared to the ab initio results.

As expected from water cluster studies, the main motif of the
trimers involves a cyclic pattern where all monomers accept and
donate hydrogen bonds. The more subtle structures of inter-
est here are conformers related to the orientation of the carbon
groups with respect to the plane of hydrogen bonding. All spectra
are rigid-rotor like, and it is not the goal of this work to capture
modes associated with internal rotation. In addition, the height
of barriers between conformers is not empirically derived.

The ab initio energy difference between the two lowest energy
conformers of both the pure ethanol and the mixed trimers is <1
kcal/mol, and suggested that both conformers should be observ-
able in experimental spectra. The ethanol subunits of both pure
ethanol trimers and mixed trimers are all in the trans configura-
tion in the isolated structures. However, as seen in Figure 3, the
orientation of the ethanol molecules relative to the plane of hy-
drogen bonding interactions varies between the conformations–
the mixed ethanol and water trimers are shown as an example.
In the top row, this conformer has a gauche relationship between
the ethanol groups, and both ethanol molecules are trans to the
water molecule. In contrast, the bottom row shows a conformer
that is trans between the ethanol groups, and gauche relative to
the water. The first mixed trimer configuration shown is referred
to in this paper as "gtt", and the second is referred to as "tgg".

The two lowest energy structures calculated for the pure
ethanol trimer both have two trans relationships between the
ethyl groups, and one gauche. The lowest energy structure is
labeled as Conformer 1, and the second lowest is labeled as Con-
former 2. The energy difference between these structures is less
than 1 kcal/mol. The lack of gauche conformation ethanol in all
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Fig. 3 The two lowest conformations for the pure ethanol trimers and those with two ethanol and one water monomer. The top row is the lowest
energy conformation, that for the bottom row lies <1 kcal/mol higher in energy. Optimized structures and rotational constants were determined
via Gaussian 16 at the MP2 level of theory and 6311+G(d,p) basis set. The left column shows a ’top-down’ view of the hydrogen bonding in the
conformers, and the right column shows a ’side’ view with respect to the hydrogen bonded cyclic motif, emphasizing the difference configuration of
the ethanol carbon chains.

identified trimers implies that the stability afforded by additional
hydrogen bonding interactions is less than the energy cost of over-
lapping ethanol groups. Further study of neat and mixed wa-
ter:ethanol trimer isotopologues would help elucidate this trend.

3.2 Experimental results

Experimental spectra were recorded for pure ethanol and for a
mixed expansion of ethanol and water. Experiments with 0.7 atm
background pressure of argon, 50 sccm gas flow, and an 18 mi-
crosecond FID collection time achieved a signal-to-noise (S/N)
ratio of 830:1 for lines assigned to the ethanol trimer, with a full
width half max (FWHM) of 100 kHz. For the mixed trimers, the
S/N ratio was ∼80:1 for the strongest identified lines, with the
same FWHM as the ethanol trimer lines. Spectra collected un-
der these conditions with LO settings of 11.6 to 12.1 GHz and
from 17.5 to 17.6 GHz were compared with the spectrum gener-
ated from the ab initio calculated rotational constants using PGO-
PHER for line assignment. Data sets were processed by removing
known lines of the ethanol monomer, water monomer, and pure
and mixed dimers of each from the spectrum. The spectroscopic
accuracy and precision, and FWHM trends, were bench marked
by comparison to known lines of the ethanol monomer, values
for which were obtained from the JPL Molecular Spectroscopy
Database25, and are commensurate with previous experimenta-
tion in the Blake lab, as described in the methods.

Lines observed in the spectrum were then fitted with SPFIT to
generate calculated rotational constants, shown in Table 1 for the

ethanol trimer and Table 2 for the mixed trimers. The trimers
of interest are locked in a circular H-bond motif, meaning that
the current work focuses on distinguishing between various con-
formations of this locked H-bond motif, as opposed to different
bonding structures.

By comparison to these spectra simulated with PGOPHER, the
rotational temperature of the clusters was estimated to be 10 K.
At this temperature, there were between 15 to 30 strong rota-
tional lines in the spectral range of the experiment for each type
of cluster. At least half of the strong lines expected to be observed
were fit to calculate the rotational constants from experimental
spectra. Specifically, 12/25 lines were fit for conformer 1, and
13/20 lines were fit for conformer 2 of the pure ethanol trimers.
For the mixed trimers, 10/20 lines were fit for tgg, and 9/20 lines
were fit for gtt.

Of these lines fit for each trimer, most were a-type rotational
transitions, as expected from the relative magnitude of the A,
B, and C rotational constants and the electric dipole projections.
First, these a-type transitions were fit. Next, at least one b-type
and c-type transition were fit for each trimer to help improve the
fit of the experimental constants. To more accurately assign these
weaker c-type transitions, the chirp bandwidth was reduced to 1
GHz, enhancing the molecular polarization, and thus FID inten-
sity, with the available amplifier output. This increased power
density was essential in assigning the lower intensity c-type tran-
sitions, for which only the strongest predicted transitions were
sought for, and fit, with relative intensity of 70% of the a-type
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Fig. 4 Example of the experimental spectra collected on the mixed expansion of water and ethanol. On top is the full bandwidth collected, the
bottom spectrum shows an inset of this spectrum with lines fitted for pure ethanol monomer (orange), water monomer (red), ethanol/water dimer
(green), ethanol trimer (brown), and the mixed trimer of the up/down configuration (blue). The full spectrum is 200 million averages each of 6 LO
settings, corresponding to approximately 13 hours of data collection. To right is the gtt conformer for reference.

spectral lines. All key transition assignments were verified with
dual resonance experiments.

Rigid rotor fit r.m.s. values were higher than previous work,
at ∼100 kHz, which is mostly likely explained by internal rota-
tions of the methyl subgroups splitting the observed rotational
transitions. The barrier to rotation for these methyl subgroups
was calculated to be ∼1100 cm−1 using ab initio techniques with
Gaussian. As seen in previous work, coupling to large amplitude
motion of the trimer will effectively lower the barrier to internal
rotation of the methyl groups, which would result in increased
internal rotation splittings, and result in increased r.m.s. to the
overall fits since in this case the pure all A-state combinations of
the tops cannot be separated from mixed A-E and E-E states26–28.

To assess the likely size and nature of the line splittings asso-
ciated with the modest barriers to internal rotation, the trimer
spectra were modeled with the internal rotation fitting program
XIAM29. The results indicate that for rotational mode splittings
of up to 100 kHz, approximately the largest residuals in the rigid
rotor fits, to lines most susceptible to internal rotation perturba-
tions, a barrier to internal rotation of approximately 1000 cm−1

is needed. Thus, the magnitude of the barrier is only modestly
lowered by coupling to the other large amplitude motions of the
cluster, as expected due to the interlocked donor-acceptor nature
of the trimers. In addition, the sign of the error between the SP-

FIT model and XIAM agrees, supporting the plausibility of the
internal rotation fitting.

This magnitude of splitting is too small to be resolved, even
with longer FID collection (∼50 microseconds), with the present
instrument, although the asymmetry in both peak shape and rel-
ative intensity of doppler splitting observed in the line shapes of
these long FID experiments supports this magnitude of splitting
due to internal rotation. Quantitative studies of these splittings
would require a large cavity, coaxial geometry Flygare machine,
and is beyond the scope of the present work. Simple order-of-
magnitude estimates of the offsets of the A symmetry transitions
from the peaks of the internal rotation envelopes with the current
instrument lower the fit r.m.s. by factors of 2-3, as discussed in
the Supplementary Information.

Importantly, this increased error does not influence the line as-
signment; the various conformers observed have larger spectral
differences than the r.m.s. error of the fits, and the lines included
in these fits have been verified with dual resonance experiments.
Thus, we are confident in the assignment of lines to different con-
formers and the geometric differences of these conformers that
give rise to the spectral variation observed. This demonstrates the
improvement in sensitivity of the current instrument over previ-
ous work, and opens the door for further projects investigating
conformational variation in high order clusters.
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Table 1 Computational and experimentally determined rotational constants for the lowest energy conformer of the ethanol trimer. Parameters are
fitted via SPFIT, using Watson’s reduction of the Hamiltonian. N is the number of lines from the experimental spectrum fit, and the values in
parentheses are the 1σ errors reported by SPFIT.

Ab initio Conformer 1 Fitted Conformer 1 Ab initio Conformer 2 Fitted Conformer 2
A/MHz 995.9 996.29 (4) 1015.8 1012.48 (4)
B/MHz 801.9 802.64 (10) 798.5 800.36 (22)
C/MHz 469.4 469.31 (21) 473.9 474.28 (18)
DJ/kHz 2.33 15.12 (9) 2.11 -1.31 (17)
DJK/kHz -3.61 -47.6 (3) -3.25 -35.53 (6)
DK/kHz 1.49 36.42 (24) 1.34 41.17 (6)
d1/kHz -1.01 4.54 (4) -0.841 13.78 (16)
d2/kHz -0.272 37.77 (24) -0.170 77.10 (10)
µa/D 1.18 1.22
µb/D -0.30 -0.28
µc/D -0.14 0.17
N 12 13
rms/kHz 56 96

As discussed in the experimental section, the most impactful
change in this system was the integration of a high speed, high
compression ratio turbomolecular pump into the experimental
chamber, coupled to high speed/high duty cycle digital electron-
ics. Compared to previous CP-FTMW experimentation, this single
change increased the duty cycle of the system from ∼1% to up-
wards of 70%, thanks to the new capability to introduce gas con-
tinuously into the chamber without overloading the pumps, and
with no pressure broadening of the rotational spectra due to the
low background pressure enabled by the uniquely high compres-
sion ratios achieved with high throughput turbomolecular pumps.
The higher duty cycle resulting from continuous expansion thus
led to decreased lab time required for experimentation, altogether
speeding up the data collection process. The signal to noise ratio
of 830:1 achieved here for the ethanol trimers was the result of
13 hours of averaging; the former incarnation of this instrument
achieved a signal to noise ratio of ∼200:1 on the peaks of interest
after 40 hours of averaging12,30. Thus, though a modest tech-
nological innovation, the increased pumping speed has dramatic
impact on the speed and ease of experimentation. In addition,
the implementation of continuous throughput high duty cycle ex-
periments combined with a slit expansion geometry have allowed
for novel clusters to be identified. Importantly, the slower fall off
in beam density enables improved cluster generation efficiencies,
especially for higher order clusters. For example, with an SNR of
more than 100:1 for water hexamer lines, compared to a previ-
ous SNR of 15:1 in the same wall clock time, the high pumping
speed and low background enabled by the turbomolecular pump
provides an optimal environment for the rotational study of clus-
ters, where large interaction volumes are pivotal.

This arises because under similar expansion and excitation con-
ditions, the sensitivity of a chirp pulse instrument depends on the
noise figure of the detection circuit and the number of FIDs aver-
aged. For a given instrumental noise figure and chirp bandwidth,
because the turbopump enables continuous expansions to be run,
at least for dimers and trimers, under conditions that match clus-
ter generation efficiency in pulsed operation, no sensitivity is lost
with high duty cycle DAC systems. That is, there is no differ-
ence in the number of microwave pulses needed to achieve a
given S/N, but the time required to achieve it is decreased by

the increased sample consumption per unit wall clock time. With
commercially available high power amplifiers and multi-card DAC
systems analog bandwidths of >10 GHz can be acquired and aver-
aged on the fly. Thus, on balance, it is the view of the authors that
the increased rate of material consumption per unit time does not
necessarily imply high sample consumption rates, and with suffi-
ciently high bandwidth DAC systems is entirely consistent with
isotopically enriched sample studies for structural determination.
This conclusion may not be valid for large clusters of low volatil-
ity species, which will likely require stringent, very high pressure
expansion conditions, but should true for a very wide range of
substances of chemical interest. And, the improved clustering ef-
ficiency of the slit expansion leads to good sensitivity to larger
clusters. For example, with the current system, methanol and
methanol-water clusters up to the hexamers are readily seen, as
will be described in future publications.

4 Conclusions

The observed ethanol trimer and mixed ethanol and water ro-
tational spectra demonstrate the effectiveness of ab initio calcu-
lations for predicting structures and rotational constants of this
class of small molecule clusters. The computed and fitted rota-
tional constants are relatively close in value, reflecting the accu-
racy of the ab initio methods. This accuracy is consistent with the
rigid structure of the hydrogen bonding ring in these trimers; the
stability afforded by the uniform hydrogen bond donor and accep-
tor configuration ’locks’ the geometry into conformation, making
the potential energy surface of these trimers steeper between con-
formers and allowing calculational methods to more easily, and
accurately, predict structural parameters.

This work has also served to demonstrate the efficacy of this
new instrument for rotational studies of small molecule clusters.
The high throughput afforded by the increased pumping speed of
the turbomolecular pump decreases the lab time required for ex-
perimentation by a factor of ten over previous instruments, and
the high compression ratio enables modest backing pumps and
roughing lines to be used. This efficiency expands the scope of
potential research targets, as demonstrated herein with the iden-
tification of mixed water:ethanol trimers in a dense rotational
spectrum. Future work in this area will benefit from the speed
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Table 2 Calculated and experimentally determined rotational constants for the mixed water and ethanol trimers observed. Parameters are fitted via
SPFIT, using Watson’s reduction of the Hamiltonian. N is the number of lines from the experimental spectrum fit, and the values in parentheses are
the 1σ errors reported by SPFIT.

Ab initio tgg Fitted tgg Ab initio gtt Fitted gtt
A/MHz 2711.4 2709.38 (7) 2414.6 2406.62 (3)
B/MHz 922.7 923.47(17) 1069.7 1068.14 (7)
C/MHz 724.6 724.86 (13) 809.9 810.01 (16)
DJ/kHz 0.719 20.9 (9) 2.55 151.7 (6)
DJK/kHz -0.311 -54.2 (26) -5.66 -289.1 (13)
DK/kHz 17.9 31.1 (17) 13.6 135.9 (6)
d1/kHz -0.18733 -14.1 (5) -0.67 -58.70 (26)
d2/kHz -0.03355 22.4 (12) -.07413 29.81 (21)
µa/D 0.69 1.17
µb/D -0.48 -0.41
µc/D 0.073 0.14
N 10 9
rms/kHz 117 82

of data collection with continuous expansion, and will work to
identify similarly difficult to isolate small molecule clusters.
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