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Abstract
Theory experiment benchmarks are a valuable tool to improve quantum numerical meth-
ods. To provide experimental data suitable for benchmarking, this work focuses on the
investigation of jet cooled hydrate clusters using fourier transform infrared spectroscopy
at a novel recycling setup. A universal resonance in ketone water complexes is reported
for 10 systems, where the O-H stretching vibration of the bound water (OHb) couples
to the bending overtone and libration motion of the bridging H atom (b2lib). The first
jet cooled spectra of the hydrate of the stable TEMPO ((2,2,6,6-tetramethylpiperidin-1-
yl)oxyl) radical are measured and the first solvation steps are examined. The so called
HyDRA (hydrate donor red shift anticipation) blind challenge, focusing on the OH shift
of water when it binds to an organic compound, was launched and evaluated. As follow
up project different benzaldehyde species were investigated. The published data alone
reports 44 OHb wavenumbers (OH and OD) of 25 different organic molecules, which will
be provided to the community in a data base (all reported shifts are summarized in Ta-
bles 7.1 and 7.2 in Chapter 7).
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1 Introduction

Solvation processes are important in many fields and a better understanding is of inter-
est for numerous reasons. Modeling hydration processes is difficult and challenging, as
water provides some chemical specialties/exceptions due to its strong intermolecular in-
teractions. Life on earth is highly dependent on water and most reactions in nature and
our own body involve water and solvation processes[1]. In order to understand the com-
plex mechanisms simulations and theory predictions become more and more important,
but they share a problem. In many cases the values derived from novel computational
methods are rather compared to the ones from more costly and/or already established
methods instead of experimental values. This has two main reasons. On one hand it is
easier to derive the same properties, on the other some properties cannot be determined
experimentally as they are not accessible or the error is too high. For these reasons the
BENCh Research Training Group (RTG2455) focuses on designing suitable experiments
for benchmarking.

To provide experimental values which are comparable to theory, the same conditions
need to be matched. For higher level calculation methods these are isolated molecules or
small clusters at low temperatures. One way of obtaining these conditions experimentally
are super sonic jet expansions. In this work the novel, so called gratin jet spectroscopy
setup, is used. It is introduced in the first chapter and has the main advantage, that
the expanded gas mixture can be reused, which lowers the substance consumption by at
least one order of magnitude (and up to three orders of magnitude for favourable cases)
allowing the usage of pricier chemicals and carrier gases. The recycling setup comes with
the disadvantage, that water keeps accumulating inside during the measurements. The
most probable reason for water impurities is the desorption of water from the walls of the
setup.[2] This disadvantage was tackled by studying hydrate clusters.

As water and its fundamental OH stretching vibrations are sensible to its chemical en-
vironment, the shifts of the OH stretching vibration when forming a complex with an
organic molecule can be used for benchmarking and assigning the structure of the com-
plex.
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1 Introduction

One way of benchmarking theoretical predictions are so called blind challenges in which
a prediction for a yet unknown property is requested and the experiment is conducted
later on. Afterwards the experimental results are compared to the theory predictions.
This might be the only way to get an unbiased theory prediction as a literature known
experimental value is easier to match - but not necessarily for the right reason. Blind
challenges are established in some fields like protein[3] and crystal structures[4], but not
yet in vibrational spectroscopy. With this work, and the blind challenge presented, we
want to start a series of blind challenges for vibrational shifts as they deserve an unbiased
benchmark as well.[5–8] In a previous blind challenge organized in Göttingen in which
the energy differences between the docking preferences of methanol to furan derivatives
(oxygen lone pair or π system) were requested from theory groups, some experimental
challenges were faced. One of them is that the requested property cannot be measured
directly.[9, 10] This was changed in the presented follow up project in which the requested
property is a vibrational shift. In Chapter 5 the process and experimental data of the so
called HyDRA (Hydrate Donor Redshift Anticipation) is discussed.

2



1.1 Interpretation of Experimental Data

1.1 Interpretation of Experimental Data

1.1.1 Hydrate Spectra
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Fig. 1.1: On the left the molecular structures of water monomer and the water-formaldehyde mini-
mum structure on B3LYP (BJD3) def-2 TZVP level of theory are depicted. On the right
the FTIR spectra of water in neon (green, upper trace) and water with formaldehyde in he-
lium (lower, dark red trace) are shown. Water monomer is labeled w, water dimer (H2O)2,
mixed dimers OHb/f.

Before diving deeper into the topic, here a few words to the interpretation of hydrate
spectra. In Figure 1.1 molecular structures obtained by B3LYP (BJD3) def-2 TZVP level
of theory using ORCA 4.2.1 and FTIR (Fourier-transform infrared) spectra of water ex-
panded in Ne and a mixture of formaldehyde and water in He are depicted. As commonly
known water monomer has two stretching vibrations, a more IR active antisymmetric
and a less IR active symmetric one. In the upper spectrum of pure water (green) water
monomer signals are labeled with w and all visible w signals belong to rotational lines
of the asymmetric stretching vibration. The three most dominant signals lie at 3732,
3780 and 3801 cm�1 and their rotational quantum numbers are given in table 1.1. The
band center lies at 3756 cm�1.[11] The band center of the symmetric stretching vibration
however, would be positioned at 3657 cm�1 (blue arrow in Fig. 1.1).[11] When a second
molecule, like formaldehyde or another water, is added, the water fundamentals shift and
new signals become visible in the spectrum. The water homo dimer is visible in the up-
per spectrum and labelled (H2O)2 (light blue). In the lower spectrum one can find new
signals of mixed species. Here a distinction between OH stretching vibrations is made,
the more strongly shifted vibration including the hydrogen forming the hydrogen bond is

3



1 Introduction

Tab. 1.1: Rotational transitions of rovibrational excitation of the water OH stretching vibrations in
the jet cooled spectrum.[12] The assigned spectral lines are divided into the three main
signals at 3732, 3780 and 3802 cm�1, and the minor, assigned signals. The letters in
brackets indicate whether the corresponding transition can be assigned to the symmetric
(s) or the antisymmetric (a) water stretching vibration.

ν̃ /cm�1 J 1 K 1
a K 1

c J2 K2
a K2

c

main signals
3732 (a) 0 0 0 1 0 1
3780 (a) 1 0 1 0 0 0
3801 (a) 2 0 2 1 0 1

minor signals
3693 (s) 1 1 1 0 0 0
3750 (a) 1 1 1 1 1 0
3807 (a) 2 1 1 1 1 0

called OHb. And the signal which is less shifted compared to the water monomer of the
free hydrogen is called OHf. In this work mostly OHb and its corresponding shift from
the symmetric stretching vibration is investigated (orange arrow).
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1.1 Interpretation of Experimental Data

1.1.2 Concentration Series

As the gratin spectroscopy setup does not include size selectivity for complexes another
method to distinguish between different cluster sizes is applied - a concentration series.
This method was for example used in [2] to confirm the position of water dimer and trimer
as controversial results were published recently.[13] In Figure 1.2 three spectra with water
expanded in Ne are shown in blue. The darker the blue shade, the higher the water
concentration. The water cluster size ((H2O)n) is labelled using n = 2,3,4,5. As different
cluster sizes scale differently when more substance is added to the expansion, the cluster
sizes can be distinguished by how they scale relative to each other. In Fig. 1.2 the water
spectra are scaled to the homo dimer signal of the intermediate spectrum (m). A factor
of 0.7 is needed for the spectrum with the highest concentration (h) and a factor of 1.8
for the spectrum with the lowest water concentration (l). To confirm the positions of
water dimer the subtraction spectrum of the highest and lowest concentration spectrum
is formed, first both are scaled in a way, that the trimer signal vanishes when subtracted
(upper gray spectrum). And for the lower gray spectrum both are scaled in a way that the
dimer signal vanishes. The scaling factors are given on top of the corresponding spectrum.
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1 Introduction
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Fig. 1.2: FTIR spectra at different water concentrations expanded in neon (shades of blue) and
subtraction spectra (gray). [2]
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1.1 Interpretation of Experimental Data

1.1.3 Determining Relative Intensities

In this work four different methods to obtain relative signal intensities were used. They
are all briefly described and can also be found in the electronic supplement of [14].

Method A

In method A the median intensity between 3400–3600 cm�1 is determined and the height
of the signals to the median is formed. The method only works for a wavenumber range
in which only a small number of signals appear and a relatively straight baseline. The
ratio between the two signal heigths is called r.

Method B

A first order polynomial is fitted to the spectrum between 3400-3600 cm�1 as a baseline
correction. Later a density function is applied whose maximum is considered as baseline.
From this baseline the signal height is determined and an intensity ratio is formed. The
density function is also used to estimate an error for the intensity ratio. A more detailed
description can be found in the electronic supplement of [14].

Method C

In method C the absorbance spectra were evaluated using the built in integration method B
of OPUS 7.8 (Bruker) in which wavenumber limits are picked and the area between these
two points and the spectral line is integrated. The wavenumber limit is picked individu-
ally for each signal. Later the ratio of two areas is formed.

Method D

In method D a Julia package for uncertainty evaluation of numeric integrals NoisySignal-
Integration.jl by Dr. N. Lüttschwager, which is introduced and used in [15] and can be
found in [16]. It analyses the noise of an individually picked wavenumber range in the
spectrum. This allows the script to simulate noise, which can be added to the spectrum.
Additionally the signal position and a wavenumber range with a margin for variance can
be given. The noise is added and the signal within the given margin is integrated n times.
Later the integral distributions are regarded and the minimum and maximum integral

7



1 Introduction

ratio using the 95% confidence interval is formed and taken as error margin. The value
for r is then determined by taking the mean value of the error margin.
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2 Experimental Setup

2.1 gratin Jet Spectroscopy

In this work FTIR (Fourier-transform infrared) spectroscopy is used to investigate solva-
tion effects of small molecules. The obtained data can be used for benchmarking quantum
numerical methods. The experiments for this work were mainly conducted using the novel
recycling setup whose construction, planning and concept is described in more detail in
[2, 18]. The working principle is comparable to [19] where a gas pulse is expanded through
a slit nozzle with pre-expansion chamber into vacuum and molecular clusters are investi-
gated in the resulting supersonic jet expansion using a FTIR spectrometer with a tungsten
filament as light source. As the cluster concentration in the expansion is low, a long slit
nozzle is used (700�0.2 mm) to create a long path in which the clusters can absorb light.
Due to the nozzle size and the time of the gas pulse the method is rather substance con-
suming compared to other experimental setups. To address this issue the main idea for
the novel setup was to recycle the gas mixture. Figure 2.1 shows the new experimen-
tal gratin-jet spectroscopy FTIR setup. gratin stands for gas recycling atom-economic
infrared. It enables recycling of the gas mixture and lowers the substance consumption by
at least one order of magnitude and up to three orders of magnitude in favourable cases
[2, 18]. It allows the usage of pricier carrier gasses and isotopically labelled chemicals,[14,
20] but has the disadvantage of accumulating water impurities. In order to turn the water
impurities into an advantage mainly water complexes were studied in this work.

During a measurement gas is expanded from the reservoir (0.2 m3) through a 700�0.2 mm2

slit nozzle with pre-expansion chamber into the buffer volume (4 m3). The clusters formed
in the supersonic jet expansion are investigated using a Bruker Vertex 70V FTIR
spectrometer and a liquid nitrogen cooled InSb/MCT sandwich detector. After the gas
pulse the buffer volume is emptied by a series of roots pumps (Pfeiffer Okta 500 and
2000) and the gas mixture is re-compressed and led back to the reservoir by a screw pump
(Busch Cobra NS 0070 C).

9



2 Experimental Setup

Fig. 2.1: The novel gas recycling IR spectroscopy setup. Gas is pulsed from the reservoir through
a slit nozzle into the buffer volume, which is emptied by a series of roots pumps and led
back to the reservoir using a screw pump. The supersonic expansion is investigated using a
FTIR spectrometer and a sandwich detector. The figure is adapted from Ref. [17], licensed
under CC BY 4.0 and was published in [2].
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2.1 gratin Jet Spectroscopy

After the measurement, the setup can be emptied/evacuated using a Pfeiffer HiPace
2300 C turbomolecular pump, with an ACP 40G as a dry pump. First a valve behind the
screw pump needs to be closed in order to stop the gas flow back to the reservoir. Instead
the gas mixture is lead to the exhaust. Then a bypass between the reservoir and buffer
volume is opened cautiously to guide the remaining gas mixture from the reservoir to the
exhaust by passing the buffer volume, to the roots pumps and the screw pump. When a
certain pressure in the setup (buffer volume and reservoir) is reached, the screw pump is
isolated from the system by closing valves towards the pump and opening a bypass, as it
cannot be evacuated below 300 mbar on the high-pressure side. Then the turbomolecular
pump and its dry pump are used to evacuate the system and the screw pump is flushed
with helium three times for several seconds to remove remaining substances (5–10 s).
After the roots pumps and the screw pump have been switched off, the screw pump is
filled with helium to minimize leaking of air into the pump.

Another option to empty the setup is to close the valve behind the screw pump and use
the dry pump of the turbomolecular pump to empty the reservoir. For that the dry pump
is disconnected from the turbomolecular pump and can be connected to the reservoir to
empty it. When a pressure of   100 mbar in the reservoir is reached, the bypass between
the reservoir and buffer volume can be opened and the remaining gas mixture is removed
by the roots pumps and the screw pump. The remaining steps of isolating the screw
pump and flushing it with helium remain the same.

Substance can be filled in by connecting the reservoir or buffer to a lock where Schlenk
flasks with one substance each are attached. These can be opened successively starting
with the less volatile substance which evaporates into the reservoir/buffer. The amount
of substance is monitored using pressure gauges. Different gas bottles are also connected
to the lock to add carrier gas to the gas mixture (usually neon and/or helium). As the
maximum partial pressure of a substance that can be filled in the setup is limited by the
corresponding vapor pressure, only sufficiently volatile compounds can be investigated.

The recycling concept already enabled studies using expensive isotopes and making ex-
pansions with pure neon and neon-helium mixtures more accessible in several studies that
will be presented in the following chapters.

Unfortunately all spectra are showing traces of water, which drew the focus of this work
on hydrate complexes. So far the main source of water has not fully been understood,
but it is likely to be due to desorption of water from the walls of the setup. As the screw
pump cannot be evacuated below 300 mbar it is the main suspect when it comes to traces
of water. In order to tackle the problem a new pump Acp 40 CP is tested soon. Another
limitation of the setup is that only volatile substances can be filled in. A possible project

11



2 Experimental Setup

Tab. 2.1: All available optical components and options of the gratin jet spectroscopy setup with
the settings optimized for the OH- and CH-region by Hannes C. Gottschalk highlighted in
magenta.[2, 18]

component/parameter available options/values
light source Globar (int.); tungsten filaments: 20 W (int.), 150 W (ext.)
beam splitter broadband, KBr, CaF2
IR windows/lenses KBr, CaF2
optical velocity / kHz 1.6, 2.5, 5, 7.5, 10, 20, 40, 60, 80, 120, 140, 160
max. resolution / cm�1 0.5
int. aperture / mm 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8
ext. aperture / mm 3, 3.5, 4, 6, 8, 10, 12, 14, 16, 18
detector LN-InSb/MCT-SW, RT-DLaTGS (2x), InGaAs
filter mountings ∅25.4 mm, filter wheel (int.) &

filter mounting (detector chamber)
acquisition modes single sided, double sided

for the future is operating the setup consistently at higher temperatures and with less
volatile compounds, as most parts of the setup are equipped with a heatable coat by
Horst GmbH (Tmax=370 K) and the nozzle can also be heaten. This has not yet been
tested in a measurement, but the heatable coat is used for soft bake outs (T=350 K).

The spectrometer and detector chamber are evacuated using a Edwards nXDS dry
pump. All optical components are listed in 2.1 and are depicted in figure 2.2. Hannes C.
Gottschalk reported in his thesis that the settings marked in magenta in table 2.1 are best
suited for measurements of the OH- and CH-region using the new gratin jet spectroscopy
setup.[18]

Further, a spectral resolution of 2 cm�1 was found to be the best compromise in measure-
ment time and resolution and a value for tdelay=146 ms and ton=133 ms seemed to give
the best synchronization of the spectrometer recording and the gas pulse (see figure 2.3
and chapter 2.2.2 for further details).

In addition to the options listed in table 2.1, the LN-InSb/MCT-SW detector preamplifier
can be tuned by applying different resistors. In this way the output signal can be adjusted
to the light intensity as KBr and CaF2 are absorbing light more or less strongly at certain
wavelenghts.

Figure 2.2 shows the light path in the gratin jet spectroscopy setup. Normally the external
light source (150 W tungsten filament) and the external detector (d3) are used, but the
spectrometer also provides two internal light sources (20 W tungsten filament and globar)
and two internal detectors (d1 and d2).

12



2.1 gratin Jet Spectroscopy

spectrometer

reservoir

slit nozzle

buffer

external
detector
chamber

sample cell

tungsten light source

SiC rod light source
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beam splitteroptical filter

aperture wheel
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Fig. 2.2: Light path and optical components of the gratin jet spectroscopy setup. As default the
external 150 W tungsten light source, the external InSb/MCT sandwich detector (d3) CaF2
windows and the CaF2 beam splitter are used.

More details on the gratin jet spectroscopy setup can be found in [2, 18] and a table
with the energy consumption of individual components of the setup can be found in the
Supplement (Chapter 8.1).

13



2 Experimental Setup

2.2 Testing and Optimization

2.2.1 Explaining NOTCH and RMSE

In order to compare different optical settings two methods were applied. The so-called
NOTCH, “Noise Test Challenge”, in which background and sample spectra of the empty
light path are recorded for one minute each and later on converted into a null absorbance
spectrum. These NOTCH -spectra can further be analyzed by running an analysis of
the RMSE, “roote mean square error”, of a quadratic fit of the baseline in a 50 cm�1

window.[21] The negative decadic logarithm of the RMSE can be used to evaluate the
spectral quality, the higher the �log(RMSE) the lower the noise-level. As indicated
in figure 2.2 the light passes a gap between the spectrometer and the nozzle, as well
as between the nozzle and the external detector chamber, which is why atmospheric
water and carbon dioxide are visible in the NOTCH spectra and the �log(RMSE) has
a lower value in the OH stretching region of water (approximately 4000–3000 cm�1), the
asymmetric stretching of CO2 (2450–2400 cm�1) and the water bending motion (1900–
1600 cm�1).

14



2.2 Testing and Optimization

2.2.2 Gas Pulses

The synchronization of the gas pulse and the spectrometer settings during a measurement
are shown in figure 2.3 and start with the signal of the mirror movement (tTTL, orange)
from the spectrometer. It is used as a trigger for the pulse generator and tdelay, which is
set at the pulse generator, is started. After tdelay the magnetic valves are opened for the
time ton and the gas mixture is expanded into the buffer. It should be longer than the
time the spectrometer is recording data tTKDA to make sure the supersonic jet expansion
has evolved until then and does not stop before tTTL has finished. At the same time it
should be as short as possible to keep the time the buffer volume needs to be emptied
before the next gas pulse as short as possible. As there is a small gap between the time
the spectrometer is recording data and the time the mirrors are moving (approximately
5 ms), the time starting with tTKDA and ending with tTTL is called tscan. The time between
ton and tTKDA starting is called tpre and the time between tTTL and ton finishing is called
tpost.

In order to test the usage of neon as carrier gas, instead of/as addition to helium, some
tests regarding the pulse optimization were performed. In figure 2.4 the recorded spectra
of a variety of different time settings, which are fully given in Table 2.2, of 2 mbar water
in 500 mbar Ne are shown. For the spectra the KBr beam splitter and KBr windows,
the 150 W tungsten light source with a 12 mm aperture and the InSb/MCT sandwich
detector with filter F20 (ν̃ ¤ 4000 cm�1), a resolution of 2 cm�1 and a scanning velocity
of 140 Hz in double sided mode were used. In the figure water monomer is labeled w,
water dimer D, water trimer T, water tetramer Q and water pentamer P.[22–28]

In [18] it is proposed, that using the single sided acquisition mode is beneficial due to
the center burst occurring earlier in time which make it easier to recognize the gas pulse
and the recording of the data by the spectrometer being asynchronous. In the double
sided acquisition mode the negative tpre values do not show artifacts until tpre � �55 ms
(red). In the pink (tpre � �35 ms) and light pink (tpre � �5 ms) spectrum only the
signal intensities decrease. Nonetheless testing the settings later used in the experiment
is also beneficial. This way an optimum of the desired cluster size can be addressed more
easily. In most of the studies in this work dimers are the cluster size of interest, while
higher clusters are less favored. The difference in the spectra with positive tpre values are
minor, but if one would have had the time and more scans would have been recorded the
optimization could have been taken further. From the 50 scans recorded the second last
spectrum (tpre � 55 ms) seems to show the sharpest dimer signal and could be used as
starting point for further optimization steps. As a standard a tpre � 25 ms is used (best
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t

are given by 
spectrometer 
settings

are set at the
pulse generator

determine the 
pulse length

Fig. 2.3: Synchronization of the gas pulse and the scan of the spectrometer. tTTL (orange, to-
tal time of mirror movement), tTKDA (violet, time spectrometer is recording data, “take
data”), tdelay (time that is waited after tTTL starts before the magnetic valves are ad-
dressed/opened), ton (red, time the magnetic valves are open), tpre (time after ton started
and tTKDA starts), tpost (time between tTTL and ton ending). Image adapted from [18].

Tab. 2.2: Time settings used for the pulse optimization for 500 mbar Ne gas pulse expanding 2 mbar
water as a test substance.

measurement a b c d e f g
tdelay /ms 106 126 146 166 186 206 226
ton /ms 173 153 133 113 93 73 53
tpre /ms 65 55 25 5 -5 -35 -55
tscan /ms 105.5 105.5 105.5 105.5 105.5 105.5 105.5
tpost /ms 3 3 3 3 3 3 3

settings for 750 mbar He pulses).

When working without some of the pumps or with another carrier gas or stagnation pres-
sure, the time between two scans needs to be adjusted. For that a description can be
found in the safety folder in the laboratory and in the gratin folder of the group network
drive.
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Fig. 2.4: Gas pulse optimization for 500 mbar neon. For the spectra 2 mbar water in 500 mbar
neon were expanded and 50 scans were averaged. w labels water monomer, D dimers, T
trimers, Q tetramers and P pentamers. Assignment taken from [22–28]. A similar figure
for 750 mbar helium can be found in [2].
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2.2.3 Double Detection and Varying the Optics

During the time of my PhD several tests with optics at the new gratin jet spectroscopy
setup were performed. In order to test the double detection mode of the InSb/MCT
sandwich detector, the CaF2 beam splitter and windows (see figure 2.2 w1–4) were changed
to KBr, which is absorbing less light in the MCT region (CaF2: 4000–1250 cm�1, KBr:
4000–500 cm�1).

To test the double detection mode five NOTCH spectra were recorded and averaged and
the �log(RMSE) was determined. For the test the external 150 W tungsten light source
and filter F20 were used. The results are shown in Figure 2.5, the InSb-region is depicted
in red and the MCT-region in blue. The upper panel shows the spectra and the lower
panel the �log(RMSE). If impurities of atmospheric H2O and CO2 are neglected, the
InSb-region has on average a higher �log(RMSE) and a lower noise level than the MCT-
region.

To compare the performance of the double detection mode to the sole use of the InSb-
region, again the average of five NOTCH spectra was formed (upper panel figure 2.6) and
the �log(RMSE) determined (lower panel figure 2.6). The InSb-region using the double
detection mode is shown in red and the single mode in orange. While the baseline of the
orange spectrum shows a slope and a broad ice signal (3500–3000 cm�1) the red curve
has a straighter baseline. When the �log(RMSE) in areas without atmospheric H2O
or CO2 are regarded, the performance between 3000–2500 cm�1 behaves similarly, while
for wavenumber   2300 cm�1 the double detection mode seems advantageous (higher
�log(RMSE) value on average).

As figure 2.5 and 2.6 show, the double detection mode can be used for investigating
molecular clusters with no loss in quality for the InSb-region where most of the signals of
interest for this work are lying. So the addional data could be recorded as a new standard.
Unfortunately, the software for the spectrometer, OPUS 7.8, is storing the different spectra
as different data blocks (data block types) and channels. The InSb-stretching region is
stored as channel 2, while the MCT-region is stored as channel 1. For channel 1 the data
can be treated with all available tools, while some options are not available for channel 2.
For example, to apply the NOTCH macro to determine the �log(RMSE) value of the
InSb detector region, to compare the MCT and InSb detector regions, one needs to copy
the recorded spectrum, click in the box of the measurement in OPUS labeled “2 CHN”
and go to “Datei” “Datenblock-Typ ändern” and select “AB” as “Neuer Blocktyp”. This
way the MCT spectrum, the block called “AB” earlier, is gone. Evaluating data this way
is cumbersome and not suited for a large amount of data as an everyday-measurement.
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Fig. 2.5: The upper panel shows an average of 5 recorded NOTCH spectra of InSb (red) and
MCT region (blue) and the lower panel the corresponding �log(RMSE) values. A KBr
beam splitter and KBr windows, a 150 W tungsten filament light source and resistance of
(0.47+51) kΩ at the detector were used.
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Fig. 2.6: Upper panel shows an average of 5 recorded NOTCH spectra of InSb region in single
detection (orange) and double detection mode (red) and the lower panel the corresponding
�log(RMSE) values. The spectra were recorded using a KBr windows and a KBr beam
splitter, a 150 W tungsten filament as light source and a resistance of (0.47+51) kΩ.
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Efforts to link the InSb detector to channel 1 and the MCT detector to channel 2 have
not been successful yet. For this reason the double detection mode is not used as default.
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2.2.4 Internal Detector Settings

To further tune the signal to noise ratio (S/N ratio) for the double detection mode,
different detector and optical settings were tested. The software to run the spectrometer,
OPUS, offers some internal detector settings, which are listed in table 2.3. For testing the
options the settings of the sample and reference were kept identical, as picking different
detector options does not seem reasonable. In Figure 2.7 the amplification options are
varied and the pre-amplification options are kept at the default “Ref”. For the optics
the double detection mode with the internal SiC rod light source (Globar in Figure 2.2),
an aperture size of 6 mm of the internal apertures and resistors at the detector with
(0.47+51) kΩ are used. Two slots for resistors can be modified at the detector, the
numbers in brackets are giving the strengths of the individual resistors used. In the
upper panel the average of 4 NOTCH spectra is depicted and the InSb- and MCT-
region are plotted. In the lower panel the corresponding �logpRMSEq is shown. When
evaluating the �logpRMSEq in the regions with no substance impurities, the different
settings in OPUS do not make a large difference. The same test was performed for the pre-
amplification settings, they were varied while the amplification settings were kept at the
default (“Automatic”). The results are shown in figure 2.8, in the upper panel and average
of 5 NOTCH spectra was formed, in the lower panel the corresponding �logpRMSEq is
depicted. Again no large difference between the settings is visible. As a conclusion the
default settings were kept.

As the overall spectral quality in measurements of the InSb-region seemed to be lowered
by the usage of the KBr beam splitter and window, and double-detection was not found to
be practical, the optics were changed back to CaF2 (windows and beam splitter). While
switching back the optics NOTCH spectra of different settings were recorded. The results
are shown in Figure 2.9, for each spectrum 3 NOTCH spectra were averaged. As a first
step a reference with KBr optics was recorded (orange). In a next step the settings were
kept the same unless the windows and the beam splitter were changed to CaF2 (red).
Because of the intensity at the detector being at the limit to saturation, the resistors were
changed from (0.47+51) kΩ to (0.56+51) kΩ (green). In the lower panel in the region
between 3000 and 2500 cm�1 the �logpRMSEq of the green curve is on average slightly
above the other curves, indicating a lower noise level. The settings of the green curves
were used as standard measurement settings in the following.
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Fig. 2.7: Upper panel shows an average of 4 recorded NOTCH spectra of the InSb- and MCT-region
in double detection mode using different OPUS detector settings for the amplification with
KBr beam splitter and mirrors, the SiC rod light source, an aperture size of 6 mm and
a resistor at the InSb sandwich detector of (0.47+51) kΩ. The lower panel shows the
corresponding �log(RMSE ) values.
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Fig. 2.8: Upper panel shows an average of 5 recorded NOTCH spectra of the InSb region in sin-
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light source, an apperture size of 6 mm and a resistor at the InSb sandwich detector of
(0.47+51) kΩ were used. The lower panel shows the corresponding �log(RMSE ) values.
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Fig. 2.9: Upper panel shows an average of 3 recorded NOTCH spectra of the InSb region in single
detection mode using the same OPUS detector settings (Automatic, Ref) and the 150 W
tungsten filament light source, but different beam splitters (KBr orange, CaF2 red and
green) and different resistors at the detector for the CaF2 beam splitter. The lower pannel
shows the corresponding �log(RMSE ) values.
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Tab. 2.3: Internal OPUS detector setting options.
amplification of pre-amplification

“Probe” (sample) Automatic, X1, X2 Ref, A, B, C
“Referenz” (reference) Automatic, X1, X2 Ref, A, B, C
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2.2.5 Higher Resolution

This work was performed together with Margarethe Bödecker during her bachelor thesis.
A chapter with similar figures can be found in [29]. The Bruker Vertex 70V has the
option available to measure at a higher resolution (1 cm�1). As the length of the scan
tscan is longer as for the resolution used as standard (2 cm�1), the gas pulse needed to be
adapted. An oscilloscope was used to determine the time of the mirror movement (tTTL)
of the spectrometer and its scans time (tTKDA). The time between the start of the scan
and the end of the mirror movement is called tscan. When setting the length of the gas
pulse, the time of the magnetic valves opening (ton) should be set a bit earlier than tscan

for the supersonic expansion to form before the spectrometer starts recording. As a last
step the time between the start of the mirror movement (tTTL), which is used as a trigger
for the gas pulsing process, and ton (tdelay) has to be determined. A tdelay = 247 ms and
ton = 233 ms was found to be the best suited option for the measurement. As a next step
the waiting time between the gas pulses needed to be adjusted as the gas pulse needed to
be longer than for a measurement with a resolution of 2 cm�1 (ton = 133 ms). A waiting
time of 3+5 s in OPUS was best suited for a measurement with neon with a stagnation
pressure of 400 mbar. For cyclooctanone + water, which was a system investigated for
the HyDRA blind challenge, this option was tested because the signal assignment was
more challenging. As the signal assignment is discussed in chapter 5.2.5, the focus lies
on the spectral quality. The spectra are shown in Figure 2.10. In the upper panel the
water monomer signals are labeled w, the hetero dimer signals OHx and the signals of the
eight-membered ring as CH. For the blue spectrum a resolution of 2 cm�1 is used and 500
scans were recorded. If the resolution is switched to 1 cm�1 (red spectrum) the noise level
gets worse as depicted in the lower panel which shows the corresponding �log(RMSE)
value. To obtain a �log(RMSE) as for the lower resolution, approximately 2400 scans
are needed.

As the higher resolution requires a longer gas pulse and therefore a longer waiting time
between the gas pulses to empty the buffer and almost five times as many scans as for a
measurement with a resolution of 2 cm�1, the use of higher resolution is not recommended
for a standard measurement.
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Fig. 2.10: Upper panel shows the FTIR spectrum of cyclooctanone and water expanded in 400 mbar
neon using different resolutions and number of scans. The lower panel shows the corre-
sponding �log(RMSE ) value.
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2.2.6 Future Work

When the gratin jet spectroscopy setup was planned even more applications were envi-
sioned which have not been tested yet due to time issues. For example the nozzle is
heatable, which would allow to measure less volatile compounds and to investigate con-
formers higher in energy. In order to avoid condensation all cold spots at the jet have to
be found first.

Another option which has not yet been tested in detail is the usage of the gas cycling
without some of the pumps and/or with lower stagnation pressures allowing to investigate
warmer expansions.

One could also test if the stagnation pressure available (up to 1 bar) is high enough to
obtain nano matrices when using a suitable carrier gas (Ne, Ar, N2). One signal of N,N-
dimethylformamide with water might be due to a complex with Ne.

To further improve the experimental setup it would be an idea to link the pressure in the
buffer volume to the signal of starting the next gas pulse. First attempts by Hannes C.
Gottschalk and me have not been successful.

The probably largest improvement possible is to lower the amount of water in the exper-
imental setup or getting completely rid of the water traces. It would make measurements
with more than one substance easier as the gas mixture would not have to be changed
every n scans and would enable the investigation of more reactive substances which are
sensitive to water. A first attempt using an ACP 40 CP, which can be evacuated, instead
of the Busch Cobra NS 0070. First test are planned in 2023.
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3 A Rather Universal Resonance

This chapter is largely based on the corresponding publication [14]. The results and es-
pecially my own contributions are shown and extended by new, yet unpublished data. In
[14] an unknown resonance in water ketone complexes is investigated and characterized
using FTIR spectroscopy and isotope substitution on the experimental side and a har-
monic approach on B3LYP-D3(BJ)/def2-TZVP level on the theoretical side. It is found
to be a resonance between the OHb stretching vibration of the water and a combination of
the bending overtone (b2) of water and the libration motion (lib) of the H atom involved
in the hydrogen bond between water and the ketone.

3.1 Theory - Energy Flow and Resonances

Generally spoken energy can flow within a molecule or a molecular network. This also
holds true for aqueous solutions in which the energy transfer is interesting due to a mani-
fold of different mechanisms.[30–33] Here the energy flows between two solvent molecules
is considered slow compared to energy transfer within one molecule. [34] One can differ-
entiate between two types of coupling in aqueous solutions. Type I involves vibrations
of water and intermolecular modes generated by the solute interaction. Vibrationally
excited water molecules can transfer energy to their environment. The large number of
different modes makes it unlikely that only one energy dissipation pattern exists and so
far no universal pattern is known. (Here we report one way of type I energy dissipa-
tion.) Type II would include solvent and solute vibrations at the same time and have not
yet been reported clearly, but it may contribute to fast energy flow in strong hydrogen
bonds.[35–37] When it comes to energy flow between two nearly degenerate energy states
within one molecule Fermi and Darling-Dennison resonances play an important role.[38,
39] The resonating states can be tuned by varying the chemical environment.[34, 40] For
example the OH stretching vibration of water (ν̃(OHb in Figure 3.1) can couple with
another state close in energy (ν̃(b2lib) in Figure 3.1). This way a dark state (ν̃(b2lib))
in Figure 3.1) can gain intensity from a bright state by coupling. The two new resulting
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Fig. 3.1: Schematic sketch of coupling energy levels.

states (ν̃(OHexp
b ) and ν̃(b2libexp)) are both visible in the spectrum and are shifted com-

pared to the original energy levels. The intensity ratio of the resulting states depends on
the energy difference between them (∆0) and the effective coupling element Wij.

One can differentiate between different types of resonances depending on the number
and the type of involved vibrations. The most famous ones in vibrational spectroscopy
are Fermi resonances which occur between a fundamental and an accidentally degenerate
overtone of another fundamental.[41, 42]

3.1.1 Theory Data Evaluation

In this study a higher order resonance including the bending overtone of water (b2) and
the libration motion (lib) of the bound hydrogen atom in water ketone complexes, which
is coupling to the OH stretching fundamental of water, is characterized.

As the latter spectra show, the combination band b2lib is gaining intensity from the OHb

fundamental. In order to calculate the original signal position of both bands, some formula
and assumptions are needed. The intensity I of a signal in the spectrum depends on the
concentration of a compound A (cA) and the corresponding absorption cross-section σA

(Equation 3.1).

IA � cA � σA (3.1)

It is assumed that b2lib has no own intensity and all intensity comes from OH0
b (Equa-

tion 3.2).

IOH0
b
� IOHb � Ib2lib (3.2)
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Considering a two state model with Wij as coupling matrix element the unperturbed
signal positions of OHb and b2lib can be determined using the Equations 3.3 and 3.4.

ν̃pOH0
bq �

IOHb � ν̃pOHexp
b q � Ib2lib � ν̃pb2libexpq

IOHb � Ib2lib
(3.3)

ν̃pb2lib0q �
Ib2lib � ν̃pOHexp

b q � IOHb � ν̃pb2libexpq

IOHb � Ib2lib
(3.4)

According to [43] Wij can be calculated using Equation 3.5, where ∆ν̃ij is the wavenumber
difference between the two resonating states (ν̃pOHexp

b q, ν̃pb2libexpq) and r is the intensity
ratio between the two.

Wij � ∆ν̃ij

c
r

pr � 1q2 (3.5)
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Fig. 3.2: Lewis structures of all studied ketones with the code used in this work. The purity, vendor
and CAS number can be found in Table 3.1.

3.2 Experimental Results

The spectral FTIR data of ten ketone water complexes were obtained using the gratin jet
spectroscopy setup (see 2.1 for more details) using helium as carrier gas, an average of
# gas pulses with a stagnation pressure of 750 mbar, 28 s waiting time between the gas
pulses, an InSb/HgCdTe sandwich detector and optical filters (F20:   4000 cm�1, F13:
2500–4100 cm�1), CaF2 optics, a 150 W tungsten filament as light source with an Bruker
Vertex 70v FTIR spectrometer at 140 kHz scanning speed in double sided mode.

All ketones whose hydrates have been studied in this publication [14] are shown in Fig-
ure 3.2. The color indicates if the ketone (R1-(C=O)-R2) is symmetric (R1=R2 blue) or
asymmetric (R1 �R2 pink). Acetone is shown in black, as it is the smallest investigated
compound and serves as model system for isotope substitution experiments. The purity,
vendors and abbreviations for the compounds used can be found in Table 3.1. Further
details on the number of scans used for the spectra, the date the spectra were recorded
and the used filter can be found in Table 8.2.

In the study we observed an energy flow of type I from the excited OH stretching vibration
to a combination band of the water bending overtone (b2) and the libration motion of
the bound hydrogen atom (lib). The atomic sequence of the water binding to the ketone
H-O-H� � �O gives a good idea that the excitation of the middle O-H bond, the energy can
dissipate to both sides giving a reasonable Darling-Dennison 1–3 coupling scenario.[44, 45]
The contribution of lower frequency modes is credible as well as they play an important
role when it comes to coupling in for instance water dimer.[46]

Here we reported the occurrence of a stable resonance over 10 keto hydrates and propose
it to be applicable for other functional groups as well,[47] as discussed at the end of the
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Tab. 3.1: List of substances, their abbreviations, CAS number, the supplier and purity.[14]
Name Code CAS No Supplier Purity
Acetone Ace 67-64-1 Merck 99%
Acetone-2-13C 13CAce 3881-06-9 Sigma-Aldrich 99%, 99% atom

13C
Acetone-D6 D6Ace 666-52-4 Sigma-Aldrich 99.9%, 99.9%

atom D
Acetophenone Aph 98-86-2 Sigma-Aldrich 99%
Cyclobutanone C4 1191-95-3 Fluorochem 98% + 0.1% BHT

as stabilizer
Cycloheptanone C7 502-42-1 Sigma-Aldrich 99%
Cyclohexanone C6 108-94-1 Sigma-Aldrich 99.8%
4,4-Dimethylcyclohexa- 44C6 4255-62-3 BLDpharm 98%
none
(–)-Fenchone Fen 7787-20-4 Alfa Aesar 98%
2-Fluoroacetophenone 2FAph 445-27-2 Sigma-Aldrich 97%
Helium He 7440-59-7 Linde 99.996%
Pinacolone Pin 75-97-8 Alfa Aesar 97%
3,3,5,5-Tetramethylcy- 3355C6 14376-79-5 Sigma-Aldrich 98%
clohexanone
Water-18O 18OHH 14314-42-2 Sigma-Aldrich 97%, 97% atom

18O

chapter. Experimental data on not yet published compounds that might show a b2lib
resonance can be found in the Supplement 8.3.

The coupling matrix element Wij was determined using Equation 3.5 and amounts ap-
proximately 10 cm�1 which indicates a slower energy dissipation than in neat water but
a faster one compared to other 1–3 Darling-Dennison resonances.

The symmetric stretching vibration of water monomer is not visible in our IR spectra,
but lies at 3657 cm�1.[11] Whenever it is shifted towards 3500 cm�1 it can couple with
the b2lib dark state generating two signals slightly shifted compared to the original band
positions of the OH stretching band and the dark state (bending overtone: 3200 cm�1,
libration: 300 cm�1) as schematically depicted in Figure 3.3.

Figure 3.4 shows the hydrate FTIR spectra of the ten investigated ketones respectively,
2-fluoroacetophenone, acetophenone, acetone, pinacolone, cyclohexanone, fenchone, 4,4-
dimethylcyclohexanone, 3,3,5,5-tetramethylcyclohexanone and cycloheptanone, sorted by
their OHb shifts. Water monomer signals are labeled w and are marked with a gray line,
the hetero dimer signals are labeled OHf and OHb as introduced in Section 1.1.1. Some
asymmetric ketones show an additional signal for the side of the ketone not involved in
a resonance that is labeled OH’b (further information on carbonyl scales: [48]). In these
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Fig. 3.3: Energy flow of the excited OHb stretching vibration to the bending overtone of water (b2)
and the libration motion of the hydrogen atom forming the H-bond (lib). Reprinted with
permission from Fischer 2021[14]. Copyright 2021 American Chemical Society.

cases the resonating side is marked with a star in the Lewis structure. Close to 3500 cm�1,
the b2lib resonance appears as additional signal. To have a more uniform depiction
some spectra are scaled by the factor of 2 (marked on right). The estimated amount of
water is given as percentage in the expansion on the left. Using Equations 3.3 and 3.4,
the original signal positions were calculated using the experimental signal positions and
intensities. The experimental wavenumbers (ν̃(OHexp

f ), ν̃(OH’exp
b ), ν̃(OHexp

b ), ν̃(b2libexp))
and deperturbed values (ν̃(OH0

b), ν̃(b2lib0)) can be found in table 3.2. The deperturbed
signal positions are given as black arrows in Figure 3.4. Above the arrows the value
for 2Wij is given, which was calculated using Equation 3.5. The intensity ratio was
determined using all four methods described in Section 1.1.3. The determined values are
given in Table 3.3. To uniformly obtain a r value below one the value lower in intensity is
always divided by the value with higher intensity. In the first column it is indicated if the
signal with a higher (h) or lower (l) wavenumber is divided or used as numerator. In the
end an average ratio r̄ is formed to calculate Wij. The average ratio and the corresponding
coupling constant can also be found in table 3.2.

The minimum separation between the two resonating states amounts 2 Wij and lies be-
tween 14 and 20 cm�1 in the spectra. The smallest separation is found for 3355C6 and the
largest for Ace. C6 shows an almost 1:1 distribution between the OHb and b2lib signal.

After showing the universality of the resonance in ketone complexes, the next goal was to
determine the involved vibrations. For that acetone was taken as model system as it is
small, symmetric and commercially available in different isotope variants. In Figure 3.5
the FTIR spectra of acetone with water, deuterated acetone with water, 13C labeled
acetone with water and acetone with 18O water are depicted respectively using He as
carrier gas. As for Figure 3.4 the water monomer signals are labeled w and the OH
stretching vibrations of the hetero dimer OHx. In addition the value for 2Wij and the
arrows showing the deperturbed signal positions are given. When comparing the FTIR
spectra of regular acetone (dark green) and deuterated acetone (green) with water the
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Fig. 3.4: FTIR spectra of all investigated compounds. The water monomer signals are labeled w, the
hetero dimer signals OHb/OHf and the resonance b2lib. The deperturbed signal positions
are given as black arrows and 2Wij on top of them if a coupling is taking place. The
estimated water concentration is given on the left side and the scaling factor for some
spectra on the right. Reprinted with permission from Fischer 2021[14]. Copyright 2021
American Chemical Society.
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Tab. 3.2: Experimental signal positions, the intensity ratios and calculated, unperturbed signal posi-
tions for Figures 3.4 and 3.5. All values except the intensity ratio r are given in cm�1.[14]

Code OHexp
f OH’exp

b OHexp
b b2libexp r OH0

b b2lib0 Wij

C4 3724 - 3548 - - 3548.00 - -
2FAph 3734 3576 3545 - - 3545.00 - -
Aph 3723 3567 3536 3514 0.38 3529.79 3520.31 9.54
Ace 3723 - 3538 3516 0.47 3531.01 3522.99 10.24
Pin 3723 - 3533 3514 0.80 3524.92 3522.78 9.49
C6 3723 - 3532 3514 0.89 3523.07 3522.03 9.03
Fen 3720 - 3511 3527 0.72 3517.72 3520.28 7.90

44C6 3722 - 3513 3532 0.57 3519.79 3524.91 8.99
3355C6 3719 - 3510 3528 0.24 3513.72 3524.58 6.99

C7 3721 - 3512 3532 0.24 3515.56 3527.74 7.74
D6Ace 3723 - 3537 3515 0.31 3531.91 3520.19 9.37
13CAce 3725 - 3537 3516 0.34 3532.03 3521.37 9.28
Ace with 3712 - 3528 3504 0.23 3523.05 3508.05 9.43
18OHH

signal positions of OHb and b2lib do not change, ruling out the CH vibrations to be
involved in the resonance. This would have been rather surprising as the resonance
occurs in many different ketones with a variety of structures, but with the new gratin
jet setup the tests were affordable. When moving to acetone in which the central carbon
atom is substituted with 13C, again no changes in the signal positions were visible. This
is interesting, because the C=O stretching vibration would be available in all ketones and
the C=O stretching overtone would lie in the expected spectral range when coupling to
the water bending mode. Also coupling between C=O and O-H stretching was reported in
[36] for acetone and postulated for N -phenylformamide in [35]. As a next step 18O water
was used (bottom spectrum) and both signals OHb and b2lib shift by approximately
10 cm�1. So the criteria for the vibrations involved in the resonance were:

• must be water vibrations

• oxygen weight increase shifts resonance by 10 cm�1

• universal over all molecular systems

As a next step a search for water vibrations with the named criteria began and the local
minimum structures for all molecular systems were obtained by Till Wagner using Crest
[49, 50] at the GFN2-xTB level of theory [51, 52]. The structures were later optimized
with ri-B97-3c/def2-mTZVP level of theory [53] and finally optimized using marij-B3LYP-
D3(BJ)/def2-TZVP level of theory [54–58] in Turbomole 7.4.[59, 60] More details on
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Tab. 3.3: Experimental intensity ratios r for the resonance doublets of ketone-water complexes (h/l
or l/h, depending on whether the higher (h) or lower (l) OH wavenumber peak is on
average weaker, respectively) for four integration methods A-D, the average result r̄ and
the corresponding standard deviation s.[14]

A B C D
Code r r ∆r r r ∆r r̄ s
C4 (-/h) - - - - - - - -
2FAph (-/h) - - - - - - - -
Aph (l/h) 0.30 0.31 0.05 0.51 0.41 0.22 0.38 0.10
Ace (l/h) 0.32 0.33 0.09 0.67 0.54 0.33 0.47 0.17
Pin (l/h) 0.83 0.81 0.15 0.80 0.75 0.39 0.80 0.03
C6 (l/h) 0.88 0.86 0.22 0.99 0.83 0.40 0.89 0.07
Fen (h/l) 0.49 0.57 0.18 0.69 1.14 0.98 0.72 0.29
44C6 (h/l) 0.43 0.53 0.16 0.52 0.80 0.68 0.57 0.16
3355C6 (h/l) 0.18 0.21 0.04 0.29 0.27 0.14 0.24 0.05
C7 (h/l) 0.23 0.26 0.04 0.19 0.26 0.10 0.24 0.03
D6Ace (l/h) 0.27 0.28 0.07 0.27 0.41 0.34 0.31 0.07
13CAce (l/h) 0.32 0.33 0.10 0.31 0.38 0.17 0.34 0.03
Ace with 18OHH (l/h) 0.24 0.27 0.07 0.21 0.21 0.11 0.23 0.03

the theory predictions can be found in the electronic supplement of [14]. The vibrations
that were found to be the most likely are the water bending overtone (b2) and the libration
modes (lib). The sum of the in-plane and out-of-plane libration is used and multiplied by
0.3, as the two modes cannot be separated easily, because of the water not coordinate to
the ketone ideally and the two modes are expected to couple.

The theory model is then used to simulate the experimental spectrum using the harmonic
frequencies and scaling factors. The scaling factors were obtained comparing theory pre-
dictions to experimentally obtained values of water dimer. As literature values gas phase
data for water monomer[61] and dimer[62] and those in weakly bound matrices (Ne, He
nanodroplets) are used.[63, 64] The values can be found in Table 3.4 together with un-
scaled values from theory predictions. In liquid water too many overlapping signals to see
b2lib resonance but a strong mechanical coupling between bending and libration observed
in liquid water[65] and clusters[66].

For the OHb stretching vibration of water dimer a rounded scaling factor of 0.98 was
determined. As the in plane (libip) and out of plane (liboop) libration motion are hard
to separate in the theory predictions, because they depend on the tilt angle of the water
molecule, they were summed up and compared to the literature and a scaling factor of
0.30 was derived. For the water dimer bending overtone (b2) a scaling factor of 1.95 was
determined. In order to calculate a theory prediction for b2lib0 Equation 3.6 was used.
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Tab. 3.4: Literature values for water dimer vibrations ν̃ to determine a scaling factor for the harmonic
frequency values on B3LYP-D3(BJ)/def2-TZVPlevel of theory.[14]

Experimental method ν̃(libip) ν̃(liboop) ν̃(b) ν̃(b2) ν̃(OHb)
cm�1 cm�1 cm�1 cm�1 cm�1

Ne-matrix[67] 309.1 522.4 1616.4 3590.5
Ne-matrix[64] 310 522.6 1616.5 3193.7 3590.5

He-jet[24] 3602
He-droplet[63] 1614.8

He-jet[68] 1621.2
Theoretical method ω(libip) ω(liboop) ω(b) ω(OHb)

cm�1 cm�1 cm�1 cm�1 cm�1

B3LYP-D3(BJ)/def2-TZVP 379.7 643.8 1639.4 3667.2

ν̃pb2lib0q � pωplibipq � ωpliboopqq � 0.30� ωpbq � 1.95 (3.6)

To give a prediction on the position of resonance and the OHb values of the 10 investigated
complexes, the theory predictions of the unscaled values for OHb, b2, libip, liboop and the
resonance (b2+libip) are summarized in table 3.5 together with the scaled values of OHb

and b2lib.

Later the values from Table 3.5 were used to calculate the perturbed signal positions using
Equation 3.7 and 3.8. For Wij the average value from the experimentally determined Wij

of 9 cm�1 was used (compare to values in Table 3.2). Further the expected ratio of the
two resulting signals was determined using Equation 3.9.

ν̃pb2libq � 0.5 �
�
ν̃pOH0

bq � ν̃pb2lib0q �
b
tν̃pb2lib0q � ν̃pOH0

bqu
2 � 4tWiju2

�
(3.7)

ν̃pOHbq � 0.5 �
�
ν̃pOH0

bq � ν̃pb2lib0q �
b
tν̃pb2lib0q � ν̃pOH0

bqu
2 � 4tWiju2

�
(3.8)

rcalc �
t∆ν̃iju

2

2tWiju2 � 1� ∆ν̃ij

Wij

d
t∆ν̃iju2

4tWiju2 � 1 (3.9)

The results are given in Table 3.6 and by creating a simulated spectrum by using the per-
turbed signal positions, Gaussian curves and the signal ratio (assuming the total intensity
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3 A Rather Universal Resonance

to be 1), Figure 3.6 was created. As in Figure 3.4 the deperturbed signal positions from
Table 3.5 are depicted as black arrows. The unscaled, deperturbed signal positions are
also given as orange (OHb) and magenta colored (b2+libip) arrow (values in Table 3.5).

In Figure 3.6 the scaled (black) arrows come much closer to the experimental values in
Figure 3.4 than the unscaled arrow (magenta and orange). Also the sequence of b2lib
and OHb matches the experimental values in eight of ten cases. By using the averaged
experimental Wij of 9 cm�1 to plot the perturbed signal positions using a Gaussian for
broadening as simulated spectrum, the result is remarkably close to the experimental
spectrum. A change from 0.98 to 0.985 would already detune most of the resonances and
a change of �0.005 would give the exact experimental pattern. Regarding the usage of a
harmonic model and scaling factors the results are surprisingly good.

To find evidence for the b2lib resonance anharmonic calculations by Dr. Arman Nejad
were performed. He used formaldehye water as a model system, a system which is later
analysed in the evaluation of the HyDRA blind challenge in Chapter 5. As the calcu-
lations were performed before the blind challenge started, they can be compared to the
experimental wavenumber like other theory submissions.
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Tab. 3.5: Theoretical predictions for the OHb, b2, libip and liboop on B3LYP-def2/TZVP level and
their corresponding perturbed OHb and b2lib values.[14]

ωcalc ν̃calc,0(arrows)
Code OHb b2 liboop libip b2+libip OHb b2lib

/cm�1 /cm�1 /cm�1 /cm�1 /cm�1 /cm�1 /cm�1

C4 3635.34 3293.16 539.30 386.56 3679.72 3562.63 3488.59
2FAph 3624.92 3298.66 601.99 350.11 3648.77 3552.42 3501.82
Aph 3610.48 3297.36 624.02 364.97 3662.33 3538.27 3511.62
Ace 3612.54 3294.68 600.68 380.02 3674.70 3540.29 3506.52
Pin 3605.51 3298.74 612.48 382.51 3681.25 3533.40 3514.77
C6 3601.62 3297.02 588.56 393.52 3690.54 3529.59 3509.22
Fen 3591.67 3302.50 603.87 396.82 3699.32 3519.84 3520.14

44C6 3599.19 3299.24 591.35 387.55 3686.79 3527.21 3510.43
3355C6 3590.66 3302.38 603.66 404.45 3706.83 3518.85 3522.25

C7 3593.66 3299.24 596.21 404.30 3703.54 3521.79 3516.91

Tab. 3.6: Determined ratio rcalc and perturbed values for the spectral simulation (Figure 3.6).[14]
ν̃calc(curves)

Code rcalc OHb b2lib
/cm�1 /cm�1

C4 0.014 3563.71 3487.51
2FAph 0.030 3553.96 3500.27
Aph 0.094 3541.03 3508.87
Ace 0.062 3542.54 3504.27
Pin 0.163 3537.04 3511.13
C6 0.143 3532.99 3505.81
Fen 0.966 3510.99 3528.99

44C6 0.189 3531.12 3506.51
3355C6 0.686 3511.39 3529.71

C7 0.586 3528.67 3510.03
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Fig. 3.6: Simulated spectra using the data from Table 3.5 and 3.6. The unscaled signal positions
for OHb and b2lib are given in orange and magenta respectively. The unperturbed, scaled
signal positions for OHb and b2lib are given as black arrows and the perturbed positions
are depicted as Gaussian curves with a calculated ratio using and average Wij value of
9 cm�1. Reprinted with permission from Fischer 2021[14]. Copyright 2021 American
Chemical Society.
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3.2.1 Outlook

We propose that the resonance might also exists beyond ketones, so the search of the res-
onance in compounds with other functional groups became a side project. In his master
thesis Till Wagner [69] investigated hydrate clusters of different amides as they are inter-
esting for understanding the interaction of water with peptides. Unfortunately a resonance
could not be reported, but when using neon as carrier gas for N, N -dimethylformamide,
which was the most promising candidate for a b2lib resonance within the amides, a new
signal was observed. It might belong to a complex of the hetero dimer with a neon atom.
Further investigations are needed before a conclusive result can be presented.

The hydrates of a few alcohols were also investigated. For example for tert-butylalcohol+H2O
another signal is observed, but is more likely to belong to a higher cluster than to a res-
onance (see Chapter 8.3.5).

DABCO (1,4-diazabicyclo[2.2.2]octane) is the first amine compound that was investigated.
More signals are visible than expected, making it an interesting candidate for b2lib.
Unfortunately it offers two docking sites for the water to attach, making distinctions
between hetero dimers and higher clusters challenging as the gratin jet spectroscopy setup
cannot work size selectively. Here a collaboration with Anne Zehnacker-Rentien from
France with their size selective UV/IR action spectroscopy setup could help to understand
the spectral data. Another approach would be to investigate the related compound, 1,4-
diazabicyclo[2.2.2]octane (ABCO), with only one binding site for water.

Some unpublished spectra can be found in the Supplement in Section 8.3.

The OHb vibrations and the corresponding OH shift to the symmetric water stretching
vibration (3657 cm�1) can be used for benchmarking and can be found in Chapter 7 in
Table 7.1.
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4 Radicals

4.1 Investigation of Stable Radicals in the Gas Phase

4.1.1 Hydrates of TEMPO and TEMCO

This chapter is largely based on the corresponding publication [20]. The results and es-
pecially my own contributions are shown and extended by new, yet unpublished data. In
[20] the hydrates of the stable radical TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl)
((H2O)n, n=1,2) are investigated using FTIR spectroscopy, isotope substitution and com-
putational methods. The hydrates show a variety of different conformers compared to
the hydrates of its keto derivative TEMCO (2,2,6,6-tetramethylcyclohexanone) and the
spectral complexity can be drastically reduced by using D2O instead of H2O. The spectral
complexity might be due to the sb2lib resonance, as later discussed.

The microhydration of TEMPO has not been investigated previously even though TEMPO
is essential in many fields of chemistry [70–77] and its behavior in aqueous solutions is
of large interest [78]. As a persistant nitroxide radical TEMPO is stable enough to be
investigated in the gas phase and survives multiple hundred scanning cycles in the novel
gratin jet spectroscopy setup - even under humid conditions and additional water. It is
also compared to the related ketone species TEMCO and the structural differences of the
corresponding mono- and dihydrates are compared using quantum chemical methods and
FTIR absorbtion spectroscopy.

In Figure 4.1 the results from quantum chemical calculations on (U)B3LYP-D3(BJ)/def2-
QZVP level of theory are summarized. The minimum structures for the TEMPO and
TEMCO monomer, the three monohydrate structures, and the dihydrates are depicted.
A nomenclature depending on the orientation of the H bond formed between water and
TEM(P/C)O relative to the methyl groups of TEM(P/C)O is introduced. If the water
binds to the N-O/C=O group in the plane of the ring and between the methyl groups of
one side of the ring, the conformation is called p (plane). Due to the conformation of the
ring, the water can also approach the N-O/C=O group from two different sides, one with
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the methyl groups in equatorial and one with the methyl groups in axial position. As the
axial methyl groups are providing less space for the water to bind it is labeled t (tight).
For the water binding from the side with equatorialy positioned methyl groups, providing
more space, the label o (open) is used. When moving from the monohydrate structures
to the dihydrates, the second water attaches to the first water in the TEM(P/C)O o
structure. Additionally the relative energies between the conformers of the monohydrates,
the dissociation energies, the unscaled harmonic frequencies (hydrogen bond forming OH
stretching vibration), and the IR intensities are given. The predicted wavenumber for the
TEMCO t structure is imaginary and belongs rather to a transition state than minimum
structure.

In Figure 4.2 the spectroscopic data for TEMPO and TEMCO with water is shown. The
chemicals used in this study are listed in Table 4.1. For the spectra a stagnation pressure
of 750 mbar was used. The spectra A, C, H, and J are labeled warm as pure helium
was used as carrier gas, while for D and F a 1:1 mixture of helium and neon was used.
As heavier carrier gasses can cool clusters in supersonic expansion more efficiently the
corresponding spectra are labelled cold. Trace B, E, G, and I are showing the scaled
harmonic predictions for the mixed species of TEMPO+H2O and TEMCO+H2O. The
position is marked with a red triangle for p structures, a yellow diamond shape is marking
t structures and a circle in green the o structures. A gray circle is marking the position of
the dihydrates (oo). The harmonic frequencies are scaled by a scaling factor of 0.975 for
the bound OH stretching vibration and with 0.959 for the free OH stretching vibrations.
The scaling factors were derived by comparing the water dimer stretching vibrations of
the same level of theory to experimental data (like in [14], see Table 3.4 first three rows).

Tab. 4.1: Table of investigated compounds, their abbreviation, their CAS number, the supplier and
purity.[20]

Name Abbreviation CAS Number Supplier Purity
(2,2,6,6-Tetramethyl- TEMPO 2564-83-2 Sigma Aldrich 98%
piperidin-1-yl)oxyl
2,2,6,6-Tetramethyl- TEMCO 1195-93-3 Abcr 95%
cyclohexanone
Di-t-butyl nitroxide DTBN 2406-25-9 Sigma Aldrich 90%
Deuterium oxide D2O 7789-20-0 Abcr 99.85%
Water-18O H2

18O 14314-42-2 Sigma Aldrich 97%, 97%
atom 18O

Helium He 7440-59-7 Linde 99.996%
Neon Ne 7440-01-9 Linde 99.995%

The spectrum of TEMCO+H2O in line A is rather simple compared to the one of
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Fig. 4.1: Structures of the monomer, mono-, and dihydrate structures for TEMPO and TEMCO.
The relative energies between the monohydrates and the dissociation energies, the unscaled
harmonic wavenumber predictions and IR intensities are given for (U)B3LYP-D3(BJ)/def2-
QZVP level of theory. The colored frames align with the spectral interpretation in Fig-
ure 4.2.[20]
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TEMPO+H2O. Due to the relatively high energy difference between the dimer con-
formers (see Figure 4.1 and Table 4.4), one main OHb signal is expected. This matches
with the observed spectrum in which the OHb stretching vibration of the p conformer is
labeled p� � �HOH and the corresponding OHf signal � � �HOH. The spectrum is showing
another signal, which belongs to the monohydrate. It is labeled b2lib as it is most likely
to belong to a b2lib resonance rather than to another conformer as the o conformer would
be expected at higher wavenumbers and is 2.7 kJ mol�1 higher in energy (compare to
Figure 4.1). Like in chapter 3 the coupling constant Wij was determined using method A
and C (described in 1.1.3) to determine the intensity ratio. The signal ratios r, average
signal ratio r̄, coupling element Wij and deperturbed signal positions are given in Ta-
ble 4.2. In addition the dihydrate positions are also reported and labeled oo� � �HOH. To
verify the dihydrate signal assignment concentration series were used, which are shown in
Figure 4.3 (A). Here the spectrum is scaled to the height of the dominant signal of the p
isomer for two different concentrations, showing that the oo� � �HOH scales differently.

The signal assignment for TEMPO+H2O is more tricky as the three dihydrates are closer
in energy and more then 3 signals are visible under the same conditions the spectrum for
TEMCO+H2O was recorded. In order to assign the signals different carrier gas mixture
and water isotopes are used. When moving from spectrum C to D (Figure 4.2) the carrier
gas was changed from pure helium (warm) to a 1:1 helium neon mixture (cold) and one
signal disappears due to the colder expansion conditions. This hints towards the signal
belonging to one of the less stable conformers (o or t) and the largest signal most probably
belongs to the p conformer. Here it is interesting, that the intensity ratio of the three
remaining signals remains the same. When H2O is changed to 18O-water (spectrum F)
and cold expansion conditions are applied, all three signals shifted by approximately the
same wavenumber. A more drastic change happens when the water isotope is changed
to D2O (spectrum J and H). Here only one signal is visible for pure D2O. The signal is
assigned to the most stable p conformer (p� � �DOD). As water impurities remain in the jet
and the H2O and D2O exchange H atoms over time, also the mixed HDO species become
visible, and were assigned in the spectrum (p� � �DOH, p� � �HOD). As after cooling the
spectrum more efficiently when moving from C to D, one signal disappeared and was
assigned to one of the less stable conformers of the minimum structure. There are three
signals remaining, whose intensity ration also remained under colder conditions and three
minimum structures were found in total. The main signal in the spectrum and the most
stable structure in the calculations has a OHb close to 3500 cm�1. As all three remaining
signals are shifted when 18O water is used, we believe that one of the signals belongs to a
b2lib resonance. The most probable candidate is the signal at 3505 cm�1, as the distance
matches with other examples from the resonance Chapter 3 and it gives a Wij value of
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9 cm�1, which lies in the expected range. The dihydrate signals could also be assigned for
TEMPO+H2O and the signal position is also verified in Figure 4.3 using concentration
series. All experimental wavenumbers and scaled harmonic frequencies for all assigned
signals are listed in Table 4.3.

Tab. 4.2: Intensity ratios for the deperturbation analysis for the 1:1 monohydrates of TEMCO and
TEMPO.[20]

System rA rB r̄ Wij /cm�1 ν̃(OH0
b) /cm�1 ν̃(b2lib0) /cm�1

TEMCO 0.076 0.058 0.067 11 3547 3508
TEMPO 0.446 0.405 0.426 9 3503 3511
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Fig. 4.2: FTIR spectra of jet cooled TEM(P/C)O water clusters and the corresponding scaled pre-
dictions on (U)B3LYP-D3(BJ)/def2-QZVP level of theory in B, E, G, and I. In A, C, H,
and J solely He was used as carrier gas, while in D and F a 1:1 He:Ne mixture was used.[20]
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Tab. 4.3: Experimental IR wavenumbers of TEMCO and TEMPO hydrates ν̃ (in cm�1) along with
the unscaled computed wavenumbers ω (in cm�1) and IR intensities σ (in km mol�1) at
closed- and unrestricted open-shell B3LYP-D3(BJ)/def2-QZVP level. For the dihydrates
two wavenumbers are given as two water molecules are acting as donor molecules and
have an OHb vibration.[20]
Structure Experiment Computed
TEMCO ν̃ ω σ

cm �1 cm �1 km mol �1

p...HOH 3550 3643 452
o...HOH - 3722 184
b2lib 3505
oo...HOH 3534 / 3488? / 3482? / 3457? 3618 / 3541 553 / 288
p...HOH 3722 3879 91

TEMPO
p...HOH 3497 3597 591
t...HOH - 3605 439
o...HOH 3521? (He) 3630 400
b2lib 3517
oo...HOH 3486 / 3399 3552 / 3475 505 / 532
p...HOH 3718 3878 85

p...H18OH 3486 3586 592
t...H18OH - 3595 441
o...H18OH 3512? (He) 3619 402
b2lib 3506
oo...H18OH 3476 / 3389 3550 / 3466 490 / 547
p...H18OH 3706 3864 77

p...HOD 3514 3607 659
t...HOD - 3616 505
o...HOD - 3641 469
p...HOD - 2819 10

p...DOD 2572 2615 291
t...DOD - 2621 213
o...DOD - 2638 191
p...DOD 2751 2836 79

p...DOH 2586 2629 337
t...DOH - 2635 256
o...DOH - 2653 237
p...DOH - 3871 40
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Fig. 4.3: TEM(P/C)O+H2O spectra recorded with warm expansion conditions but with different
concentrations. The spectra are scaled to the dominant p� � �HOH signal. The spectra
depicted in black are also shown in Figure 4.2.[20]
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To further verify the energetic order of the monohydrates and the signal assignment,
further calculations were carried out on unrestricted open-shell DLPNO-CCSD(T)/aug-
cc-pVQZ and DLPNO-CCSD(T)/aug-cc-pVTZ level of theory. The results are summa-
rized in Table 4.4. While for TEMCO+H2O the energetic order remained the same, the
TEMPO+H2O t and o structures switch places when moving from B3LYP to DLPNO-
CCSD(T). As the predicted energy differences between the monohydrate structures are
rather small (  1 kJ mol�1), the result is not surprising but also does not allow further
signal assignment.

Tab. 4.4: Predicted relative energies within one group of donor molecules (TEM(C/P)O) with dif-
ferent water isotopes (H2O, HDO, D2O). The energy difference is given without ZPVE
correction on closed- and unrestricted open-shell B3LYP-D3(BJ)/def2-QZVP level of the-
ory (EB3LYP

el ) and with ZPVE correction on DLPNO-CCSD(T)/aug-cc-pVQZ//B3LYP-
D3(BJ)/def2-QZVP and DLPNO-CCSD(T)/aug-cc-pVTZ//B3LYP-D3(BJ)/def2-QZVP
level of theory (∆EDLPNO

0 , ∆EDLPNO
0 ). Imaginary frequencies (i freq) at saddle points

are not included into the zero point energy.[20]
EB3LYP

el ∆EDLPNO
0 ∆EDLPNO

0
def2-QZVP aug-cc-pVQZ aug-cc-pVTZ

TEMCO (kJ mol�1) (kJ mol�1) (kJ mol�1)
p...HOH 0.0 0.0 0.0
t...HOH(i freq) 1.8 1.8 1.9
o...HOH 2.7 2.5 2.4

TEMPO
p...HOH 0.0 0.0 0.0
t...HOH 0.2 0.7 0.8
o...HOH 0.7 0.2 0.1

p...HOD 0.9 0.9
t...HOD 1.1 1.6
o...HOD 1.6 1.1
p...DOH 0.0 0.0
t...DOH 0.3 0.8
o...DOH 0.8 0.3

p...DOD 0.0 0.0
t...DOD 0.3 0.8
o...DOD 0.9 0.4

To further explore the different behavior of TEMPO and TEMCO when it comes to bind-
ing a water molecule, a relaxed scan of the torsional angle of the C-(N/C)-O� � �O on
(U)B3LYP level of theory was performed. The resulting curves are shown in Figure 4.4.
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Fig. 4.4: B3LYP and (U)B3LYP relaxed torsional scans of a single water molecule (O) around the
N-O / C=O bond for TEMPO (blue) and TEMCO (grey), showing that the oxygen end
of the C=O bond has a stronger hydrogen bond accepting anisotropy and preference for
p-coordination than the oxygen end of the N-O bond. The barriers for TEMPO, which
may be further lowered by zero-point energy of the relaxed modes, are low enough to allow
for relaxation into the 1:1p global minimum, at least in colder neon expansions.[20]

The relative energy to the minimum of each structure is plotted against the torsional an-
gle. The blue TEMPO-curve shows 3 minima, while the gray TEMCO-curve only shows
one. This is in good agreement with the experimental data and also agrees with the
chemical intuition. While for a keto group two binding sites at the oxygen lone pairs
of the keto group are expected, for a nitroxy radical a more diffuse binding behavior is
expected, as the lone electron is not located. For a less sterically hindered radical, also
binding to the N of the nitroxy group might be observed.

In addition Elisa Brás also performed a local energy decomposition (LED) analysis for
the TEMP/CO which can be found in the supplemental information of [20].
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4.1.2 Hydrates of DTBN and HMA

In the supplement of [20] the open ring analogue of TEMPO (di-tert-butyl nitroxide
radical, short DTBN) was also investigated. Unfortunately it is less stable and does
not survive for a long time in the recycling jet setup. The decay over time is shown
in Figure 4.5. The upper green traces show the DTBN+H2O mixture expanded in He,
while the lower blue traces show the expansion in a He:Ne 1:1 mixture. Within one group
(green or blue) the time evolution is depicted starting at the top and moving further
down with time. Interestingly, the decay is faster for the He:Ne mixture than for pure He.
The spectrum shows one dominant signal at 3484 cm�1 and several other signals. After
the TEM(P/C)O paper was published the related ketone, HMA (hexamethylacetone) was
investigated as well.

The minimum structures, derived from (U)B3LYP-D3(BJ)/def2-TZVP level of theory, for
both species, DTBN+H2O and HMA+H2O are given in Figure 4.6. The structures look
comparable between the nitroxide radical and ketone. The most dominant difference is,
that the C-(N-O)-C angle is tilted while the arrangement in HMA is planar. Another
difference to the TEM(P/C)O hydrates is, that the methyl groups of the DTBN/HMA
are in staggered relative position. For both species only one distinguishable minimum
structure was found.

Tab. 4.5: Table of investigated compounds, their codes in this supplement, their CAS number, the
supplier and purity.

Name Abbreviation CAS Number Supplier Purity
Di-t-butyl nitroxide DTBN 2406-25-9 Sigma Aldrich 90%
Hexamethylacetone HMA 815-24-7 Alfa Aesar 98%
Helium He 7440-59-7 Linde 99.996%
Neon Ne 7440-01-9 Linde 99.995%

The FTIR spectra of HMA+H2O (blue) and DTBN+H2O (magenta), the averaged spec-
trum of the green traces from Figure 4.5, are shown in Figure 4.7. One gets the impression,
that both spectra are showing two main signals. In Table 4.6 the wavenumbers and scaled
and unscaled wavenumber predictions are given.

The theoretically derived minimum structures fit the minor signal labeled OHb2 better
than the main signal in both cases. Probably the computational method is missing the real
minimum structure for both cases or a b2lib resonance is visible. This is more probable for
DTBN, as the main signal is closer to 3500 cm�1 and we believe to observe it in TEMPO.
As for HMA further concentration ratios of water and HMA were recorded, but the
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the DTBN decays faster in the He-Ne mixture.[20]

58



4.1 Investigation of Stable Radicals in the Gas Phase

HMADTBN

Fig. 4.6: The predicted minimum structure for DTBN and HMA monohydrate on (U)B3LYP-
D3(BJ)/def2-TZVP level of theory.

Tab. 4.6: Experimental wavenumbers and the comparison to theory predictions. The wavenumbers
derived from (U)B3LYP-D3(BJ)/def2-TZVP level of theory and scaled by a factor of
0.975. In addition the predicted IR intensity σ is given.

Name Vibration ν̃exp ωtheo σ scaled ωtheo

cm�1 cm�1 km mol�1 cm�1

HMA OHb 3534
OHb2 3564 3658 340 3567
OHf 3723

DTBN OHb 3484
OHb2 3509 3592 420 3502
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w and hetero dimer signal OHb/f.
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signal ratio remained the same, hinting towards both signals belonging to hetero dimers
close in energy or the second signal is due to a resonance. An experiment with a He:Ne
expansion might help to distinguish between a b2lib resonance and two different hetero
dimer conformations. For DTBN more experiments were performed by Elisa Bràs, using
a variety of different donor molecules (alcohols). Her work and measurements at a non-
recycling setup and might give new insights on the binding behavior of the compound.
Further work on the computational side is also needed as one minimum conformation
might be missing.
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4.1.3 TEMPO-H + TEMPO Hydrogen Transfer

This subsection briefly describes the main results of [79] as it was published recently
and no new data has been collected yet. In the work the hydrogen sharing between
TEMPO-H (TH) and TEMPO (T) is investigated and information on the TEMPO-H
dimer and TEMPO-H monohydrate are collected. The investigation is carried out using
FTIR spectroscopy of the jet cooled molecules and harmonic predictions on B3LYP-
D3(BJ)/def2-TZVP level of theory. For most theoretical values in this work ORCA 4.2.1
was used. In this work however, ORCA 5.0.2 was also used to determine the barrier
heights for hydrogen transfer and is later compared to ORCA 4.2.1. The TEMPO-H for
this study was synthesized by Martijn Tepaske.

Figure 4.8 shows the minimum structures of the TEMPO-H� � �TEMPO hetero dimer
(THT) and the TEMPO-H homo dimer (THTH) obtained by B3LYP-D3(BJ)/def2-TZVP
level of theory. In the nomenclature, which works similar to the one introduced in the
first subsection, the orientation of the OH bond is regarded relative to the position of
the methyl groups. o is used for the side of the ring with equatorial methyl groups, t
describes the side of the ring with axial methyl groups. p describes a bond parallel to the
ring plane, between the two methyl groups attached to one carbon atom. In the following
the small letters (o,t,p) are used after the abbreviation for the substance (TH,T) in a way
such as [donor][o,p,t]-[acceptor][o,p,t] where the first part gives the OH bond orientation
of the donor molecule and the second part how the conformation of the OH bond would
be after hydrogen transfer. In Figure 4.8 it is interesting to point out, that while on the
upper THT complex the H atom is donated to the O of the nitroxy radical, in the lower
THTH complex the H atom is donated to the N of the nitroxy group. This is particularly
interesting as studies have shown, that in TEMPO-H crystals three (anhydrous) or six
(trient, 0.33-hydrate) TH are connecting trough the o side and bind preferentially to the
oxygen atom of the nitroxy radical or water.[80, 81]

Before investigating the proton sharing of TEMPO-H� � �TEMPO, the binding behavior of
TEMPO-H was explored. The chemicals used for the FTIR studies are listed in Table 4.7
and the experimental details can be found in Table 8.4 in the Supplement. An NMR
spectrum, proving the purity of the TEMPO-H synthesized by Martijn Tepaske, can be
found in the supporting information of [79].

In Figure 4.9 the spectra of TH with and without additional water are shown. Helium
was used as a carrier gas and a stagnation pressure of 750 mbar was applied. Again, the
water monomer is labeled w. The main signal at 3631 cm�1 is assigned to the TEMPO-H
monomer OH stretching vibration and is labeled TH. When moving from the top to the
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Fig. 4.8: Minimum structures of the THT and THTH dimers using B3LYP-D3(BJ)/def2-TZVP level
of theory on ORCA 4.2.1.[79]

middle spectrum the TH amount is increased and new peaks appear in the spectrum
at 3609 cm�1 and approximately 3230 cm�1, which are assigned to the TH-TH dimer.
When additional water is added (lowest spectrum), another peak becomes visible, which
is assigned to the water-TH dimer.

Tab. 4.7: Table of investigated compounds, their codes in this supplement, their CAS number, the
supplier and purity.[79]

Name Code CAS Number Supplier Purity Lot#
TEMPO T 2564-83-2 Sigma-Aldrich 98% Lot#BCCF8320
TEMPO-H TH 7031-93-8 synthesized by

M. A. Tepaske
Helium - 7440-59-7 Nippon 99.996%

When TEMPO (T) is added to the TEMPO-H (TH) expansion the H-atom-sharing of
the two TEMPO moieties can be investigated. The spectral data is shown in Figure 4.10
and the experimental details are listed in Table 8.4 in the Supplement. Mainly two new
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signals become visible in the spectra, which scale with the T and TH concentration. As
water cannot be removed from the spectrum also the wT and wTH species become visible
and are labeled accordingly. To figure out which THT conformers are formed during the
expansion, the results are compared to scaled harmonic frequency calculations. In order to
obtain a suitable scaling factor for nitroxide radicals, the results of theory predictions on
B3LYP-D3(BJ)/def2-TZVP level of theory are compared to the literature known nitroxide
vibrations of hydroxylamine [82] and water monomer [11]. The theory predictions and
literature values, as well as the resulting scaling factor can be found in Table 4.9. With
the scaling factor first the TH monomers regarded, as it can form 2–3 conformations when
it comes to the orientation of the OH bond relative to the methyl groups. The results are
given in table 4.8 and the THt structure is predicted to be 10.8 kJ/mol higher in energy
than the THo structure, which is why the TH monomer peak is assigned to the THo
structure. The THp structure always relaxes to the THt or THo structure and is therefore
neglected. When moving to the THT dimers the most stable conformer for the donor
TH is in THo orientation, which also holds true for the predicted acceptor. But when
the wavenumbers o the experimental signals are compared to the dimer scaled harmonic
frequencies, the most dominant signal is in better agreement with the conformation of
the acceptor T moiety is the Tt structure. To further investigate this case, the energy
differences with and without zero point vibrational energy correction and the energies
with a bigger basis set (QZVP) were regarded (all values in Table 4.8). All predictions
for the minimum structure determine the THoTo structure to be more stable than the
THoTp structure, but the spectrum seems to show the opposite. The energetic order of
the THT dimers is also visualized in Figure 4.11. The peak positions, with their respected
experimental signal assignment are listed in Table 4.10 and 4.11.

In order to understand the binding behavior and the energy landscape of the hydrogen
transfer of the two dimer structures THo-Tt and THo-To is explored. For that a NEB
(nudged elastic band) scan was performed to get an idea of the transition state (TS), then
a TS search was conducted using ORCA 5.0.2 instead of ORCA 4.2.1 as it is known to be
faster. Later the start, end, and TS structure were optimized using B3LYP-D3(BJ)/def2-
TZVP level of theory using ORCA 4.2.1 and ORCA 5.0.2 in order to compare the two.
The results are summarized in Figure 4.12. The relative energy differences between the
two ORCA versions are rather small and amount 0.1 kJ/mol for the electronic energies
and 0.5 kJ/mol for the zero point corrected energies. The energy needed for the hydrogen
transfer in the THo-Tt conformer amounts 55.0 kJ/mol (in ORCA 4.2.1) and is higher
than the energy of the OH stretching vibration and is visualized as orange arrow, which
might be the reason why a tunneling splitting is not observed. The barrier for the THo-To
is a bit lower with 45.5 kJ/mol, but lies again above the OH stretching vibration.
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Tab. 4.8: Theoretical predictions for different conformers of TH monomer and TH-T dimer on
B3LYP-D3(BJ)/def2-TZVP level. Relative electronic energies (∆Ee) and zero point cor-
rected energies (∆E0) are given within the monomer and dimer group each. The predicted
wavenumber (ω) of the TEMPO-H vibration (unscaled and scaled by multiplying with
0.96) and its infrared intensity σ is given. Additionally the energy differences for B3LYP-
D3(BJ)/def2-QZVP single point calculations are given for TH-T dimer structures.[79]

Structure ∆Ee
TZVP ∆E0

TZVP ωTZVP ωscaled
TZVP σTZVP ∆Ee, sp

QZVP
/kJ mol�1 /kJ mol�1 /cm�1 /cm�1 / km mol�1 /kJ mol�1

TH monomer
THo 0.0 0.0 3794 3642 41
THt 12.0 10.8 3631 3486 2

TH-T dimer
THo-To 0.0 0.0 3554 3412 560 0.0
THo-Tp 1.8 1.9 3588 3444 850 1.8
THo-Tt 0.9 0.5 3572 3429 610 0.7

As a result it can be reported, that the proton transfer takes longer than 15 ps / 1500
OH vibrational periods and the tunneling process cannot be observed , even though the
excitation of the OH stretching vibration comes close to the barrier height (compare
barrier height and orange arrow in Figure 4.11). In the future it would be interesting to
investigate a system in which the tunneling can be observed.

The wavennumbers of hydrate complexes from this Chapter will be added to the data
base for benchmarking.

65



4 Radicals

Tab. 4.9: Experimental wavenumbers ν̃ of hydroxylamine [82], water monomer [11] and TH (this
work), their assignments and corresponding harmonic values ω on B3LYP-D3(BJ)/def2-
TZVP level. f is the resulting scaling factor required to match the experimental value.[79]

Assignment ν̃/cm�1 ω/cm�1 f
H2NOH
OH (stretch) 3649.89 3789.03 0.963
NH (stretch) 3358.76 3506.4 0.958
NH (stretch) 3294.25 3427.9 0.961

w
OHasym 3756 3887.57 0.966
OHsym 3657 3782.40 0.967

TH
OH (stretch) 3631 3794.21 0.957

Tab. 4.10: Experimentally observed OH stretching wavenumbers ν̃ compared to harmonic B3LYP-
D3(BJ)/def2-TZVP predictions ω uniformly scaled by 0.96 for TH and binary donor-
acceptor complexes observed for the first time in this work.[79]

Species ν̃/cm�1 0.96 ω/cm�1

TH 3631 3642
TH-TH 3609 3624
w-TH 3534 3510
TH-T 3449 3429
TH-T 3418 3412
TH-TH �3230 3237

Tab. 4.11: Experimentally observed OH stretching wavenumbers ν̃ compared to harmonic B3LYP-
D3(BJ)/def2-TZVP predictions ω unscaled and scaled by 0.96 for all species including
TH in figure 2 and 3 in the main document. The value in parentheses refers to an unlikely
alternative assignment of the strong transition to the predicted third-most stable THo-Tp
isomer, see Table 4.8.

Species ν̃/cm�1 ω/cm�1 0.96 ω/cm�1

THo 3631 3794 3642
THo-THo (accep.) 3609 3775 3624
w-TH 3534 3656 3510
THo-Tt (THo-Tp) 3449 3572 (3588) 3429 (3444)
THo-To 3418 3554 3412
THo-THo (don.) �3230 3372 3237
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Fig. 4.9: FTIR spectra of TH in He with and without additional water.[79]
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Fig. 4.12: Results of the optimization after a NEB scan followed by a TS search on B3LYP-
D3(BJ)/def2-TZVP level of theory performed for the THo-Tt and the THo-To complexes
in ORCA 4.2.1 and ORCA 5.0.2.[79]
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5.1 Implementation of the Blind Challenge

As already discussed in the introduction benchmarking quantum numerical methods us-
ing experiments is important but challenging for both sides. The most difficult part is
to find matching conditions for simulations and experiment and a property which can be
derived by both sides. In order to provide an unbiased benchmarking opportunity for
theory groups a blind challenge was organized. The goal was to predict the shift of the
symmetric water OH stretching vibration (3657 cm�1[11]) when binding to an organic
molecule (OHsym – OHb). If the OH shift would match the spectral range of the b2lib
resonance, information on the potential b2lib resonance could be added to the correspond-
ing submission. The groups could also voluntarily submit data on water isotopes (D2O,
H18

2 O).

The procedure that was followed for the so-called HyDRA blind challenge is described
in [29, 83]. The key aspects will be described here as well as the experimental results
(available as electronic supplement in [84] and [85]), while the analysis of the performance
of the participating groups can be found in the corresponding publication [84]. The
analysis and evaluation of the theory submissions was mostly conducted by Prof. Dr.
Ricardo Mata and Dr. Benjamin Schröder.

As a first step and in order to provide a training set for the theory groups we asked vibra-
tional spectroscopy groups for their already published data on monohydrates of organic
molecules. Then the data was curated by a team of two professors (Anne Zehnacker-
Rentien and Martin Suhm), a bachelor student (Margarethe Bödecker), and me. The
criteria the data had to match was:

• coverage of a moderate OH shift wavenumber range to prevent further resonances

• chemical diversity (size, functional groups, and elements)

• different experimental techniques
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• water as donor molecule

• signal assignment unambiguous

• examples for b2lib resonance should be included

• unique 1:1 conformer

• global minimum

• isotope data available

• less than 100 e� (not too large)

• lowest monomer vibration ¡ 30 cm�1 (limited monomer flexibility)

All submissions from vibrational spectroscopy groups can be found on the qmbench.net
website [86]. The selected molecules for the training set are shown in Figure 5.1 and
the Table 5.1 is giving the full name of the training set candidates, the corresponding
abbreviation, and CAS registry number, the experimental OHb stretching vibration, and
the OH shift (∆b). The values in parenthesis are an error estimate and the values in
square brackets the deperturbed values if a b2lib resonance is observed. More details of
the selection process can be found in [83].

For the test set similar selection criteria as for the training set were applied, except that
the hydrates should not be vibrationally characterized yet. Also the limitations from the
experimental FTIR setup had to be taken into account (volatile compounds). Because
of the criteria of a small number of conformers and the water acting as donor in the
minimum structure, it is desirable to pick substances which are characterized by rotational
spectroscopy as it can provide conformational information as well as relative energies.[94–
97]. Therefore rotational spectroscopy groups were asked for their suggestions of acceptor
molecules to study with vibrational spectroscopy. After some first experimental tests and
a structural search with CREST and an optimization on B3LYP-D3(BJ)/def2-TZVP level
of theory the decision on the final test set was made by the same committee as for the
training set. The test set is shown in Figure 5.2 and the chemicals with their abbreviation,
BC (blind challenge) codes, CAS registry number and number of expected OH stretching
vibrations are listed in Table 5.2. All the data about which candidates are discussed and
all experimental tests had to be kept secret to make the blind challenge a fair competition
between theoretical methods, which is why the molecule candidates got code names and
not even my colleagues knew what measurements were conducted.
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5.1 Implementation of the Blind Challenge

Fig. 5.1: Training set for the HyDRA blind challenge showing the structure, abbreviation, and CAS
number.[83]

Fig. 5.2: Test set for the HyDRA blind challenge showing the structure, abbreviation, and CAS
number.[83]
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Tab. 5.1: The molecules abbreviations (abbr.), CAS registry numbers (CAS RN) and published ex-
perimental OHb-wavenumbers ν̃exp(OHb) (with estimated uncertainty in parentheses) of
the acceptor molecules in the monohydrates selected for the training set. In square brack-
ets, estimated deperturbed OHb wavenumbers after removal of a three-quantum resonance
(see text) are provided. These wavenumbers in brackets should be targeted by vibrational
models which do not include such an anharmonic resonance. Where the resonance remains
hypothetical, the deperturbed wavenumber uncertainty (in parentheses) spans the experi-
mentally observed main transition wavenumber. Also provided are downshifts ∆OH/cm�1

(positive, if the complex has a lower wavenumber) from the water monomer fundamental
at 3657 cm�1.[83]

acceptor molecule abbr. CAS RN ν̃exp(OHb) ∆OH
cm�1 cm�1

Acetone[87] ACE 67-64-1 3538(1) [3531(2)] 119(1) [126(2)]
Acetophenone[87] APH 98-86-2 3536(1) [3530(2)] 121(1) [127(2)]
Aniline[88] ANL 62-53-3 3524(1) [3526(3)] 133(1) [131(3)]
Cyclobutanone[87] CBU 1191-95-3 3548(1) 109(1)
Dibenzofuran[89] DBF 132-64-9 3623(1) 34(1)
Di-tert-butyl nitroxide[20] DBN 2406-25-9 3484(2) [3487(4)] 173(2) [170(4)]
Imidazole[90] IMZ 288-32-4 3458(2) 199(2)
o-Cyanophenol[91] OCP 611-20-1 3595(2) 62(2)
1-Phenylethanol[92] POH 98-85-1 3620(2) 37(2)
1,2,4,5-Tetrafluorobenzene[93] TFB 327-54-8 3647(1) 10(1)

After the decision on the final test set was published on the qmbench.net website and the
measurement of the data was intensified. A list of all substances discussed and additional
spectroscopic data that was recorded can be found in the Supplement 8.3 and 8.4.
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Tab. 5.2: Test set of 10 acceptor molecules, their abbreviations, CAS registry numbers (CAS RN)
and expected minimum number of OH stretching signals in the most stable monohydrate
n(OH), among which the hydrogen-bonded water OHb wavenumber ν̃exp(OHb) (or its
downshift ∆OH cm�1 from the water monomer fundamental at 3657 cm�1) should be
predicted.[83]

acceptor molecule abbreviation CAS RN n(OH)
Cyclooctanone [98, 99] CON 502-49-8 2
1,3-Dimethyl-2-imidazolidinone [100, 101] DMI 80-73-9 2
Formaldehyde [102, 103] FAH 50-00-0 2
Methyl lactate [104, 105] MLA 547-64-8 3
1-Phenylcyclohexane-cis-1,2-diol [106] PCD 125132-75-4 4
Pyridine [107, 108] PYR 110-86-1 2
Tetrahydrofuran [109, 110] THF 109-99-9 2
Tetrahydrothiophene [111] THT 110-01-0 2
2,2,2-Trifluoroacetophenone [112] TPH 434-45-7 2
2,2,2-Trifluoroethan-1-ol [104, 113] TFE 75-89-8 3
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5.2 Experimental Results

In the end all OH shifts for the test set could be obtained. Three different experimental
setups were used, most substances were measured using the gratin jet spectroscopy setup
[2], for two substances the Raman setup (so-called curry jet) was used [114] and for
one measurement the UV/IR setup of the Zehnacker-Rentien group from France was
used [115]. In the following the spectral data for all substances is presented and shortly
discussed.

All chemicals used in the study are listed in Table 5.3.

Tab. 5.3: List of substances giving their abbreviations, CAS number, the supplier and purity.
Name Code BC Code Supplier Purity
(Para-)Formaldehyde FAH BC02 Alfa Aesar 97%
Pyridine PYR BC16 Sigma Aldrich ¡99.9%
2,2,2-Trifluoroacetophenone TPH BC18 Sigma Aldrich ¡99%
Tetrahydrofuran THF BC20 Sigma Aldrich ¡99.9
Cyclooctanone CON BC22 Sigma Aldrich 98%
1,3-Dimethyl-2-imidazolidinone DMI BC27 Sigma Aldrich reagent grade
Tetrahydrothiphene THT BC29 Sigma Aldrich 99%
Methyl lactate MLA BC30 Sigma Aldrich 98%
1-Phenylcyclohexane-cis-1,2-diol PCD BC36 Santa Cruz 99%

Biotechnology
2,2,2-Trifluoroethan-1-ol TFE BC38 abcr 99%
D2O abcr 99.85%
Water-18O Sigma-Aldrich 97%, 97%

atom 18O
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5.2.1 Formaldehyde - BC02

We were surprised that there was no vibrational gas phase data on formaldehyde water
available already as it is one of the smallest organic hydrates one could think of. This
makes it a good candidate for the blind challenge as it is accessible to high level theory
methods. To fill in the substance into the jet, the vessel with paraformaldehyde was care-
fully heated with a heat gun until the desired partial pressure in the reservoir was reached.
Attempts to use a commercially available formaldehyde in aqueous solution failed as the
vapor pressure of water was much higher and only water was observed in the spectrum.
The spectra shown in Figure 5.3 were recorded using the gratin jet spectroscopy setup us-
ing the concentrations/partial pressures listed in Table 5.4 and the chemicals in Table 5.3.

In the upper panel of Figure 5.3 the upper two spectra are showing formaldehyde (BC02)
water spectra in different concentrations. As in previous spectra the water monomer
is labeled w. One signal at 3591 cm�1 scaling with the concentration of BC02 can be
assigned to the heterodimer and is labeled OHb. In addition a spectrum of pure water is
shown in gray, to prove that the signal does not belong to the water dimer signal which
is labeled with a triangle. When the signal position of the jet spectrum is compared to
OHb vibrations derived from matrix isolation experiments, in which the signal position is
shifted towards lower wavenumbers and is split due to environmental effects, the values in
Ne are 3580 and 3685 cm�1 and 3573 and 3578 cm�1 in N2 and lie at an expected position
relative to the gas phase signal.[102, 116]

As a further step the jet spectrum of BC02 with D2O was measured. It is depicted in the
lower panel together with a pure D2O spectrum, as again the water dimer lies close to
the mixed dimer. The BC02+D2O signal lies at 2629 cm�1.

The structure search with CREST and later optimization on B3LYP-D3(BJ)/def2-TZVP
only predict one stable 1:1 conformer, which is in good agreement with previous theoretical
studies [117–119] and data from rotational spectroscopy [103].
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Fig. 5.3: FTIR spectrum of formaldehyde with water using 750 mbar He as carrier gas using H2O in
the upper panel (blue) and D2O in the lower panel (orange). Pure water isotope spectra
are shown in gray.[84]
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Tab. 5.4: Experimental details on the spectroscopic data on formaldehyde (BC02) water giving
the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures, stagnation
pressure and color in the spectrum.[84] The water spectra are taken from [2].

identifier # p(BC02) p(H2O) p(He) note
pulses hPa hPa hPa

20211126-abcd 800 0.7 0.4 750 see figure 5.3, upper
panel, black

20211125-abcd 800 0.3 0.4 750 see figure 5.3, upper
panel, blue

[2] (Ne) 2200 0.0 0.5 750 Ne see figure 5.3, upper
panel, grey

20220119-ad+0120-abde 400 0.7 0.8D 750 see figure 5.3, lower
panel, orange

[2] (Ne) 1950 0.0 0.6D 750 Ne see figure 5.3, lower
panel, grey
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5.2.2 Pyridine - BC16

As for BC02 the theoretical predictions only expected one dominant 1:1 hetero dimer
signal. The water is binding to the nitrogen atom in the ring and not to the π system.
The FTIR spectra shown in Figure 5.4 were recorded using the gratin jet spectroscopy
setup using the concentrations/partial pressures listed in Table 5.5 and the chemicals in
Table 5.3. In the upper panel the water concentration was varied while the BC16 concen-
tration was kept constant. The signal labeled OHb was identified as hetero dimer signal
and lies at 3454 cm�1. Another measurement with D2O was performed and the ODb peak
was assigned at 2541 cm�1. As side effect of the isotope exchange between H2O and D2O,
the signals for the OHb and ODb signal for the mixed DOH species could also be assigned
at 3464 an 2549 cm�1 (not shown in spectrum).
The signal positions agree with a warm gas phase spectrum in which the signal lies at
higher wavenumbers [120] and a recent study of the system does not show the spectral
range of interest [107]. For the related imidazole water complex the helium nanodroplet
wavenumber lies at slightly lower wavenumbers [121] compared to the jet cooled wavenum-
ber [90] due to environmental effects. The literature value for the molecular system in an
Ar matrix was found to be at 3400 cm�1 [122] and an IR-UV study could not identify the
relevant signal because a tagging agent was needed, but not stable[123]. One can point
out, that the non-size selective method is simple, but can securely give the wavenumber
without environmental effects.

Tab. 5.5: Experimental details on the spectroscopic data on pyridine (BC16) water giving the spec-
tral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures, stagnation pressure
and color in the spectrum.[84]

identifier # p(BC16) p(H2O) p(He) note
pulses hPa hPa hPa

20210503-abcdefg 700 0.2 0.1 750 see figure 5.4,
dark blue

20211013-abcde 800 0.2 0.3 750 see figure 5.4,
light blue

20210511-abcdefg 800 0.3 0.3 750 not shown, similar
to light blue

20210512-abgh�0510-ef 300 0.3 0.3D 750 see figure 5.4,
orange
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Fig. 5.4: FTIR spectrum of pyridine with water using 750 mbar He as carrier gas using H2O in the
upper panel (blue) and D2O in the lower panel (orange).[84]
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5.2.3 2,2,2-Trifluoroacetophenone - BC18

For the 2,2,2-trifluoroacetophenone (BC18 one can think of two different hetero dimer
structures, as the water could potentially bind to both of the sides of the asymmetric
ketone. Theory predictions on B3LYP-D3(BJ)/def2-TZVP level and a rotational spec-
troscopic investigation [112] suggest only one stable conformer. The experiments were
conducted using the gratin jet spectroscopy setup and the experimental details can be
found in Table 5.6. The spectra in Figure 5.5 only show one dominant hetero dimer
signal, which scales with the water concentration and is therefor labeled OHb. This is in
good agreement with the theory predictions and [112]. The OHb peak lies at 3611 cm�1.
At lower wavenumbers (at approximately 3450 cm�1) the overtone of the C=O stretching
vibration is visible.

Tab. 5.6: Experimental details on the spectroscopic data on 2,2,2-trifluoroacetophenone (BC18)
water giving the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures,
stagnation pressure and color in the spectrum.[84]
identifier # p(BC18) p(H2O) p(He) note

pulses hPa hPa hPa
20210602-abcdefg 800 0.2 0.1 750 see figure 5.5,

blue
20210603-abcdef 700 0.2 0.2 750 see figure 5.5,

dark blue
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Fig. 5.5: FTIR spectrum of 2,2,2-trifluoroacetophenone with water using 750 mbar He as carrier
gas.[84]
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5.2.4 Tetrahydrofuran - BC20

For tetrahydrofuran (BC20) our theoretical structure search with CREST and later op-
timization on B3LYP-D3(BJ)/def2- level of theory and previous theoretical studies [110]
predict one stable hetero dimer structure. When looking into the spectra in Figure 5.6
one can identify one stable hetero dimer conformer as well, which lies at 3491 cm�1 for
water (upper panel in Figure 5.6) and at 2568 cm�1 for D2O (lower panel in Figure 5.6).
The spectrum is not complicated by pseudo rotation, that was observed in [109, 124]. The
gratin jet spectroscopy setup was used to record the spectra and more data on the shown
spectra can be found in Table 5.7.

Tab. 5.7: Experimental details on the spectroscopic data on tetrahydrofuran (BC20) water giving
the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures, stagnation
pressure and color in the spectrum.[84]

identifier # p(BC20) p(H2O) p(He) note
pulses hPa hPa hPa

20211012-abcde2 800 0.2 0.2 750 see figure 5.6,
dark blue

20210831-abcdf 900 0.1 0.1 750 see figure 5.6,
blue

20210901-abcde 800 0.1 0.25 750 see figure 5.6,
light blue

20210526-abgh�0527-abgh 400 0.2 0.2D 750 see figure 5.6,
orange
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Fig. 5.6: FTIR spectrum of tetrahydrofuran with water using 750 mbar He as carrier gas using H2O
in the upper panel (blue) and D2O in the lower panel (orange).[84]

85



5 The HyDRA Blind Challenge

5.2.5 Cyclooctanone - BC22

Cyclooctanone (BC22) was one of the more tricky candidates even though the spectrum
in Figure 5.7 shows two potential hetero dimer conformers with H2O and D2O as expected
from theory predictions. But the main signal at 3503 cm�1 is in a range where a b2lib
resonance would be expected, and other familiar compounds like cyclohexanone and cy-
cloheptanone (see Chapter 3) are showing a b2lib resonance. In order to find out if the
two signals are two conformers different carrier gas mixtures were tried in order to relax
one signal. Unfortunately the minor signal at 3525 cm�1 is much smaller and it is hard
to evaluate whether the relative intensity ratio is changing. Higher BC22 concentrations
could not been used, as larger clusters start to be present in the spectrum. A measurement
with D2O showing two signals as well is a strong indicator that the second signal belongs
to another conformer and not a b2lib resonance, which is why the signals are labeled
OHb and OHb2 (, and ODb1 + ODb2 respectively). The main signal in the BC22+D2O
spectrum lies at 2587 cm�1 and the minor peak at 2599 cm�1. All spectroscopic data
was recorded using the gratin jet spectroscopy setup and additional details on the shown
spectra can be found in Table 5.8.

A controversial finding comes from microwave spectroscopy, where evidence for a reaction
of cyclooctanone and water to a geminal diol was reported [99].

Tab. 5.8: Experimental details on the spectroscopic data on cyclooctanone (BC20) water giving
the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures, stagnation
pressure and color in the spectrum.[84]

identifier # p(BC22) p(H2O) p(He) note
pulses hPa hPa hPa

20211015-abcd 700 0.1 0.2 750 see figure 5.7,
dark blue

20211014-abcde 800 0.1 0.1 750 see figure 5.7,
blue

20210430-abcde 500 0.1 0.1 375 Ne see figure 5.7,
light blue

20210426-a�0427-ag 150 0.2 0.2D 750 see figure 5.7,
orange
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Fig. 5.7: FTIR spectrum of cyclooctanone with water using 750 mbar He or 375 mbar Ne as carrier
gas using H2O in the upper panel (blue) and D2O in the lower panel (orange).[84]
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5.2.6 1,3-Dimethyl-2-imidazolidinone - BC27

The 1,3-dimethyl-2-imidazolidinone (BC27) was picked to widen the range of functional
groups and the related species tetramethylurea which was investigated in Till Wagners
thesis only showed one stable conformation of the hetero dimer [69]. It is also interesting
for microwave spectroscopy as it is a relatively rigid molecule. The theory predicts only
one stable conformer and the spectra in Figure 5.8 do only show one signal scaling with
the water and BC27 concentration at 3492 cm�1. This makes the signal assignment clear.
The gratin jet spectroscopy setup was used to record the spectra and more details on
the shown spectra can be found in Table 5.9. A study of the 1:1 complex in CCl4 gives
a wavenumber of 3490 cm�1 and 3431 cm�1 in 1,2-dichloroethane.[100] Both values are
close to the recorded jet cooled gas phase value.

Tab. 5.9: Experimental details on the spectroscopic data on 1,3-dimethyl-2-imidazolidinone (BC27)
water giving the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures,
stagnation pressure and color in the spectrum.[84]
identifier # p(BC27) p(H2O) p(He) note

pulses hPa hPa hPa
20210625-adef 500 0.15 0.03 750 see figure 5.8,

dark blue
20210812-abcdefg 800 0.1 0.1 750 see figure 5.8,

blue
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Fig. 5.8: FTIR spectrum of 1,3-dimethyl-2-imidazolidinone with water using 750 mbar He as carrier
gas.[84]

89



5 The HyDRA Blind Challenge

5.2.7 Tetrahydrothiophene - BC29

To include heavier atoms in the blind challenge the sulfur compound tetrahydrothiophene
was examined. Again, theory only predicts one signal. This agrees with the spectral data,
that is showing one signal scaling with the water and BC29 concentration and corresponds
to the hetero dimer (see OHb in Figure 5.9) at 3507 cm�1. The data was collected using
the gratin jet spectroscopy setup and more information on the depicted spectra can be
found in 5.10. The signal assignment is clear and the number of observed conformers
aligns with structural assignment from rotational spectroscopy [111].

Tab. 5.10: Experimental details on the spectroscopic data on tetrahydrothiophene (BC29) water
giving the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures,
stagnation pressure and color in the spectrum.[84]

identifier # p(BC29) p(H2O) p(He) note
pulses hPa hPa hPa

20210721-abcde 800 0.2 0.2 750 see figure 5.9,
dark blue

20210722-abcde 700 0.2 0.25 750 see figure 5.9,
blue
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Fig. 5.9: FTIR spectrum of tetrahydrothiophene with water using 750 mbar He as carrier gas.[84]
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5.2.8 Methyl lactate - BC30

Methyl lactate (BC30) was one of the most challenging compounds for the theory and
the experimental side as it contains an OH group, has multiple docking sites for water
and readily forms higher clusters with itself. To investigate the hydrates of BC30 IR
(gratin jet spectroscopy setup) and Raman (curry jet setup) spectroscopy were used as
complementary techniques, as well as 18O water to ensure that the vibration belongs to
water and not to the methyl lactate itself. In Figure 5.10 the Raman spectra are shown at
the top (lighter tones) and the FTIR spectra at the bottom (darker tones). Spectra with
16O-water are shown in blue, and spectra with 18O-water in green. The experimental
details are given in Table 5.11 and 5.12. The alcohols stretching vibration of BC30 is
labeled BC30 and higher clusters of the pure compound are labeled with a triangle. Two
signals with complementary intensity strength in IR and Raman can be identified as water
signals as they are changing when 18O-water is used. The signal at 3524 cm�1 is labeled
OHb1 as it shifts by 8 cm�1, while the peak at 3474 cm�1 only shifts by 5 cm�1 and is
labeled OHb2. As the water couples to the alcohol of the lactate, the strength of the
shift is indicating how much water character the corresponding vibration has. The theory
predictions on B3LYP-D3(BJ)/def2-TZVP level anticipate one most stable structure. The
water seems to insert into the intramolecular OH bond between the alcohol and ketone
group.[104] This action might be kinetically hindered, giving the conformations higher
in energy a chance to form.[125] The spectral range of the OHb1 would fit the range
for a b2lib resonance. Unfortunately BC30 is forming too many clusters with itself to
securely identify a potential resonance.[126, 127] More experimental data is needed to
evaluate the occurrence of a resonance. A spectrum of the hydrate of the related methyl
2-hydroxyacetate for comparison was recorded and is shown in the Supplement 8.3.4, but
further work is needed before the work can be published.

Tab. 5.11: Experimental details on the Raman spectroscopic data on methyl lactate (BC30) +
water giving the spectral identifiers ([yyyymmdd]-[averaged spectra]), the total detection
duration ttot of added recording, the a rough estimate of the partial pressures assuming
saturated vapor at the mass flow controllers, the stagnation pressure and color in the
spectrum.[84]

identifier ttot p(BC30) p(H2O) p(He) note
s hPa hPa hPa

Raman
20211027-a 6000 0.5 1 700 16O, see figure 5.10,

blue
20211215-a 6000 0.5 1 700 18O, see figure 5.10,

green
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 3350 3400 3450 3500 3550 3600 3650 3700 3750 3800

16OHb1

16OHb2

18OHb2

impurity?

impurity?

0.05 Counts/s

16OHb1

18OHb1

(OHf)

BC30
lg(I0/I)=10−4

8 cm−1

5 cm−1

w

BC30 homodimers

Wavenumber /cm−1

BC30 0.5 hPa + H2O 1 hPa (Raman)
BC30 0.5 hPa + H2

18O 1 hPa (Raman)
BC30 0.1 hPa + H2

18O 0.2 hPa (IR)
BC30 0.1 hPa + H2O 0.2 hPa (IR)

Fig. 5.10: Raman (lighter shades) and IR spectra (darker shades) of methyl lactate with 16O-water
(blue tones) and 18O-water (green tones). Helium is used as carrier gas in both experi-
ments and additional information on the spectra can be found in the Tables ??.[84]
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Tab. 5.12: Experimental details on the IR spectroscopic data on methyl lactate (BC30) with water
giving the spectral identifiers ([yyyymmdd]-[averaged spectra]), the partial pressures,
stagnation pressure and color in the spectrum.[84]

identifier # p(BC30) p(H2O) p(He) note
pulses hPa hPa hPa

IR
20210811-abcdef+0809-abcdef 600 0.1 0.2 750 18O, see figure 5.10,

dark green
20210810-abcdefg 800 0.1 0.2 750 16O, see figure 5.10,

dark blue
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5.2.9 1-Phenylcyclohexane-cis-1,2-diol - BC36

The 1-phenylcyclohexane-cis-1,2-diol (BC36) was measured by the group of Prof. Anne
Zehnacker-Rentien from France as is was not suited for our experimental setups. Their
setup is allowing a size selective investigation of the complex using an IR-UV double
resonance method [128, 129]. More information can be found in the Supplement of [84].

In Figure 5.11 depletion spectra are shown, with 16O water in the upper spectrum and
18O-water in the lower one. Jet cooled molecular clusters are ionized using an UV (ultra-
violet) laser and the mass to charge ratio (m/z) is detected at a time of flight mass (TOF)
detector. When the UV absorbtion maximum of the species of interest (here hydrate)
is found, the UV wavelength is kept constant and the m/z ratio of the species is moni-
tored over time while an additional IR laser comes into play. Whenever the IR excitation
matches a vibrational frequency, the later UV excitation does no longer match the ioniza-
tion energy and the signal in the TOF decreases. This is observed for four peaks in the
OH stretching region. When comparing the spectra with the two different water isotopes
one can observe, that two of them are not changing position (3542 and 3480 cm�1) and
they can be assigned to the OH groups of the diol. The other two signals change position,
the one at higher wavenumber changes from 3722 to 3707 cm�1 when changing from 16O-
to 18O-water and belongs to the OHf vibration. The other signal shifting from 3597 to
3589 cm�1 is labeled OHb. The experimental data in the figure is smoothed by 5-point
smoothing.

The signal assignment is further supported by a study in which BC36 monomer was
measured in CCl4 solution, revealing signals close to the alcohols stretching vibrations in
this spectrum at 3549 and 3586 cm�1 [106].
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 3350 3400 3450 3500 3550 3600 3650 3700 3750 3800

50 % depletion

14 cm−1 8 cm−1

OHf OHb

OHf OHb

Wavenumber /cm−1

BC36 + H2O
BC36 + H2

18O

Fig. 5.11: IR depletion spectrum of BC36+water using 16O- and 18O-water to securely assign the
OH stretching vibrations of water.[84]
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5.2.10 2,2,2-Trifluoroethan-1-ol - BC38

2,2,2-Trifluoroethan-1-ol (BC38) is the only compound that was only studied using Raman
spectroscopy at the curry jet setup as only a weak shift is expected, because water acts
as an acceptor for the alcohol functional group in the predicted minimum structure, but
is also donating to the fluorine of BC39. Theory predictions give one dominant hetero
dimer, which goes along with observations from rotational spectroscopy [104]. The spectra
of BC39+H2O are shown in the upper two traces and H2O alone is shown in the lowest
trace in Figure 5.12. The experimental details are given in Table 5.13. In the two mixed
spectra the prominent shoulder next to the symmetric OH stretching vibration of water
and BC39 monomer (both at 3657 cm�1) is well visible and belongs to the OHb stretching
vibration, and lies at 3649 cm�1. The OHf vibration is very weak and can be found at
3719 cm�1. The shifted OH stretching vibration of the alcohol is labeled OHb2. The OHb

signal can also be spotted in [113].

Tab. 5.13: Experimental details on the spectroscopic data on 2,2,2-trifluoroethan-1-ol (BC38) +
water giving the spectral identifiers ([yyyymmdd]-[averaged spectra]), the total detection
duration ttot of added recording, the a rough estimate of the partial pressures assuming
saturated vapor at the mass flow controllers, the stagnation pressure and color in the
spectrum.[84]
identifier ttot p(BC38) p(H2O) p(He) note

s hPa hPa hPa
Raman
20210907_a 4800 1 1 700 see figure 5.12,

light blue
20210908_a 5760 1 2 700 see figure 5.12,

dark blue
20210907_c 4800 0 2 700 see figure 5.12,

gray

97



5 The HyDRA Blind Challenge

 3350 3400 3450 3500 3550 3600 3650 3700 3750 3800

0.1 Counts/s

BC38

OHb

OHb2

(OHf)

w

BC38 homodimers

Wavenumber /cm−1

BC38 1 hPa + H2O 2 hPa
BC38 1 hPa + H2O 1 hPa

H2O 2 hPa

Fig. 5.12: Raman spectrum of 2,2,2-trifluoroethan-1-ol with water (blue tones) and a spectrum with
pure water in black. Helium was used as carrier gas.[84]
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5.2.11 Statistics

A lot of people were involved in the HyDRA blind challenge, 7 people from two groups
from two different countries were involved in collecting all the experimental data, deciding
on the training and test set and curating the data. On the theoretical side 28 people from
11 groups from 8 different countries and 3 continents were involved and submitted 20 sets
of data.
The theory submissions were mainly evaluated by Prof. Ricardo A. Mata and Dr. Ben-
jamin Schröder and can be found in [84]. As the evaluation took a long time and the
paper was submitted to Phys. Chem. Chem. Phys. in March 2023, there was no time to
include the results in this thesis.

In Table 5.14 it is listed how many of the theory submissions featured a molecule from the
training and test set using the three letter codes which were introduced in Chapter 5.1.

Tab. 5.14: Statistics on the submissions featuring specific molecules from the training and test set
and the average.[84]

training set
molecule ACE IMZ CBU ANL OCP APH POH TFB DBN DBF
Submitted by 65 50 45 50 50 45 45 50 40 40
/%
test set
molecule FAH THF PYR THT TFE MLA DMI CON TPH PCD
Submitted by 100 100 95 100 90 60 60 70 70 50
/%

From the training set half of the molecules were included in the submissions on average.
Acetone was submitted most often and the large dibenzofuran and the nitroxy radical
DBN the least often. For the test set a molecule was submitted in 80% of the data sets on
average. Here 3 molecules were included in all 20 submissions (formaldehyde, tetrahydro-
furan, and tetrahydrothiophene) and pyridine and 2,2,2-trifluoroethan-1-ol were included
in most of the submissions (in ¥90%). PCD was submitted the least often. In general
larger molecules and molecules with more OH groups seemed to be less favored by theory.
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5 The HyDRA Blind Challenge

5.2.12 Summary and Outlook

With this project we could successfully characterize the ten systems from the test set
using different spectroscopy techniques and adding isotope data for 6 of the investigated
systems. A b2lib resonance could not be observed in the monohydrates of the test set,
which is not too bad as none of the theory submissions featured additional information
on it. Neither did any of the theory submissions contain information on the deuterated or
18O-water. One way of a potential next round of HyDRA would be to focus on the effects
isotopes have on the energy landscape of a molecular system with different conformers. In
this work multiple examples for drastic changes in the conformer stability are shown. For
TEMPO+H2O for example the spectrum changes from at least 4 signals to only one signal
when changing from water to deuterated water (further information see Chapter 4.1.1
and [20]). But also the intensity ratio of the cyclooctanone+H2O spectrum changes when
deuterated water is used (see Chapter 5.2.5). The most challenging part of planning such
a challenge would probably be to find suitable candidates for the experiments.

The OH shifts covered in this blind challenge are listed in Table 5.15 in which the
wavenumber of OHb vibration and OH shifts (∆ν̃OH) for the training and test set are
listed. For the training set a range of 10–199 cm�1, and for the test set a wavenumber
range of 8–203 cm�1 is covered, which is close to the training set. One possible extension
to HyDRA would be to aim for stronger OH shifts.

Tab. 5.15: Wavenumbers of the OHb vibration and the corresponding OH shifts (∆ν̃OH) for the
training and test set molecules giving the 3 letter code.[84]

Training Set Test Set
Code OHb ∆ν̃OH Code OHb ∆ν̃OH

cm�1 cm�1 cm�1 cm�1

ACE 3538 119 FAH 3591 66
IMZ 3458 199 THF 3491 166
CBU 3548 109 PYR 3454 203
ANL 3524 133 THT 3507 150
OCP 3595 62 TFE 3649 8
APH 3536 121 MLA 3524 133
POH 3620 37 DMI 3492 165
TFB 3647 10 CON 3503 154
DBN 3484 173 TPH 3611 46
DBF 3623 34 PCD 3597 60

The data collected for HyDRA and other data presented in this work will be made available
on qmbench.net as an experimental data set for benchmarking. We hope to be able to
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extend this set in the future by more substances with more chemical diversity and even
stronger shifts, dihydrates or even charged particles. Another round for HyDRA might
also be launched in the future.
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6 Benzaldehyde Hydrates - an IR Study

6.1 Motivation

After benzaldehyde and 4-fluorobenzaldehyde were considered as candidates for the Hy-
DRA blind challenge, but first tests during the bachelor thesis of Margarethe Bödecker
[29] were not conclusive, we reached out to microwave spectroscopists. Luckily Jun.-Prof.
Daniel Obenchain and his PhD student Robin Dohmen were working with benzaldehy-
des as well as Weixing Li, who was about to publish a paper of benzaldehyde-water
complexes.[130] He was measuring the data at the DESY in Hamburg and successfully
assigned benzaldehyde+(H2O)n with n=1–6. On one hand he was kind enough to give
us the number of monohydrates and enabled the IR study to proceed, on the other hand
he asked Robin and Daniel to look for a splitting of the benzaldehyde (H2O)5,6 complex,
which gave me a topic for my lab rotation in the Obenchain group. In return, Robin joint
me for the IR investigation of the benzaldehyde monohydrates at the gratin jet spec-
troscopy setup. Benzaldehyde monohydrates can be regarded as carbonyl scales, which
I investigated during my master thesis [131] and have been used in the Suhm group as
model to investigate dispersion interactions since 2017.[18, 48, 131–133] These so-called
carbonyl scales are particularly useful for the investigation and benchmarking dispersive
forces, because the keto group of an asymmetric carbonyl offers the donor molecule two
docking sites at the oxygen lone pairs with comparable ZPVEs.[48] In earlier studies the
more complicated comparison between an eg. oxygen lone pair and the π-system of an
aromatic ring has been an issue.[9] In this work the binding preference of the water is
determined.

Due to technical problems with the instrument of the Obenchain group, further steps to
investigate the potential splitting of the benzaldehyde (H2O)5,6 complex are not planned.
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6 Benzaldehyde Hydrates - an IR Study

Tab. 6.1: All benzaldehyde derivatives, their abbreviation, vendor, purity and spectral identifier
([yyyymmdd]-[averaged spectra]).

Chemical Code Purity Vendor Identifier
Benzaldehyde BA ¡ 99% Sigma Aldrich 20221007-abc
2-Fluorobenzaldehyde 2FBA 97% Sigma Aldrich 20221011-abcd
3-Fluorobenzaldehyde 3FBA 97% Sigma Aldrich 20221125-abcd
4-Fluorobenzaldehyde 4FBA 98% Sigma Aldrich 20220510-abc
3,5-Difluorobenzaldehyde 35DFBA 99.86% BLD PHARMA- 20220615-ab

TECH

6.2 IR Investigation

For the IR study the monohydrates of five different benzaldehydes were investigated, ben-
zaldehyde (BA), 2-fluorobenzaldehyde (2FBA), 3-fluorobenzaldehyde (3FBA), 4-fluorobenz-
aldehyde (4FBA) and 3,5-difluorobenzaldehyde (35DFBA). The expected conformers from
a theoretical structure search with CREST and a follow up optimization on B3LYP-
D3(BJ)/def2-TZVP are depicted in figure 6.1 and 6.2. For each benzaldehyde species the
relative energy differences between the different monohydrate conformers are given. For
BA, 2FBA, 4FBA and 35DFBA monomer only one stable conformer was found, while for
3FBA the fluorine atom can point in cis or trans direction relative to the carbonyl group.
For 2FBA the same applies, but the cis conformer is predicted to be 9 kJ mol�1 higher
in energy and the spectrum does not show any evidence for more than two conformers.
Each monomer conformation offers water at least two binding sites at the carbonyl group
and for all BAs the water binding from the side of the phenyl ring is predicted to be more
stable. A more detailed analysis of the theoretical predictions is given in Table 6.2 where
the relative energies ∆E0, the predicted OHb stretching vibration ω (predicted value and
scaled value, scaling factor 0.98 (compare to scaling factor derived in Chapter 3)), the IR
intensity and the difference of the predicted, scaled wavenumbers ∆ωscaled between the
conformers are given.

The chemicals, their vendor, purities, abbreviations and spectral identifiers used in this
study are given in table 6.1.

Figure 6.3 shows the infrared spectra of the different benzaldehyde species with water
expanded in 750 mbar He in the novel gratin jet spectroscopy setup. Water monomer
signals are labeled w and the mixed dimer signals OHPh and OHH. In order to assign
the signals to the different conformers, a comparison to theory values was performed.
For the assignment, the scaled wavenumbers from the theory predictions and the relative
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ΔE0 = 3.2 kJ/mol ΔE0 = 0.0 kJ/mol

ΔE0 = 3.6 kJ/mol ΔE0 = 0.0 kJ/mol

ΔE0 = 2.4 kJ/mol ΔE0 = 0.0 kJ/mol

BA

2FBA

4FBA

Fig. 6.1: Minimum structures of investigated benzaldehyde water complexes and the energy differ-
ence compared to the most stable conformer within one group. The minimum structures
were determined using CREST and later optimized on B3LYP-D3(BJ)/def2-TZVP level
on ORCA 4.2.1. Benzaldehyde is shortened as BA, 2-fluorobenzaldehyde as 2FBA and
4-fluorobenzaldehyde as 4FBA.
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ΔE0 = 1.9 kJ/mol ΔE0 = 0.0 kJ/mol

ΔE0 = 1.9 kJ/mol ΔE0 = 0.1 kJ/mol

ΔE0 = 2.9 kJ/mol ΔE0 = 0.0 kJ/mol

3FBA

35DFBA

cis

trans

Fig. 6.2: Further minimum structures of investigated benzaldehyde water complexes and the energy
difference compared to the most stable conformer within one group. The minimum struc-
tures were determined using CREST and later optimized on B3LYP-D3(BJ)/def2-TZVP
level on ORCA 4.2.1. 3-Fluorobenzaldehyde is shortened as 3-FBA (with cis/trans iso-
merism of the aldehyde oxygen relative to the fluorine) and 3,5-difluorobenzaldehyde as
35DFBA.
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Fig. 6.3: Jet cooled infrared spectra of monohydrates of different benzaldehyde derivatives. The
molecules were expanded using helium as carrier gas and a stagnation pressure of 750 mbar.
The concentration of the benzaldehyde derivative and the corresponding water concentra-
tion used is given in hPa in the title. The hetero dimer signals are labeled OHPh and OHH
and water monomer signals with w.
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Tab. 6.2: Theoretical predictions featuring the energy differences between different conformers of a
variety of hydrated benzaldehyde species using the energies corrected by the zero point
vibrational energy (∆E0) on B3LYP-D3(BJ)/def2-TZVP level. Additionally the predicted
wavenumber (ω) of bound OH-stretching vibration (unscaled and scaled by a factor of
0.98)) and their infrared intensities are given.

Structure ∆E0 ω ωscaled IR Int ∆ωscaled

/kJ mol�1 /cm�1 /cm�1 / km mol�1 /cm�1

BAH 2.4 3634 3561 510 0
BAPh 0.0 3646 3573 360 12

2FBAH 3.6 3644 3571 480 0
2FBAPh 0.0 3653 3580 340 9
4FBAH 3.2 3637 3564 500 0
4FBAPh 0.0 3644 3571 350 7

cis-3FBAH 1.9 3648 3575 440 0
cis-3FBAPh 0.1 3659 3586 310 11

trans-3FBAH 2.9 3649 3576 440 1
trans-3FBAPh 0.0 3656 3583 339 8

35DFBAH 1.9 3663 3590 380 0
35DFBAPh 0.0 3673 3600 270 10

positions between the conformer signals were taken into account. In all cases the signal
labeled OHPh corresponds to the conformers where the water approaches the benzalde-
hyde lone pair from the side of the phenyl ring and OHH to the conformer where water
binds from the less sterically hindered side of the H atom. The scaled value of the theory
prediction is given in Figure 6.3 as vertical line towards the label.
For the BA spectrum the predicted scaled wavenumbers and the experimental signals are
in good agreement (compare to Table 6.3) as well as the predicted wavenumber difference
between the signals. The same holds true for 2FBA and 4FBA.
If one moves to a more complicated candidate where the benzaldehyde itself not only
have one stable conformer present in the expansion, the assignment is not as secure. For
3FBA, the benzaldehyde monomer has two different conformers. For both benzaldehyde
conformers two conformers with water are possible. All four conformers are close in en-
ergy and the differences of the OH shifts are small. For the OHH conformers the predicted
wavenumber difference amounts only 1 cm�1, so the signal in Figure 6.3 might correspond
to two conformers. The OHb signals have a predicted wavenumber difference of 3 cm�1

and the signal in the spectrum is broader. To assign the signals in the 3FBA spectrum,
35DFBA was measured, as it only has one stable conformer in the expansion (for the
monomer), but should provide a similar sterical environment as the 3FBAPh. Unfortu-
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Tab. 6.3: Signal assignment using the experimental wavenumbers and the scaled frequencies from
the theoretical predictions from table 6.2. The experimental wavenumbers for 3FBA are
left open as the cannot be assigned securely.

Structure ν̃exp ωscaled Signal
/cm�1 /cm�1

BAH 3556 3561 OHb2
BAPh 3570 3573 OHb

2FBAH 3564 3571 OHb2
2FBAPh 3576 3580 OHb

4FBAH 3560 3564 OHb2
4FBAPh 3570 3571 OHb

cis-3FBAH 3575 OHb2
cis-3FBAPh 3586 OHb

trans-3FBAH 3576 OHb2
trans-3FBAPh 3583 OHb

35DFBAH 3580 3590 OHb2
35DFBAPh 3590 3600 OHb

Tab. 6.4: All values needed to calculate the ratio between the two conformers c(OHH)/c(OHPh) for
BA, 2FBA, and 4FBA.

Structure σ(OHPh)/σ(OHH) I(OHH)/I(OHPh) c(OHH)/c(OHPh) H:Ph
BA 0.7 1.2 � 0.2 0.87 1:1

2FBA 0.7 0.4 � 0.1 0.26 1:4
4FBA 0.7 0.5 � 0.1 0.36 1:3

nately 35DFBA is not as volatile as the other benzaldehydes and seems to form higher
clusters more easily which is why the spectrum in Figure 6.3 is not helpful in assigning
the 3FBA signals. As a possible continuation of the project, further concentration series
of 35DFBA could be measured and a 3FBA+water spectrum with Ne as carrier gas, to
obtain a stronger cooling, and hopefully only observe one of the 3FBA conformers. But
as the conformers are very close in energy this plan might not be realistic. One could also
try measuring with a higher spectral resolution, but this would require much more time
and scans as tests with the spectrometer have shown 2.2.5.
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6 Benzaldehyde Hydrates - an IR Study

6.2.1 Signal Integration

In order to evaluate the abundance of the different benzaldehyde monohydrates, the
signal intensities of OHPh and OHH for BA, 2FBA and 4FBA were integrated using
integration method D (introduced in Chapter 1.1.3). The intensity ratio was formed
(I(OHPh)/I(OHH)) as well as the corresponding ratio of the harmonically computed ab-
sorption cross sections (σ(OHH)/σ(OHPh)).

cpOHHq

cpOHPhq
�

IpOHHq

IpOHPhq

σpOHPhq

σpOHHq
(6.1)

The abundance between the two conformers is then estimated using Equation 6.1 and the
results are listed in Table 6.4.

For the integration method D the simulation was run 50 000 times and the standard
deviation of the signal intensity ratio was formed. The results of the signal integration,
the corresponding error and the ratio of the absorption cross section as well as the corre-
sponding abundance ratios of the monohydrate conformers are give in Table 6.4.

While for the hydrates of BA the two conformers appear in an 1:1 ratio in the expansion,
the conformer where the water is binding from the phenyl rings side is favored in 2FBA
and 4FBA hydrates. The energy difference between the two conformers is smaller for
BA+H2O than for the two other species, but is larger than one would expect for a 1:1
distribution between the conformers in the expansion. The most probable explanation
is that the theoretical method (B3LYP-D3(BJ)/def2-TZVP) is overestimating the energy
differences. Future work including higher level methods may solve this case.
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7 Summary and Outlook

In this work with the goal to obtain benchmarking data, first the novel gratin jet spec-
troscopy setup was introduced and some tests were performed. The new setup has the
advantage that the gas mixture can be recycled and is not lead to the exhaust what
reduces the substance consumption by at least one order of magnitude and allows the
use of pricier chemicals and carrier gasses. But the recycling concept of the setup leads
to a problem, water is desorbing from the walls and traces of water monomer become
visible after some gas cycles. Once hydrate clusters are investigated, this is no longer a
disadvantage.[2] Even though hydrates have a lot to offer, like the b2lib resonance [14],
we aim to at least reduce the amount of water inside the jet in the future. First steps
will be the usage of a pump that can fully be evacuated. Another project is to test the
heatable nozzle and the heating of the whole system. Other interesting projects would
be to investigate warmer expansions by lowering the stagnation pressure and trying to
create nano matrices by using heavier and/or more electron rich carrier gasses.

A lot of benchmarking suited data was produced, ranging from neutral hydrate cluster
from the HyDRA blind challenge [84] to more complex systems as the jet cooled gas phase
spectra of hydrates of stable radicals [20] or the b2lib resonance [14]. For many of the
systems also isotopic data is available. All 44 published OHb stretching wavenumbers
and vibrational shifts ∆ν̃OH are given in Table 7.1 and 7.2 sorted by the name of the
acceptor molecule and water isotopes. For HDO an underscore is marking the binding
hydrogen isotope. For candidates with a b2lib resonance the deperturbed values are given
and they are marked with *. If the OHb stretching vibration couples with an alcohol, the
OH stretching vibration with more water character is listed. For substances with more
than one conformer, the most stable one is listed first, followed by the others.
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7 Summary and Outlook

Tab. 7.1: Experimental IR wavenumbers of all substances measured for this work giving the sub-
stance, CAS registry number, the water species and the OHb and ∆ν̃OH (relative to
3657 cm�1). For candidates with a b2lib resonance the perturbed wavenumber is given
and the substance is marked with a *.

Substance CAS No Water OHb ∆ν̃OH
species cm�1 cm�1

acetone[14]* 67-64-1 H2O 3538 119
acetone[14]* 67-64-1 H18

2 O 3528
acetone D6[14]* 666-52-4 H2O 3537 120
acetone-2-13C[14]* 3881-06-9 H2O 3537 120
acetophenone[14]* 98-86-2 H2O 3536 121

3567 90
cyclobutanone[14] 1191-95-3 H2O 3548 109
cycloheptanone[14]* 502-42-1 H2O 3512 145
cyclohexanone[14]* 108-94-1 H2O 3532 125
cyclooctanone[84] 502-49-8 H2O 3503 154

3525 132
cyclooctanone[84] 502-49-8 D2O 2573

2583
4,4-dimethylcyclohexanone[14]* 4255-62-3 H2O 3513 144
1,3-dimethyl-2-imidazolidinone[84] 80-73-9 H2O 3492 165
(–)-fenchone[14]* 7787-20-4 H2O 3511 146
2-fluoroacetophenone[14] 445-27-2 H2O 3545 112

445-27-2 H2O 3576 81
formaldehyde[84] 50-00-0 H2O 3591 66
formaldehyde[84] 50-00-0 D2O 2629
1-hydroxy-2,2,6,6-tetramethyl-piperidine[79] 7031-93-8 H2O 3534 123
methyl lactate[84] 547-64-8 H2O 3524 133
methyl lactate[84] 547-64-8 H18

2 O 3516
1-phenylcyclohexan-cis-1,2-diol[84] 125132-75-4 H2O 3597 60
1-phenylcyclohexan-cis-1,2-diol[84] 125132-75-4 H18

2 O 3589 68
pinacolone[14]* 75-97-8 H2O 3533 124
pyridine[84] 110-86-1 H2O 3454 203
pyridine[84] 110-86-1 D2O 2541
pyridine[84] 110-86-1 HOD 3464
pyridine[84] 110-86-1 DOH 2549
tetrahydrofuran[84] 109-99-9 H2O 3491 166
tetrahydrofuran[84] 109-99-9 D2O 2568
tetrahydrofuran[84] 109-99-9 HOD 3503
tetrahydrofuran[84] 109-99-9 DOH 2579
tetrahydrothiophene[84] 110-01-0 H2O 3507 150
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Tab. 7.2: Experimental IR wavenumbers of all substances measured for this work giving the sub-
stance, CAS registry number, the water species and the OHb and ∆ν̃OH (relative to
3657 cm�1). For candidates with a b2lib resonance the perturbed wavenumber is given
and the substance is marked with a *.

Substance CAS No Water OHb ∆ν̃OH
species cm�1 cm�1

2,2,6,6-tetramethylcyclohexanone[20]* 1195-93-3 H2O 3550 107
3,3,5,5-tetramethylcyclohexanone[14]* 14376-79-5 H2O 3510 147
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl[20]* 2564-83-2 H2O 3497 160
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl[20]* 2564-83-2 H18

2 O 3486
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl[20] 2564-83-2 D2O 2572
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl[20] 2564-83-2 HOD 3514
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl[20] 2564-83-2 DOH 2556
2,2,2-trifluoroacetophenone[84] 434-45-7 H2O 3611 46
2,2,2-trifluoroethan-1-ol[84] 75-89-8 H2O 3649 8

In total a number of 25 substances (counting all acetone derivatives) was investigated and
44 OH/OD shifts could be reported. The data will be made available for the benchmarking
community on the qmbench.net website.

We hope that the BENCh RTG2455 will kick start more benchmarking projects and blind
challenges after the first HyDRA blind challenge was a success with 11 participating groups
providing 20 data sets for comparison with the experimental values. We were happy to
be able to provide the experimental data for all 10 systems and hope to add even more
hydrates to the data base.
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8.1 Energy Consumption Gratin Jet Spectroscopy Setup

Tab. 8.1: Energy consumption of some of the components of the gratin jet spectroscopy setup.
Component Energy Consumption /W
ACP dry pump 630
Edwards nXDS dry pump 300
external light source (W150) on 200
Cooling of light source 40
Spectrometer (no measurement running) 70
Computer 40
Turbomolecular pump (with ACP) 150
Turbomolecular pump (starting + gas load) 1250
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8.2 Experimental Details

8.2.1 A Rather Universal Resonance

Tab. 8.2: Details on the recorded spectra in Chapter 3 giving the number of collected pulses #
and the dates dd/mm/yyyy of record and used optical filter F (F20: < 4000 cm�1, F13:
2500 cm�1–4100 cm�1).[14]

Code # dd/mm/yyyy F
C4 700 10/02/2020 F20
2FAph 900 25/04/2019 F13
Aph 900 09/04/2019 F13

+ 16/04/2019
Ace 850 11/12/2020 F13
Pin 700 03/04/2019 F13
C6 900 12/02/2020 F20
Fen 700 20/05/2020 F20
44C6 800 06/05/2020 F20
3355C6 690 24/04/2020 F20
C7 850 21/04/2020 F20
D6Ace 900 12/12/2019 F13
13CAce 1100 17/06/2020 F20
Ace with 18OHH 900 23/07/2020 F20
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8.2.2 Radicals

Tab. 8.3: Experimental details of the spectra shown in Chapter 4.1.1 Figure 4.2 giving the number
of averaged gas pulses # and the date the spectrum was recorded dd/mm/yyyy and
expanded and the He:Ne gas mixture used as carrier gas.[20]

Spectrum He:Ne # dd/mm/yyyy Figure
TEMCO + H2O 1:0 900 14/09/2020 S2
TEMCO + H2O 1:0 800 17/09/2020 2 A; S2
TEMPO + H2O 1:0 900 23/09/2020 S2
TEMPO + H2O 1:0 900 24/09/2020 2 C; S2
TEMPO + H2O 1:1 1200 20/10/2020 2 D
TEMPO + H18

2 O 1:1 750 03/11/2020 2 F
minus TEMPO + H2O (20/10/2020)
TEMPO + D2O 1:0 800 10/11/2020 2 H, 2 J
450 scans (10/11/2020) plus 11/11/2020
350 scans (11/11/2020)

Tab. 8.4: Experimental details on the spectra shown in Chapter 4.1.3 Figure 4.9 and 4.10. The
spectroscopic data was obtained by averaging # scans of 133 ms He gas pulses with a
stagnation pressure of 0.75 bar. The date on which the spectrum was recorded is given as
dd/mm/yyyy. The partial pressures for TEMPO-H (pTH), TEMPO (pT), and water (pw)
are also given in Figures 4.9 and 4.10.[79]

pTH/hPa pT/hPa pw/hPa # dd/mm/yyyy
0.05 0.00 0.00 1000 01/11/2021
0.10 0.00 0.00 1000 20/10/2020
0.05 0.00 0.05 1000 19/08/2022
0.05 0.00 0.00 1000 01/11/2021
0.05 0.10 0.00 1000 13/05/2022
0.05 0.05 0.00 1000 04/11/2021
0.10 0.05 0.00 1000 22/08/2022
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8.3 Unpublished Hydrate Spectra

8.3.1 Additional Data on Acetophenone Hydrates

Acetophenone + 18O-water

In order to further investigate the b2lib resonance, which is described in Chapter 3,
Acetophenone (APh in the following) was not only investigated using 16O-water, but also
with 18O-water. As acetone with 18O-water was the easier example, the data on APh was
not included in the publication and spared for the HyDRA blind challenge (described in
Chapter 5). It was not included in the end, as other molecular clusters seemed better
suited. As isotopic data were not included in the theory submissions it would not have
been a good addition anyway.

Tab. 8.5: Experimental details of the spectra shown in Figur 8.1 giving the number of averaged gas
pulses # and the spectral identifiers [yyyymmdd]-[averaged spactra]. In all measurements
helium was used as carrier gas with a stagnation pressure of 750 mbar.
Spectrum Molecule # Identifier
violet Acetophenone + 18O-water 500 24/07/2020-abcdefg
red Acetophenone + 16O-water 1600 09/04/2019-abcdefg

17/04/2019-abcdefgh

The spectra are shown in Figure 8.1 and more details on the experiment are given in
Table 8.5. The upper violet spectrum containing APh, 18O-water and traces of 16O-water
is subtracted by the scaled (scaling factor=0.6) spectrum of APh with 16O-water, resulting
in the blue spectrum. As expected the difference spectrum is revealing 3 signals similar to
the APh+H16

2 O. The signals labelled 18OHPh correspond to the OHb stretching vibration
of water docking to the APh from the side of the phenyl ring and 18OHMe to the docking
from the direction of the methyl side. 18b2lib labels the b2lib resonance. All wavenumbers
are listed in Table 8.6.

Tab. 8.6: Wavenumbers of all assigned OH signals in Figure 8.1 for APh with 16O- and 18O-water.
assignment H16

2 O /cm�1 H16
2 O /cm�1

p18qOHPh 3567 3558
p18qOHMe 3536 3526
p18qb2lib 3515 3504
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Fig. 8.1: FTIR spectra of APh with 18O (violet) and 16O-water (red). The red spectrum is scaled by
a factor of 0.6 and is subtracted from the purple spectrum to obtain a more clear spectrum
of APh with 18O water. Details on the spectra can be found in Table 8.5. All spectra were
recorded using a 750 mbar expansion of helium.
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4-Fluoroacetophenone Hydrates

Another potential candidate for the b2lib resonance was 4-fluoroacetophenone (4FAPh;
99%, Acros Organics, Lot:A0382614). As shown in Figure 8.2 the OHPh and OHMe can
be assigned easily to the signals at 3568 and 3540 cm�1 respectively. In the red and violet
spectrum the OHMe signal may be overlapped by signals of larger clusters and therefor
scale different compared to OHPh. If a b2lib resonance is present or not is difficult to tell as
there is no clear assignment possible. The OH shift of OHMe is close enough to 3510 cm�1

to show a resonance and a potential b2lib resonance would assigned to the small signal
at 3512 cm�1. Another measurement with a small 4FAPh concentration with more water
might solve the issue, but due to the insecure assignment the spectrum was not included
in the b2lib publication [14]. More information on the experimental conditions can be
found in Table 8.7.

Tab. 8.7: Experimental details of the spectra shown in Figur 8.5 giving the number of averaged gas
pulses # and the dates on which they were recorded (dd/mm/yyyy). In all measurements
helium was used as carrier gas with a stagnation pressure of 750 mbar.

Spectrum # dd/mm/yyyy
Fig 8.2 violet 700 16/07/2019
Fig 8.2 red 500 17/07/2019
Fig 8.2 blue 900 19/07/2019
Fig 8.2 orange 800 18/07/2019
Fig 8.2 black 400 17/07/2019

120



8.3 Unpublished Hydrate Spectra

 3300 3400 3500 3600 3700 3800

w

w

w

OHPh

OHMe

b2lib?

OHf

2C=O

lg(I/I0) = 10−3

Wavenumber /cm−1

4FAPh 0.40 hPa
4FAPh 0.20 hPa
4FAPh 0.20 hPa
4FAPh 0.10 hPa
4FAPh 0.10 hPa

Fig. 8.2: FTIR spectra of 4FAPh hydrates. Details on the spectra can be found in Table 8.7. All
spectra were recorded using a 750 mbar expansion of helium.
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All Acetophenone Hydrates

Tab. 8.8: Experimental details of the spectra shown in Figur 8.3 giving the number of averaged gas
pulses # and the spectral identifiers [dd/mm/yyyy]-[averaged spectra]. In all measure-
ments helium was used as carrier gas with a stagnation pressure of 750 mbar.

Spectrum Molecule Abbreviation # Identifier
violet Trifluoroacetophenone TFAPh 1500 02/06/2021-abcdefg

02/06/2021-abcdef
red 2-Fluoroacetophenone 2FAPh 1600 24/04/2019-abcdefg

26/04/2019-abcdefgh
blue 4-Fluoroacetophenone 4FAPh 1400 17/07/2019-abcde

19/07/2019-abcdefgh
orange Acetophenone APh 1600 09/04/2019-abcdefg

17/04/2019-abcdefgh

In this work many hydrates of different acetophenone derivatives were investigated, namely
trifluoroacetophenone (TFAPh), 2-fluoroacetophenone (2FAPh), 4-fluoroacetophenone
(4FAPh) and acetophenone (APh). In Figure 8.3 an overview of the hydrates of the four
investigated acetophenones can be found and further details on the recorded spectra are
listed in Table 8.8. The spectra are sorted by the OH shift of water, the stronger the OH
shift, the lower they are shown in the figure. More spectra of TFAPh can be found in
Chapter 5.2.3, Aph and 2FAPh are also shown in Chapter3 and 4FAPh can be found in
Chapter 8.3.1.
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Fig. 8.3: FTIR spectra of all incvestigated hydrates of acetophenone derivatives. Details on the
spectra can be found in Table 8.8. All spectra were recorded using a 750 mbar expansion
of helium.
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8.3.2 1,4-diazabicyclo[2.2.2]octane (DABCO) Hydrate
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Wavenumber /cm−1
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DABCO 0.10 hPa H2O 0.10 hPa
DABCO 0.10 hPa H2O 0.20 hPa

Fig. 8.4: FTIR spectrum of DABCO (99.93%, BLDpharm, Cat.#BD54566-5g) in 750 mbar He.
The water is offered two equivalent binding sites, making the distinction between a po-
tential resonance and higher clusters challenging without size selective methods. Further
experimental and theory work is needed before the spectrum can fully be understood.
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8.3.3 Cyclopentanone

Cyclopentanone Hydrate

Tab. 8.9: Experimental details of the spectra shown in Figur 8.5 giving the number of averaged
gas pulses # and the date the spectrum was recorded dd/mm/yyyy. All substances were
expanded in 750 mbar helium.

Spectrum # dd/mm/yyyy
Fig 8.5 violet 600 04/05/2020
Fig 8.5 red 400 16/03/2020
Fig 8.5 blue 750 29/04/2020
Fig 8.6 violet 800 29/07/2020

In order to investigate the resonance described in Chapter 3 the hydrates of cyclopen-
tanone (99%, abcr, Lot:1022060) were investigated. The resulting FTIR spectra are shown
in Figure 8.5. Cyclopentanone is abbreviated as C5 in the following. Unfortunately the
results were not conclusive as the spectra show at least 3 overlapping signals in the OH
region. The largest signal at 3516 cm�1 is most likely to correspond to the OHb stretch-
ing vibration. If a b2lib resonance is present or not cannot be determined precisely as
the signals overlap and probably larger clusters are formed. For the measurements no
additional water was added, because we were hoping to get rid of the jet water at some
stage, but a measurement with additional water could solve the question, whether a b2lib
resonance is present or not. The position of the OHb vibration makes it very likely to be
present. Probably the formation of higher clusters can be suppressed and the resulting
hetero dimer signals evaluated.

To get more insights a spectrum with 18O water was recorded. The result is shown in
Figure 8.6 as violet spectrum. When all C5 spectra are averaged, multiplied by 1.25 (red
spectrum in Figure 8.6) and subtracted from the violet spectrum the blue spectrum is
obtained, which mostly contains 18O-water signals. They are labeled 18X and the two
signals at 3521 and 3503 cm�1 could correspond to the 18OHb stretching vibration and a
b2lib resonance. The signal at 3450 cm�1 cannot be explained yet. Further investigations
are needed to understand this hydration process and is why the data in not included in
[14].
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Fig. 8.5: Recorded infrared spectra of cyclopentanone with water. The water concentration is un-
known because back in 2020 no water was added to spectra. Additional data on the used
spectra can be found in Table 8.9.
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Fig. 8.6: Recorded infrared spectra of cyclopentanone with 18O-water (violet), the averaged spec-
trum of all C5 measurements (red) multiplied by 1.25 and the subtraction spectrum between
the two (blue). Additional data on the used spectra can be found in Table 8.9.
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Cyclo-n-none Hydrates

Tab. 8.10: Experimental details of the spectra shown in Figure 8.7 giving the number of averaged gas
pulses # and the dates used for the spectral identifier [dd/mm/yyyy]-[averaged spectra]
and expanded in helium.

Spectrum Molecule Abbreviation # Identifier
violet Cyclobutanone C4 700 10/02/2020-abcd
red Cyclopentanone C5 1750 16/03/2020-cdefg

29/04/2020-abcdefgh
04/05/2020-abcdef

blue Cyclohexanone C6 1700 12/02/2020-abcdef
13/02/2020-abcde

orange Cycloheptanone C7 500 16/03/2020-abc
black Cyclooctanone C8 1500 19/08/2021-abcde

15/10/2021-abcd

Tab. 8.11: Theory predictions of the most stable cyclo-n-nones (n=4–8) hydrate conformer on
B3LYP-D3(BJ)/def2-TZVP level of theory. The predicted OHb wavenumber is given
unscaled and scaled (scaling factor 0.98) and is compared to the perturbed experimental
wavenumber.

Molecule OHtheo
b /cm�1 OHtheo, scaled

b /cm�1 OHexp, perturbed
b /cm�1

C4 3635 3563 3548
C5 3605 3533 3516
C6 3601 3529 3532
C7 3593 3521 3512
C8 3581 3509 3503

In this work the hydrates of a lot of different donors molecules were investigated. The
cyclopentanone (C5) nicely fits into a series of cyclic ketones, namely cyclobutanone
(C4), cyclohexanone (C6), cycloheptanone (C7) and cyclooctanone (C8). The spectra of
all cyclo-n-none hydrates are shown in Figure 8.7 (more data on the recorded spectra can
be found in Table 8.10). One can observe that the OHb stretching vibration is shifted
to lower wavenumbers with increasing ring size. C5 is the only outlier in this series, but
the signal assignment is not secure, and the signal at 3516 cm�1 may not correspond to
OHb. The shift of the OHb vibration is predicted by quantum chemical calculations on
B3LYP-D3(BJ)/def2-TZVP level of theory (see Table 8.11) and they show the same trend
as the experimental data, the larger the ring size, the stronger the predicted OH shift.
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Fig. 8.7: FTIR spectra of C4–8 hydrates. Details on the spectra can be found in Table 8.10. All
spectra were recorded using a 750 mbar expansion of helium.
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Hydrates of Acetaldehyde and Propylene Oxide

Tab. 8.12: Experimental details of the spectra shown in Figur 8.8 giving the number of averaged gas
pulses #, and the spectral identifiers giving the dates on which the spectrum was recorded
(dd/mm/yyyy) and the spectra used for the averaged spectrum. In all measurements
helium was used as carrier gas with a stagnation pressure of 750 mbar.

Spectrum Molecule Abbreviation # Identifier
Fig 8.8 violet Acetaldehyde AA 700 30/06/2021-abcdefg
Fig 8.8 red Propylene oxide PO 800 27/07/2021-abcde

Before the final decision on the test set of the HyDRA blind challenge (further in for-
mation in Chapter 5) was made, a lot of test experiments with different substances were
performed to increase the success rate in having a secure signal assignment without theory
predictions. Two potential candidates were acetaldehyde (AA; acetaldehyde, ¥ 99.5%,
Sigma Aldrich, Lot#SHBL3064) and propylene oxide (PO; propylene oxide, ¡ 99%, TCI,
Lot.UVEUG-ZX). The measured hydrates are shown in Figure 8.8 and further details on
the experimental conditions can be found in Table 8.12. Both spectra show one broad
signal, which in both cases may be explained by two possible conformers which have a
very similar shift and are overlapping. The band center for the AA hydrate(s) (violet) lies
at 3561 cm�1 and for the PO hydrate (red) at 3533 cm�1. The two dimer signals may be
resolved by using a higher resolution in the measurement and/or looking whether the less
stable conformer relaxes into the minimum structure when adding neon to the expansion.
Both molecular clusters are interesting for benchmarking purposes as they are small, so
further investigations may be of interest.
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Fig. 8.8: Recorded infrared spectra of the hydrates of acetaldehyde (AA, violet) and propylene oxide
(PO, red). Additional data on the recorded spectra can be found in Table 8.12. In all
measurements helium was used as carrier gas and a stagnation pressure of 750 mbar was
applied.
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8.3.4 Methyl 2-Hydroxyacetate Hydrate

Tab. 8.13: Experimental details of the spectra shown in Figur 8.9 giving the number of aver-
aged gas pulses # and the spectral identifiers consisting of the spectrum was recorded
dd/mm/yyyy and which individual spectra were used. For all measurements helium was
used as carrier gas at a stagnation pressure of 750 mbar helium.

Spectrum # dd/mm/yyyy
Fig 8.9 violet 800 24/08/2021-abcdef
Fig 8.9 red 800 23/08/2021-abcde
Fig 8.9 blue 800 20/08/2021-abcdef

To secure the signal assignment of the (�)methyl L-lactate (MLA) hydrate for the Hy-
DRA blind challenge the hydrate of methyl 2-hydroxyacetate (MHA; 98%, BLDpharm,
Lot No:BTL542) was also investigated. The spectra were not shown in the final publica-
tion [84] as for MLA also Raman measurements were performed and 18O-water was used
to secure the assignment, so the MHA measurements were no longer needed. They are
shown in Figure 8.9 and more details on the used measurement conditions can be found
in Table 8.13. The spectra are sorted by the amount of added water. When moving
from blue to red to violet, the amount of water is increased, while the amount of MHA
is kept constant. The signals labeled OHb and OHb2? are increasing proportional with
the amount of water and are most likely to be assigned to water clusters. The size of the
cluster can not be securely determined at this stage. By comparing the spectral infor-
mation of MHA and MLA, the signal at 3542 cm�1 is most likely to be assigned to the
OHb stretching vibration of the 1:1 complex. The broad signal at 3484�1, labeled OHb2?,
cannot be assigned securely yet. It may be another 1:1 conformer or a higher cluster.
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Fig. 8.9: Recorded infrared spectra of methyl-2hydroxyacetate with water. Additional data on the
used spectra can be found in Table 8.13. For all spectra a 750 mbar expansion with helium
was used.
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8.3.5 tert-Butylalcohol Hydrate

Tab. 8.14: Experimental details of the spectra shown in Figur 8.10 giving the number of averaged
gas pulses # and the date the spectrum was recorded dd/mm/yyyy. All substances were
expanded in 750 mbar helium.

Spectrum # dd/mm/yyyy
Fig 8.10 violet 800 05/10/2022
Fig 8.10 red 700 04/01/2022
Fig 8.10 blue 800 29/09/2022
Fig 8.10 orange 800 02/11/2022
Fig 8.10 black 600 28/09/2022
Fig 8.11 violet 600 29/11/2022
Fig 8.11 red 800 02/11/2022

In order to prove that the b2lib resonance (described in Chapter 3) is not only visible
in hydrates of ketones, other groups of compounds were investigated. One of them is
tert-butyl alcohol (tBuOH; ¥ 99%, Carl Roth GmbH, Charge 012180819). The recorded
spectra with 16O-water are shown in Figure 8.10 and an additional one with 18O-water
in Figure 8.11. The experimental data on the spectra can be found in Table 8.14. The
complexes purely containing tBuOH are labeled tBu in case of the monomer and (tBu)2

for the homodimer. The position of the homodimer signals are 3642 and 3497 cm�1

and are reported in a lot of publications like [134]. The OHb stretching vibration of the
hydrate can be found at 3530 cm�1 for 16O-water and at 3512 cm�1 for 18O-water. In
Figure 8.10 the OHb signals are rather small compared to the (tBu)2 signal, making it
hard to evaluate if a b2lib resonance is present. The spectrum with 18O-water does not
give new insights in solving the question, whether a resonance is present or not. Even
with a high 18O-water concentration the OHb signal remains small. Maybe a measurement
with a high concentration of tBuOH and water give more insights, but it might be tricky
to evaluate, as higher clusters might form.
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Fig. 8.10: Recorded infrared spectra of tert-butyl alcohol with water. Additional data on the used
spectra can be found in Table 8.14. For all spectra a 750 mbar expansion with helium
was used.
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Fig. 8.11: Recorded infrared spectra of tert-butyl alcohol with different isotopes of water (16O and
18O). Additional data on the used spectra can be found in Table 8.14. For all spectra a
750 mbar expansion with helium was used.
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8.3.6 2,2,4,4-Tetramethyl-3-pentanone Hydrate

Tab. 8.15: Experimental details of the spectra shown in Figur 8.12 giving the number of averaged
gas pulses # and the date the spectrum was recorded dd/mm/yyyy and which individual
spectra were used. For all measurements helium was used as carrier gas at a stagnation
pressure of 750 mbar helium.

Spectrum # dd/mm/yyyy
Fig 8.12 violet 800 10/06/2021-abcdefg
Fig 8.12 red 800 22/06/2021-abcdefg
Fig 8.12 blue 800 17/06/2021-abcdefg
Fig 8.12 orange 700 11/06/2021-abcdefg
Fig 8.12 black 800 21/06/2021-abcdefg

Another potential acceptor molecule candidate for the HyDRA blind challenge (described
in Chapter 5) was 2,2,4,4-Tetramethyl-3-pentanone (98%, Alfa Aesar,
Lot:N10G009), which is shortened as TMP in the following. While a structural search
using CREST and a later optimization on B3LYP-D3(BJ)/def2-TZVP level of theory
predict one stable conformer for the TMP hydrate, the Figure 8.12 shows two signals,
that scale similarly with the water and TMP concentration and are labeled OHb1 and
OHb2. More data on the measurements can be found in Table 8.15. The larger signal
at 3564 cm�1 can be assigned to the most stable conformer, which theory predicts at
3658 cm�1 (scaled with 0.98: 3585 cm�1) even though the prediction is comparably far
away. Maybe the theory predictions are failing on this molecule and it would be worth to
try out other functionals. From the spectra it cannot be distinguished whether the minor
signal at 3534 cm�1 is caused by another conformer or a resonance. Future work with
water isotopes and/or neon, and other theory approaches may solve the signal assignment.
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Fig. 8.12: Recorded infrared spectra of 2,2,4,4-tetramethyl-3-pentanone with water. Additional data
on the used spectra can be found in Table 8.15. For all spectra a 750 mbar expansion
with helium was used.
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8.4 Data Collected for the HyDRA Blind Challenge

All measured substances:

Tab. 8.16: All potential donor molecules that have been measured for the HyDRA blind challenge.
The chemical name, with the CAS registry number are given and if a spectrum is shown
in this work the corresponding chapter is given.

Donor molecule CAS No. Chapter Comment
Acetaldehyde 75-07-0 8.3.3
Aniline 62-53-3 measured for training set
Benzaldehyde 100-52-7 signal assignment not

conclusive, discussion in [29]
2’-Bromoacetophenone 2142-69-0 not volatile enough

for experiment
Cyclooctanone 502-49-8 5.2.5
1,3-Dimethyl-2-imidazolidinone 80-73-9 5.2.6
4’-Fluorobenzaldehyde 459-57-4 8.3.1
Formaldehyde 50-00-0 5.2.1
Furan 110-00-9 no hetero dimer formed

in expansion
Hexafluoro-2-propanol 920-66-1 measured at curry
4-Methoxy-2,2,6,6-tetramethyl- 95407-69-5 not volatile enough
piperidine 1-oxyl radical for experiment
Methyl lactate 547-64-8 5.2.8
1-Phenylcyclohexane-cis-1,2-diol 125132-75-4 5.2.9
Propylene oxide 75-56-9 8.3.3
Pyridine 110-86-1 5.2.2
Tetrahydrofuran 109-99-9 5.2.4
Tetrahydrothiophene 110-01-0 5.2.7
2,2,4,4-Tetramethyl-3-pentanone 815-24-7 8.3.6
Thiophene 110-02-1 no hetero dimer formed

in expansion
Trifluoroacetophenon 434-45-7 5.2.3
2,2,2-Trifluoroethanol 75-89-8 5.2.10
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Considered substances:

Tab. 8.17: All donor molecules that were considered, but have not even been experimentally probed
for the HyDRA blind challenge. The chemical name and its the CAS regitry number are
given.

Donor molecule CAS No.
Acetone oxime 127-06-0
2-Adamantanol 700-57-2
2’-Chloracetophenone 2142-68-9
2-Chlorocyclopentanone 694-28-0
Cyclohexanone oxime 100-64-1
2,6-Dimethylacetophenone 2142-76-9
N,N-Dimethylaniline 121-69-7
Dioxirane 157-26-6
Furfuryl alcohol 98-00-0
Furfuryl mercaptan 98-02-2
Benzonitrile 100-47-0
2’-Iodacetophenon 2142-70-3
4’-Methylacetophenon 122-00-9
Perfluoro(2-methyl-3-pentanone) 756-13-8
Perfluoro-tert-butyl alcohol 2378-02-1
2-Thiophenemethanol 636-72-6
2-Thiophenemethanethiol 6258-63-5
2-Thiophenemethanethiol 6258-63-5
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