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reduced acquisition time. Moreover, to address challenges such as fluorescence background

interference, which is caused by laser irradiation, coherent Raman methodologies like coherent

anti-Stokes Raman scattering [8] and stimulated Raman scattering [9] have been utilized, which

offered fluorescence background-free glucose spectra that can be recorded in a phenomenal 0.6 s

integration time. Ultrashort MID-IR pulses offer even more opportunities in glucose sensing. For

example, sub-cycle MID-IR pulses allow for recording four-wave difference-frequency generation

spectra of the free induction decay of the solute [10]. Measuring the up-converted visible

spectrum using standard Si-based detectors provides background-free absorption information of

aqueous glucose in the fingerprint and functional group regions from 500 to 4500 cm−1 with

single-shot capability. Thereby, the authors of reference [10] recorded absorption spectra of

glucose in the electronic ground state at a concentration of 50 mM with high efficiency. Recently,

MID-IR field-resolved spectroscopic studies have pushed the concentration limit even further

and reached concentration levels down to 0.1 mM [11]. Besides, enhanced selective excitation of

ground-state vibrational modes, femtosecond MID-IR pulses could be used to identify different

cellular components by means of hyperspectral imaging [12].

As a powerful analytical method, which is in the focus of the present study, vibrational

sum-frequency generation (VSFG) spectroscopy involves the combination of infrared and visible

laser beams with a power density of IVIS and IIR, respectively. When the angular frequency of

the infrared beam ωIR resonantly excites a vibrational transition ν0 → ν1 within a molecule

and the visible beam ωVIS interacts with the vibration as it decays back to its ground state, the

scheme enables the extraction of vibrational information by detecting the emitted photons from

the molecule at the sum frequency ωSFG, denoted as ωSFG = ωIR + ωVIS. In this nonlinear

process, the spectral bandwidth of the visible beam determines the spectral resolution in the

measured vibrational spectrum. The VSFG process is illustrated by Fig. 1 and Eq. (1) describes

the SFG signal strength that can be recorded in reflection, transmission and scattering detection

mode [13].
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present the nonresonant and resonant part of the second-order nonlinear

susceptibility, and γq is the relative phase of the qth vibrational mode characterized by bond-

specific vibrational states ν. In some cases, third-order contributions χ(3) will also show up,

if there is a net electrical field EDC within the system of interest, e.g., ionic species adsorb

at the water surface [14]. The component involving the sinc function is the synchronization

factor, which accounts for the phase matching between the incoming and the emitted SFG beams

(∆k = kSFG−kVIS−kIR) in the specified dimension (L) as the beams propagate through the sample.

The activity of VSFG is primarily related to infrared activity (dipole moment change), but the

VSFG signal is generated by the molecular nonlinear polarizability. Furthermore, the nonlinear

susceptibility χ(2) essentially includes contributions from the molecular polarizability tensor. In

other words, the generation of a VSFG signal primarily depends on infrared activity, while Raman

activity (polarizability change) acts as an enhancement factor but is not a necessary condition.

Mathematically, the rank-3 tensor χ
(2)

Rq
is a direct product of the Raman transition polarizability

αi,j and the IR transition dipole moment µk where the vibration is characterized by the resonant

frequency ωq and the natural line width of the transition Γq [15]. Eq. (1) implies that VSFG is

only observable in a medium where centrosymmetry is broken, such as surfaces, interfaces, and

even the analysis of sub-monolayers of interfacial molecules has been demonstrated [16–18],

making VSFG a valuable nonlinear optical tool for surface- and interface-specific vibrational
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studies. In general, the spatial distribution (probing depth) of SFG-active noncentrosymmetric

area at the interface within the coherence length of the propagating beams is defined by the

synchronization factor and influences the VSFG spectral features and intensities.

Fig. 1. Illustration of vibrational sum-frequency generation (VSFG) with contributions

arising from IR absorption of vibrational modes characterized by bond-specific vibrational

energy states ν = 0, 1. (horizontal lines) and Raman scattering from a virtual energy state of

the molecule (horizontal dotted line).

Since 1999, researchers have utilized VSFG spectroscopy to investigate the vibrational

characteristics of glucose within the spectral range of 2800 to 3000 cm−1 [19–21]. Notably,

there is no published VSFG study on glucose between 1000 and 1200 cm−1, which would give

characteristic vibrational fingerprints in aqueous environments. Obviously, there are challenges

in high-power laser development in the spectral fingerprint region. Typical MID-IR generation

schemes via difference-frequency generation (DFG) involve AgGaS2 or GaSe crystals. However,

due to the high linear and nonlinear absorption, these crystals need to be pumped at wavelengths

close to 2 µm. Therefore, often-used high-power Yb:YAG lasers operating at 1 µm require an

additional conversion step towards 2 µm, which results in low over-all conversion efficiency.

The power scaling of MID-IR few-cycle laser systems has been improved by recent advances

in crystal growth technology [22], particularly through the superior optical properties of the

LiGaS2 (LGS) crystal, which can be pumped directly at 1 µm [23]. Applied in a single OPA

stage, broadband pulses centered around 1180 cm−1 with high output power of 48 mW have been

demonstrated [24]. Following this strategy, our home-built 200 kHz OPCPA system (White Dwarf

HE DFG prototype) provides a pulse energy of 1.2 µJ and average power of 245 mW centered

around 1100 cm−1 [25]. This development prepared the ground for observing distinct glucose

absorption bands in VSFG spectroscopy at physiologically relevant low concentrations in the

present study. As far as we know, there has been no 200 kHz VSFG study on air/liquid interfaces

reported in the literature. Among the very few studies using a somewhat lower pulse repetition

rate of 100 kHz, we would like to highlight the work by Cao et al., who published broadband

VSFG spectra with extremely high spectral resolution of 0.6 cm−1 and excellent line shape from

an air/dimethyl sulfoxide aqueous solution interface [26], as well as the work by Heiner et al.

presenting high-resolution (3 cm−1), low-noise vibrational spectra of lipid monolayers on CaF2

[24]. The latter study used a very compact setup also based on LGS pumped directly at 1 µm.

Thereby, the authors could omit optical parametric amplification in nonlinear oxide materials

followed by DFG between the signal and the idler in a non-oxide material, which typically limited

the pump to MID-IR energy conversion efficiency to ≈ 0.5 % [27–29]. Inspired by these works,
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we have developed a VSFG spectroscopy setup that leverages two complementary operation

modes of the MID-IR OPCPA, a wide wavelength scanning range from 800 to 2500 cm−1 and

an ultra-broadband (few-cycle pulse) from 900 to 1400 cm−1. In the present experiment, the

narrowband visible and the ultra-broadband MID-IR laser pulses are temporally and spatially

overlapping at the sample surface [30]. The recorded data demonstrate the system’s capability

to obtain ultra-broadband MID-IR absorption spectra from organic samples at physiologically

relevant low concentrations without tuning the central wavelength of the MID-IR beam.

2. Methods

2.1. MID-IR OPCPA

The optical configuration of the MID-IR OPCPA is explained in more detail elsewhere [25]. In

brief, the system is driven by a total of 40 W output at 200 kHz repetition rate from a commercial

Yb:YAG InnoSlab (Amphos A8000) laser system, equivalent to a pulse energy of 200 µJ. The

total energy is distributed to three branches: White-light generation (WLG), second-harmonic

generation (SHG), and the pump for difference-frequency generation (DFG). A portion of 8 µJ

is directed towards generating the signal pulse through the WLG process within an undoped

YAG crystal of 10 mm length. In order to stretch the duration of the signal pulse, either positive

or negative group delay dispersion (GDD) can be introduced, leading to a versatile design of

a MID-IR OPCPA laser system, featuring two complementary operation modes. The scenario

of the positively chirped pulse via SF11 glass was demonstrated in our previous work [25],

providing a wavelength-tunable MID-IR source (from 4.2 to 11 µm) at ≈ 1 ps pulse width. In the

present work, by dealing with the negatively chirped signal, the custom-made chirped mirrors

(CM) introduce a total GGD of -11000 fs2 (20 reflections). Another portion of 26 µJ is directed

towards a 1 mm thick β-Barium Borate (BBO) (type I phase-matching) for the SHG pump of

non-collinear OPA (NOPA). The NOPA delivers a pulse energy of ≈ 2 µJ in the wavelength

range of 1150 - 1200 nm, utilized as a seed for the DFG stage. Following the NOPA setup,

the remaining pulse energy of the pump ≈155 µJ is used as the pump in the final DFG stage

consisting of an LGS crystal (type II phase-matching in the XY plane, θ = 90◦; φ = 37.5◦). After

the MID-IR idler generation, a straightforward beam separator takes advantage of the greater

divergence in the long-wavelength idler. By combining a two-inch concave mirror with a center

4 mm hole coated with gold and a protected gold convex mirror, a part of the MID-IR can be

easily separated and collimated. The central hole allows the high-power pump and signal pulses,

along with ≈ 65 % of the MID-IR idler, to pass through. After the separation of the MID-IR from

the pump, a 6 mm thick ZnSe bulk acts as a temporal pulse width compressor to compensate

remaining positive GDD in the MID-IR pulses and a long-pass filter to block any remaining

signal beam before entering the ultra-broadband VSFG spectroscopic setup.

The spectral properties of MID-IR idler pulses are characterized by a home-built FTIR, as

depicted in Fig. 2(a). The FTIR has spectral resolution of 59 GHz, which corresponds to 2.0 cm−1

in wavenumbers [31]. The measured MID-IR spectra can be adjusted within the range of 7.8 to

10.2 µm by tuning the central wavelength of the signal in the NOPA. The broad spectrum at a

central wavelength of 9 µm has an average power of around 240 mW corresponding to ≈ 1.2 µJ at

200 kHz. It is important to note that the LGS transmission near 9 µm is only about 20 % [32],

which is evident as a dip in the recorded FTIR spectrum. Another crucial factor of the spectral

profile is the phase-matching angle θ of the LGS crystal. To cover a broad spectral range with

a Gaussian-like envelope well-suited for VSFG spectroscopy and temporal pulse compression,

the spectrum at a central wavelength of 9 µm is optimized by fine-tuning the phase-matching

angle of the LGS crystal. The generated broadband MID-IR pulses are characterized in time

domain by a commercial interferometric autocorrelator (APE). Fig. 2(b) shows the second-order

interferometric autocorrelation trace. The envelope of the constructive interferences has the

characteristic peak-to-background ratio of 8 to 1 for mode-locked laser pulses and the Gaussian fit
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to the data gives the characteristic 3 to 1 ratio known from conventional intensity autocorrelation

measurements. The shortest autocorrelation width of 168 fs reveals a pulse width τp = 114 fs

corresponding to 3.8 optical cycles at a central wavelength of 9 µm, which makes this laser source

also an ideal tool for advanced fs pulse-shaping applications in the MID-IR [31].

Fig. 2. (a) Wavelength-tunable MID-IR pulse spectra generated from the negatively chirped

signal NOPA scheme at 7.8 µm, 9 µm, and 10.2 µm central wavelength. (b) The second-order

interferometric autocorrelation trace (blue data points) of the broadband, 9 µm MID-IR pulse

fitted with a Gaussian function (orange line) reveals a pulse duration τp = 114 fs (for details,

see the main text)

2.2. Ultra-broadband VSFG setup

Following the DFG stage, the MID-IR beam is maintained at P-polarization as it was initially

generated, and the power can be arbitrarily adjusted by rotating a wire-grid polarizer, which

not only transmits the P-polarized MID-IR beam but also eliminates any light leakage from the

OPCPA. The maximum MID-IR power of 120 mW is focused on the sample position using a

ZnSe lens, resulting in an intensity of ≈ 1.5 GW/cm2 according to calculations. After setting the

MID-IR to P-polarization, the VIS should be fixed at S-polarization for the strong response of

the S-polarized SFG, as calculated by the Fresnel factors [33]. An S-polarized 515 nm beam

generated by the SHG from the pump laser pulses provides a pulse duration on the order of ≈ 1 ps.

It is important to clean the VIS beam with a bandpass filter (BPF) to remove unwanted light

from the previous DFG stage. Once the beam is filtered, focusing 1 W of power on the sample

position results in an intensity of ≈ 7 GW/cm2. The angle of incidence is 45◦ and 53◦ relative to

the surface normal for the MID-IR and the VIS beam, respectively. To improve the collection of

scattered SFG light from solid samples with rough surfaces, such as cellulose and glucose pellets,

a lens with a short focal length of 30 mm is used. The reflected SFG beam is directed into the

detection branch by means of a flip mirror (FM). In the case of a highly transparent sample, such

as aqueous glucose in a liquid cell, the transmitted SFG beam can be measured separately by

flipping the mirror. The Glan-Thompson polarizer selectively transmits the S-polarized SFG,

while the BPF blocks the 515 nm beam and allows the SFG beam in the spectral region of interest

from 480 to 492 nm to transmit. Finally, a lens placed before the spectrometer focuses the light

onto a slit width of 500 µm to enhance the spectral resolution and transmission intensity of the

SFG. After directing the light into the spectrometer, the frequencies of SFG beam are dispersed

by a 1800 l/mm grating of the spectrograph and then captured with a CCD camera, which features

a 2048 × 512 array of 13.5 µm sized pixels and is equipped with thermoelectric cooling down
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to -50 ◦C for exceptional performance. The spectral bandwidth of the visible beam (0.9 nm)

determines the resolution (32 cm−1) of the VSFG spectrometer shown in Fig. 3.

Fig. 3. Schematic of the ultra-broadband VSFG spectroscopy setup. HWP: half-wave plate,

TFP: thin film polarizer, BBO: BaB2O4, GTP: Glan-Thompson polarizer, WGP: wire-grid

polarizer, BPF: bandpass filter, Lenses: F1 = 150 mm, F2 = 200 mm, F3 = 200 mm,

F4 : 30 mm, F5 : 75 mm, F6 : 150 mm, FM: flip mirror.

3. Results

3.1. Sum-frequency phonon spectroscopy on α-quartz for VSFG alignment

We first measure the SFG spectrum from a 5 mm thick z-cut α-quartz crystal, which has been

demonstrated to show strong zone-center optical phonon absorption peaks at 1065 and 1160 cm−1

[34]. At somewhat higher photon energies (2000-4000 cm−1) quartz shows a flat spectral response

and is typically used as an absolute intensity and phase standard in SFG vibrational spectroscopy

in this spectral range [35]. In the present work, the quartz sample allows for easy alignment and

first calibration of the VSFG spectrometer providing a strong resonance-enhanced SFG signal.

Once the signal is properly directed onto the CCD camera, the measurement can proceed under

optimized experimental conditions by switching from the quartz reference to the samples of

interest. Fig. 4(a) displays the well-known SFG-response spectrum from quartz measured in the

reflection mode of signal detection. The excitation energy of characteristic optical phonon modes

of the α-quartz crystal lies well within the MID-IR pulse spectrum.

3.2. Spectral calibration of the setup using cellulose pellets

Before measuring solid glucose and glucose at low concentration in solution, it is advisable

to measure a well-characterized organic test sample showing a more complex SFG response

compared to the quartz phonon modes to showcase the capabilities of the VSFG spectrometer.

Also, its fine calibration (typically below ±10 cm−1 accuracy) using sharp spectral features is

essential. Cellulose is well suited for this task. In crystalline form is has been investigated in the

MID-IR fingerprint region by Kim et al.[13]. Cellulose is a linear polysaccharide comprising

thousands of glucose units and is mostly located in cell walls of plants serving as an essential

structural component. Their spectroscopic results using IR, Raman, and SFG techniques provide

details on its structure, chain orientation, and vibrational modes [36,37]. Microcrystalline

cellulose powder with a particle size of ≈ 50 µm (Sigma-Aldrich) is hand-pressed into a pellet
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Fig. 4. (a) FTIR spectrum of broadband 9 µm pulses (orange line) and the SFG-response

spectrum generated from the quartz surface and measured in reflection mode (blue line).

Vertical doted lines mark the characteristic optical phonon modes of quartz [34]. The spectral

resolution of the VSFG and the FTIR spectrometer is 32 cm−1 and 2 cm−1, respectively.

(b) The cellulose VSFG spectrum (red line, adapted from reference [13] compared to our

measurement (blue line) allows for precise wavenumber calibration of the VSFG spectrometer

(+5.7 cm−1) indicated by shifted vertical dotted green lines. Arrows mark characteristic

vibrational modes excited in the cellulose sample [13].

with a diameter of 10 mm and a thickness of 2 mm. In order to prevent damage to the cellulose

sample, the power levels for pumping at 515 nm and in the MID-IR are constrained to 50 mW

and 10 mW, respectively. A comparative analysis between the cellulose VSFG spectra recorded

in our experiments and the published data [13] for calibration is depicted in Fig. 4(b). The

vibrational modes in the range from 1000 to 1250 cm−1 are attributed to various C-C and C-O

stretching modes, as well as C-C-H, O-C-H, and C-O-H bending modes. Notably, the observed

peak at 1100 cm−1 exhibits distinct sharpness and serves as a valuable spectral reference. By

using a Lorentz model to fit this peak, two specific wavenumbers from our measurement and the

literature can be determined. Ultimately, our wavenumber axis can be shifted by +5.7 cm−1 to

align with the 1106 cm−1 peak position from the literature for accurate calibration.

3.3. VSFG spectrum of glucose pellets

Table 1. Lorentz fitting parameters, i.e., resonant
frequency, natural line width (FWHM), and amplitude of

the VSFG spectrum from glucose pellets

Parameters
C-O C-O C-O-H CH2 CH2

stretch stretch bend twist twist

Freq. [cm−1] 1016 1077 1148 1211 1265

Width [cm−1] 33 38 50 27 34

Amp. [a. u.] 4120 4980 12880 2250 1110

Glucose is the most abundant monosaccharide on earth with the molecular formula C6H12O6.

The naturally occurring stereoisomer of glucose is D-glucose. Its powder (Sigma-Aldrich)

utilized in our experiments is hand-pressed into a pellet with a diameter of 10 mm and a thickness
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Fig. 5. (a) Recorded VSFG spectrum from glucose pellets (blue line) fitted with Lorentian

functions (dotted black line). The observed resonances (light red areas) can be assigned to

(b) certain vibrational modes from published IR and Raman spectra indicated by red dashed

vertical lines [40,41].

of 2 mm. To prevent the glucose surface from melting, the excitation power levels in the visible

at 515 nm and in the MID-IR are restricted to 50 mW and 40 mW, respectively. A distinct

cumulative VSFG spectrum is obtained with an exposure time of 30 seconds repeated five times.

It is shown in Fig. 5(a), displaying 5 prominent maxima (vibrational modes) indicating that the

VSFG setup has a broad spectral detecting range spanning from 900 to 1400 cm−1 and provides

a very good signal-to-noise ratio, i.e. exhibit high sensitivity. Based on the quartz and FTIR

reference spectra shown in Fig. 4(a), optimal probing of molecular fingerprints ranges from 1000

to 1300 cm−1. Notably, the observed VSFG glucose bands coincide with IR and Raman active

modes, as shown by red dashed lines in Fig. 5(b), because the VSFG signal results from IR

transitions and Raman activity acting as an enhancement factor according to Eq. (1). By referring

to the literature [38,39], the observed VSFG bands can be easily assigned, as detailed in Tab. 1.

A common method to determine the intrinsic amplitudes of vibrational modes is to divide

the VSFG spectrum by a reference spectrum. However, this approach has not been applied here,

because of the central dip in the MID-IR spectral pulse profile and the observed phonon bands in

the quartz SFG response spectrum. In particular, weak vibrational structures might be obscured

by noise at the processed spectrum’s rising and falling edges, where the MID-IR pulse spectral

intensity is close to zero. As described in the introductory section, the observed vibrational

modes from 1000 to 1200 cm−1 were employed to detect low concentrations of glucose in aqueous

solutions. Specifically, the C-O stretching mode at 1016 cm−1 is IR sensitive [4], while the

C-O-H bending mode at 1148 cm−1 is Raman-active [5], making them important indicators for

monitoring the changes in the VSFG yield of aqueous glucose depending on its concentration.
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3.4. VSFG spectra of glucose in aqueous solutions

Fig. 6. (a) Recorded VSFG spectra from aqueous glucose for different concentrations (1140,

400, and 10 mM) of the solute in the transmission mode of signal detection. The spectral

range < 1000 cm−1 affected by background signal from the visible pump on the spectrometer

is indicated in blue and the pure water solvent spectrum is shown in gray. (b) The Lorentzian

amplitude of the 1035 cm−1 C-O stretch vibration indicated in (a) by the dashed vertical line

is given as a function of glucose concentrations. The solid line is a guide to the eye.

Different concentrations (1140, 400, and 10 mM) of the solute are prepared by dissolving

different amounts of glucose powder in 100 ml of deionized water. A liquid cell (Specac Ltd.) is

used to sandwich the solution between two BaF2 windows with a 5 mm thick spacer. Note, IR

spectroscopy on aqueous glucose is challenging, because of the high absorption cross-section of

liquid water. Here, we make use of the high transparency of water in the spectral region of interest

from 480 to 492 nm, which allows for measuring the transmitted SFG signal. However, since

BaF2 is hydroscopic, the window transparency decreases over time, i.e. the SFG signal drops.

This requires two changes in the experimental protocol compared to the reference measurements

on solids discussed above. First, higher power levels of visible and MID-IR pulses at 1 W and

120 mW, respectively, are used. Second, a longer exposure time of 30 min is applied. Since the

high intensity 515 nm pulse leaks to some extend through the bandpass filter, which discriminates

the rather weak SFG signal from the pump, the spectrum below 1000 cm−1 is spoiled and not

taken into account in the VSFG analysis.

Figure 6(a) displays the derived VSFG spectra for different glucose solutions covering 3 orders

of magnitude in concentration between 10 and 1000 mM. All VSFG spectra show the distinct

vibration at 1035 cm−1, corresponding to the C-O stretching mode of aqueous glucose [4]. To

confirm that the observed vibrational structure originates from the C6H12O6 solute a spectrum

recorded for the pure water solvent is shown in gray. The data indicate that the SFG signal of

water at the BaF2 interface is at or near the noise background level. It is important to note that

some dissolution is expected, when a BaF2 surface is exposed to liquid water. Experiments

carried out by Khatib et al. could show how the pH value of water affects the recorded VSFG

signal from a similar CaF2/water interface in the spectral range from 2800 to 3200 cm−1 [42]. At

low pH, a positively charged fluoride vacancy (FCa+)surf is created at the crystal surface because

of the excess of hydronium ions. At high pH, the hydroxide ions are expected to react with CaF2

leading to (CaFOH)interf at the interface. However, at neutral pH the interface carries little charge

as only a minor amount of CaF2 will dissolve and the VSFG signal vanishes as the result of a
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more random orientation of the interfacial water molecules [42]. This is consistent with our

measurements, where we don’t observe SFG signal from the BaF2/water interface between 900

and 1400 cm−1. In Fig. 6(b) we plot the recorded VSFG signal (number of counts) integrated over

the peak area as a function of concentration. It is worthy to mention that glucose adsorption on

the BaF2 window could form Ba-O and hydrogen bonds at the solid-liquid interface of the liquid

cell [43]. Thus, we cannot exclude that the signal strength of the C-O stretch vibration could

be affected to some extent by both, the glucose concentration and adsorption at the interface.

In any case, our data clearly demonstrates that the VSFG peak can be employed for detecting

low glucose concentrations in aqueous solution with high sensitivity. The data benchmark the

performance of the spectrometer for spectral fingerprinting of low-concentration specimen at

complex interfaces.

4. Conclusion

Vibrational fingerprints of glucose molecules in aqueous solution have been traced by ultra-

broadband vibrational sum-frequency generation (VSFG) spectroscopy at physiologically relevant

concentrations in the 10 mM range. The VSFG spectrometer exhibits a wide detecting range

from 900 to 1400 cm−1. The key-technology component allowing for biologically relevant

applications in aqueous solutions is a home-built MID-IR OPCPA laser architecture based on

a LiGaS2 nonlinear crystal. The system offers a broadband pulse centered at 9 µm with 114 fs

pulse duration and exhibits a high average power of 245 mW and a pulse energy of 1.2 µJ at

a pulse repetition rate of 200 kHz. More detailed studies on biomolecules in the fingerprint

region will become possible by further developing the technique towards time-resolved VSFG

spectroscopy and VSFG microscopy, which we are currently working on. Here, we would like

to refer to the impressive work by F. Krausz et al. on field-resolved infrared spectroscopy of

biological systems [44]. They could show that time-domain, nonlinear-conversion-based gating

of the sampled electric field, which propagates native blood serum, pushes the limit of detecting

changes in concentration of individual molecules into the range of hundreds of nanograms per

millilitre recorded in less than one minute of data acquisition time. We are convinced that further

research and development in this field could pave the way to an all-optical, minimally-invasive

and label-free diagnostic in health monitoring. Last but not least, the detection of an unknown

low-concentration specimen at complex interfaces opens the door for a wide range of applications

in science and industry, e.g. understanding molecular mechanism in heterogeneous catalysis or

in bacterial biofilm formation.
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