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Experimental Methods

The following materials were used as received without further purification: Ectoine (pu-
rity > 99%) from Biotop (Germany), high purified water for chromatography (Lichrosolv)
and deuterium oxide (Magnisolv 99.96% for NMR) from Merck (Germany), and NaCl from
Sigma-Aldrich (Germany). The solutes were weighted within the cuvette on a Sartorius
balance A200S and 1 mL purified water was added to obtain the correct molality. For the

combined measurements of ectoine and NaCl, the NaCl was weighted separately and added
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to the solution.

Confocal Raman measurements were carried out using a confocal Raman microscope
(Witec alpha300R) equiped with a 20x Zeiss EX Epiplan DIC objective (working distance
3mm, numerical aperture 0.4), an Excelsior double diode laser (wavelength 488nm, power
29.9mW), spectrometer UHTS-300-VIS (grid of 1800 gratings/mm) and thermoelectrical
cooled CCD-camera Andor DV-401A-BV-532 (at -620 C). Laserpower was checked by Co-
herent Lasercheck device and temperature by an Extech RH520. Directly before the Raman
measurements the cuvettes with solutions were vortexed for 20s. The spectra were recorded
with an integration time of 5s and 10 accumulations each. Incident light was linear polar-
ized. The temperature during the measurement was 26+ 2o C. Measurements were taken in
random order to avoid systematical errors originating from sources as unstable laser power
or temperature change. After the measurement spectra were background subtracted within
Witec Project 2.08 software using a polynomial of first order and noise threshold of zero. To
compare Raman intensities, the frequency dependence of the spectra has to be taken into
account.! Therefore all spectra were scaled by the equation given by McCreery? to account

for the intensity dependence on vibrational frequency (v):

IRaman(”vib) X IRaman : VO(VO - Vvib)ga (1)

with Iremaen as Raman intensity, 1y as wavenumber of the exciting laser and v,;, as vibrational
wavenumber. Following this the spectra were normalized with respect to the area of the
OH(OD) stretching region. This included the fitting procedure with fityk software® using
fixed peaks and a Levenberg-Marquardt algorithm. The spectral range used for fitting of
the HyO spectra was limited to 3060-3700cm™! to exclude the ectoine contribution. The
D>0O system was included in this work as the spectra are related to the H20 spectra solely
through a reduce-mass factor. Since there is no overlap exists with the ectoine features the

fitting was performed within the full range of the DO stretching of 2100-2800cm ™ 'range.



The fitting residuals were below 3% for all spectra.

Simulation Detalils

In order to obtain valid first hydration shell configurations around ectoine for the electronic
DFT calculations, we performed MD simulations with the software package GROMACS
4.5.5%°. We simulated a single ectoine molecule with the force field presented in Ref. 6 in
combination with the SPC/E water model”. Simulations with force fields from reference
6 are in accordance with experimental findings®®° and have further been validated in our
group by comparing to experimental dielectric spectra (data not shown). The cubic simula-
tion box with the dimensions (2.67224 x 2.67224 x 2.67224) nm?® and one ectoine was filled
with 618 water molecules. Electrostatic interactions have been calculated by the Particle
Mesh Ewald method!?. The time step was dt = 1 fs and the temperature was kept constant

t11 at 300 K with a thermostat relaxation time of 0.5 ps. Fur-

by a Nosé-Hoover thermosta
thermore we used the Parrinello-Rahman barostat!? with a relaxation time of 1 ps to adjust
a constant pressure of 1 bar. All bonds have been constrained by the LINCS algorithm 3. Af-
ter energy minimization, we conducted a constant pressure and constant temperature (NpT')
equilibration run of 5 ns and a NpT production run of 5 ns. The evaluation of the radial
distribution function for the center-of-masses between ectoine and water molecules indicates
a first hydration shell radius of 0.6 nm (position of the first minimum) which corresponds
to a hydration number of 9 water molecules around ectoine. We took an arbitrary snap-
shot of the system with one ectoine molecule and all 9 water molecules within a distance of
0.6 nm as the initial configuration for the DFT calculations. Hydrogen atoms were added
manually and the structure of the cluster was minimized with respect to its total energy.
The DFT calculations have been carried out with the freely available quantum chemistry

program ORCA 2.9.1'%1°. We chose the gradient-corrected GGA BLYP functional !5!7 with

dispersion interactions!® for all molecules, expanded the wavefunction into the def2-TZVPP



t19, and performed a SCF geometry optimization of 100 cycles for both systems. The

basis se
Raman spectrum was then calculated from the derivative of the polarizability with respect
to the normal modes of the system.

Ab initio molecular dynamics (AIMD) simulations were performed for both a 64-molecule
neat water system, and a 1.6 M ectoine aqueous solution (87 water molecules and three
ectoine molecules). The QUICKSTEP? module of the CP2K program package was used
to perform the ab initio MD simulations. The BLYP density funcitonal was used together
with an effective, pairwise additive potential accounting for dispersion interactions'®. The
Kohn-Sham orbitals were expanded into a dual- basis set (with polarization functions)
optimized for calculations in the liquid phase?! and the electronic density was expanded into
an auxiliary basis set of plane waves with a kinetic energy cutoff of 400 Ry. Initial geometries
were generated as described at the beginning of this section (bulk structures). We used the
SPC/E force field and an ectoine force field constructed from atom types of the all-atom
variant of the ‘Optimized Potentials for Liquid Simulations’*? using ACPYPE?3. This force
field reproduces the experimental mass density of 1.6 M ectoine solution, and the solution
structure compares well with simulations using the united-atom force field. The resulting
side lengths of the cubic cells are 1.24138 nm for neat water, and 1.46024 nm for 1.6 M ectoine
solution. The obtained geometries were re-equilibrated for more than 20 ps with the AIMD
methodology and a canonical sampling through velocity rescaling thermostat?*. Afterwards
the thermostat was switched off and the simulations were continued in the microcanonical
ensemble. Data was collected for ~ 100 ps for 1.6 M ectoine solution and ~ 200 ps for pure

water. In both cases heavy water was used.
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