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H I G H L I G H T S

• THz study of 1.5 M glycine from 1 bar
to 8 kbar.

• Linear compression of glycine from
linear blue shift.

• Non-linear compression of water from
non linear blue shift.

• Microscopic origin of the macroscopic
changes, as the liquid-solid phase
transition.
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A B S T R A C T

The investigation of aqueous solutions containing biomolecules as a function of thermodynamic parameters,
such as the pressure, is crucial for understanding biological processes. Here we report the first low frequency
spectra of 1.5 M aqueous glycine from ambient pressure up to 8 kbar, i.e. in the pressure range which is crucial
for understanding biological processes under extreme conditions.

We observe a linear pressure dependent blue shift of the specific N-C-C-O open/close mode at ∼320 cm-1

indicating an increasing compression of the solvated glycine. In contrast, the characteristic peak of the hydrogen
bond hydration water network centered, at ambient conditions, at ∼184 cm-1 non-linearly blue shifts with
increasing pressure, as well, but with a slower rate than the intramolecular peak.

This indicates that the macroscopic liquid-solid phase transition observed above 8 kbar pressure is driven by
hydrated glycine as solidification nucleus.

1. Introduction

Solvation of biomolecules in water is a central topic in molecular
sciences [1–7]. Nowadays it is largely recognized that the hydration
water (i.e. water close to solutes) behaves differently from the bulk

liquid [8]. Since hydrogen bonds reorganize on sub-picosecond time
scales [9], THz spectroscopy offers an excellent means by which to
study intermolecular hydrogen bond network dynamics and its cou-
pling with the solute. In previous publications, we investigated the
solvation of small ions, amino acids, and proteins in water at ambient

https://doi.org/10.1016/j.bpc.2019.106215
Received 15 May 2019; Received in revised form 29 June 2019; Accepted 29 June 2019

⁎ Corresponding author.
E-mail address: martina.havenith@rub.de (M. Havenith).

Biophysical Chemistry 253 (2019) 106215

Available online 01 July 2019
0301-4622/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03014622
https://www.elsevier.com/locate/biophyschem
https://doi.org/10.1016/j.bpc.2019.106215
https://doi.org/10.1016/j.bpc.2019.106215
mailto:martina.havenith@rub.de
https://doi.org/10.1016/j.bpc.2019.106215
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2019.106215&domain=pdf


conditions [10–12]. Among the 20 proteinogenic standard amino acids
glycine is the simplest one and has served as a prototype for many
hydration studies of zwitterions. Under physiological conditions glycine
is a zwitterion (NH+

3 CH2COO−) with a negatively charged carboxyl
group and a positively charged amino group, whereas it is neutral in the
gas phase [13]. Since it plays an important role for protein stability,
aggregation and misfolding [14,15], glycine has been investigated
under several different conditions in the IR regime, including mea-
surements of the first gas phase spectra of glycine [16] as well as ab
initio calculations of aqueous glycine solutions under acidic and basic
conditions [17]. A recent joint THz spectroscopy and ab initio mole-
cular dynamics (AIMD) simulations study of glycine is reported in ref.
[18]. Here the authors were able to decipher the low frequency spec-
trum of this amino acid in water. The spectrum could be decomposed
into contributions from the intermolecular modes of the super-solvation
complex and the intramolecular modes of the solute. The N-C-C-O
open/close mode of glycine at 320 cm−1 has been found to be the most
pronounced mode in the THz spectrum.

Nevertheless, little is known at the molecular level about the sol-
vation and the solvation dynamics of biomolecules at high hydrostatic
pressure (HHP) conditions despite the fact that these conditions are of
utmost importance in understanding life under extreme conditions.
Pressure can indeed modulate solvation properties, alter non-covalent
interactions, affect molecular distances and change supermolecular
structures. It is worth to point out that under ambient conditions even
simple alterations can cause the unfolding of proteins. In the deep sea
some marine species survive in extreme pressure conditions (even
above 0.8 kbar) without evident modification in the protein structure.
Therefore, the investigation of the thermodynamic evolution of the
solute-solvent ensemble can shed light on specific, unclear biomole-
cular mechanisms such as the one allowing piezophilic species to sur-
vive at high pressures [19].

It is possible to find in literature several studies of crystalline glycine
under extreme conditions, but only a few on the hydrated glycine under
HHP conditions exist. Glycine in its crystalline has form three different
polymorphous expressions (α -in which glycine crystallizes at ambient
conditions-, β and γ). In all of them glycine exists as a zwitterion. Murli
et al. [20] performed thermodynamic studies via Raman measurements
on α-glycine up to 23 GPa (230 kbar), revealing a lack of a structural
phase transition even though they recognized the presence of changes
in the NeH · · · O hydrogen bond interaction upon compression. In
contrast, Goryainov found by polarized optical microscopy experiments
a reversible pressure-induced phase transition in β-glycine at 0.76 GPa
(∼8 kbar) [21]. The phase transition was also confirmed by Raman
spectroscopy. The transition is associated to the rearrangement of the
hydrogen bond network as well as rotations and twisting of the zwit-
terions.

Organic osmolytes such as amino acids, sugars and trimethylamine-
N-oxide (TMAO) have been found to be crucial under pressure and
thermal stress conditions [22]. In fact, although the influence of hy-
drostatic pressure on bio-chemical reactions has been known for some
time, a lack of knowledge from the molecular point of view exists about
(bio)chemical reactions occurring at elevated pressure conditions. It is
well known that life can withstand extreme conditions regarding
pressure and temperature. Only few spectroscopic studies focusing on
aqueous glycine under high hydrostatic pressure are reported [23].

In order to fill this gap of experimental investigations, we report in
the following the THz absorption study of 1.5 M aqueous glycine so-
lution in the frequency range from 50 cm−1 to 350 cm−1 as a function
of external applied pressure using a diamond anvil cell.

2. Materials and methods

2.1. Equipment

We recorded THz-Far infrared (THz/FIR) spectra of 1.5 M aqueous

solutions of glycine (Carl Roth GmbH, purity ≥99%) in the frequency
range 50–350 cm−1 as a function of an applied external pressure. In
order to record the small pressure-induced changes in the THz ab-
sorption of solvated amino acids, we recorded spectra at two distinct
set-ups. This permitted us to check the consistency of the data. We used
a Fourier transform infrared spectrometer (FTIR, Vertex 80 V, Bruker)
with an external He-cooled bolometer (Infrared Laboratories, Inc.,
Tucson, USA) for light detection and as a source of radiation both a
commercial mercury lamp (for the in-house setup, Bochum) and the
synchrotron light (at the beamline AILES, Soleil). The pressure was
varied between ambient condition and 8 kbar with steps of 1 kbar.
Above 8 kbar, we found a reproducibly liquid-solid transition phase of
the sample, leading to a cell leakage.

For the in-house measurements, we used a commercially available
Diamond Anvil Cell, DAC, (VivoDAC, Almax Easylab, Diksmuide,
Belgium), consisting of a diamond anvil and a flat diamond window.
The sample is placed in the center of a brass ring without any pre-
indentation with an outer diameter of 3.95 mm, an inner diameter of
0.5 mm and a thickness of approximately 40 μm, as manufactured by
LMB Automation (Iserlohn, Germany). The light was collimated using a
6× beam condenser from Pike Technologies (Madison, USA) and the
pressure was applied via a gas membrane connected to an automatic
pressurizing system (Pace 5000, by GE Measurements, Billerica, USA).
A more detailed description of the setup is provided in a previous
publication [24]. The pressure inside the cell was determined with an
accuracy of about 300 bar, employing the pressure-dependent shift of
an absorption band of crystalline quartz. The changes in the thickness
of the sample cell as a function of the gas membrane pressure were
measured ex-situ using two confocal distance sensors (Micro-Epsilon
IFS 2403, Micro-Epsilon, Ortenburg). Further details are reported in the
E.S.I.

The set-up at AILES beamline enables to use the ultra-bright syn-
chrotron radiation source and pressures even above 8 kbar. It was also
used to compare our pressure calibration with the in-cell pressure ca-
libration.

For the measurements performed at AILES, the DAC cell consists of
two anvil diamonds. The sample is placed in the hole of a gasket with
50 μm diameter. The ring is an indented stainless-steel disk, with a
thickness of 30–40 μm. Here, we loaded in the cell a few ruby crystals
together with the sample, to record the ruby fluorescence lines. The
frequency shift of the peak centered at 695 nm provides a direct mea-
surement of the in-situ pressure. Further details can be found in another
publication [25] and in the E.S.I.

Each spectrum has been acquired after achieving hydrostatic equi-
librium. The temperature was kept constant at 20 °C.

2.2. Data analysis

For the analysis of the THz spectra, we apply the Lambert-Beer law,
see eq. (1):

= =I P I eI( , P) I e d ( , ) P d
0

( ,P)
p 0

( , )sol P (1)

where I(ν,P) is the transmitted intensity of the sample solution at the
pressure P, I0 the intensity of the sample solution at ambient pressure,
αsol(ν, P) is the pressure dependent absorption coefficient at frequency ν
and dP is the cell thickness as a function of the pressure. Each spectrum
is obtained as an average of 128 spectra at the same temperature and
pressure conditions. Fig. S13 in the SI provides a comparison between
measurements at AILES and in the in-house laboratory. In the following,
we discuss only the results for measurements at the laboratories in
Bochum.

We assume that the total absorption αsol of our sample solution can
be described as the sum of the absorption contributions of the solute,
the bulk water and the hydration water, namely
αsol = αs + αbulk + αhydr. Apart from αsol, we can directly measure only
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the contribution of the bulk (pure) water. In order to extract the be-
havior of the glycine in water and to obtain its effective absorption, αseff

we subtract the expected absorption of the bulk water in the sample as
follows. Starting from the density of the 1.5 M glycine at a certain
pressure P, we calculate the volume occupied by the bulk water in the
sample at the pressure P. From the total absorption spectrum, the bulk
absorption spectrum is subtracted after scaling it by the fraction occu-
pied by water in the solution. In this sense, the effective absorption has
to be considered as the result of a volume correction [26]:

=P c P
c P

P( , ) ( )
( )

( , )gly
eff

sol
w
sol

w
bulk bulk

(2)

where cwsol (P) and cwbulk (P) are the water concentrations in the solu-
tion and in pure water at pressure P, respectively, as determined by
density measurements and the Tait equation (see SI for details) and
αbulk (ν, P) is the absorption of the bulk water at pressure P measured
with the same procedure as for the 1.5 M glycine solution.

For an ideal solution αglyeff(ν,P) is proportional to the concentration

and thus the effective extinction =P( , )gly
eff P

c P

( , )

( )
gly
eff

s
is independent of

the solute concentration cs(P). Note that in the present case, also the
solute concentration varies with the internal applied pressure P.

As in previous publications [27], we deconvolute each spectrum
into a superposition of damped harmonic oscillators, eq. (3), functions
of the form:
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with νD as the effective center frequency of the band, A0 the amplitude
and Δ as the width of the band, respectively. Due to damping, νD is
shifted compared to the center frequency of the corresponding un-
perturbed harmonic oscillator ν0, eq. (4):

= +
2D0

2
2

(4)

In the following, when we present and discuss the center fre-
quencies we refer to the center frequency ν0 of the unperturbed har-
monic oscillator. Results from the fitting procedure are within the 2σ.

3. Results and discussion

In order to understand the behavior of proteins under HHP condi-
tions and their coupling with the solvent, we measured THz spectra of
1.5 M glycine in water from ambient pressure up to 8 kbar at constant
room temperature. The results for the extinction coefficient of the so-
lute are reported in Fig. 1.

For the low and the high frequency region of the spectra, we observe
a decrease of the overall intensity with increasing pressure, while the
range between 170 cm−1 and 270 cm−1 shows an increasing intensity
with increasing pressure.

In the following analysis, each spectrum is deconvoluted into three
modes (see inset of Fig. 1). The total fit is the sum of three damped
harmonic oscillators, whose center frequencies are at ∼ 80 cm−1,
∼184 cm−1 and ∼320 cm−1. From ab initio MD simulations, we can
assign the band at 184 cm−1 to the solute−solvent hydrogen bond
stretching mode in the solvation shells of the charged −NH3

+

and − COO– groups [18,28] and the band at ∼320 cm−1 to the N-C-C-
O open/close backbone mode of glycine [29], respectively. We restrict
our analysis to the modes above 100 cm−1, since the low frequency
band cannot be assigned unambiguously to a single specific mode. In
fact, the low frequency part of these spectra is the superposition of the
cage mode of glycine [28] and the Debye relaxation term [8]:

In Fig. 2, we plot the deconvolved features of the extinction spectra
as a function of the pressure. The left and the right insets show the

pressure-dependent shift of the oscillator unperturbed center frequency
of the hydrogen bond intermolecular network and the internal back-
bone mode of glycine, respectively. For the intramolecular mode of
glycine, we observe a linear blue shift with pressure. Remarkably, we
observe a different response in the spectroscopic fingerprint of the
collective mode at ∼184 cm−1, which describes the coupling of the
glycine to the water network. In fact, even if the center frequency of the
H-bond intermolecular stretching mode blue shifts with pressure, it
levels off for pressure higher than 4–5 kbar.

The simplest interpretation of the observed spectroscopic changes is
that the pressure leads to an increased compression of the glycine. As a
result, the effective force constant acting on the specific glycine N-C-C-
O open/close mode is increased and the band at ∼320 cm−1 is blue-
shifted. The pressure simultaneously compresses the hydrogen-bond-
network structure of the water, as well, but with a less intense response
than for the intermolecular glycine mode. In fact, the frequency of the
glycine backbone mode blue shifts in overall 13 cm−1 while the fre-
quency associated to the hydrogen-bond network blue shifts 9 cm−1 at
the outmost. Since the peak at ∼184 cm−1 is dominated by the cross-
correlation term between the glycine and the water dipole moments up

Fig. 1. Effective THz/FIR extinction spectra of glycine as a function of the
applied pressure. All measurements were conducted at constant room tem-
perature. Inset: example of the dissection of the glycine aqueous spectrum at
8 kbar. The light blue dotted curve is the acquired spectrum, the black solid line
is its fit, and the solid red line is the fit of the peak associated with the cage
mode, the solid blue line the fit of the H-bond stretching mode, the solid green
the fit of the N-C-C-O open/close glycine specific. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Plot of the deconvolved features of the extinction spectra with the three
damped harmonic oscillators. Left inset: peak center frequency of the H-bond
intermolecular stretching mode as a function of the pressure. Right inset: peak
center frequency of the NCCO open/close mode of glycine as a function of the
pressure.
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to the second hydration shell, the less pronounced blue shift indicates
that the hydration water withstands longer the pressurization than the
glycine. For low regime pressures (below 4 kbar) the glycine and the
hydration water experiment the same compression, while at higher
pressure a structural mismatch in the compression leads to an abrupt
change of phase. In fact, no spectra are available for pressures higher
than 8 kbar since the sample immediately experiences a phase transi-
tion from the liquid to the solid phase above this pressure. To support
our assignment, we compared the water band in the 1.5 M glycine at
8 kbar and in the amorphous ice. Interestingly we have a good agree-
ment between the center frequency of the amorphous ice band [30] and
the center frequency of the hydrogen bond intermolecular mode at
8 kbar. The center frequency of the amorphous ice band (see ESI for
details on the fitting procedure) has been fitted at [218.2 ± 2.0] cm−1

while the hydrogen bond band at 8 kbar is centered at [215.4 ± 2.1]
cm−1. The agreement within the error bars suggests that the structural
mismatch between glycine and its hydration water facilitates the soli-
dification of water under HHP, while this occurs at higher pressure in
the pure water. Thus, hydrated glycine acts as nucleation site for soli-
dification. A second hint of the liquid-solid phase transition comes from
a recent theoretical work by Gupta and coworkers in which they si-
mulated the THz absorption spectrum of the partially frozen aqueous
glycine [31]. The center frequency of the NCCO open/close mode of the
free glycine in fixed water is found at around 336 cm−1, in accordance
with our findings in the spectrum at 8 kbar [337.7 ± 3.8] cm−1. Thus,
we conclude that the increase of the high hydrostatic pressure is re-
sponsible for two different modifications in the solvent-solute interac-
tion: one is associated with a pure volume inclusion effect on the gly-
cine in water and the other is the limited change in the localized
hydration water complex structure and dynamics. The former takes
place continuously from ambient pressure to a maximum of 8 kbar
while the latter has a less pronounced effect because of the different
underlying molecular mechanisms.

4. Conclusions

We recorded THz spectra of 1.5 M glycine solution from ambient
pressure to 8 kbar in a diamond anvil cell in the spectral range between
50 cm−1 and 350 cm−1.

The dissection of each spectrum into its characteristic peaks sug-
gested that the pressure acts simultaneously on both the glycine and the
hydrogen bond water complex. We observe a clear linear blue shift of
the glycine backbone mode (N-C-C-O open/close at ∼320 cm−1) with
pressure. We found a similar effect on the localized solvation complex
band (at ∼184 cm−1). This also experiences a blue shift as a function of
the pressure reaching a plateau for pressures higher than 4–5 kbar. At
8 kbar, the center frequency of the H-bond network mode is interest-
ingly similar to that of amorphous ice. We speculate that this similarity
might foster the transition from the liquid to the solid state and the
glycine dissolved in water is responsible for the early liquid-solid phase
transition of the solution at pressures higher than 8 kbar. We propose
that the different blue shifts are an evidence of a growing structural
mismatch between glycine and its hydration water, which leads to a
hydration water structure and dynamics close to that of amorphous ice
when pressures reach 8 kbar. At this pressure, hydrated glycine likely
acts as nucleation site leading to the early liquid-solid phase transition
compared to bulk water at the same HHP conditions. We speculate that
this might be the reason why the content of glycine in deep-sea marine
species (anemones) decreases with increasing water depth -and conse-
quently increasing pressure [32]. This first work on the simplest amino
acid paves the road for further studies for understanding how more
complex samples -peptides and later proteins- can maintain their
structure in critical conditions such as the HHP.

Conflict of interests

There are no conflicts to declare.

Acknowledgement

This work is supported by DFG - FOR 1979 (Exploring the
Dynamical Landscape of Biomolecular Systems by Pressure
Perturbation) and by the Cluster of Excellence RESOLV (EXC 1069)
funded by the Deutsche Forschungsgemeinschaf (DFG). SRA was sup-
ported by the International Max Planck Research School for the
Chemical Energy Conversion.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bpc.2019.106215.

References

[1] R. Ludwig, Cooperative hydrogen bonding in amides and peptides, J. Mol. Liq. 84
(2000) 65–75.

[2] P. Ball, Water as an active constituent in cell biology, Chem. Rev. 108 (2008)
74–108.

[3] Y. Levy, J.N. Onuchic, Water mediation in protein folding and molecular recogni-
tion, Annu. Rev. Biophys. Biomol. Struct. 35 (2006) 389–415.

[4] H.J. Bakker, Structural dynamics of aqueous salt solutions, Chem. Rev. 108 (2008)
1456–1473.

[5] Q. Cai, X. Ye, R. Luo, Dielectric pressure in continuum electrostatic solvation of
biomolecules, Phys. Chem. Chem. Phys. 14 (2012) 15917–15925.

[6] E. Mamontov, X. Chu, Water–protein dynamic coupling and new opportunities for
probing it at low to physiological temperatures in aqueous solutions, Phys. Chem.
Chem. Phys. 14 (2012) 11573–11588.

[7] T. Köddermann, R. Ludwig, N-Methylacetamide/water clusters in a hydrophobic
solvent, Phys. Chem. Chem. Phys. 6 (2004) 1867–1873.

[8] G. Schwaab, F. Sebastiani, M. Havenith, Ion hydration and ion pairing as probed by
THz spectroscopy, Angew. Chem. Int. Ed. 58 (2018) 3000–3013.

[9] U. Heugen, G. Schwaab, E. Bründermann, M. Heyden, X. Yu, D.M. Leitner,
M. Havenith, Solute-induced retardation of water dynamics probed directly by
terahertz spectroscopy, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 12305–12306.

[10] V. Conti Nibali, M. Havenith, New insights into the role of water in biological
function: studying solvated biomolecules using terahertz absorption spectroscopy in
conjunction with molecular dynamics simulations, J. Am. Chem. Soc. 136 (2014)
12800–12807.

[11] B. Born, S. Kim, S. Ebbinghaus, M. Gruebele, M. Havenit, Combined THz and mi-
crowave dielectric spectroscopy of intermolecular interactions in homologous
protic ionic liquids, Faraday Discuss. 141 (2009) 161–173.

[12] G. Niehues, M. Heyden, D.A. Schmidt, M. Havenith, Exploring hydrophobicity by
THz absorption spectroscopy of solvated amino acids, Faraday Discuss. 150 (2011)
193–207.

[13] S. Xu, J.M. Miles, K.H. Bowen Jr., Spectroscopy of neutral peptides in the gas phase:
structure, reactivity, microsolvation, molecular recognition, J. Chem. Phys. 119
(2003) 10696–10702.

[14] L. Serrano, J.L. Neira, J. Sancho, A.R. Fersht, Effect of alanine versus glycine in α-
helices on protein stability, Nature 356 (1992) 453–455.

[15] J.U. Bowie, Membrane protein folding: how important are hydrogen bonds? Curr.
Opin. Struct. Biol. 21 (2011) 42–49.

[16] R. Linder, K. Seefeld, A. Vavra, K. Kleinermanns, Gas phase infrared spectra of
nonaromatic amino acids, Chem. Phys. Lett. 453 (2008) 1–6.

[17] R.W. Williams, V.F. Kolasinsky, A.H. Lowe, Scaled quantum mechanical force field
for cis-and trans-glycine in acidic solution, J. Mol. Struct. 281 (1993) 157–171.

[18] J. Sun, G. Niehues, H. Forbert, D. Decka, G. Schwaab, D. Marx, M. Havenith,
Understanding THz spectra of aqueous solutions: glycine in light and heavy water,
J. Am. Chem. Soc. 136 (2014) 5031–5038.

[19] S. Imoto, P. Kibies, C. Rosin, R. Winter, S.M. Kast, D. Marx, Toward extreme bio-
physics: deciphering the infrared response of biomolecular solutions at high pres-
sures, Angew. Chem. Int. Ed. 55 (2016) 9534–9538.

[20] C. Murli, S.M. Sharma, S. Karmakar, S.K. Sikka, α-Glycine under high pressures: a
Raman scattering study, Phys. B 339 (2003) 23–30.

[21] S.V. Goryainov, E.N. Kolesnik, E.V. Boldyrevaac, A reversible pressure-induced
phase transition in β-glycine at 0.76 GPa, Phys. B Condens. Matter 357 (2005)
340–347.

[22] P.H. Yancey, Organic osmolytes as compatible, metabolic and counteracting cyto-
protectants in high osmolarity and other stresses, J. Exp. Biol. 208 (2005)
2819–2830.

[23] M. Jaworek, V. Schuabb, R. Winter, The effects of glycine, TMAO and osmolyte
mixtures on the pressure dependent enzymatic activity of α-chymotrypsin, Phys.
Chem. Chem. Phys. 20 (2018) 1347–1354.

[24] L. Knake, H. Vondracek, M. Havenith, A novel set-up to investigate the low-fre-
quency spectra of aqueous solutions at high hydrostatic pressure, Review of Sci.

S.R. Alfarano, et al. Biophysical Chemistry 253 (2019) 106215

4

https://doi.org/10.1016/j.bpc.2019.106215
https://doi.org/10.1016/j.bpc.2019.106215
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0005
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0005
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0010
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0010
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0015
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0015
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0020
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0020
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0025
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0025
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0030
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0030
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0030
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0035
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0035
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0040
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0040
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0045
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0045
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0045
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0050
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0050
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0050
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0050
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0055
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0055
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0055
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0060
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0060
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0060
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0065
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0065
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0065
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0070
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0070
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0075
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0075
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0080
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0080
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0085
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0085
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0090
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0090
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0090
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0095
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0095
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0095
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0100
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0100
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0105
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0105
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0105
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0110
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0110
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0110
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0115
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0115
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0115
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0120
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0120


Instr. 87 (2016) 104101(1)–104101(4).
[25] A. Voute, M. Deutscha, A. Kalinko, F. Alabarse, J.-B. Brubach, F. Capitani,

M. Chapuis, V.T. Phuoc, R. Sopracase, P. Roy, New high-pressure/low-temperature
set-up available at the AILES beamline, Vib. Spectrosc. 86 (2016) 17–23.

[26] F. Böhm, V. Sharma, G. Schwaab, M. Havenith, The low frequency modes of sol-
vated ions and ion pairs in aqueous electrolyte solutions: Iron (II) and iron (III)
chloride, Phys. Chem. Chem. Phys. 17 (2015) 19582–19591.

[27] V. Sharma V, F. Bohm, M. Seitz, G. Schwaab, M. Havenith, From solvated ions to
ion-pairing: a THz study of lanthanum (III) hydration, Phys. Chem. Chem. Phys. 15
(2013) 8385–8391.

[28] M. Heiden, J. Sun, S. Funkner, G. Mathias, H. Forbert, M. Havenith, D. Marx, Proc.
Natl. Acad. Sci. U. S. A. 107 (2010) 12068–12073.

[29] A. Esser, H. Forbert, F. Sebastiani, G. Schwaab, M. Havenith, D. Marx, Dissecting the
THz spectrum of liquid water from first principles via correlations in time and
space, J. Phys. Chem. B 122 (2018) 1453–1459.

[30] J. Zanotti, P. Judeinstein, S. Dalla-Bernardina, G. Creff, J.-B. Brubach, P. Roy,
M. Bonetti, J. Ollivier, D. Sakellariou, M.-C. Bellissent-Funel, Competing coexisting
phases in 2D water, Sci. Rep. 6 (2016) 25938.

[31] P. Gupta, A. Essern, H. Forbert, D. Marx, Toward theoretical terahertz spectroscopy
of glassy aqueous solutions: partially frozen solute–solvent couplings of glycine in
water, Phys. Chem. Chem. Phys. 21 (2019) 4975–4987.

[32] P.H. Yancey, M.D. Rhea, K. Kemp, D.M. Bailey, Trimethylamine oxide, betaine and
other osmolytes in deep-sea animals: depth trends and effects on enzymes under
hydrostatic pressure, Cell. Mol. Biol. 50 (2004) 371–376.

S.R. Alfarano, et al. Biophysical Chemistry 253 (2019) 106215

5

http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0120
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0125
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0125
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0125
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0130
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0130
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0130
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0135
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0135
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0135
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0140
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0140
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0145
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0145
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0145
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0150
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0150
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0150
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0155
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0155
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0155
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0160
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0160
http://refhub.elsevier.com/S0301-4622(19)30230-3/rf0160

	Does hydrated glycine act as solidification nucleus at multi-kilobar conditions?
	Introduction
	Materials and methods
	Equipment
	Data analysis

	Results and discussion
	Conclusions
	Conflict of interests
	Acknowledgement
	Supplementary data
	References




