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Supporting Information 

Materials 
Triglycine (BioUltra  ≥  99% Sigma Aldrich) and the salts KCl (Sigma Aldrich), KI (Sigma Aldrich), KSCN 
(Sigma Aldrich), LiCl (Sigma Aldrich) and GdmCl (Sigma Aldrich), were used as received. Three different 
series of solutions were prepared volumetrically:  (a) series of aqueous triglycine solutions, which were 
prepared at concentrations, cGGG, between 0.05 to 0.3 mol·L−1 at increments of 0.05 mol·L−1, (b) ternary 
solutions of triglycine (0.247 mol·L−1) + water + salt with increasing concentrations of salt, csalt, at 0.05, 
0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.75 mol·L−1. These samples were prepared by diluting an aqueous stock 
solution with a given mass fraction of triglycine with concentrated aqueous salt stock solutions and 
water. (c) for NMR experiments ternary solutions of triglycine (0.5 mg·mL−1) + D2O + salt, with the salt 
concentrations scaling at molar ratios (of triglycine:salt) of 1:0, 1:1, 1:5, 1:10, 1:50, 1:100, 1:500 and 
1:1000 were prepared by mixing solutions of salt in D2O and triglycine in D2O. 
To avoid uptake of moisture, all salt stock solutions of series (b) and (c) were prepared by weighing 
the appropriate amount of salt in a glove box and subsequently adding Milli-Q water or D2O 
(Eurisotope 99.90 % D).  
 

Experimental Methods 
Complex permittivity spectra were measured using a combination of two different experiments: We 
cover frequencies at 0.2 ≤ 𝑣/𝐺𝐻𝑧 ≤ 36 by using a frequency domain reflectometer based on Anritsu 
Vector Star MS4647A, vector network analyser with an open ended coaxial probe, based on 1.85 mm 
coaxial connectors.[1] Frequencies at 56 ≤ 𝑣/𝐺𝐻𝑧 ≤ 125 were covered analogously using an open 
ended coaxial probe, based on 1 mm coaxial connectors together with an external frequency 
converter module (Anritsu 3744A mmW module).  
To obtain the molar concentration of triglycine in the stock solution we measured its density using a 
DM45 DeltaRange density meter apparatus from Mettler Toledo.  
Dynamic viscosity, η, of the samples of series (a) were determined using a capillary Ubbelohde 
viscometer (ViskoSystem AVS 370, Schott Instruments, Germany). 
1H-NMR experiments were performed on a 850 MHz Bruker AVANCE III system equipped with a 5 mm 
triple resonance TXI 1H/13C/15N probe with a z-gradient.  For proton NMR 512 transients using a 9 µs 
long 90° pulse and a 17000 Hz spectral width together with a recycling delay of 5 s. For referencing a 
sealed capillary with DMSO-d6 was placed inside the 5 mm tube with a small fraction of DMSO-d5H. 
The temperature was controlled to 298.3 K with a VTU (variable temperature unit) and an accuracy of 
+/- 0.1 K and calibrated with a standard 1H methanol NMR sample using the Topspin 3.1 software 
(Bruker). 
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Dielectric relaxation of aqueoeus Triglycine solutions  
 
We fit the relaxation model described in the main manuscript (eq. 1) to the spectra of all binary 

samples. The thus extracted parameters for different concentrations of GGG are summarized in Figs. 
S1 and S2. 
 

From the extracted amplitudes of the dielectric relaxation of triglycine, 𝑆GGG, we obtain the effective 

dipole moment of GGG, 𝜇eff,GGG, which is shown in Fig. 1c of the main manuscript using  the 

Cavell relation:[2] 

 
     𝑆GGG =

휀s

휀s + (1 − 휀s)/3
∙

𝛮Α𝑐GGG

3𝑘B𝑇휀0
∙ 𝜇eff,GGG

2  (S1) 

 

,where 𝑁𝐴 is the Avogadro’s number, 𝑘𝐵 the Boltzmann’s constant, 휀0 the permittivity of 
free space, and 𝑇 the thermodynamic temperature. 휀s is the static dielectric permittivity of 
the samples (see also eq. 1; 휀s = 𝑆GGG + 𝑆water + 휀∞). 
 

 
 
Figure S1. Relaxation amplitudes of a) triglycine (𝑺𝑮𝑮𝑮) and b) water (𝑺𝒘𝒂𝒕𝒆𝒓), as obtained by fitting eq.1 to the dielectric 
spectra of aqueous solutions of GGG. The error bars correspond to the standard deviation within six independent 
measurements. 



M
ax

 P
la

nc
k 

In
st

itu
te

 fo
r P

ol
ym

er
 R

es
ea

rc
h 

– 
Au

th
or

’s
 P
re
pr
in
t

 

 
 
Figure S2. a) Relaxation times of triglycine, 𝝉𝐆𝐆𝐆, (black solid squares) together with the dynamic viscosity, 𝜼𝐝𝐲𝐧, of the 

samples (blue open squares) and b) relaxation time of water (𝝉𝐰𝐚𝐭𝐞𝐫) as a function of triglycine concentration as obtained 
from fitting eq.1 to the experimental data. The error bars correspond to the standard deviation within six independent 
measurements. 

 

 

Molecular dynamics simulation details 
 
All-atom simulations were performed with NAMD 2.12[3] code using the latest release of the CHARMM 
C36m additive force-field for GGG and ions in combination with CHARMM modified TIP3P water 
model.[4,5] We selected the classical CHARMM force-field due to its well-known transferability[4] and 
also because GGG was among the benchmark peptide set used to adjust the backbone dihedral energy 
terms against experimental J-coupling values.[5] 
 
Initial structures were prepared with the Molefacture plugin of the VMD 1.9.3 software.[6] An 
uncapped GGG zwitterion in a fully stretched conformation (often referred to as β-sheet like or 
polyglycine I[7]) was placed in the center of a cubic simulation box with 5 nm side length and solvated 
with either neat TIP3P water or 1 mol·L−1 LiCl, KCl or GdmCl (75 ion pairs). 
 
Standard three-dimensional periodic boundary conditions were employed. Non-bonded Lennard-
Jones and electrostatic interactions were explicitly calculated at each time step between atoms within 
rcut-off = 1.2 nm distance. The former were smoothly brought to zero at rcut-off together with the 
corresponding forces using a switching function at separation distances between 1.0 and 1.2 nm. The 
neglected long-range contribution to the Lennard-Jones energy term and virial has been accounted 
for via the corresponding correction.[8] Long-range (reciprocal) part of the electrostatic interactions 
was computed using the particle mesh Ewald (PME)[9] scheme with charges interpolated on a grid with 
a spacing of approximately 0.1 nm using fifth order B-splines. Neighbour lists for the non-bonded 
interaction calculation were updated every 20 simulation steps to include atoms within 1.4 nm 
distance, while the interactions between atoms separated by one or two bonds were excluded and 
Lennard-Jones interactions between atoms separated by three bonds were scaled according to the 
CHARMM scheme.[5] All bond lengths involving hydrogen atoms were kept fixed by means of the 
SHAKE algorithm[10] whereas water molecules were maintained rigid using the SETTLE method[11], 
which allowed for the use of 2 fs time step with the velocity Verlet integrator.[12] 
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The systems were first energy minimized using conjugate gradients method for 5000 steps. They were 
then subject to 110 ns long constant temperature (300 K) and pressure (1 atm) simulations. The 
temperature was maintained using Langevin thermostat with the damping coefficient of 5 ps−1 while 
the pressure was controlled via the Langevin piston Nosé-Hoover method[13,14] as implemented in 
NAMD with the Langevin piston period of 100 fs and 50 fs decay time. The first 10 ns of the trajectories 
were discarded as equilibration period and 25000 equally time spaced frames were taken for analysis 
from the last 100 ns. 
 
In order to confirm that the simulation length employed in the present study is sufficient to sample 
the relevant conformational states of GGG we calculated the relative Gibbs free energy maps of the 
two-dimensional probability distribution of the Ramachandran (φ, ψ) backbone dihedral angles of the 
central Gly residue (Fig. S3). Similar distributions were already reported by Best et al.[5] for C-term 
protonated GGG from a 400 ns long equilibrium run and by Drake and Montgomery Pettitt[15] for C- 
and N-term capped GGG from a 300 ns long trajectory both using C36m force-field and similar 
simulation set up. 
Despite the differences in the termini (fully charged in the present work, partially charged,[5] or 
capped[15]), our results are in excellent agreement with literature reports,[5,15] since differences in 
terminal capping and C-term protonation are not expected to have an impact on the Ramachandran 
distributions of the central residue as long as N-term is not deprotonated.[16] In particular, we observe 
essentially equal populations of the right- and left-handed α-helical regions at (−/+ 75 °; −/+ 30 °) 
which are about 1.5 kcal mol−1 less stable than a partially extended polyglycine II (PG II) conformation 
observed around (± 70 °; ± 150 °) while the fully extended polyglycine I conformation (PG I or β) at (± 
150 °; ± 150 °) is scarcely populated. 
 

 
Figure S3. Relative Gibbs free energy contour map of the probability distribution of the Ramachandran (φ, ψ) angles of the 
central Gly residue of GGG zwitter-ion sampled during the last 100 ns of simulation in neat H2O. 
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Dielectric relaxation of ternary solutions of triglycine (0.247 mol·L−1) + water 
+ salt 
 
We fit the relaxation model described in eq. 1 of the main manuscript to all the experimental 
data for all salts used and all concentrations. The raw data with the corresponding fits are 
presented in Fig. S4 (and Fig. 2a of the main manuscript). From such fits we obtain the 
amplitudes and relaxation times of the triglycine and water relaxations, as well as the 
conductivity of each sample and the Cole-Cole parameter (𝛼𝐶𝐶) that describes the symmetric 
broadening of the loss peak of water. All the parameters are presented in the following figures 
(Figs. S5, S6 and S7).  
 

 
 
Figure S4. Complex permittivity spectra of mixtures of triglycine and water with increasing concentration (0.05, 0.10, 0.20, 
0.30, 0.40, 0.50, 0.60, 0.75 mol·L−1) of (a) KCl, (b) LiCl, (c) KI and (d) KSCN. The symbols correspond to experimental data and 
the solid lines show fits with the relaxation model described in eq. 1 (main manuscript). The Ohmic loss contribution (last 
term in eq. 1 has been subtracted for visual clarity). 
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Figure S5. a) Amplitude (𝑺𝐰𝐚𝐭𝐞𝐫) and b) relaxation time (𝝉𝐰𝐚𝐭𝐞𝐫) of the water relaxation versus salt concentration, as obtained 
from fitting eq.1 to the experimental data. The error bars correspond to the standard deviation of six independent 
measurements.  

 
 

 
Figure S6. Relaxation time (𝝉𝐆𝐆𝐆) of the triglycine relaxation versus salt concentration, as obtained from fitting eq.1 to the 
experimental data. The error bars correspond to the standard deviation of six independent measurements. 
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Figure S7. a) Conductivity (𝜿) and (b) Cole-Cole parameter (𝜶𝐂𝐂) versus salt concentration as obtained from fitting eq. 1 to 
the experimental data. The error bars correspond to the standard deviation of six independent measurements. 

 
 

H-NMR measurements of triglycine (0.5 mg/mL) + D2O + salt 
 
To explore any contribution of specific association of ions to the charged termini of GGG, we 
performed NMR experiments on GGG in the presence of salts. As has been shown by others,[17] the 

variation of the chemical shift, 𝛿, of GGG’s CH2 groups is very sensitive to the immediate environment 
of the CH2 protons. For strong association of ions with GGG, the variation of the chemical shift with 

salt concentration, 𝛥𝛿: 
 
 

      𝛥𝛿 = 𝛿(𝑐𝑠𝑎𝑙𝑡 = 0) − 𝛿 (𝑐𝑠𝑎𝑙𝑡) (S2) 
 

deviates from linearity. A linear variation of the chemical shift can be attributed to a continuous 
variation of the chemical environment (e.g. linear variation of the volume density of the molecules).[17] 
Also weak association equilibria lead to a rather linear variation of the chemical shift.[18] For strong 
binding (high corresponding association constants) NMR chemical shifts exhibit marked a non-linear 
variation with concentration. [17,18]  

The determined values of 𝛥𝛿 of GGG protons for different salts are displayed in Fig. S7. As can be seen 
from this plot, the chemical shift of the CH2 groups in the centre of the GGG molecule (position 2) and 
next to the carboxylate group (position 3) vary linearly with concentration. Hence, we find no evidence 
for long-lived contacts (strong association) between the studied salts and the amide groups and the 

carboxylate terminus, respectively. Only for the CH2 group next to the N-terminus (position 1) 
𝛥𝛿(𝑐salt) somewhat deviated from linearity. However, these deviations neither correlate with the 
charge of the ions (cation or anion) nor with the nature of the ion. Hence, also from the CH2 group 
near the NH3

+ group we do not find evidence for significant association of ions to GGG. As such 
formation of long-lived “ion-pairs” are rendered unlikely based on the NMR chemical shift 
experiments. 
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Figure S8. Top: Graphical representation of the GGG zwitterion marked with the positions of the CH2 groups measured in the 
NMR. Bottom: Chemical shifts for the three CH2 positions of GGG versus increasing molar ratios of GGG:salt. The solid lines 
correspond to best linear fit curves.  
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