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ABSTRACT

The dielectric constant of water/oligomer mixtures, spanning the range from pure water to pure oligomeric melts, is investigated using
molecular dynamics (MD) simulations. As prototypical water-soluble organic substances, we consider neutral poly-glycine, poly-ethylene
glycol, and charged monomeric propionic acid. As the water content is reduced, the dielectric constant decreases but does not follow an
ideal mixing behavior. The deviations from ideal mixing originate primarily in the non-linear relation between the oligomer mass fraction
and collective polarization effects. We find that the dielectric constant is dominated by water polarization, even if the oligomer mass fraction
exceeds 50%. By a double extrapolation of the MD simulation results to the limit of vanishing water fraction and to the limit of infinite
oligomeric chain length, we estimate the orientational contribution to the dielectric constant of the pure polymeric melts. By this procedure,
we obtain ¢ = 17 + 2 for polyglycine and € = 1 + 0.3 for polyethylene glycol. The large difference is rationalized by polarization correlations of
glycine units. Interestingly, we find constant temperature simulations to outperform replica exchange simulations in terms of equilibration

speed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0089397

I. INTRODUCTION

The dielectric properties of soft matter are crucial for many
biological processes, including self-assembly of biological surfaces,
protein folding, and host-guest recognition.'” The dielectric fea-
tures of water, the most abundant natural solvent, are characterized
by alarge dielectric constant of & = 80. Water, thus, reduces the elec-
trostatic interaction between charged objects to 1/80 ~ 1% compared
to vacuum. Mixing water with other chemical compounds either
increases or decreases the solution dielectric constant, depending on
the solute. For instance, the dielectric constant of water/formadine
mixtures increases to values around ¢ ~ 100,° whereas aqueous solu-
tions containing organic molecules such as dextrose or sucrose
exhibit a substantially reduced dielectric constant.” The significant
variations of ¢ found in aqueous solutions raise the question of
how large the dielectric constant in pure organic macromolecular
materials is. The dielectric constant of the interior of proteins is of
particular importance, since it plays a vital role in controlling and

regulating their biofunctionality by affecting the effective electro-
static interactions within the protein as well as with its surroundings.
While some biophysical and biochemical phenomena require strong
electrostatic interactions, such as supramolecular polymerization
or ligand-receptor binding,”’ others rely on dielectric screening
effects, for instance, to reduce repulsive forces between similarly
charged surfaces or to prevent cluster formation among oppositely
charged solutes.'”""

The dielectric properties of water and polar liquids are well
studied both experimentally and theoretically,'” *’ showing, among
other features, large deviations from the bulk dielectric proper-
ties in confinement and near extended surfaces.” ** In contrast,
determining the dielectric constant of the interior of proteins is
often hampered by their highly heterogeneous and anisotropic struc-
ture and by the long equilibration times of polarization fluctua-
tions. Extensive interfaces between water and proteins, as well as
the nontrivial three-dimensional conformation of proteins, cause a
position- and orientation-dependent dielectric response. The range
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of reported values for the interior dielectric constant of proteins
accordingly varies widely over & ~ 2-40.” >’ Analytical mean-field
models can only approximately describe dielectric effects of macro-
molecules because non-electrostatic interactions between the solute
and the solvent, as well as non-linear polarization effects, are dif-
ficult to include.”””" Computer simulations offer the possibility to
bypass these shortcomings and to investigate dielectric effects with-
out assumptions but are limited by finite simulation times and finite
system sizes.

A major goal of our work is to determine the dielectric constant
of peptide melts. Due to entanglement effects, even the dynam-
ics of short oligomers is slow at low water content, compared to
the dynamics of pure water. For long peptide chains, slow repta-
tion becomes the dominant kinetic reconfiguration mode in the
molten globule state and often glassy behavior is obtained in the
folded state. To determine the dielectric constant from a single
simulation run of a polymer melt, long, computationally expensive
simulation times or large uncertainties must, therefore, be accepted.
In the simulations presented here, we circumvent these hurdles by
studying water/peptide mixtures by a double extrapolation in terms
of chain length and water volume fraction. Based on the dielec-
tric constant of solutions containing different ratios of water and
short glycine (Gly) peptides, we extrapolate the dielectric constant
of water/glycine mixtures to the value of the pure peptide. In a sec-
ond step, the dielectric constant of peptides with different lengths
is extrapolated to estimate the dielectric constant of infinitely long
poly-Gly chains. Gly-peptides are the chemically simplest peptides,
containing only a peptide backbone without side chains. Hence, Gly
is an essential structural component of all peptides and proteins
and serves as a model system for the protein backbone. The dielec-
tric properties of Gly are compared with a second organic polymer,
polyethylene glycol (PEG). PEG is a water soluble, chemically inert,
non-toxic polymer, which is widely used in medical applications for
drug delivery.’” Gly and PEG are both neutral polymers. To comple-
ment the neutral compounds, we also study the dielectric constant of
monomeric propionic acid (PA), which is used in pesticides, preser-
vatives, and pharmaceuticals, due to its antimicrobial properties.*’
The negative net charge of PA is neutralized with sodium atoms.
For all aqueous solutions investigated, we find a non-linear relation-
ship between the orientational contribution to the dielectric constant
and the solute mass fraction. Furthermore, in pure oligomer melts,
we find by extrapolation the dielectric constant to depend on the
polymerization index n. A second extrapolation leads to asymptotic
values of € = 17 + 2 for poly-Gly and ¢ = 1 + 0.3 for PEG in the long
chain limit. The pronounced difference of the dielectric behavior of
poly-Gly and PEG is shown to be caused by the different nature
of polarization correlations of the organic molecules, being almost
completely absent for PEG but rather pronounced for poly-Gly
on the intra- and intermolecular level. While secondary structures
in actual proteins will certainly influence the dielectric properties
inside proteins, our results illustrate that the dielectric constant in
disordered dry protein regions could be in the range of ¢ 2 17, thus,
significantly larger than values of & ~ 4, typically assumed for folded
proteins.”

A. Calculation of dielectric constants

We determine the dielectric constant of different oligomer-
water mixtures from force-fleld Molecular Dynamics (MD)
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simulations. Since we use non-polarizable force fields, our simu-
lations yield the orientational contribution but not the electronic
contribution to the dielectric constant, so on an approximate level,
the electronic contribution, which amounts to roughly &g ~ 1-2
for organic molecules, could be added to our results.”” Details of
our simulation setup are found in the Appendix. We determine
the dielectric constant ¢ from polarization fluctuations via the
fluctuation-dissipation relation (see the supplementary material),

(P — (PY)V

> 1
3£0kBT ( )

e=1+

where the subscript 0 indicates a vanishing external electric field with
V being the volume of the simulation box, & being the vacuum per-
mittivity, kg T being the thermal energy, and P being the polarization
density of the system, given by

_ kaﬁw) + lefs)
T

P (2)

Here, pl((w) and pl(s) denote the dipole moment of the k-th water
molecules and the dipole moment of the I-th solute molecule,
respectively.

To disentangle the impact of water—water, solute-solute, and
water—solute interactions on the dielectric response, we define the
dipole correlation functions Cj;,

el e, [l (),

with P}Ei) being the dipole moment of the k-th molecule of species i
and N; being the total number of molecules of species i, with i = w, s
for water and organic solute, respectively.

The dipole correlations Cyw and Cgs are further decomposed
into self- and collective contributions: Cii = Cj; seif + Cii, con, With
i=w,s,

3)

2 (o)), - 2ile”),

GCii, self = > 4
,self N, 4

ZkZl;ek(P}Ei)Pl(i))o - (kafj)><21¢kplﬁ) )0
Cii, coll = . (5)

N;

We further define the scaled dipole correlation functions as
Eww, self = P(l - (/)N)wa,self: (6)
Cumcall = P(1 = $N) Con, coll %
Ess, self = P¢NCss, self> (8)

Ess, coll = P¢N Css, coll» (9)

6ws =2py/ (1 - ¢N)¢Ncws> (10)
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with the particle density p = (Nw + N5)/V and the solute particle
fraction ¢, = Ni/(Ny, + Ni). Using Egs. (1)-(10), the dielectric con-
stant can now be expressed as a sum over two self-polarization and
three collective terms,

wa, self T Css, self T wa, coll T Css, coll T Cuws

11
3kB T£0 ( )

e=1+

Il. RESULTS AND DISCUSSION

In Figs. 1(a) and 1(b), the dielectric constant ¢ of different
water/organic oligomeric mixtures is shown from our MD simula-
tions as well as from previously published experimental studies.” "
The dielectric constant is shown in dependence of the solute mass
fraction ¢ _, where ¢ _ is defined as ¢ = msNs/(msNs + myNy),
with m, and m, being the mass of the solute and water molecules
and N and Ny, being the number of the solute and water molecules.
In the following, we refer to water as the solvent and to the organic
compound as the solute, even if the solute mass fraction exceeds
50%. Furthermore, we denote unary liquids containing only one
species of molecule as the pure solvent or pure solute, respectively.
For Gly as well as PEG, we investigate oligomers of different lengths:
di-, tetra-, and hexamers for Gly; di-, tetra-, and octamers for PEG.
PA, the only charged compound, is only studied in the monomeric
form and to ensure an overall neutral system, an equivalent number
of sodium ions is added.

The experimentally measured dielectric constant of mixtures
containing Gly monomers in Fig. 1(a) increases continuously with
increasing mass fraction of Gly. The increase in ¢ is a character-
istic of the zwitterionic nature of Gly, where the negative charge
on the COO™ group and the positive charge on the NHj3 group
cause a sizable dipole moment.*’ Since we want to determine the
dielectric constant of long poly-Gly by extrapolating ¢ of short
oligomers to the long-polymer limit, we need to ensure that the
dielectric constant of the oligomers is not dominated by the termi-
nal charges. Therefore, most of our MD simulations are performed
with neutral COOH and NH; end groups. As a consequence, the
simulated dielectric constants deviate qualitatively from experi-
ments and decrease nonlinearly with increasing solute mass fraction
[Fig. 1(b)]. A qualitatively similar behavior, where the dielectric con-
stant decreases non-linearly with increasing solute concentration,
was observed experimentally for a wide range of aqueous solutions
for both organic and non-organic solutes.”"**’

The deviation between the experimental data in Fig. 1(a) and
the simulation results in Fig. 1(b) for glycine highlights the influ-
ence of the terminal charges on the dielectric response. To consider
this aspect in more detail, we perform simulations of monomeric-
glycine-water mixtures at a mass fraction of ¢ = 0.5 and a varying
fraction of zwitterionic Gly molecules ¢,,. As shown in Fig. 1(d),
we see a transition from a decrease in the dielectric constant, com-
pared to water, when all terminal groups are neutral (¢, = 0), to
a more than threefold increase when all glycine molecules are in
the zwitterionic form (¢,; = 1). Comparison with the experimental
dielectric constant, indicated by a horizontal broken line, suggests
that for ¢ = 0.5, 20% of the Gly molecules are in the zwitterionic
form, while 80% are neutral. We conclude that the dielectric con-
stant of organic solutions is sensitively influenced by the charge state
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FIG. 1. (a) Dielectric constant & from previously published experimental
studies™ " in dependence of the solute mass fraction ¢, for water/Gly,
water/PEG, and water/PA mixtures. The dielectric constant is normalized by the
dielectric constant in pure water &4er. The work by Sengwa et al.*! contains only
results for ¢, = 1 and is, therefore, only shown in the inset. Inset: The dielectric
constant of pure PEG in dependence of the polymerization index n. Forn > 2, e is
fitted by a straight line, which extrapolates to & ~ 11 for n — oo. (b) Dielectric con-
stant from MD simulations. (c) Simulation results from (b) for pure organic liquids.
(d) Dielectric constant from MD simulations for water/Gly; mixtures for a fixed Gly,
mass fraction of ¢, = 0.5. The fraction of zwitterionic Gly-molecules ¢, is varied
between 0 and 1. The experimental value from Chaudhari et al.>® is indicated as
a horizontal dashed line.
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of the organic molecules, which itself depends on the water frac-
tion and oligomerization number and, in principle, can be used to
determine the correct zwitterionic fraction to be used in simulations.
We repeat that since we are interested in the infinite oligomer chain
length limit, we use the neutral terminated oligo-glycine in all of our
following simulations.

Water/PEG mixtures are the only systems studied that show
a nearly linear relationship between ¢ and ¢, in both experimen-
tal studies and our MD simulations. As in the Gly simulations, we
consider PEG oligomers with charge-neutral end groups, with the
structural formula H-[CH,-O-CH,],-H. Comparing the experi-
mental dielectric constant of pure organic liquids in Fig. 1(a) for
PEG and the simulation data for PEG and Gly in Fig. 1(c), we find
that & decreases with increasing polymer length for both PEG and
even more so for Gly. The dependence of € on the polymerization
index # is discussed in detail below. The experimental data for pure
PEG extrapolate to a value of ¢ ~ 11 for infinitely long PEG chains;
see the inset in Fig. 1(a), while we obtain consistently smaller val-
ues in the MD simulations, which we will return to in the discussion
of Fig. 8(b). The quantitative difference of the dielectric constants
has various possible causes. First, the parameterization of the partial
charges in the simulations has a decisive influence on the dielec-
tric constant. Moreover, the MD simulations do not account for
changes in the partial charge distribution for varying water frac-
tion due to polarization effects, which would influence the value of ¢.
The chemical structure of the polymers also plays an important role.
For example, PEG used in experiments has the structural formula
H-[CH,-0O-CH;],-OH and is terminated by two OH groups. As
demonstrated in our glycine simulations, terminal charging effects
via deprotonation could play a role in experimental measurements at
low solute fractions, which are not accounted for in our simulations.
Furthermore, contamination by, e.g., formaldehyde and acetalde-
hyde as well as residual water in nominally dry PEG is practically
unavoidable in experimental setups,’® which in turn would influ-
ence the dielectric constant. The quantitative difference between
the simulated and the experimentally measured dielectric constant
could, therefore, be due to a complex combination of the above
effects.

Of all the systems studied, pure PA shows the lowest dielectric
constant with € < 5 in both experiments and simulations. Interpre-
tation of the experimental data in the mid ¢  range with respect
to the role of charges in the system is complicated by the fact that
the pH, and thus the protonation state, of PA changes with dif-
ferent water/PA ratios. To focus on the impact of charged solutes,
we consider fully deprotonated PA in all simulations. The resulting
dielectric constant shows a steep decrease for low ¢, in Fig. 1(b).

A. Dipole moment correlation

In Fig. 2, the scaled dipole correlations [Egs. (6)-(10)] are
shown in dependence of the solute mass fraction ¢, . For better vis-
ibility, only the results for the smallest compounds of every solute
type are shown. Longer Gly and PEG oligomers show the same
qualitative behavior (see the supplementary material).

1. Self-polarization

Figures. 2(a) and 2(b) show the self-polarization contributions
of water and the organic solutes, respectively. To gain a better
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FIG. 2. Scaled dipole correlation functions in dependence of the solute mass frac-
tion for the smallest molecule of each solute group. In (a), Eq. (12) is shown as
a solid line for constant p,, = 1 kg/I. The subfigures show (a) Cy, sefr» (0) Css, seff»

(c) Ess, coll; (d) 5ww coll; @nd (e) 5ws-

understanding of the self-polarization effect, we rewrite Cuw, self

[Eq. (6)] taking into account that the average dipole moment (p™)
vanishes for an isotropic mixture,

_ (W) )2
wa,self = (1 - ¢m)Pm<(Prn7)>> (12)

w

with the mass density p_ = (Nwmy + Nems)/V. Evidently, the
molecular mass of water and solute molecules, m,, and m;, are
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constant. The water dipole moment p™ = 2.3D is constant as
well due to the rigid water model used in the MD simulations.
Approximating the mass density by a constant value p, ~ 1kg/l, we,
therefore, expect Cyny, self to collapse on a straight line for all systems,
which is confirmed by the simulation results [Fig. 2(a)]. In analogy

to Eq. (12), C, self is rewritten as

= (@)%
Css self = PmPm ——— . 13
self = Pmp - (13)
The three solutes exhibit di{fverent dipole moments [Fig. 3(a)], which
leads to different slopes of Cg self in Fig. 2(b). In addition, the mass
density of a PA/water mixture decreases for large ¢ [Fig. 3(b)],

which is reflected in the decrease in 655, self for ¢, > 0.7 in Fig. 2(b).

2. Collective polarization

The collective polarization contributions Curw,coll and Cyg, copt in
mixtures containing the two neutral solutes Gly and PEG are strictly
positive but not linear in ¢, , as shown in Fig. 2(c). In contrast, ESS, coll
of PA is negative everywhere and Eww, coll of PA exhibits a transition
from positive to negative values at ¢  ~ 0.5. Schematic molecular
configurations that are consistent with the positive dipole correla-
tion found for Gly and PEG and the negative dipole correlation for
PA are shown in Fig. 4. For Gly and PEG, the molecular structure
allows parallel alignment of adjacent dipoles in a straightforward
manner, which in the case of Gly tends to be further stabilized
by hydrogen bond formation. In contrast, the interaction of the
negatively charged PA with a positively charged sodium ion, as
shown in Fig. 4, possibly leads to an antiparallel alignment of the

a)
\ 4
8 dganog B

3 6 © 0 0 0000 o

h - SF "% -
) 1.2(5)- r
g,loo-l ..ﬂﬁ. !
<7 é o ; e O™ o

0.50 + Glys PEGs

00 02 04 06 08 1.0
bm

FIG. 3. (a) Molecular dipole moment p® for all solutes. We define p’® as
the root mean squared dipole moment averaged over all solute particles,
{(p))2). The molecular dipole moment of water, which is constant

in the rigid water models we use, is indicated as a dashed line. (b) Mass density of
the water/solute mixtures in dependence of the solute mass fraction.

p® =

ARTICLE scitation.org/journalljcp

Propanic Acid

w
- « & « &
E §" ° }( }( J/t
‘j}v« v Y o
y &
u/u\? u/u\? K@
¥ ] ¥ ]

FIG. 4. Schematic structures of dominant solute conformations. The dipole
moments are indicated as black arrows with the length proportional to the mag-
nitude. For Gly, a hydrogen bond is shown as a dashed line. For PA, the negative

net charge of the molecule is indicated at the midpoint between the two oxygens,
while the sodium ion is shown in yellow.

molecular dipoles. We, therefore, tentatively attribute the anticorre-
lation of the collective water polarization for PA, i.e., negative values
of Cupnw, coll> int Fig. 2(d), to the primarily anti-parallel alignment of
the PA molecules and the positive correlation between water and PA
polarization [Fig. 2(e)]. As a matter of fact, the water-solute correla-
tion Cys is positive for all systems investigated and largest for solute
mass fractions around ¢ = 0.5.

The complex nature of organic solution/water mixtures is also
reflected in their structural features. In Fig. 5, the rescaled average
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FIG. 5. Rescaled average number of hydrogen bonds for solute/water mixtures
for the smallest molecule of each solute group. (a) Hydrogen bonds between the
solute and the solvent. (b) Hydrogen bonds between Gly molecules. (c) Hydrogen
bonds between water molecules.
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number of hydrogen bonds hj = H;j/\/njNjniN; is shown for the
smallest molecules of each solute group, where Hj; is the total num-
ber of hydrogen bonds between species i and j, withiand j = wands,
and #; and n; being the polymerization index. The average number of
hydrogen bonds between PA and water exhibits a maximum at about
¢, ® 0.5. The comparison with Figs. 2(c) and 4 suggests that the pro-
nounced anticorrelated alignment of the PA molecules for ¢ > 0.5
restricts the arrangement of the water molecules and, thus, hampers
the formation of hydrogen bonds. In contrast, hys increases with
increasing ¢ for Gly and PEG, corresponding to a water conforma-
tion where the solute dipole moment and the water dipole moment
are positively correlated [Fig. 2(d)]. PA and PEG cannot form hydro-
gen bonds among themselves. For Gly, hg increases with increasing
oo which is consistent with the stabilization of the aligned molec-
ular dipole moment depicted in Fig. 4. The rescaled hydrogen-bond
number between water molecules, hyy, decreases with increasing ¢
and we see that the hydrogen-bond breaking is most pronounced
in PA/water mixtures. In close analogy, the water dipole corre-
lation function Cyy,con in Fig. 2(d) shows the steepest decrease
for PA.

3. Dielectric constant—decomposition

In Fig. 6, the magnitude by which the five polarization terms
[Egs. (6)-(10)] contribute to the dielectric constant is shown. Only
results for the smallest molecule of each solute type are shown.
The results for longer oligomers are qualitatively equivalent (see the
supplementary material).

Figure 2 already shows that the collective polarization has a
non-linear relation with the solute mass fraction. Since the dielec-
tric constant is given by the sum of self- and collective polarization,
& shown in Fig. 6, exhibits a non-ideal mixing behavior for all three
solute types. Remarkably, water dipole correlations dominate ¢, even
if the solute mass fraction exceeds values of ¢ = 0.5 for PEG in
Fig. 6(b). Comparing self-polarization and collective polarization,
collective effects dominate for low and intermediate solute mass
fractions. In pure organic solutes, self- and collective polarization
are similar in magnitude.

The ratio between self- and collective polarization is commonly
quantified by the Kirkwood factor g, with g=1 +FCJHBCOH /Eii,se]f,
where i =w, 5.2 In Fig. 7, the magnitude of the Kirkwood
factor of water and pure solutes is shown in dependence of the
specific volume v of the solute molecules. It is seen that water
has the highest Kirkwood g-factor of all substances, which reflects
the pronounced dipolar collectivity in water, while the ratio of
collective and self-polarization, |g - 1|, of the organic substances
is smaller than unity and further decreases with rising specific
volume v.

4. Dielectric constant of proteins and PEG melts

Knowing the dielectric constant for Gly and PEG oligomers,
we now extrapolate the dielectric constant to longer water-free poly-
mers. To this end, we need to perform a double extrapolation. In
the first step, we extrapolate all polarization terms to ¢_ = 1 by fit-
ting the MD results (Fig. 2), neglecting the two largest mass fractions
¢,, (see the supplementary material). The dielectric constant is then
obtained from the sum [Eq.(11)] over the extrapolated polarization
terms. This procedure reduces the impact of numerical uncertain-
ties and the resulting dielectric constants agree well with the MD
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FIG. 6. Dielectric constant in dependence of the solute mass fraction ¢ for the
smallest molecule of each solute group. The white circles indicate ¢ — 1, i.e., the
sum of the positive and negative contributions of the scaled dipole correlation func-
tions [Egs. (6)-(10)] shown as colored boxes. Results are shown for (a) Gly,, (b)
PEG;, and (c) PA.

simulations performed at ¢ = 1 (Fig. 8). In the second step, we
extrapolate the dielectric constant of pure oligomers to polymers
with larger polymerization index n. For this, we derive a simple scal-
ing relation. We first rewrite the dielectric constant, Eq. (1), using
the Kirkwood factor g, as

2
14+ PngnPn

€ >
3kB T£0

(14)

where the subscript #n refers to the number of monomers. Next,
we relate the density p , the Kirkwood factor g, and the dipole
moment p of the oligomers to the corresponding monomeric
values. The density p,, i.e., the number of polymers per unit vol-
ume, is related to the monomer density p, as p, ~ p, /n. A positive
Kirkwood factor g, is a measure for the parallel alignment of molec-
ular dipole moments. The alignment will become weaker for longer
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FIG. 7. Kirkwood factor in dependence of the specific volume v in water and pure
solutes. The specific volume is defined as the inverse molecular number density,

v=1/p.

polymers; hence, we write g, ~ 1+ (g, — 1)/n", where we set & = 1.
For short polymers, all dipole moments are aligned and we can
approximate p2 = n’p?. In contrast, for long polymers, the orien-
tation of monomers that are far apart are decorrelated and we can
approximate p2 = nn*pi, with #* being the characteristic number
of monomers that describes the transition between aligned and
decorrelated dipoles. To interpolate between both limits, we write
pa~ pin*n®/(n* +n). Inserting the approximations for p_, g, and
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FIG. 8. The dielectric constant is fitted as a function of ¢, neglecting the last two
data points for the largest values of ¢, (shown in white). See the supplementary
material for details about the fitting procedure. Inset: The extrapolated dielectric
constant for ¢ — 1 scales with the number of monomers as ¢ = oo + Ae/n. (a)
Gly oligomers. (b) PEG oligomers.
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p, into Eq. (14) and taking the limit of long polymers, i.e., n > n”,
n > 1, we find

e~ 1+

pipin’ (1

. g -1 ) Ae
3£0kBT

=€ + —, (15)
n n

where Ae is a scaling factor. Hence, the dielectric constant is sug-
gested to approach a constant value €0, with a scaling ~1/n as the
polymer length increases. From the inset in Fig. 8(a), we see that
the dielectric constant of poly-Gly, or equivalently the dielectric con-
stant associated with the backbone of a protein, obeys the 1/n scaling
rather well and reaches a value of oo = 17 + 2 for n — oco. For PEG,
the decrease is even more pronounced [Fig. 8(b)], with an asymp-
totic value €0 = 1 + 0.3. In other words, the dielectric response in
PEG melts consisting of long PEG chains is about two orders of
magnitude lower than in water. The large difference of the dielectric
constant of water and organic polymers is essential to understand
and correctly predict physical quantities like the pK,-value of acids,
the solvation free energy of charged molecules, as well as charge
transfer energies at the interfaces between water and proteins or
organic polymer melts.”

B. Comparison to replica-exchange MD simulations

We investigate the dielectric constant in water/organic
oligomer mixtures by means of MD simulations. Besides studying
the relation between the solute mass fraction, polymer length, and
dielectric constant, MD simulations enable us to disentangle water
and solute contributions to the dielectric constant as well as self-
polarization and collective effects. The efficiency of the MD simula-
tion is limited by the characteristic timescale of dipole moment fluc-
tuations, which increases with increasing size of the polymers and
increasing solute concentration (see the supplementary material),
because of the increasing viscosity. A widely used simulation tech-
nique to handle slow dynamics due to large energy barriers is the
so-called replica-exchange molecular dynamics (REMD) simula-
tion.* To probe whether REMD simulation methods are suitable
for the systems studied here, we compare the dielectric constant of
water/Gly, mixtures obtained from a single simulation at a constant
temperature T = 300 K with the results from REMD simulations with
16 temperature steps between T = 300 K and T = 450 K. In order
to meaningfully compare the computational efficiency, we limit the
simulation time for each REMD simulation to one sixteenth of the
simulation time for the constant temperature simulations. Under
this constraint, the dielectric constant obtained from REMD simula-
tions exhibits large errors and deviates significantly from the results
of the constant temperature simulations. If we increase the simula-
tion time of the REMD simulations by a factor of four, the dielectric
constant converges to the results of the constant temperature sim-
ulations (Fig. 9). We hypothesize that REMD simulations, which
are considered to perform well in systems that are characterized by
a single energy barrier,” are not suitable for the mixtures investi-
gated here due to the nature of the underlying energy landscape. The
relaxation of dipole moment fluctuations happens on a multidimen-
sional energy landscape, where each solute molecules is required to
rearrange its conformation and orientation. To minimize the com-
putational time, we do not perform REMD simulations for other
solutions and we do not consider REMD simulations in the results
shown above.
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FIG. 9. Dielectric constant in dependence of the solute mass fraction ¢, for
Gly, obtained from simulations at constant temperature (red circles) and replica
exchange simulations with an equivalent (orange squares) and four times longer
(black crosses) total simulation time. The error bars for the constant tempera-
ture simulations and the longer replica exchange simulations are smaller than the
symbol size.

I1l. CONCLUSION

In the three systems investigated, namely, poly-glycine, poly-
ethylene glycol, and propionic acid, € decreases significantly as we go
from pure water to the pure organic solute. In general, the dielectric
constant does not follow an ideal mixing behavior, which is pri-
marily attributed to a non-linear relation between the solute mass
fraction and collective polarization effects. Depending on the solute
molecule, we observe three different scenarios: (1) a nearly constant
slope, for water/PEG, (2) a steep drop at low solute mass fractions,
for water/PA, and (3) a shallow decrease for small and intermedi-
ate ¢, for water/Gly. All three examples highlight that depending
on the choice of solute and the choice of solute mass fraction,
the dielectric constant can be precisely adjusted to a desired value.
Organic solutions with tunable dielectric properties are especially
relevant for the ever expanding field of sustainable, bio-compatible
technologies.”

The MD simulations give us control over individual molecular
parameters, particularly the molecular charge. In the case of Gly with
neutral terminal groups, we observe in the simulations a decrease
in € with increasing solute concentration, while the opposite trend
is found for zwitterionic molecules in the experiment.”” Compar-
ing mixtures at a fixed Gly, mass fraction ¢ and a varying fraction
b, of zwitterionic Gly; molecules, we find a transition between a
decreased dielectric constant for low ¢,, to an increased dielectric
constant compared to pure water for high ¢, .. The comparison of our
simulation results with the experimental dielectric constant illus-
trates the importance of terminal solute-charge effects, which in
our simulations are neglected on purpose in order to meaningfully
extrapolate to the infinite polymer length limit.

For PA at intermediate concentration, the simulations with
fully deprotonated PA show a significantly lower value for ¢ than the
experiments,”” in which, presumably, the PA molecules are present
in a partially protonated form.

We find that the dielectric constant of a water-free polyg-
lycine melt decreases with increasing the polymerization index.
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From Eq. (15) and the fit in Fig. 8, it follows that melts consisting
of moderately sized polyglycine chains with more than ten residues
are characterized by a dielectric constant that is rather close to the
asymptotic limit ¢ ~ 17. Assuming that this behavior also holds for
peptides and proteins, our results, thus, suggest that such dielec-
tric constants are to be expected in unstructured large proteins. In
this context, it is interesting to note that in coarse-grained simula-
tions of the interior of folded proteins, typically, a significantly lower
value for the dielectric constant of about & ~ 4’ is widely used.
However, it is expected that & depends on the amino acid type and
sequence and also on the presence of protein secondary structures.
In addition, the packing fraction, the pH value, and the salt concen-
tration may vary locally and, thus, affect the dielectric behavior. We
use non-polarizable force fields; therefore, our simulations only yield
the orientational contribution but not the electronic contribution to
the dielectric constant, which should be kept in mind when compar-
ing with experimental results. In order to approximately account for
electronic polarization effects, one could, therefore, add a constant
to the resulting dielectric constant.

Another factor that might change the effective dielectric con-
stant of the core of a protein is related to confinement effects. As
an example, the dielectric constant of confined water differs from its
bulk value for a confinement size below about one to two nm,'*'*"’
a similar dependence of the effective dielectric constant on the spa-
tial size can also be expected for globular proteins and will be studied
in future work.

SUPPLEMENTARY MATERIAL

A detailed derivation of the dielectric constant [Eq. (1)] as well
as additional simulation data are presented in the supplementary
material.
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APPENDIX: METHODS

All MD simulations are performed with the GROMACS 4.6.8
(PEG) and the GROMACS 5.1.5 (Gly and PA) simulation package.”
The following simulation parameters are used: the time step is set to
2 fs. The temperature is set to 300 K. For temperature/pressure cou-
pling the v-rescale®/Parrinello-Rahman’® algorithm with a relax-
ation time of 0.1 ps/2.0 ps is chosen. The pressure is set isotropically
to 1 bar with a compressibility of 4.5 x107° bars™". All simulations
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are performed with periodic boundary conditions in all three direc-
tions. The cut-off of non-bonded interactions is set to 1.0 nm. Long
range electrostatic interactions are treated using the particle mesh
Ewald (PME) method. The length of all bonds are fixed with a LINCS
algorithm.” The ¢_ dependent dielectric constant is determined for
seven different solutes: (a) PEG: H-[CH,-O-CH;],-H with n = 2,
4, and 8, (b) Gly dimers, Gly tetramers, and Gly hexamers, and (c)
deprotonated PA. To avoid that the initial solute properties change
with varying peptide concentration, we choose uncharged N- and
C-termini for all simulations of Gly. Simulation boxes including PA
are neutralized with sodium atoms. To determine the PA molecular
dipole moment, the negative net charge is subtracted from the center
of mass and only the dipole moment of the thus neutralized PA and
water are considered.

The solute and water are placed in a cubic box. For each solute,
at least 5 solutions are set up, with a solute molecule to water
molecule ratio of 25:677, 50:532, 75:401, 100:288, 125:157, 144:0
(PEG,), 12:584, 24:450, 36:341, 48:243, 60:149, 75:0 (PEG,), 6:526,
12:407, 18:304, 24:201, 30:113, 36:0 (PEGs), 28:1245, 59:1072, 90:905,
121:750, 152:599, 183:440, 214:309, 245:0 (Gly,), 13:1282, 29:1114,
45:958, 61:820, 77:675, 93:533, 109:411, 125:0 (Gly,), 8:898, 16:780,
24:674, 32:569, 40:466, 48:357, 56:270, 64:0(Glys), and 21:483,
42:397, 63:312, 84:227, 105:142, 126:57, 140:0 (PA). Furthermore,
two simulations over 200 ns are performed with pure SPC/E (1378
molecules) and tip3p (832 molecules) water. The bulk dielectric con-
stant for both water models (71 for SPC/E and 97 for tip3p) is
consistent with literature values.”>”” Comparing SPC/E water and
tip3p water, the dielectric constant of SPC/E water is closer to the
experimental value of ¢ = 80. We, therefore, model Gly, PA, and
sodium with the gromos53a6 force field.®” The charmm35r force
field was shown to reproduce well the experimentally observed dihe-
dral conformations of PEG.?" Since the molecular conformation is
expected to have a significant effect on the dielectric constant and the
value of the dielectric constant of tip3p-water agrees reasonably well
with the experimental value, we model PEG with the charmm35r
force field and use the tip3p water model. To reduce the influence
of the water model in our analysis, the dielectric constant is given
relative to the bulk water value. To equilibrate the system the energy
minimization is followed by a 1 ns NVT simulation with constant
volume and without pressure coupling, followed by a 10 ns NPT
simulation. After equilibration, the simulation boxes exhibit an edge
length of 2.6-3.6 nm. To determine the mass density, the volume
of the box is averaged over the subsequent production run. For the
production run, an NPT simulation of at least 190 ns is performed.
The simulation time is extended up to 690 ns to ensure that the
simulation time is at least one order of magnitude larger than the
correlation time of polarization fluctuations (see the supplementary
material). The error bars of the dielectric constant, &, in Fig. 9 are
estimated based on the standard deviation of the mean of P?,

Eerr = ( (P4>§)\]_ (PZ)%) v (Al)

350kB T ’

with Niim being the number of data points, which are sampled every
10 ps from the simulation trajectory. For mass fraction ¢ _ larger
than 0.5 the correlation time is larger than 10 ps (see Fig. S2 in the
the supplementary material) and our above formula consequently
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underestimates the error. For monomeric Gly, the dielectric con-
stant is determined in dependence of the fraction of zwitterionic
molecules. 240 Gly; molecules and 1000 water molecules are placed
in a cubic box with an initial size length of 3.9 nm. The ratio of Gly;
molecules with charged and with neutral terminal groups is set to
0:240, 30:210, 60:180, 120:120, and 240:0. To equilibrate the system,
the minimization is followed by a 1 ns NVT simulation with con-
stant volume and without pressure coupling, followed by a 10 ns
NPT simulation. To determine the dielectric constant, a 100 ns NPT
simulation is performed.
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