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Abstract

Methylguanidinium is an important molecular ion which also serves as the model com-

pound for arginine side chain. We studied the structure and dynamics of methylguanidium

ion at the air/water interface by molecular dynamics simulations employing the Drude polar-

izable force field. We found out that methylguanidinium accumulated at the interface with

a majority adopting tilted conformations. We also demonstrated that methylguanidinium and

guanidinium ions had different preference towards the air/water interface. Detailed analysis

of induced dipole moments showed how ions adjusted their charge distribution at the interface

and revealed how the anisotropy in molecular polarizability impacted the orientation of molec-

ular ions. Our results illustrate the importance to explicitly include the electronic polarization

effects in modeling interfacial properties.
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Introduction

Guanidinium (Gdm+) and methylguanidinium (M-Gdm+) are important molecular ions with unique

physicochemical natures. They assume a planar structure as the three nitrogen lone pairs conju-

gate with the empty p-orbital of the central carbon atom. The lone pairs of the nitrogen atoms are

poor hydrogen-bond (H-bond) acceptors while the N-H groups oriented in the molecular plane are

hydrogen-bond donors, which leads to anisotropic hydration structures. For the Gdm+ ion, it is

hydrophilic around its plane edge, but hydrophobic in the two perpendicular directions. For the

M-Gdm+ ion, substitution of methyl group on one of the amino hydrogens makes it even more

anisotropic.1 Gdm+ and M-Gdm+ are often studied as the model compounds for arginine side

chain, and such an anisotropic electronic structure has implication in its interaction with other

amino acids2–4 and small molecules.5 The particular importance of arginine in liquid-liquid phase

separation has also been recently recognized.6

Specific ion effects on aqueous interfaces have long been of interests.7,8 Early studies date back to

Onsager and Samaras, who elucidated the mechanism of ion depletion from the interfacial region

using the Debye & Hückel and the dielectric continuum theory (DH-DCT).9 In the 1990s Perera

and Berkowitz found that heavy halide ions such as Br− and I− would accumulate at the air/water

interface employing molecule dynamics (MD) simulations with a polarizable force field (FF).10,11

Since then, the propensity of simple ions at the interface has been studied by a variety of surface-

sensitive experimental 12–15 and theoretical approaches.16–21 The specific effects that ions can play

on protein stabilities22 and chemical reactions at the interface23 have also been realized.

While most of these interfacial studies focus on single ions, the effect of molecular ions on the in-

terfaces can be more complicated. For instance, a major favoring factor of ions’ surface preference

is the cavitation free energy that roots in their disruption on water structure and hydrogen bond-

ing interactions, and molecular ions can have strongly anisotropic hydration structures. For planar

molecular ions such as Gdm+ and M-Gdm+, whether they adopt certain orientational preference

3



at the interface is also interesting. Recently Strazdaite and co-workers used heterodyne-detected

vibrational sum frequency generation (HD-VSFG) to examine the methyl stretch vibration of M-

Gdm+, and found that a large fraction of ions adopt certain tilt angles at the air/water interface.24

This contrasts with previous simulation studies,25–27 which found that Gdm+ has a orientational

preference of being parallel to the air/water interface. Ou et al carried out MD simulations of

guanidinium and methylguanidinium chloride solutions using a polarizable CHARMM fluctuating

charge force field,28,29 and reported that both Gdm+ and M-Gdm+ ions deplete from air/water

interface and lie parallel to the surface.27 Wernersson et al found out guanidinium ions tended to

be enriched at the water/air surface if they are oriented parallel to the surface using MD simula-

tions with a refined additive force field.25 However, they showed that, for a majority of orientation,

Gdm+ is depleted in the interface so the orientationally averaged density profile shows no net

surface excess. Results from experimental measurements for the surface excess of Gdm+ and M-

Gdm+ are also mixed, with both interface depletion30 and accumulation31 reported.

Polarizable models are crucial for molecular simulations to study ion effects at interfaces, as they

allow ions to adjust their charge distribution to minimize the electrostatic self energy cost associ-

ated with moving into interfacial regions that have different permittivities on the two sides. Levin

et al showed that the work to bring a polarizable ion from bulk water to the air/water surface is one

order of magnitude smaller than a nonpolarizable ion.32,33 There exist a variety of methods to ex-

plicitly model the electronic polarization effects in force fields, including the point induced dipole

model, the classical Drude oscillator model, and the fluctuating charge model. The CHARMM

fluctuating charge force field28,29 is based on the fluctuating charge model that considers partial

atomic charges as dynamical variables based on the electronegativity at each atomic site. One of

its limitations is the inability to describe the out-of-plane polarization for planar molecules, which

compromise its accuracy.34 In the Drude polarizable force field, explicit polarizability is intro-

duced by attaching an auxiliary Drude particle carrying a fixed partial charge to its parent atom

with a harmonic spring. The position of the Drude particle is determined by the balance of the
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forces inserted by the external electric field and the harmonic spring, and thus accounts for in-

duced polarization.35 The Drude FF has been continuously improved in terms of both force field

refinement36,37 and methodology development.38 Substantial progress has also been achieved in

the systematic force field parametrization of biomacromolecules for the AMOEBA force field that

employs the permenant multipole and induced dipole model during the past decade.39,40 In a recent

work, the equivalency of the point induced dipole model and the Drude model is demonstrated by

mapping the Drude FF into an AMOEBA-like multipole and induced dipole model.41

In the present work, we carry out extensive MD simulations with the Drude FF to study the struc-

ture and dynamics of M-Gdm+ ions at the air/water interface. The Drude FF has been extensively

parametrized for biomolecules including proteins,42,43 nucleic acids,44–46 carbohydrates47,48 and

lipids,49 and have demonstrated its advantage in modeling the cooperativity in protein folding50

and predicting water-octanol partition coefficients.51 The parameters of M-Gdm+ used in this work

are identical to those of arginine in the Drude protein FF.43 Our simulation results agree with

the HD-VSFG experimental measurement in terms of an ensemble-avaraged order parameter, and

provide a detailed picture on the tilting profile of M-Gdm+ ions at the air/water interfaces. We

also compared the interfacial properties between M-Gdm+ and Gdm+, and showed that they have

qualitatively different surface preference. Moreover, a direct coupling between the interfacial ori-

entation of M-Gdm+ and the anisotropy in its molecular polarizability is revealed. This work thus

provides new insights into the specific interfacial effects of molecular ions.

The manuscript is organized as follows. Details of MD simulations and trajectory analysis will be

provided in the Methods section. In the Results section, the density profiles of solutes and solvent

are first examined, followed by analysis of orientational preference of M-Gdm+ ions at the inter-

face. Molecular structures, induced dipole moments, and simulations with different counteranions

will also be presented in this section. The manuscript ends with a short discussion and conclusion.
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Methods

MD simulations

All the simulations and analysis were performed using CHARMM.52 To set up a M-Gdm+ chlo-

ride solution system with 3 m molar concentration, 391 M-Gdm+ and 391 Cl− ions were solvated

in a 60 Å× 60 Å× 60 Å cubic water box consisted of 5619 water molecules. 6 ns NPT simulations

were carried out at 300 K and 1 atm with periodic boundary conditions, and the averaged volume

of the last 5 ns was used to determine the box dimension for following 1 ns NVT equilibrium simu-

lations. After that, rectangular simulation systems were built by keeping two dimensions (x and y)

same and tripling the third (z) dimension, creating two air/water interfaces. 20 ns MD simulations

were then carried out in the NVT ensemble as the production run. In addition, GdmCl systems

were simulated to compare M-Gdm+ with Gdm+, and systems of 3 m M-Gdm+ (or Gdm+) bro-

mide and iodide solution were set up to investigate the effects of counteranions. A summary of all

simulation systems and the simulation protocol is provided in the Supporting Information (Table

S1 and Fig. S1).

The Drude polarizable FF was used to model all molecules in the simulation systems. In particular,

FF parameters for ions were based on Ref.53 and Ref.54 while the SWM4-NDP model55 was used

for water. Electrostatic interactions were calculated by particle mesh Ewald (PME) summation56

with screening parameter κ = 0.34. Lennard-Jones interactions were computed with a 12 Å cutoff

and a switching function from 10 to 12 Å. The nonbonded interaction lists were generated using a

distance cutoff of 16 Å and updated heuristically. SHAKE algorithm was used to constrain cova-

lent bonds involving hydrogens.

Nose-Hoover thermostats57 and modified Anderson-Hoover barostats58 were used for the MD sim-

ulations, with characteristic response time both set to be 0.1 ps. A velocity-Verlet integrator based

on the operator-splitting technique was used for MD propagation.59 The relative motion between
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Drude particles and their parent atoms was further coupled to a thermostat with temperature of 1

K and characteristic response time of 0.005 ps. MD timestep was set to be 1 fs, and coordinates

were saved every 1 ps.

As a comparison, non-polarizable simulations were also carried out using the CHARMM additive

FF for ions and the CHARMM TIP3P model for water.60 All simulation parameters were the same

with polarizable simulations except 2 fs timestep was used.

Analysis of MD trajectories

Interfacial area. To compute the number density (ρ) for each component, we discretized the sim-

ulation system by z coordinates creating 0.5 Å slices, and counted the number of corresponding

molecules per unit volume in each slab by considering their centers of mass. Center of mass of

the full simulation system is set to be the origin of the coordinate system. Relative number density

(ρ/ρbulk) was then computed by normalization with the bulk density value that was calculated us-

ing the -1 to 1 Å slices at the box center, and averaging over the two equivalent halves of the slab

system. Relative chemical excess density was computed as the relative number density of each

component divided by that of water for each 0.5 Å slice.

Gibbs dividing surface (GDS), defined as the interfacial plane where the surface excess of solvent

is zero, was computed as the xy-plane where the relative number density of water equals 0.5. The

width of the interface region was then computed as twice the distance between GDS and outermost

boundary of interface. We defined the outermost boundary as the xy-plane where the relative den-

sity of water is less than 0.01 in this study.

Molecular orientation. The key result from HD-VSFG measurements is an ensemble averaged D
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value determined by the orientation of the M-Gdm+ methyl group at the air/water interface24

D =
〈cos3 θCH3〉
〈cosθCH3〉

(1)

, where θCH3 is the angle between the methyl C3 axis and the surface normal. Another variable to

describe the molecular orientation of M-Gdm+ at the interface would be the angle θMP between

the molecular plane and the surface normal. The molecular plane is defined as the plane passing

through the central C atom and two adjacent N atoms. We note that θCH3 as the angle between two

vectors ranges from 0 to 180◦, while θMP as the angle between a plane and a vector, ranges from 0

to 90◦.

Surface tension. The surface tension of every system was calculated from their MD trajectories

as

γ =
Lz

2
(Pzz−

Pxx +Pyy

2
) (2)

, where Pxx, Pyy, and Pzz are the diagonal elements of the internal pressure tensor, and Lz is the

length of the simulation cell in the direction perpendicular to the surface.61 Division by 2 ac-

counted for the fact that there were two interfaces in each simulation system.

Results

Density Profiles

Number density profiles of ions and water along the z-dimension computed from 20 ns MD sim-

ulations of 3 m M-GdmCl solution with the Drude polarizable and CHARMM additive FFs are

presented in Fig. 1. The air/water interface of the Drude simulation system centers at z = 29.4 Å

as indicated by the position of GDS and spans along z axis for a width of 9.2 Å. For the additive

simulation system, GDS locates at z= 30.6 Å and the width of interface equals 7.9 Å. As a compar-
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ison, the widths of air/water interfaces in bulk water systems are 12.9 Å and 9.3 Å with the Drude

SWM4-NDP and the additive TIP3P water model, respectively (Fig. S2). The relative number

density of M-Gdm+ shows an increase at and just below the interface with the Drude FF. The max-

imal number density of M-Gdm+ is 1.16 times of the bulk value located at 2.4 Å below GDS, and

equals 0.89 of the bulk density at the Gibbs dividing surface. With the CHARMM additive FF, the

density of M-Gdm+ decreases monotonously to the outermost boundary after a small rise at about

9 Å below GDS. For chlorine anion, there is a significant change of ion density from bulk to the

interface with the Drude FF. Interfacial accumulation with relative number density as large as 1.4

is observed in the air/water interface, complemented by a slight depletion in the subinterfacial re-

gion. In contrast, significant interfacial depletion of Cl− ions is observed in the additive simulation.

Chemical excess density, defined as the ratio of the number of solutes to that of water within a

local region, is important to understand interfacial chemical reactions and used here to present

the interfical accumulation or depletion of ions. The relative chemical excess density, ρion/ρion
bulk

ρwater/ρwater
bulk

,

are calculated from the Drude and additive simulations and plotted in Fig. 1b and 1d. For 3 m

M-GdmCl solution with the Drude polarizable force field, the chemical excess densities of M-

Gdm+ and Cl− can be 1.6 and 2.5 times of bulk values, and their peaks are both located at the

vicinity of GDS. Integrating over the whole interfacial region, the relative chemical excess densi-

ties of M-Gdms+ and Cl− ions equal 1.31 and 1.47 respectively, indicating strong accumulation of

M-Gdm+ and Cl− ions at the air/water interface. On the contrary, in the additive simulation the rel-

ative chemical excess densities of M-Gdms+ and Cl− ions are 0.10 and 0.02 at GDS respectively,

and 0.39 and 0.30 on the average over the whole interfacial region, indicating strong interfacial

depletion of both cations and anions and consistent with the previous MD studies of M-Gdm+ (or

Gdm+) chloride solution with non-polarizable force field.25–27
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Figure 1: Relative number density profiles (a,c) and relative chemical excess density profiles (b,d)
of water (blue), M-Gdm+ (red) and Cl− (green) in 3 m M-GdmCl solution simulated with Drude
polarizable and CHARMM additive FFs. GDS is indicated by dashed lines, and the interface is
depicted by the grey area.

Orientational Preference at the Interface

While simple ions assume spherical shape, M-Gdm+ is a molecular ion that has a planar struc-

ture. The orientation of its molecular plane at the interface thus becomes an interesting topic, and

has been investigated by many theoretical and experimental studies. A recent VSFG experiment

found that a large fraction of M-Gdm+ ions have an angle relative to the interface,24 conflicting

with previous MD simulations which predicted that most interfacial M-Gdm+ ions lie parallel to

the interface.25–27 Key observable from the VSFG measurement is the ensemble averaged D value

determined by the orientation of the M-Gdm+ methyl group with respect to the air/water interface.

Specifically, Dexp equals 0.5±0.06. By assuming a partial-Gaussian distribution of molecular tilt

angle Ref. 24 concluded that at least 50% of interfacial M-Gdm+ orients at an angle > 20◦ with
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respect to the surface plane. From our MD simulations, Dcalc values from Eq. (1) equal 0.45±0.01

with the Drude FF and 0.48±0.01 with the CHARMM additive FF, respectively. Both agree with

the experimental value within the uncertainties.

Figure 2: The orientationally resolved number density profile g(z,θCH3) of M-Gdm+ ions (top
panels, a and c) as a function of its orientation θCH3 and its distance from box center (z = 0 Å),
together with the probability density profile ρ(θCH3) of M-Gdm+ ions at the interface and in the
bulk, as well as a standard function of 1/2sinθ (bottom panels, b and d) as a function of its
orientation θCH3 in 3 m M-GdmCl solution with the Drude polarizable (left panels, a and b) and
the CHARMM additive (right panels, c and d) FFs.

Although both the Drude and the additive simulations lead to similar ensemble averaged D val-

ues, the distributions of θCH3 are actually quite different as evident in Fig. 2. We compute the

orientationally resolved number density profile g(z,θCH3) defined as

g(z,θ) =
∫ z+∆z

z

∫
θ+∆θ

θ

d(z′,θ′)dθ
′ dz′ (3)
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, where ∆θ and ∆z are set to 1◦ and 1.0 Å, respectively, and d(z′,θ′) is the local number density

function defined as

d(z′,θ′) = lim
∆z′→0
∆θ′→0

n(z′,θ′,∆z′,∆θ′)

s ·∆θ′ ·∆z′
(4)

, where n(z′,θ′,∆z′,∆θ′) is the number of ions whose orientational angle θCH3 ranges from θ′ to

θ′+∆θ′ and z coordinate ranges from z′ to z′+∆z′, and s is the area of xy plane of the simulation

box. The 2D distribution g(z,θCH3) of 3 m M-Gdm+ chloride solution calculated from the Drude

and the additive simulations are plotted in Fig. 2a and 2c, respectively. In the Drude simulation,

the orientationally resolved number density profile in the bulk region (from -24.8 Å to 24.8 Å ) is

symmetric along θCH3 = 90◦, indicating no orientational preference in the bulk. At interface, there

is a significant enrichment of θCH3 in the region from 30◦ to 100◦ with peak at 70◦. The orienta-

tion distribution in the bulk and at the interface is further analyzed using 1D probability density

ρ(θCH3). As shown in Fig. 2b, the probability density function ρ(θCH3) in the bulk is almost iden-

tical to 1/2sinθCH3 , which means that the orientational distribution of M-Gdm+ methyl C3 axis

at each azimuthal angle is an uniform distribution. In contrast, at the air/water interface the most

probable θCH3 angle is 72◦, and 65.6% of M-Gdm+ ions have an angle θCH3 < 90◦ (methyl group

pointing towards the vacuum side). In the simulation using additive FF, M-Gdm+ ions are strongly

depleted at the air/water interface for all θCH3 angles (Fig. 2c). Nevertheless, similar difference of

ρ(θCH3) distribution between the bulk and the interface environment is observed (Fig. 2d). θCH3 in

the bulk follows an uniform distribution, while ρ(θCH3) at the interface has a peak at 75◦ and the

probability of θCH3 < 90◦ equals 71.3%.

While θCH3 directly connects with experimental spectroscopic measurement, another variable to

describe the orientation of M-Gdm+ would be the angle θMP between the molecular plane and the

normal of the interface plane. θMP ranges from 0 to 90◦ and is mathematically different from θCH3

(see Fig. 3a). θMP is an angle between a vector and a plane, which is different from the angle

θCH3 between this vector and a certain vector in the plane. Given a fixed θMP, when the molecular
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Figure 3: a: Comparison between two representation of molecular orientation: θMP and θCH3 . b:
The number count profile g(θMP,θCH3) of interfacial M-Gdm+ ions as a function of θCH3 and θMP
in 3 m M-GdmCl solution modeled with the Drude polarizable FF.

plane of M-Gdm+ rotates along its normal, θCH3 could vary from θMP to 180◦-θMP. We calculate

the number count profile g(θMP,θCH3) for M-Gdm+ ions at the air/water interface from the Drude

simuilation and present it in Fig. 3b. For a given θMP, the relationship θMP ≤ θCH3 ≤ 180◦−θMP

is strictly satisfied. Furthermore, a large fraction of M-Gdm+ ions, especially those with smaller

tilt angles, have their θCH3 among θMP±5◦, indicating limited out-of-plane rocking motion of the

methyl group. Our results suggest that it is reasonable to use θCH3 to represent the molecular ori-

entation at interface.

We also computed and analyzed the orientationally resolved number density profile using θMP in-

stead of θCH3 . As illustrated in Fig. S3, the 1D probability density profiles ρ(θMP) in bulk follow

the uniform distribution of orientations at each azimuthal angle, i.e. ρ(θMP) = cosθMP. At inter-

face, ρ(θMP) has the peak value at about 62.0◦ and mean at about 45.7◦ in the Drude simulation.

If we consider a M-Gdm+ ion lying parallel to the interface when its θMP is among 80◦ to 90◦,

5.2% of M-Gdm+ ions are parallel on the air/water interface. Alternatively if parallel M-Gdm+ is

defined as θMP ranges from 70◦ to 90◦, then 18.4% of M-Gdm+ ions are parallel.
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One of the shortcoming of using θMP is that it is a certain azimuthal angle, rather than a θMP, that

corresponds to the orientation of a M-Gdm+ ion in a one-to-one way, i.e. for M-Gdm+ ions with

a given θMP, there are many corresponding azimuthal angles, of which the measure (density of

states) is cosθMP. In order to present the distribution of ion plane orientation at each azimuthal

angle, another number density profile g′(z,θMP) is defined as

g′(z,θ) =
∫ z+∆z

z

∫ sinθ+∆sinθ

sinθ

d′(z′,θ′)dsinθ
′ dz′ (5)

, where ∆sinθ and ∆z are set to 1/180 and 1.0 Å, respectively, and d′(z′,θ′) is defined as

d′(z′,θ′) = lim
∆z′→0

∆sinθ′→0

n(z′,θ′,∆z′,∆sinθ′)

s ·∆sinθ′ ·∆z′
(6)

, where n(z′,θ′,∆z′,∆sinθ′) is the number of ions whose orientational angle θMP ranges from θ′

to arcsin(sinθ′+ ∆sinθ′) and z coordinate ranges from z′ to z′+ ∆z′. d′(z,θ) = d(z,θ)/cosθ.

If ∆sinθ→ 0 and ∆θ→ 0, then g(z,θ)→ d(z,θ) in Eq. (3) and g′(z,θ)→ d′(z,θ) in Eq. (5),

respectively. Hence g′(z,θ) is a locally resolved number density function of ions with the z

component of coordinates at z and the orientation at any azimuthal angle that satisfies θMP = θ.

The major difference between g and g′ can be understood as different variables (θ and sinθ) are

used in the y-axis such that there is stretching in low θ region and compression in large θ re-

gion in g′ compared to g (Fig. S3b), which is also visible as the difference between ρ(θMP) and

ρ′(θMP) = ρ(θMP)/cos(θMP) (Fig. S3c). The physical variable related to g′(z,θ) is the potential

of mean force (PMF) w(z,θ) for a constrained ion with a given azimuthal angle satisfied θMP = θ

through the relation

w(z,θ) =−kBT lng′(z,θ)+ cons (7)

, similarly the 1D PMF w(θ) for a constrained ion with a given azimuthal angle at the interface

could be computed as

w(θ) =−kBT lnρ
′(θ)+ cons (8)
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. Both equations are applicable to infinitely diluted solutions, and approximately satisfied for 3

m solutions. Based on ρ′(θMP) and w(θMP), the parallel orientation with respect to the interface

(θMP = 90◦) has lowest potential of mean force among all azimuthal angles for interfacial M-

Gdm+(Fig. S3d), consistent with previous MD simulation results.27 However, taking the measure

being cosθMP into consideration (cos(θMP = 90◦) = 0), the probability density of M-Gdm+ ions

with θMP = 90◦ is nearly zero. Direct counting the number of ions leads to the observation that the

majority of M-Gdm+ adopts a tilt angle.

Difference in Interfacial Preference between M-Gdm+ and Gdm+

MD simulations with the Drude polarizable FF suggest that M-Gdm+ ions accumulate at the

air/water interface. A common experimental method to determine the surface excess or deple-

tion of ions is based on surface tension, such that increasing surface tension with ion concentration

indicates surface depletion and decreasing surface tension indicates accumulation. We found that,

however, such argument for the interfacial preference of M-Gdm+ is often based on the surface

tension measurement of guanidinium.30 For Gdm+, surface tension of the air/water interface in-

creases with concentration, which suggests the ions are depleted from the interface. To compare

with the experimental data, we set up interfacial systems for Gdm+ chloride solution with a variety

of concentrations, and performed 20 ns MD simulations with the Drude FF at each concentration

to reveal the relationship between the surface tension and concentrations.

As shown in Fig. 4a, the computed surface tension of the air/water interface increase with the

concentration of Gdm+Cl. Linear regression of calculational tension leads to a slope of 0.57

dyn/(cm·m), close to the linear fitting value of 0.53 based on the experimental data.62 We note

that there is an offset in the absolute value of surface tension between simulation and experiment.

Calculation results are consistently about 9.5 dyn/cm smaller than the experimental values at each

concentration, which could be attributed to the SWM4-NDP water model used in the simulation.
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Figure 4: a) Surface tension change as a function of Gdm+ ion concentration, along with linear
regression results. b) Normalized number density profiles of water, Gdm+ and Cl− in 3 m GdmCl
solution simulated with the Drude polarizable FF.

The air/water surface tension of pure water system computed from Drude simulation at 300 K is

62.18 dyn/cm, while the experimental value is 71.81 dyn/cm.62 Such an underestimation is con-

sistent with previous reported value (γ = 67± 4 dyn/cm at T = 298.15 K) for the SWM4-NDP

model.55

Our results suggest that the Drude polarizable FF is able to quantitatively reproduce the impact of

Gdm+ ions on the air/water surface tension. As tension increases with ion concentration, Gdm+ is

supposed to be depleted from the surface. Such a depletion is evident from the density profile of

GdmCl solution calculated from the Drude simulation (Fig. 4b and Table S2). The relative number

density of Gdm+ is 0.51 times of the bulk density at GDS, and the chemical excess density over

the interfacial region equals 0.97. We note that the properties of M-Gdm+ are often be inferred

from those of Gdm+ due to their similarity. However here a counterexample is provided such

that M-Gdm+ is accumulated at the air/water interface while Gdm+ is depleted. The extra methyl

group in M-Gdm+ makes it more hydrophobic than Gdm+, which leads to qualitative difference

on the interfacial preference between M-Gdm+ and Gdm+.

We also investigated the orientational preference of Gdm+ ions at the air/water interface, and com-
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Figure 5: The orientationally resolved number density profile g(z,θMP) of M-Gdm+ and Gdm+

ions (top panels, a and c) as a function of its orientation θMP and its distance from box center (z = 0
Å), together with the probability density profile ρ(θMP) of M-Gdm+ and Gdm+ ions at the interface
and in the bulk, as well as the standard uniform distribution function of cosθ (bottom panels, b and
d) as a function of its orientation θMP in 3 m chloride solution with the Drude polarizable FF.

pared with that of M-Gdm+ ions. The θMP angle is used as θCH3 can not be defined for Gdm+. As

shown in the 2D density profiles g(z,θMP), Gdm+ and M-Gdm+ have similar tilting behavior at

interface (Fig. 5). Further analysis using 1D probability density ρ(θMP) shows that the peak value

of ρ(θMP) for the interfacial Gdm+ ions is at 63.8◦, slightly larger than the corresponding value of

62.0◦ for the interfacial M-Gdm+ ions. If θMP ≥ 70◦ is used as the criteria to define whether an ion

lies parallel to the air/water interface, more Gdm+ ions (21.2%) are found to be parallel compared

with M-Gdm+ (18.4%) in the 3 m chloride solution simulated with the Drude FF.
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Polarization at the Interface

Polarization effects are important for the structure and dynamics of ions at interfaces, as ions would

adjust their charge distribution to adapt to the inhomogeneous electrostatic environments. We ana-

lyze the induced dipole moment (IDM) of ions and water molecules from our simulations with the

Drude FF to understand such polarization effects. We note that induced dipole is used because the

total dipole moment of a charged molecule (ion) depends on the coordinate system and is thus not

well-defined. We also note that in additive simulations, IDMs of all molecules are zero regardless

of their environments. Due to the structural asymmetry on two sides of the interface, we consider

both the total magnitude (IDMnorm) and the signed z component (IDMz), and compute their en-

semble averages. As depicted in Fig. 6, the magnitudes of induced dipole are almost constant in

the bulk, with average IDMnorm being 1.00 D for M-Gdm+, 2.17 D for Cl− and 0.65 D for water

molecules, respectively. It’s interesting that for all three molecular species, IDMnorm begins to

change right across into the region of interface that is defined by water density. This demonstrates

the sensitivity of molecular polarization on the interfacial environment.

Next we consider the z-component of IDM, and a positive IDMz means that the induced dipole

points towards the vacuum side. In the bulk, average IDMz equals zero since there is equal prob-

ability of postive and negative IDMz. When ions move towards the air/water interface, there is a

net effect of induced dipole aligning along the surface normal. At the interface, IDMz of M-Gdm+

continuously decreases to -0.57 D, while the IDMz of Cl− gradually increases to 2.7 D. Taking the

sign of their charges into consideration, cations and anions both distribute their charge towards the

water side of the interface. This result is consistent with previous theoretical consideration that

polarizable ions shift their charge towards liquid phase to remain hydrated and reduce the cavita-

tional energy when moving across the interface.32

It’s also interesting to note the different polarization behavior between simple ion (Cl−) and molec-

ular ion (M-Gdm+). When a Cl− ion enters the interfacial region, both its total dipole moment and
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the z-component increase under the stronger, inhomogeneous electric field at interface. With the

ion moving closer to the vacuum side, IDMz increases much faster than IDMnorm and eventually

almost all the dipole moment is distributed in the z axis to minimize the electrostatic self energy

cost (Fig. 6c, d). The average magnitude of IDM of Cl− at GDS equals 2.89 D, while at least 85.5%

(2.47 D) is distributed along the surface normal direction. In contrast, the molecular polarizability

of a molecular ion is typically anisotropic, such that the direction of its induced dipole is cou-

pled - sometimes strongly - with its geometry. For example the polarizability of M-Gdm+ has an

in-molecular-plane component of 9.09 Å3 and an out-of-molecular-plane component of 4.82 Å3,

suggesting it is easier to be polarized in directions that are parallel to the molecular plane compared

to perpendicular ones. This is illustrated in the decomposition of IDMnorm in Fig. 6a. At GDS, the

IDM in the direction perpendicular to M-Gdm+ molecular plane equals 0.27 D, while that within

the molecular plane is 1.06 D. Thus if a M-Gdm+ ion lies parallel on the air/water interface, only a

small proportion of its induced dipole moment can be pointed along the surface normal direction.

On the other hand, an ion on the interface has a tendency to align its dipole along surface normal.

In the Drude simulation, interfacial M-Gdm+ ions orient, and on average about half of their IDM

magnitude can be pointed towards the liquid phase (Fig. 6a, b). Thus the anisotropy of molecular

polarizability provides additional incentive for M-Gdm+ to adopt a certain tilt angle on the inter-

face.

Effects of Anion on Interfacial Properties

We further investigate how different anions impact the interfacial preference of M-Gdm+ and

Gdm+ with MD simulations of 3 m bromide and iodide solutions using the Drude polarizable FF.

Br− and I− are more polarizable than Cl−. The atomic polarizabilities of Cl−, Br− and I− in the

Drude FF are 3.969, 5.262, and 7.439 Å3, respectively. Experimentally, it is known that Br− and

I− ions have stronger interfacial preference than Cl−.7 As shown in Fig. 7, strong accumulation

of Br− and I− towards the air/water interface is observed in the simulations. As a consequence,
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Figure 6: The average norm (top panels) and signed z component (bottom panels) of induced
dipole moment for M-Gdm+ (a, b), Cl− (c, d) ions and water molecules (e, f), as a function
of the distance from box center (z = 0 Å) in 3 m M-GdmCl solution simulated with the Drude
polarizable force field. Additional decomposition of IDMnorm into in-molecular-plane (IDMp) and
out-of-molecular-plane (IDMv) components for M-Gdm+ is shown in the subfigure a.

molecular cations (M-Gdm+ and Gdm+) are also more likely to be attracted to the interface. There

are more M-Gdm+ ions accumulated at the interface, with average relative chemical excess density

of 1.96 and 2.25 in the bromide and iodide solutions repectively, compared with that of 1.31 in the

chloride solution. Similar interfacial enrichment is observed for Gdm+ ions in the bromide and

iodide solutions (Fig. 7 b and d), with chemical excess density being 1.71 and 2.11 respectively,

compared with that of 0.97 in the chloride solution. Thus Gdm+’s surface preference changes from

depletion to accumulation when the corresponding anions change from chloride to bromide and io-

dide ions. We also note that not only can the interfacial preference of molecular cation (M-Gdm+

or Gdm+) be affected by different counteranions (Cl−, Br−, I−), but also the interfacial prefer-

ence of anions is affected by different countercations. Slightly more halide ions (Cl−, Br− or I−)

accumulate at the air/water interface in the case of M-Gdm+ (Fig. 1a, 4b and 7), which could be

attributed to stronger hydrophobicity and interfacial preference of M-Gdm+ compared with Gdm+.
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Figure 7: Relative number density profiles of water, cation and anion from simulations of M-
GdmBr (a), GdmBr (b), M-GdmI (c), GdmI (d) solutions at the molarity of 3 m using the Drude
polarizable FF.

The distribution of M-Gdm+ θCH3 angles in 3 m bromide and iodide solutions is also examined us-

ing the 2D orientationally resolved number density profiles g(z,θCH3) and 1D probability density

profiles ρ(θCH3) as described previously. In general the orientational distributions of M-GdmBr

(Fig. 8 a, b) and M-GdmI (Fig. 8 c, d) are similar to those of M-GdmCl (Fig. 2 a, b). In the

bulk, θCH3 follows the uniform distribution ρ(θCH3) = 1/2sinθCH3 (Fig. 8 b, d). At the interface,

distribution towards a certain tilt angle is observed both for bromide and iodide solutions. The

peak of the interfacial θCH3 distribution is 75◦ for M-GdmBr and 73◦ for M-GdmI, both similar

to the 72◦ for M-GdmCl. A slight but perceptible change on the general shape of the probability

density function could be found with different counteranions. For example, the percentage of in-

terfacial M-Gdm+ ions whose methyl group point towards the air (θCH3 < 90◦) equals 60.3% for

M-GdmBr and 57.6% for M-GdmI, both smaller than the 65.6% for M-GdmCl. The percentage of
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interfacial M-Gdm+ ions with molecular plane tilted at an angle < 20◦ relative to the surface plane

decreases from 18.4% (M-GdmCl) to 18.3% (M-GdmBr) and 14.3% (M-GdmI), as demonstrated

in the θMP distributions (Fig. S4). Based on the distribution of θCH3 for interfacial M-Gdm+, we

could compute D = 〈cos3 θCH3〉/〈cosθCH3〉 values. The ensemble averaged D equals 0.36± 0.02

and 0.29±0.02 for M-GdmBr and M-GdmI, both of which are smaller than the 0.45±0.01 in the

chloride solution. In summary, our simulations predict that replacement of heavier halide anions

will change the orientational distribution of M-Gdm+ at the air/water interface in such a way that

can be readily measured by sum frequency generation experiments.

Figure 8: The orientationally resolved number density profile g(z,θCH3) (top panels) of M-Gdm+

ions as a function of its orientation θCH3 and its distance from box center (z = 0 Å), together with
the probability density profile of M-Gdm+ ions at the interface and in the bulk, as well as a standard
function of 1/2sinθ as a function of its orientation θCH3 in the M-Gdm+ bromide (a and b) and
M-Gdm+ iodide (c and d) solutions at the molarity of 3 m using the Drude polarizable FF.
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Discussion and Conclusions

In this work we presented a MD simulation study of M-Gdm+ ions at the air/water interface em-

ploying a fully polarizable force field based on the classical Drude oscillator model. Our study is

comparative in nature, as we also carried out MD simulations of the Gdm+ ions, investigated ef-

fect of counteranions by simulating the chloride, bromine and iodide solutions, and compared with

simulation results from the CHARMM additive force field. From these simulations, we quantified

the interfacial preference of M-Gdm+ and dissected its orientational preference at the air/water

interface. We characterized how polarization - especially the anisotropic polarization of molecular

ions - impacts their interfacial properties. Our results also suggest that VSFG experiments consti-

tute a sensitive approach to measure the orientation of molecular ions on the air/water interface.

One of the key motivations of this study is to compare simulation with experiment on the interfacial

orientational preference of M-Gdm+. The ensemble averaged D value obtained from MD simula-

tion with Drude FF (0.45±0.01) agrees very well with the experimental measurement (0.5±0.06).

Two angles, θCH3 and θMP, can be used to characterize the tilting of M-Gdm+ molecular plane on

the surface, and our simulations show that they correlate well with each other. Using either θ def-

inition, more than 80% of M-Gdm+ ions at interface are found to be oriented at an angle > 20◦

relative to the surface plane, which is consistent with the conclusion drawn from the VSFG ex-

perimental study.24 We mainly use θCH3 in this study because it directly connects with the VSFG

measurement, while previous MD studies mostly use θMP or sinθMP (for example Fig. 2 in Ref.

25 and Fig. S8 in Ref.27). We note that it is the azimuthal angle that corresponds with a given ion

orientation in a one-to-one way, and given a certain θMP there can be many azimuthal angles satis-

fying it, with the measure being cosθMP. When one compares the probability density of different

orientations, caution should taken regarding which angle is used and what the uniform distribution

(null hypothesis) is.

We explored various polarization effects on the interfacial properties of ions in this study. In the

23



Drude force field model, all non-hydrogen atoms are anisotropically polarizable. It is found that

the polarizable heavy halide ions would accumulate on the air/water interface, while strong de-

pletion is observed if they are modeled by an additive FF, consistent with many previous MD

and theoretical studies.7,17,25 Analysis of the magnitude and direction of induced dipole moments

demonstrates how ions move their charge distribution towards the liquid side of interface so as

to keep charge hydrated and reduce the electrostatic self energy. Interestingly, we reveal a direct

coupling between the anisotropic molecular polarizabilty of M-Gdm+ ion and its orientation at

the interface. For M-Gdm+, the in-molecular-plane component of polarizability is almost twice

larger than the out-of-plane polarizability, such that charge redistribution is much easier to occur

within the molecular plane. At the interface, ions tend to transfer their charges into the water

phase. Simple ions such as Cl− point their induced dipole along the z-axis to maximize the charge

redistribution. In contrast, molecular ions such as M-Gdm+ have to orient for the induction within

molecular plane to be pointed towards the water phase. Although there are many factors that de-

termine the overall orientational profile of interfacial M-Gdm+, our study shows that polarization,

in particular the anisotropic nature of molecular polarization, contributes favorably for M-Gdm+

to adopting a tilt angle at the air/water interface. This also highlights the importance for a fully

polarizable FF model to account for the out-of-plane polarization for planar molecules.

Previous studies suggested that Gdm+ ions could aggregate in water forming stacked “like-charge

ion pairs”.63–65 Here we examined the aggregation of M-Gdm+ ions in the bulk and at the air/water

interface using the radial distribution function (RDF) g(r) of the M-Gdm+ central carbon atom

(Fig. S7). The first peak in the RDF of bulk M-Gdm+ is located at 3.8 Å indicating the formation

of M-Gdm+ ions pairs (Fig. S7a). Ion pairing is also observed at the interface with a less pronouced

g(r) profile, probably due to the highly fluctuating interfacial environment (Fig. S7b). Using 4.8 Å

as a cutoff for M-Gdm+ ion pairs, we analyzed the relative orientation between pairing M-Gdm+

ions and found out that the angle distributions are almost identical in the bulk and at the interface

(Fig. S7d). 62.8% of M-Gdm+ pairs have a relative orientation angle of less than 30◦, i.e. most of
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aggregated M-Gdm+ ions are stacked with each other, which is consistent with previous observa-

tions.64,65 The lifetime distribution of all contact M-Gdm+ pairs in the 3 m chloride solution were

computed and presented in Fig. S7e. Fitting with a generalized gamma distribution leads to the

expected value of lifetime being 6.3 ps.

M-Gdm+ and Gdm+ are model compounds for Arginine side chain, so our study also serves as a

validation on the corresponding Drude FF parameters in the highly inhomogeneous interface en-

vironment. Drude simulation results match all experimental data considered in this work. For the

orientational preference of M-Gdm+ at the air/water interface, computational and experimental D

values agree within uncertainties. In terms of surface preference, the dependence of surface ten-

sion on solute concentration correlates well between simulation and experiment for Gdm+. It’s

interesting to note that M-Gdm+ and Gdm+, differing by one hydrophobic methyl group, exhibit

qualitatively different surface preference in 3 m chloride solutions. The Drude polarizable FFs

have been implemented in multiple MD engines including CHARMM,35 NAMD,66 Gromacs,67

LAMMPS68 and OpenMM.69 Our recent implementation of Drude FF in OpenMM allows simula-

tions on GPUs and thus routine access to microsecond timescale for biomacromolecular systems.69

The Drude model is relatively efficient, with about 4 times slower than additive FFs (a factor of 2

from increased number of particles in simulation systems, and a factor of 2 from integration time

step being halved to 1 fs), and is expected to provide more physical insights to study molecules in

complicated electrostatic environments such as interfaces.

Another approach to model charged ions in condensed phase simulations is to use “scaled” charges

to mimic the effects of polarizability with standard non-polarizable force fields.70,71 Typically,

ionic charges are scaled down by a factor of 0.75, which equals to the inverse square root of the

high-frequency dielectric constant of water. Such electronic continuum correction, however, is dif-

ficult to be applied for the air/water interfaces as there is an abrupt change of the high-frequency

dielectric constant across the interfacial region.71,72 In this study, we demonstrate that an ion can
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respond to the inhomogeneous electrostatic environment by continuously changing its dipole mo-

ment both in terms of magnitude and direction when it moves from the water side to the air

side. We expect that other sophisticated and well-parametrized polarizable force fields, such as

the AMOEBA FF,40,73 are also able to accurately model the structure and dynamics of molecular

ions at the air/water interfaces.

The orientation distribution of M-Gdm+ from MD simulations could be related with VSFG experi-

ment through the D value in Eq. (1). We note that D value is quite sensitive to θCH3 distribution. For

example, the 1D θCH3 probability density profiles of M-Gdm+ at the interface in 3 m M-GdmCl,

M-GdmBr and M-GdmI solutions are similar, but their corresponding D values are clearly differ-

entiable. Our calculations predict that the D values for M-GdmBr and M-GdmI equal 0.36±0.02

and 0.29±0.02, respectively. In summary, our study supports that VSFG experiments are sensitive

and effective methods to investigate the orientation distribution of molecular ions at the air/water

interface. We expect combining experiments with simulations using high quality polarizable FFs

will shed lights on the structure and dynamics of molecular ions at the interfaces.

Supporting Information Available

A summary on the simulation systems in this study; The protocol to build the air/water interfacial

systems; Relative number density profiles of neat water systems simulated with the SWM4 and

TIP3P water models; Orientationally resolved number density profiles g(z,θMP) and g′(z,θMP),

together with the probability density profiles ρ(θMP) and normalized probability density profiles

ρ(θMP) of M-Gdm+ or Gdm+ ions in 3 m chloride, bromine and iodide solutions with the Drude

or additive FFs. Aggregation of M-Gdm+ in the form of stacked contact ion pair and the lifetime

distribution. This material is available free of charge via the Internet at http://pubs.acs.org/.
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