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Abstract
The behavior of guanidinium chloride at the surface of aqueous solutions is investigated
using classical molecular dynamics simulation. It is found that the population of guanidinium
ions oriented parallel to the interface is greater in the surface region than in bulk. The opposite
is true for ions in other orientations. Overall, guanidinium chloride is depleted in the surface
region, in agreement with the fact that addition of guanidinium chloride increases the surface
tension of water. The orientational dependence of the surface affinity of the guanidinium cation
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is related to its anisotropic hydration. To bring the ion to the surface in the parallel orientation
does not require hydrogen bonds to be broken, in contrast to other orientations. The surface
enrichment of parallelly oriented guanidinium indicates that its solvation is more favorable near
the surface than in bulk solution for this orientation. The dependence of the bulk and surface
properties of guanidinium on the force field parameters is also investigated. Despite significant
quantitative differences between the force fields, the surface behavior is qualitatively robust.
The implications for the orientations of the guanidinium groups of arginine side-chains on
protein surfaces are also outlined.

Introduction
The guanidinium cation (C(NH2 )+
3 ) is composed of three amino groups bonded to a central carbon
atom. Due to conjugation of the nitrogen lone pairs with the empty p-orbital of the carbon atom,
the ion is planar. 1 It can thus act as a hydrogen bond donor only along its edge. The faces of the
guanidinium cation are poor hydrogen bond acceptors due to the positive charge of the ion. Overall, the guanidinium-water interactions appear to be comparable to water-water interactions, with
no signs of a strongly bound solvation shell detectable in either neutron scattering experiments or
dielectric relaxation spectroscopy. 2,3 This does not, however, refute the observations from molecular dynamics (MD) simulations that there is significant ordering of water around the guanidinium
hydrogens, as is visible in the spatial distribution function for free guanidinium ions as well as
arginine guanidinium groups. 4,5 In contrast, the faces of the guanidinium ion do not order water to
the same extent. The solvation shell of the guanidinium ion is thus heterogeneous, which makes
the ion difficult to classify unambiguously in terms of its interaction with water.
Surface tension measurements indicate, via the Gibbs adsorption isotherm, 6 that the guanidinium cation is excluded from the air-water interface, but less so than small cations such as
sodium. 7–10 Similar measurements for the water-mercury interface in the presence of guanidinium
chloride indicate that guanidinium ions are adsorbed at that interface. 11 The situation at the metalwater interface, however, is different from that at the air-water interface in that attractive image and
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dispersion interactions act on the ions. Thermodynamic analysis of surface tension measurements
can only give information about the total excess or deficiency of salt in the interfacial region. 6
Therefore, it cannot provide molecular insight without the introduction of model assumptions.
Guanidinium salts are widely used as protein denaturants and tend to solubilize both hydrophilic polyglycine, a model of the protein backbone, and hydrophobic, especially aromatic,
amino acids. 12–14 It can be inferred from thermodynamic properties of protein solutions that guanidinium is enriched at the protein surface to an extent that is consistent with binding to both aromatic residues and backbone peptide groups. 15 There is, however, some ambiguity about the guanidinium interaction with the protein backbone may in terms of direct hydrogen bonding to the amide
carbonyl groups, 16 as previously proposed. 13
Several computational studies on guanidinium salts, and the structurally related denaturant
urea, have been carried out in recent years, see ref. 17 for a recent review. Simulation of hydrophobic polymers, free from polar groups, shows that guanidinium chloride favors outstretched conformations. 18 This indicates that guanidinium weakens the net attraction between monomers which
is associated with enrichment of guanidinium ions in the vicinity of the polymer. 18 Simulation of
similar polymers in urea solution gives analogous results. 19 In that study, the strength of the dispersion forces between the polymer and urea was systematically varied. It was found that sufficiently
strong dispersion interactions were necessary for urea to be preferentially enriched close to the
polymer. 19 Simulation of capillary evaporation between two plates show that the presence guanidinium chloride and, to a smaller extent, urea shifts the onset of capillary evaporation to smaller
plate separation. 20 This is indicative of a stabilization of the liquid water between the plates by
guanidinium ions, which were found to preferentially orient parallel to the plates.
The guanidinium motif is important in biochemistry also as part of the side chain of the amino
acid arginine. Interestingly, oligomers of arginine have the ability to pass through the cell membranes of living cells, with a maximum in penetrating efficiency between the nona- and pentadecamer. 21 This property is shared both with some peptides rich in arginine and synthetic polymers
containing the guanidinium moiety, but not with oligolysines of comparable size. 22,23 As the cell-
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penetrating ability of the peptide penetratin is enhanced when lysine residues are replaced with
arginine, 24 it is clear that the guanidinium motif promotes penetration. Also, some transmembrane
ion channel proteins have domains rich in arginine residues, which act as voltage sensors across the
cell membrane. 25 MD simulations indicate that the guanidinium side-chain groups of the voltage
sensor domain of the KvAP K+ channel protein in a phospholipid bilayer form a hydrogen bonded
network with water molecules and lipid phosphate groups that significantly distorts the bilayer. 26
In order to understand the behavior of the guanidinium group near complex, biologically relevant surfaces, it is useful to first comprehend its interaction with the simplest aqueous interface
conceivable – the water surface. To this end, we have performed MD simulations of atomistic
models of the guanidinium chloride solution surface. These simulations indicate that guanidinium
ions are attracted to the water surface if oriented parallel to it, but repelled for other orientations.

Computational Details
Some of the force fields for the guanidinium ion used in the literature give contradictory results for
the bulk structure of guanidinium chloride solutions. 4,27 For this reason we critically re-evaluated
these force fields on the basis of the experimental chemical potential of the salt in solution, see Supplementary Information (SI). This quantity is exceptionally well suited for force field validation
because the deviation from ideality of the chemical potential depends sensitively on the balance
between ion-solvent and ion-ion interactions. Neither force field was found to be entirely satisfactory. An acceptable force field could, however, be obtained by modifying the molecular geometry
and charge distribution of the guanidinium force field from ref. 27 on the basis of ab initio calculations, see Table 1. The geometry in the original force field was taken from guanidinium chloride
crystals. 28 As a result of the considerable strain due to the electrostatic inter actions in the crystal,
the equilibrium H-N-H angle in this force field was chosen as too wide. This, in turn, resulted
in excessive guanidinium-chloride ion pairing because the N-H bonds on adjacent nitrogens were
tilted towards each other, creating a favorable “binding site” for chloride. In contrast to the other
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models considered, the modified version of the force field in ref., 27 presented here, was capable of
reproducing the concentration dependence of the chemical potential without contradicting existing
spectroscopic data. We emphasize that our modifications this force field should be construed as
criticism of ref. 27 only with respect to the unrealistic choice of H-N-H angle. The parametrization
strategy employed in that work is methodologically sound and would likely have yielded a realistic
model of the guanidinium cation if a molecular geometry pertinent to the solution and not to the
crystal had been adopted. The modified force field is used in all calculations presented below.
Simulations of the surface of guanidinium chloride solutions were performed in the geometry of
a liquid slab. The system contained either 38 or 190 guanidinium and chloride ions and 1977 water
molecules per unit cell, corresponding to molal concentrations of 1.1 m and 5.3 m, respectively.
The slab thickness was approximately 5 nm for the lower concentration and 6.5 nm for the higher
concentration. Each slab was enclosed in a box with approximate dimensions of 4 × 4 × 15 nm,
held constant during the simulations. The system was constructed such that the slab surface was
parallel to the x-y plane. The initial configurations were generated from the final frame of a bulk
simulation by elongating the box z-axis, essentially cutting a slice from the bulk solution. After a
0.5 ns equilibration, the MD trajectories were propagated for 100 ns for the lower concentration
and 50 ns for the higher concentration. Such long simulation times were required to fully converge
the orientationally resolved density profiles (see below). The temperature was kept constant at 300
K using a Berendsen thermostat. 29 The cut-off for short range interactions was 10 Å. Long range
electrostatic interactions were accounted for using particle mesh Ewald summation with a grid
spacing of approximately 1 Å. 30 In all cases, a time step of 1 fs was employed. The simulations
were carried out using the AMBER 11 program package. 31

Analysis Details
Since the guanidinium cation is far from being spherically symmetric, the orientation of the ion
is important for its interaction with water and other species. The orientation of the guanidinium
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cation relative to the water surface is quantified here as the angle θ (from 0 to 90◦ ), between the
normal to the guanidinium cation face and the box z-axis, which is perpendicular to the slab surface.
Since the guanidinium model considered here is flexible and, therefore, only approximately planar
in any given frame of the simulation, the guanidinium normal is taken as the normalized vector
product of two of the three carbon-nitrogen vectors. All other orientational degrees of freedom
are thus averaged out. We define the orientationally resolved density profile g(z, θ ) as the local
concentration of ions with orientation θ with the carbon atom at position z, normalized by the area
element associated with θ and the bulk concentration to approach unity in bulk solution for all θ .
The potential of mean force for a (hypothetically) constrained ion with a given, fixed orientation is
given by
ω(z, θ ) = −kB T ln g(z, θ ).

(1)

This quantity is analogous to the orientationally averaged potential of mean force, and can be
related to the difference in excess chemical potential between different z-positions for a given
orientation θ . The relation between the concentration profile and the excess chemical potential
underlines the importance of using a force field that reproduces this quantity in bulk solutions with
reasonable accuracy.
Also the conditional concentration profile of water given the presence of a guanidinium ion at a
fixed position with a fixed orientation is considered. If all orientational degrees of freedom except
the θ -angle for the central guanidinium ion, taken to be located at z0 , are averaged out, this function
p
can be written in terms of four coordinates as gw (ρ, z|z0 , θ ) where ρ = x2 + y2 is the radial
distance from the central ion in the plane of the surface. This function has a precise statisticalmechanical meaning and may be thought of as the product between the water concentration profile
and a partial course graining of the guanidinium-water pair distribution function. 32 Again, this
density profile is normalized to the bulk concentration. To quantify the solvation of optimally
positioned and oriented guanidinium ion, see below, the density profile gw (ρ, z|z0 , θ ) of water
around such ions was considered. To allow sufficient statistics to be extracted from the simulation,
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the (further) course grained quantity
R z0b

gw (ρ, z) =

z0a

dz0

R 0.95

d cos θ gw (ρ, z|z0 , θ )
1
R z0b
R
0 0.95 d cos θ
z0a dz 1

(2)

is calculated in practice.
To quantify the hydrogen bonding as a function of depth, we have calculated the number of
hydrogen bonds with water and chloride per guanidinium ion as a function of the z-coordinate
(here, the guanidinium orientation was not taken into account). A water oxygen atom was taken
as participating in a hydrogen bond if it was within 3.5 Å of a guanidinium nitrogen, within 2.45
Å of the guanidinium hydrogen and the angle between the guanidinium nitrogen-hydrogen bond
and the line connecting the guanidinium nitrogen with the water oxygen was smaller than 30◦ . The
analogous criteria were used for water-water hydrogen bonds. For guanidinium-chloride hydrogen
bonds the chloride-nitrogen and chloride-hydrogen distance criteria were 4 and 2.8 Å, respectively,
taking the slightly larger size of chloride compared to water into account. The average number of
hydrogen bonds per molecule is sensitive to small variations in the choice of these cut-offs, but the
relative variation of this quantity with the z-position is not.

Results
The density profiles for guanidinium, chloride and water are shown in Figure 1. The profiles are
averages over the two equivalent halves of the slab. Both guanidinium and chloride are depleted
from the interfacial region. There is, however, a shoulder at z ≈ -3 Å (with z = 0 corresponding to
the Gibbs dividing surface) in the guanidinium profiles. This feature is more pronounced for the
higher concentration. For this concentration there is also a region of guanidinium enrichment in the
sub-surface. The smaller relative depletion at higher concentration is qualitatively consistent with
the experimental observation that the surface tension of guanidinium chloride solutions increases
sub-linearly with concentration. 7
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The orientationally resolved guanidinium density profiles corresponding to the guanidinium
profiles in Figure 1 are shown in Figure 2. Guanidinium ions are depleted at the surface for most
orientations. The exceptions are those orientations where the ions are aligned parallel or nearly
parallel to the surface, for which guanidinium ions are enriched around z ≈ -3 Å relative to the bulk.
This enrichment is larger at higher concentration. The shoulder in the orientation-averaged density
profiles, Figure 1, is due to this enrichment of parallelly aligned guanidinium. That guanidinium
ions are adsorbed at the water surface trivially implies that there is a thermodynamic driving force
for them to adsorb. From Eq. (1) the depth of the free energy minimum corresponding to the peak
in g(z, θ ) can be estimated as −kB T ln(max(g(z, θ )), i.e. -0.67 kB T for the lower concentration
and -1.25 kB T for the higher concentration. Similar calculations have been carried out for the
force fields from refs. 4 and, 27 see SI. The results are qualitatively similar for all force fields,
but the height of the peak in g(z, θ ) differ. That guanidinium is depleted from the interface in
overall reflects the fact that the range of orientations for which guanidinium cations are repelled is
overwhelmingly larger than than that for which they are attracted. This may be seen as reflecting
the entropic cost of aligning guanidinium ions to the surface.
gw (ρ, z) is shown in Figure 3. z0a and z0b in Eq. (2) are chosen as -2.80 and -2.55 Å, respectively,
bracketing the peak in g(z, θ ). For reference, an analogous plot is constructed for the water distribution around guanidinium ions in bulk-like region in the middle of the slab. There, gw (ρ, z|z0 , θ )
is independent of z0 and gw (ρ, z), therefore, only depends on |z0b − z0a |, which was chosen as 0.25
Å to enable comparison with the surface region. Two important differences between bulk and
surface solvation are visible. Firstly, the guanidinium face directed towards the vapor phase is almost completely desolvated at the surface. Secondly, there is an increase in the height of the peak
corresponding water interacting with the edge of the interfacial guanidinium ion. The solvation
structure is very similar to that in bulk solution in other respects.
The number of hydrogen bonds between guanidinium ions and water oxygen and chloride ions,
respectively, per guanidinium ion are shown in Figure 4. The number of hydrogen bonds between
guanidinium and water increases near the surface, as expected in light of Figure 3. The region
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in which this increase occurs roughly coincides with the location of the peak in the orientation
resolved density profile, Figure 2. In the same region, there is a decrease in the number of hydrogen bonds between guanidinium and chloride and between water molecules. The number of
water-guanidinium hydrogen bonds decreases with increasing concentration, while the difference
in number of such hydrogen bonds between the bulk and the surface regions increases with increasing concentration.

Discussion
It is remarkable that partial desolvation of an ion can be associated with a free energy minimum,
as is the case for parallelly oriented guanidinium. The difference in surface affinity between guanidinium cations in the parallel and perpendicular orientations can be rationalized in terms of hydrogen bonding. For perpendicularly oriented guanidinium to be located at the depth corresponding to
the peak in g(z, θ ), Figure 2, hydrogen bonds would have to be broken. In the parallel orientation, a
guanidinium ion can be brought toward the surface while keeping a comparable number of hydrogen bonds in total as in bulk solution. For this orientation, only the face of the guanidinium cation
needs to be desolvated at the surface. Whether this desolvation of the face is actually favorable and
drives the adsorption or merely is not disfavorable enough to prevent it cannot be discerned from
the solvation structure alone. An alternative explanation, that is also compatible with the surface
solvation structure, is that the hydrogen bonding environment near the surface is more favorable
than in bulk.
A possible mechanism for the enrichment of parallelly oriented guanidinium is thus that the ion,
thanks to its planar geometry, can take advantage of the hydrogen bonding opportunities created
by the deficit in hydrogen bonds between water molecules in the surface region. Since, on average,
a smaller number of water-water hydrogen bonds has to be broken for each guanidinium-water
hydrogen bond formed in the surface region than in the bulk solution, the net free energy gain
from each guanidinium-water hydrogen bond should be larger near the surface. That the peak in
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gw (ρ, z) at ρ ≈ 4 Å, z ≈ -3 Å, shown in Figure 3, is slightly higher at the surface than in bulk is
consistent with this proposed mechanism. It should be noted, however, that the loss of hydrogen
bonding to chloride in the surface region should to some extent counteract this effect.
Connection can be made between the surface behavior of the guanidinium ions and their ability to form homo-ion pairs by stacking face to face, which is seen in simulations for several force
fields. 4,33–36 There is also some recent experimental support for stacking interactions between
guanidinium cations and arginine guanidinium groups. 37 Similar to adsorption at the water surface
in the parallel orientations, the stacked configuration requires desolvation of the faces. Apart from
this desolvation, the balance of forces associated with stacking is different. The Coulomb repulsion between the ions is balanced by both dispersion interactions and the electrostatic interaction
between higher multipoles, which can be attractive if the ions adopt a staggered configuration. 36
The observation of guanidinium-guanidinium stacking, however, is consistent with the notion that
the magnitude of the free energy change associated with desolvation of the guanidinium faces is
small in magnitude.
We are aware of no ion species that has a completely analogous structure to guanidinium. Urea
can be regarded as a structural analogue, but this is a neutral compound. Nevertheless, there are
some interesting analogies with other ions. One conspicuous example is is the Eigen form of the
hydronium cation. 38–40 This ion is weakly adsorbed at the water surface in an orientation with its
hydrogens pointing toward the water bulk and the oxygen toward the vapor, though the strength
of the adsorption is sensitive to the force field. 41 This orientational preference was rationalized by
noting that the hydronium oxygen is a poor hydrogen bond acceptor due to the positive charge of
the ion. 38–40 Though the analogy with the guanidinium ion is not perfect, especially due to the fact
that the hydronium ion is not planar, both ions may be regarded as ’orientational amphiphiles’ with
respect to their hydrogen bonding ability.
The flat, but negatively charged, nitrate ion shows an orientationally dependent depletion at the
water surface but is not enriched for any orientation. 42 Note, however, that the latter conclusion
is force field dependent, and an earlier parametrization of this ion did show some surface enrich-
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ment. 43 In terms of its hydrogen bonding ability, nitrate may be regarded as a “mirror image” of
the guanidinium ion, with a similar geometry but the ability to accept, rather than donate, in-plane
hydrogen bonds. It is unlikely that the same hydrogen bonding structure would favor the solvation of both hydrogen bond donors and acceptors in the same region of the interface, since this
situation would simply lead to favored water-water hydrogen bonding. The hydrogen bonds between water and the nitrate oxygens do not have have the same orientational characteristics as the
guanidinium-water hydrogen bonds. The conclusion about face desolvation at the surface is thus
not directly generalizable from guanidinium to nitrate. The difference between the guanidinium
and nitrate surface behavior is consistent with the notion that the water surface has a hydrogen
bonding structure that favors the solvation of planar hydrogen bond donors.
While no firm generalizations can be made to more complex systems at this stage, parallels
between the guanidinium cation and the guanidinium motif of arginine can be drawn. A comprehensive database search of protein crystal structures has revealed that arginine side chains are
frequently positioned and oriented in ways that are unexpected for a hydrophilic, cationic group. 44
This observation may be explained if the anisotropy in the solvation of the arginine guanidinium
group is similar to that of the free guanidinium cation. The solvation of arginine may be favorable
as long as the guanidinium moiety is exposed to water along its edge. Also the surface affinity
of the arginine side chains may be similar to that of the guanidinium ion. As an example, we
calculated the spatial distribution of the arginine side chains of lysozyme, as shown in Figure 5.
The simulation details are given in SI. Except for residue 128, located near the C-terminus in a region of high surface curvature, all arginine guanidinium groups tend to favor orientations parallel
to the protein interface as seen by flat guanidinium iso-surfaces in close proximity to the protein
surface. Further work towards quantifying the solvation of the guanidinium motif of arginine in
the complex environment in the vicinity of a protein surface is under way and will be presented in
a forthcoming publication.
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Conclusions
The results presented above show that guanidinium ions tend to be enriched at the water surface
if they are oriented parallel to it. The magnitude of this enrichment increases with increasing
concentration. For the majority of orientations, the guanidinium ion is, however, predicted to be
depleted in the surface region, therefore, the orientationally averaged density profile shows no net
enrichment. The finding that parallelly oriented guanidinium ions are enriched at the surface, thus,
does not contradict the experimental fact that guanidinium chloride shows a negative thermodynamic surface excess. 8–10 The orientational dependence of the surface propensity is explained in
terms of the asymmetric solvation of the ion: In the parallel orientation no hydrogen bonds have
to be broken and only the face of the ion has to be desolvated to bring the guanidinium cation to
the interface. Furthermore, the structure of the water interface, in terms of hydrogen bonding and
water orientation, may actually favor the solvation of parallelly oriented guanidinium compared
to bulk. Work is underway to examine to what extent the conclusions about the surface solvation
of the guanidinium ion are applicable also to more complex interfaces, such as the protein-water
interface.
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Table 1: Force field parameters for guanidinium chloride.
Distancesb
C-N
N-H
Anglesc
N-C-N
C-N-H
H-N-H
Non-Bonded
Parametersd
C
N
H
Cl
Dihedralse
N-C-N-H
Improper
Dihedrals f
N-N-C-N

d

σ (Å)
3.77a
3.11a
1.58a
4.40a

r0 (Å)
1.340
1.012
θ0
120.00◦
121.25◦
117.50◦

kB (kJ/mol/Å2 )
1935
Constrained
kA (kJ/mol/rad2 )
670.0a
390.0a
445.0a

ε (kJ/mol)
0.417a
0.500a
0.088a
0.470a
kD (kJ/mol)
40.1

Charge (e0 )
0.9961
-0.9493
0.4753
-1.0000

kI (kJ/mol/rad2 )
167.2
a Same as in ref. 27
b U = k (r − r )2
B
B
0
c U = k (θ − θ )2
0
A
A
Lennard-Jones form; geometric combination rules.
e U = k (1 − cos 2φ )
D
D
f U = k θ2
I
I
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Figure 1. Density profiles of guanidinium carbon (red lines), chloride (green lines) and water
oxygen (blue lines). In all cases, the Gibbs dividing surface for water is taken as the origin of the zcoordinate. The density profiles are normalized by the concentration in the middle of the slab. The
statistical error of each point in the concentration profiles is about 2 % for the lower concentration
and about 1 % as estimated by block averages.
Figure 2. Color-enhanced contour plot of the angle resolved density profiles for guanidinium,
g(z, θ ). The contours are equidistant with a spacing of 0.5.
Figure 3. Color-enhanced contour plot of gw (ρ, z), essentially the concentration profile of water
around an optimally positioned and oriented guanidinium cation. See text for a precise definition.
The corresponding quantity in bulk is also shown. Here, the z-origin is arbitrarily chosen to place
the central guanidinium cation at the same z-coordinate as in the surface case for easy comparison.
The contours are equidistant with a spacing of 0.5.
Figure 4. Number of hydrogen bonds between guanidinium ions and water molecules per guanidinium ions as a function of the z-coordinate (red curves) and the corresponding quantity for hydrogen bonds between guanidinium and chloride ions (green curves). The blue curves show the number of water-water acceptor hydrogen bonds per water molecule as a function of the z-coordinate.

Figure 5. Spatial distribution of the guanidinium group on arginine side-chains of hen-egg white
lysozyme. The transparent gray iso-surface represents the average proteins density (sans arginine
side-chains) while the red iso-surfaces represent the combined density of the three guanidinium
nitrogens. The topmost density peak is for residue 128 – see text.
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