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Cation-cation contact pairing in water: Guanidinium
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The formation of like-charge guanidinium-guanidinium contact ion pairs in water is evidenced and
characterized by X-ray absorption spectroscopy and first-principles spectral simulations based on
molecular dynamics sampling. Observed concentration-induced nitrogen K-edge resonance shifts
result from 7% state mixing and the release of water molecules from each first solvation sphere
as two solvated guanidinium ions associate into a stacked pair configuration. Possible biological
implications of this counterintuitive cation-cation pairing are discussed. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813281]

. INTRODUCTION

The discovery of selective interactions between ions and
proteins originates from Hofmeister’s studies with chicken
egg lysozyme, viz., the amount of salt needed to “salt out”
the protein depends directly on the ion identities.! Such ion-
specific effects influence important biological phenomena,
such as concentration gradients across membranes, and pro-
tein folding and unfolding.’ In fact, some 40 different phe-
nomena that obey a very similar ordering of both cations and
anions with respect to the strength of their effects on the pro-
cess have been identified.’> Collins has argued that the ten-
dency of an ion to form contact (inner shell) pairs with the
charged carboxylate and amino groups of proteins is directly
related to protein “Hofmeister Effects”, and more generally,
he proposes a “Law of Matching Water Affinities” which gov-
erns the tendency of a cation and anion to form a contact pair,
viz., if their hydration energies match.*>

Guanidinium (C(NH);*, Gdm™) salts are widely used
for denaturing protein in solutions.® Studies have shown that
Gdm™ promotes protein unfolding by interacting strongly
with neutral (both hydrophobic and polar) as well as nega-
tively charged groups.” Recently, like-charge ion pairing of
Gdm™, a counterintuitive analogue of ion-specific effects,
has received considerable attention. Various computational
methods, including ab initio,*° Monte Carlo,'® molecular
dynamics (MD) simulations,”!"!? and quantum chemical
calculations'*!* have all indicated the existence of contact
ion pairing between Gdm™ ions in water. However, the di-
rect experimental detection of this ion pairing remains elu-
sive: neutron diffraction with isotopic substitution (NDIS)
experiments and MD simulations by Mason et al. indi-
cated significant ion pairing for the Gdm™ ions in a stacked
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geometry,!! but subsequent investigation using broadband di-
electric relaxation spectroscopy revealed only weak pairing
for GdmyCO3aq) solutions and no signs of ion-pairing with
GdmCl,g). "> Recently, the measurement of electrophoretic
mobilities of oligoarginines indicated an affinity of Gdm™ for
the very similar charged arginine side chains,'® indirectly im-
plying that the like-charged Gdm™ pair itself may be stable in
water.

In this study, we investigate the electronic structure of
GdmCl solutions using X-ray absorption spectroscopy (XAS)
of liquid microjets.!” Since the unoccupied orbitals probed in
the experiment extend beyond the Gdm™ ion itself, the XAS
spectrum is generally sensitive to the changes in the local sol-
vation environment, including potential effects of ion-pairing.
Similar experiments conducted for NaCl solutions by Aziz
et al. using a liquid cell produced XAS spectra at the Na
K-edge for NaCl solutions as a function of concentration and
revealed spectral fingerprints of Na*—Cl~contact ion pairs.'®
Later studies by Uejio et al. evidenced selective interac-
tions of alkali cations with carboxylate groups at the carbon
K-edge.!” Since the chemical information that can be ex-
tracted from such experimental data alone is limited, here
we interpret our experimental nitrogen K-edge spectra with
a combination of molecular dynamics simulations and a first
principles’ density functional theory method.?”

Il. METHODS
A. Samples

Guanidine hydrochloride with a purity >99% was pur-
chased from Sigma-Aldrich and used without further purifi-
cation. 0.5M, IM, 3M, and 6M (solubility limit) solutions
were prepared with Millipore water, which has a resistivity of
18 MQ/cm.

B. Experimental details

Nitrogen K-edge total electron yield spectra were mea-
sured at Beamline 8.0.1 at the Advanced Light Source at

© 2013 AIP Publishing LLC
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the Lawrence Berkeley National Laboratory. The undulator at
Beamline 8 generates intense beam with a maximum flux of
10'! photons/s and a resolving power of 4000 E/AE, which is
focused (~50 pm spot size) onto a liquid jet. The jet itself is
produced using a syringe pump (Teledyne-ISCO) to pressur-
ize the liquid behind a fused silica cylindrical nozzle (30 um
ID x 375 um OD). Soft x-rays intersect the liquid just as it
leaves from the tip and total electron yield (TEY) is collected
on a positively biased (2.1 kV) copper electrode, yielding
room temperature absorption spectra of the bulk liquid.?!??
The jet subsequently enters a skimmer and condenses on a
cryogenic trap. With the turbo pump (Turbotronik NT-20) and
one more liquid nitrogen trap placed besides the jet, the main
chamber pressure is maintained at ~1.5 x 10~ torr. Spec-
tra are normalized to the signal from a high transmission gold
grid located 2 m upstream from the chamber. The x-ray en-
ergy was calibrated to the energy of 1s — m* resonance of
residual nitrogen gas present in the off-jet scan. This vapor
signal was then subtracted from the normalized on-jet scan
as background subtraction. A more detailed description of the
experimental system has been published previously.!”

C. Calculations

X-ray induced core level excitations are very fast com-
pared to nuclear motion, so the experimental spectra essen-
tially probe molecules in frozen structural configurations,
thermodynamically sampled from the vibrational degrees of
freedom and solvent structure. To accurately simulate the ex-
perimental spectra, transition energies and intensities from
multiple molecular dynamics snapshots need to be calculated
and averaged.”>?* AMBER 11 (Ref. 37) was used to per-
form classical MD simulations of GdmCl solutions, starting
with a neutral periodic cubic system containing 10 GdmCl
in ionic form and 272 TIP3P water molecules, equivalent to
a 1.8M GdmCl solution. The simulations employed the de-
fault ff99SB force field with atomic partial charges assigned
symmetrically (C 0.64, N —0.80, H 0.46), the non-bonded
parameters from OPLS?>2% were adopted for Gdm*. After
initial energy minimization, the system was heated to 300 K
and then equilibrated for 100 ps to a final density under con-
stant pressure condition. A constant volume simulation was
then run for 40 ns, with the molecular configuration collected
every 1 ps. Since the nitrate anion is the simplest ion that
is geometrically analogous to Gdm™, similar classical MD
calculations of NaNQO3 with the same concentrations and the
same ff99SB force field have been carried out for comparison.
The whole MD trajectory was used for radial and spatial dis-
tribution analysis but employing randomly chosen snapshots
from the trajectory as the input files for XAS calculation will
not yield specific information for certain geometrical config-
uration. Therefore, we set a different periodic box that con-
tains only two GdmCl and 272 TIP3P water molecules, with
the same simulation procedure but the snapshots were picked
under the carbon-carbon distance constraints: 3.7-3.9 A for
the stacked Gdm™ pair, 10.0-10.5 A for the free Gdm™ pair,
and the nitrogen-chloride distance was constrained to 3.2-3.4
A for two nitrogen atoms in Gdm™ ion for the Gdm™ —Cl~
pair. The distances were determined based on the spatial dis-

J. Chem. Phys. 139, 035104 (2013)

tribution function calculated from the whole, unconstrained
trajectory.

Using atomic positions from the snapshots, X-ray absorp-
tion spectra were calculated with the XCH density functional
theory approach. PWSCE, a part of the Quantum-ESPRESSO
package, is used to calculate the electronic structure.”’ We
use the Perdew-Burke-Ernzerhof (PBE) form of the gen-
eralized gradient approximation to the exchange-correlation
potential.”® A plane wave basis set with periodic boundary
conditions was employed to accurately model both localized
and delocalized states. The lowest energy core-hole excited
state is modeled by inclusion of the eXcited electron and Core
Hole (XCH) through the use of a suitably modified pseudopo-
tential. The resulting self-consistent field was used to gener-
ate higher excited states non-self consistently. Transition am-
plitudes for the calculated spectra were calculated within the
single particle and dipole approximations. All calculated tran-
sitions are numerically broadened by Gaussian convolution of
0.2 eV full width at half maximum. The energy axis is aligned
using an atomic alignment scheme introduced previously,?
designed for comparison between chemically different sys-
tems with differing periodic boundary conditions. Only the
computed spectrum of isolated nitrogen was aligned to the
experimental gas-phase data and all other simulated spectra
were aligned relative to that.

lll. RESULTS AND DISCUSSION

Figure 1 shows nitrogen K-edge core level spectra of
GdmCl at concentrations ranging from 0.5 to 6.0M; spec-
tra are normalized to the peak heights of the first resonance
at 401.9 eV for clearer viewing of the electronic structure
change at higher photon energy. The overall spectral shape
is characterized by two resonances at 401.9 and 404.7 eV,
denoted A and B, followed by a broader feature C centered
near 410 eV. As the concentration increases, peak B shifts to
lower energy with higher intensity. Peak C is too broad to

Intensity (a.u.)

1.0M
—3.0M
—6.0M

LA L R R R S R R B R B T T v T T
400 405 410 415 420

Energy (eV)
FIG. 1. Measured nitrogen K-absorption edge spectra of aqueous guani-

dinium chloride solutions for various concentrations. A, B, and C mark the
major groups of core level resonances.
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FIG. 2. The carbon-carbon radial distribution function calculated from clas-
sical MD simulations of 1.8M GdmCl solution. The broad peak at 3.9 A
demonstrates the formation of contact cation pairs. Details are presented in
Sec. II.

ascertain exactly how the spectral shape varies with concen-
tration; therefore, the analysis will focus on peaks A and B.
To interpret the measured NEXAFS spectra, we per-
form calculations with the XCH procedure described above.
The Gdm™ carbon-carbon pair correlation function calculated
from the MD trajectory is shown in Figure 2; the peak at
3.9 A indicates a significant tendency for the Gdm™ ions to
form self-associated contact ion pairs (CIP), i.e., Gdm,?t,
since 3.9 A is larger than the van der Waals contact distance
but not large enough for placing one water between the ions.
The spatial distribution functions shown in Figure 3 further
indicate stacking of pairs of Gdm™ ions in solution. There
is a clear trend for water to accept hydrogen bonds from the
hydrogen atoms on Gdm™. The preferential orientations for
water permit simultaneous interaction with hydrogens from
two different amine groups while the counter ions (C17) are
in competition for the same acceptor sites. There is no rec-
ognizable hydration shell around the Gdm™ ion, and its hy-
drophobic “face” introduces large voids above and below the
molecular plane if it does not bind with another Gdm™. This
observation is consistent with previous MD results.'!

FIG. 3. (a) Calculated spatial distribution function for a 1.8M GdmCl so-
lution showing carbon (yellow, 0.002 atoms A=3) and water (green, 0.025
atoms A~3) density maps around the Gdm™ ion, demonstrating cation-cation
stacked pairing and the preferential binding sites of water. (b) Same spatial
distribution function showing carbon (yellow, 0.002 atoms A‘3) and chloride
(red, 0.002 atoms A~3) distribution.

J. Chem. Phys. 139, 035104 (2013)
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FIG. 4. Potential of mean force for guanidinium ion pairs (black), compared
with that for the structurally similar, but independently solvated nitrate ion
pairs (red) in water along the C—C(N—N) distance coordinate.

To evaluate the stability of this counterintuitive cation-
cation pairing, the classical potential of mean force (PMF)
was calculated using

W(r) = —kpT In g(r), 1)

where kg is the Boltzmann constant, 7'is the temperature, and
g(r) is the radial distribution function obtained from the MD
calculations. As shown in Figure 4, the computed PMF for
two Gdm™ ions has a well-defined CIP minimum at 3.9 A and
a barrier of 0.53 kcal/mol towards the free pair region where
r > 8.0 A. In contrast, the PMF for the geometrically similar
nitrate/nitrate ion pair calculated by the same technique for
the same concentration of sodium nitrate solution exhibits the
conventional electrostatic repulsive potential, with no attrac-
tive behavior evident at short distance.

It is interesting that our potential well is much shallower
compared with the PMF previously calculated from Monte
Carlo simulations;!? the CIP is stabilized by 6.73 kcal/mol
for the TIP3P water model with a dissociation barrier of
6.26 kcal/mol. There are several differences between the two
studies. First, the MC simulations were performed on a single
Gdm pair without any counter ions, while in our calculation
a realistic solution of 1.8M GdmCI was modeled. Therefore,
in the MC study, the Gdm™ pair is stabilized purely by the
strong in-plane hydrogen bond network without the competi-
tion of chlorides. Second, Maigret et al. 10 constrained the two
Gdm™ ions to remain in parallel planes and kept the ions rigid,
whereas we allow free motion, constrained only by molecu-
lar configuration and the thermal conditions. The unrealisti-
cally rigid structure along with the staggered configuration
used in Ref. 7 minimizes the electrostatic and steric repulsion
and also optimizes the quadrupole-quadrupole interactions,
resulting in a deeper well compared to our PMF, presented in
Figure 4. The previous MD studies®!' reported a similar
carbon-carbon radial distribution function, and would there-
fore yield a similar PMF curve like ours even though they
use both a different water model and force field parameters;
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FIG. 5. Upper: Calculated nitrogen K-edge spectra for free and stacked
Gdm™ pairs. Each spectrum represents the average of 100 individual spectra.
Lower: experimental nitrogen K-edge spectra for the lowest and highest con-
centrations: 0.5M and 6.0M solutions. All spectra have been normalized with
the peak heights of the first resonance. Compared to the experimental spectra,
the calculated spectra exhibit a smaller spacing between the first resonance
group at 401.9 eV and the second broader peak because of the well-known
tendency of DFT to underestimate the water bandgap. The higher energy res-
onances are primarily water-rich states, hence the simulated transition energy
is affected by this artifact.

hence, the different dissociation barriers are a result of the
fundamental differences between the Monte Carlo and MD
simulations.

To illustrate the spectral signatures of this cation-cation
pairing, Figure 5 presents calculated NEXAFS spectra of
stacked and free pairs of Gdm™ ions in water, along with the
experiment results. The simulated spectra show similar reso-
nance peaks, A, B, and C, as observed in the experiment, but
with smaller spacing between the features. This results from
the underestimation of electronic band width by our semi-

J. Chem. Phys. 139, 035104 (2013)

local PBE calculations. A typical simulated spectrum with the
corresponding isosurfaces is shown in Figure 6, wherein the
excited nitrogen is marked by an asterisk. As seen from the
isosurface, peak A is composed of two peaks: Al at401.91 eV
and A2 at402.04 eV. A1 (LUMO) represents a transition from
the 1s orbital to a localized so * state with mixture of 7 char-
acter on other atoms, whereas A2 (LUMO+1) comprises a
transition to a pure 7 * state, with 3—7 times higher oscillator
strength than that of Al, depending on the molecular con-
figurations. Interestingly, our ground state PBE calculations
indicate that the LUMO of Gdm™ has pure 7* character and
a LUMO+1 state with so*(NH,) character, which is the op-
posite ordering observed in the core-excited state. Figure 7
further demonstrates this orbital reversal by displaying the
isosurfaces of ground state and core-excited bare Gdm™
(without waters). When an electron is excited from a nitro-
gen core level, the effective nuclear charge increases and that
nitrogen appears to the valence electrons as an oxygen atom,
lowering the orbital energies. Because o orbitals penetrate
closer to the nucleus, their energy will decrease more than
that of the 7 state, leading to the orbital reversal.

This core excitation-induced orbital reversal is also found
in similar nitrogen-containing delocalized systems, such as
aniline (C¢HsNH,), for which ab initio calculations revealed
o*(NH,) character for the aniline LUMO.3%3! With their
higher experimental resolution, Duflot er al. suggested a 3s
Rydberg orbital with o *(NH,) character.’? There have been
some debates on assignments of the LUMO+-1: the EICVOM
model?%3! revealed 7* character, whereas others showed a
different level mixing of 3p Rydberg orbital, o*(NH,) and
*.30:32.33 However, if the amine group is replaced by a ni-
tro group (-NO,) the N s spectrum would be dominated by
the strong N1s — 7 *No transition (LUMO) and there is no
orbital reversal, due to the unsaturated character of the nitro
group.

In addressing the role of water in the unoccupied
molecular-orbital electronic structure, it is useful to exam-
ine the projected density of states (DOS) of water and Gdm™

A2
(LUMO=+1, 7 %)
P v

400 405
Energy (eV)

FIG. 6. Single snapshot spectra with stick spectra and associated states (15% isosurface) for free Gdm™ pair. Peak A comprises two transitions, Al (1s
— so*(NHy), 401.91 eV) and A2 (1s — 7*, 402.04 eV). Lower panel shows the strongest transitions B1 (403.10 eV) and B2 (403.59 eV) in Peak B group.
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FIG. 7. Comparison of the unoccupied states for ground state and core-
excited Gdm™ ion.

(Figure 8). The first peak of the H,O DOS matches the energy
of resonance A1, while the first peak of Gdm™ DOS matches
that of resonance A2. A2 is also the state that has the highest
Gdm™ DOS and the only state with a Gdm™* DOS higher than
that of H,O, making it the strongest transition, as observed in
our spectra. Peak B reveals a large number of resonances from
the hybridization with surrounding water molecules. Figure 6
displays the isosurfaces of the two strongest resonances in the
peak B group—B1 at 403.10 eV and B2 at 403.59 eV. B1 rep-
resents the transition from the 1s orbital to a localized so*
state mixing with 7 * character on other atoms. It is similar to
Al but with higher contributions from H,O DOS, i.e., a more
diffuse state. The B2 feature originates from the LUMO+2
state of the bare Gdm™ (po *(NH,), see Figure 7), which cou-
ples to surrounding water molecules.

——— GdmDOS
——H,0D0S

Intensity (a.u.)

400 405 410
Energy (eV)

FIG. 8. Sample snapshot spectrum with corresponding projected Gdm™ and
water density of states.

J. Chem. Phys. 139, 035104 (2013)

For both peaks A and B, the trend of spectral redshift
from free to stacked pairs, matches with the experimental ob-
servation of a redshift when moving from lower to higher
concentrations. The redshift in peak A can be explained by
state mixing between the components of the Gdm™ pair: as
the two Gdm™ ions approach closely, the two 7 systems in-
teract and create a more delocalized charge distribution, thus
stabilizing the m* state, which is the major component of
peak A. For peak B, the o system interacts more weakly with
the other Gdm™ ion, so the observed redshift must be related
to the surrounding solvation environment. Figure 8 demon-
strates that peak B is mainly composed of water-rich states, so
that it will be sensitive to water-water interactions. When two
solvated Gdm™ ions associate, they release water molecules
from their own solvation shells, and the water hydrogen-bond
network becomes extended, again stabilizing the final states.
This results in the redshift of peak B in the calculated spec-
tra, moving from free to stacked pairs. In our experiments, the
same trend of spectral redshift of peaks A and B is observed
when moving from low to high concentrations; therefore, we
reach the conclusion that as concentration increases, there is
a higher probability for contact ion pairing between Gdm™
ions. If no contact ion pairs form, the electronic structure of
the Gdm™ ions would not be expected to vary so much with
concentration.

As evident in the density map in Figure 3(b), chloride ion
has the possibility of associating with Gdm™ ions. To explore
the spectral effects of the formation of a Gdm™-chloride con-
tact pair, its XAS spectra calculated under the same conditions
as in Figure 5 are shown in Figure 9, compared with the sim-
ulated spectra of both guanidinium free pair and stacked pair
(same spectra shown in Figure 5). All spectra are normalized
to the peak heights of the first resonance (A). The Gdm™-
chloride pair exhibits the same essential spectral shapes, with

2
Free pair
B —— Stacked pair
—— Gdm’-CI pair

— A
o]
8 14
=
‘B
C
9
£

04

T T T T T T T T T T T
400 405 410

Energy (eV)

FIG. 9. Calculated nitrogen K-edge spectra for free Gdm™ pairs, stacked
Gdm™ pairs, and Gdm™*-CI~ pairs. The carbon-carbon distance was con-
strained to 10.0-10.5 A for the free pairs and 3.7-3.9A for the stacked pairs.
The nitrogen-chloride distance was constrained to 3.2-3.4 A for two nitrogen
atoms in Gdm™ ion for the Gdm™ —CI~ pair. All spectra have been normal-
ized with the peak heights of the first resonance A.
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resonance A situated at the same energy as that of the free
guanidinium pair. This is expected because resonance A is
sensitive only to the 7 * interaction, and the encounter with a
chloride ion at the side of the guanidinium ion does not af-
fect the 7 system. The most noticeable difference is the in-
tensity of resonance B, which drops 17% relative to that of
the free pair. Since resonance B is sensitive to the solvation
environment; when chloride ion enters the first solvation shell
of guanidinium, it disrupts the water hydrogen-bond network
and decreases the spatial overlap with the water states, which
produces the lower signal intensity. However, this predicted
drop in intensity of resonance B is not observed in our exper-
iments as the salt concentration increases, implying insignif-
icant Gdm™-chloride pair formation, at least, not compara-
ble to the Gdm™*-Gdm™ ion pair formation. However, we do
note that control experiments, wherein NaCl is systematically
added to the guanidinium chloride solutions, were not pre-
formed here, and the above conclusion rests primarily on the
comparison between our detailed calculations and experiment
that is presented.

The association of two weakly hydrated (chaotropic)
Gdm™ ions represents a remarkable ion-specific effect. Since
Gdm™ corresponds to the side chain of arginine, which is pro-
tonated at biological pH, a similar pairing between Gdm™ ion
and arginine side chains of proteins could exist. It is believed
that there are two principal mechanisms for ion-induced pro-
tein unfolding: direct interaction of the ion with some parts
of the protein or modification of the solvating water struc-
ture. The direct interaction model has been indicated as hav-
ing a primary relevance in protein destabilization by Gdm™
salts'>3 but the temperature-excursion IR study by Scott
et al. also showed a substantial restructuring of the water
H-bond network upon addition of GdmCl1.>> Our technique
probes both the direct interaction and the change on the solva-
tion environment, but cannot easily separate the relative con-
tribution of the two mechanisms.

To further support the interpretation of the observed spec-
tral shifts, we examine calculated spectra of GdmCl in crys-
talline form. The crystal structure data were taken from Haas
et al.’® GdmClI crystallizes in the orthorhombic system with
space group Pbca. The crystal structure consists of chloride
ions coordinated by three different Gdm™ ions, two of which
are coplanar. The third Gdm™ ion is nearly perpendicular to
this plane. Figure 10 depicts the atomic arrangement around
Gdm™ in the crystal: Each Gdm™ coordinates to three chlo-
ride ions, with two of these chloride ions associating onto
another Gdm™ which is coplanar with the original one, and
the same unit is repeated, forming a chain-like structure. As
shown in Figure 10, the three lower Gdm™ ions are in the
same plane and the planar Gdm*t—Cl™—Gdm™—Cl~ struc-
ture is repeated along x-axis. The top chloride ion coordinated
to N1 and N2 is different, binding with two other Gdm™ ions,
neither of which is in the same plane displayed in Figure 10.
From symmetry considerations, if the crystal were perfect, N1
and N2 would be equivalent, but there is actually a small vari-
ation in the chloride-nitrogen distances. The average N1-(top
chloride) distance is 3.27 A, while 3.36 A is found for N2-(top
chloride) distance. Therefore, there are three different types
of nitrogen atoms in the crystal, N1, N2, and N3. The cor-

J. Chem. Phys. 139, 035104 (2013)

FIG. 10. Arrangement of the guanidinium and chloride ions in the crystal.
The three lower guanidinium ions and three chloride ions (green) are in the
same plane, the top chloride coordinates with the top two guanidinium ions,
which are not in the same plane.

responding calculated spectra are shown in Figure 11, along
with the spectra of bare Gdm™ and solvated free Gdm™ pair
taken from Figure 5. The overall spectral shape of N1 and N2
spectra are similar, but with a shift on the first peak result-
ing from the same 1s — LUMO (so *(NH;), 7 * mixed state)
and 1s — LUMO+1 (;r *) resonances described earlier. Since
N1 has a smaller distance to the N2-shared chloride (3.27 A)
compared to that of N2 (3.36 A), N1 experiences stronger
interaction with chloride. This preferential interaction stabi-
lizes the bonding orbitals and shifts the anti-bonding orbitals
to higher energy, resulting in the blue shift of the first peak
in the N1 spectrum, compared with that of N2. The N3 spec-
trum exhibits unique features: an even lower energy peak A
and strong resonances at 403.4 eV, which is roughly the same
energy as peak B in the spectrum of the solvated free Gdm™
pair. Being a nitrogen coordinated by two chlorides that asso-
ciate with other Gdm™ ions in the same plane, the LUMO and

— Bare Gdm"
Solvated Gdm'

—— Crystal N1

—— Crystal N2
Crystal N3

pad \/Uvﬂuk““’“

Intensity (a.u.)

\
/ ‘MM
\/M

w0 | | a5 | | AT
Energy (eV)

FIG. 11. Calculated spectra due to individual nitrogen atom excitation in
crystalline guanidinium chloride, compared with calculated spectra of an iso-
lated guanidinium ion and a solvated guanidinium free pair. All spectra are
processed with energy alignment but without intensity normalization.
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LUMO+1 of N3 are delocalized states extending through the
chain-like structure shown in the bottom of Figure 10. This
delocalization shifts the resonance to a lower energy, as ex-
plained above. The strong resonance at 403.4 eV originates
from the 1s — LUMO+2 state of bare Gdm™ (po*(NH,))
also extends throughout the Gdm™—CI~ chain, lowering the
energy. In comparison, the spectrum of bare Gdm™ exhibits
no delocalization, and peaks A and B are then blue shifted
compared to the solvated free pair.

IV. CONCLUSIONS

We have measured the nitrogen K-edge NEXAFS spectra
of aqueous GdmCl solutions at various concentrations and ob-
served spectral fingerprints with sensitivity to concentration
that match with first-principles electronic structure calcula-
tions which sample classical molecular dynamics trajectories
at 300 K. Theoretical interpretation indicates that the first ob-
served spectral resonance, at 401.9 eV, is dominated by N 1s
— mr* transitions and is red-shifted due to intermolecular 7 *
system mixing at high concentrations. The second resonance,
at 404.7 eV, reflects interactions with the water hydrogen
bonding network, and reveals a greater chance to form like-
charged guanidinium-guanidinium pairs with increasing con-
centration. The present results demonstrate the sensitivity of
our experiments and analysis using the XCH electronic struc-
ture approach for probing such weak cation-cation interac-
tions. Overcoming the repulsive Coulomb forces between two
cations to form a stable ion pair in water is an interesting man-
ifestation of ion-specific effects and provides a possible mech-
anism for protein unfolding induced by guanidinium salts.
Other biological interactions could possibly involve simi-
lar like-charge ion pairing, e.g., nucleotide/nucleoside-protein
interactions.
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