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Sl Figure Results.

Sum frequency generation (SFG) spectra of aqueous
MgCl, solutions of 4.7 M at 295 K and 285 K and
spectral fits are shown in Fig. S1. While, the hydrogen
bonding region below 3550 cm” decreases with
decreasing temperature, the 3650 cm™ shoulder and the
3700 cm™ peak are not affected, confirming that the
shoulder at 3650 cm™ is a dangling OH bond that is not
involved in hydrogen bonding with neighboring water
molecules (1).

Studies dating to the beginning of vibrational
spectroscopic investigation have addressed hydrogen
bonding of water in salt solutions (2). Raman and IR
spectra of solutions of MgCl, (Fig. S2, S3) were obtained
to aid in the interpretation of vibrational sum frequency
generation spectra. In Fig. S2 (a and b), the parallel-
polarized Raman and transmission IR spectra of bulk
aqueous MgCl, solutions of 0.1 M, 0.3 M, 1.1 M, 2.1 M,
3.1 M and 4.7 M in the OH stretching region are shown.
Spectra of neat water are included for comparison. As
expected, the free OH peak observed so clearly in the
SFG spectra at 3700 cm™ is not observed in the Raman
or IR spectra. Just as in the SFG spectral analysis, the
details associated with the spectral assignment of the
hydrogen bonding region remains somewhat
controversial (3-7), although increasing wavenumber
correlates with decreasing hydrogen bonding strength (8-
10). The controversy mainly attends to arguments against
assigning underlying bands to specific water populations
since there are strong intermolecular interactions and
coupling that play a role in the shape of the spectra in
Raman (6) and IR (11-14). This controversy disallows
specific inference to structural details of water
coordination and microstructures from vibrational
spectra, but this is not addressed in this report. We are
mainly interested in comparing the parallel-polarized
Raman and IR with the ssp-polarized SFG component
band intensities in the hydrogen bonding region to gain
insight into the question about the extent that the

hydrogen bonding environment is different at the
air/aqueous interface relative to the bulk.

We have also included ATR-IR spectra in the inset of
Fig. S2 to illustrate that the change in refractive index
alters the spectrum due to the inclusion of the real part of
the index. In the past, (9, 15-17) the ATR-IR spectra
were used in place of transmission IR because of
difficulties with keeping the required short path length of
the cell constant. However, we now report a method to
circumvent this issue by acquiring the data in
transmission mode (where small path length variations
are unavoidable) and then normalizing the spectra to the
combination band at ~2200 cm™ since this band is
insensitive to addition of the ions. Therefore, we focus
on only comparing SFG data to transmission IR as
opposed to ATR-IR spectra because of this problem,
which becomes particularly significant for the divalent
metal cation salts (18-20).

As shown in Fig. S2, the parallel-polarized Raman
spectrum of neat water is affected upon addition of
MgCl,. As the concentration is increased, the spectra
narrow with the 3200 cm™ band decreasing in intensity
whereas the 3400 cm band increases. The increase in
the 3400 cm™ band is significantly larger than the
decrease in the 3200 cm” band. We have previously
shown (8, 16) that halides strongly perturb the OH
stretching region in the Raman spectrum and coined the
3400 cm™' band as the “solvation shell band” because the
polarizability of the water molecules in the solvation
shell of a halide become significantly affected by the
polarizability of the halide anions (8, 16). Additionally
observed, the frequency of the 3400 cm™” band
progressively changes as the concentration is increased.
In the transmission IR spectra, an increase in both the
3200 and 3400 cm™ band is revealed. We also observe a
larger enhancement of the 3400 cm™ band relative to the
3200 cm” band consistent with the Raman spectra,
although not as dramatic as that which is observed in the
Raman. Interesting, but not yet explainable, the 4.7 M
MgCl, IR spectrum is enhanced more than expected
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from the observed enhancement levels of the lower
concentration solutions. However, the solution is highly
concentrated at 4.7 M MgCl,, and a large portion of the
water molecules are in primary solvation shells of the
Mg** ions. In our previous work (21), we have shown
that Mg®" retains its six solvation shell water molecules
in these low water conditions. In the analysis of the
intensity trends of the band at ~3400 cm™, the Raman
and IR show that the intensity increases with increasing
MgCl, concentration; but as stated previously, the SFG
intensity increases up until 2.1 M and then decreases
with further addition of MgCl,.

Unpolarized Raman and perpendicular-polarized
Raman of the aqueous MgCl, solutions of 0.3 M, 1.1 M,
2.1 M, 3.1 M and 4.7 M in the OH stretching region were
acquired and are shown in Fig. S3 for reference.

In Fig. S4, comparison plots (left-hand y axis) show
the ratio of the 3400 to the ~3250 cm™ band from the
SFG ssp, parallel-polarized Raman, and transmission IR
spectra. This comparison sheds light on the differences
between the surface (SFG) and the bulk solvation
environments (Raman and IR). Although we observe
only a small variation in the SFG data, the Raman and IR
data reveal a substantial increase in this ratio with
increasing MgCl, molarity, especially in the Raman data.
The 3400 cm™ band positions determined by component
peak analysis (Table S3, S4) are shown on the right-hand
axis of the plots. Opposing trends are observed for the
SFG relative to the Raman. Although the Raman and IR
frequency trends are not completely consistent with each
other, there is an observed red shift from the 4.7 M
solution for both. The SFG spectra have a minimum in
the peak position plot for the 2.1 M MgCl, solution that
suggests a different hydrogen bonding structure for the
2.1 M air/solution interface relative to the lower and
higher MgCl, concentrations.

In Fig. S5, SFG spectra of aqueous MgCl, solutions
using ssp (top row) and ppp (bottom row) polarization
combinations are shown. Spectral analysis was
completed to report the orientation angle of the free OH
at the surface of the solutions investigated. Orientational
analysis of the free OH stretch of neat water has been
reported previously (22, 23). Briefly, the ratio of
different second order nonlinear polarization tensor
elements (yk), in this case ssp (Yuxxz=Yyyz) and ppp (Xzzz
Xyyz, Kyzy, and Yzyy), is related to the mean orientational
angle (0). The orientation angle of the free OH stretch
peak is calculated to be ~ 31° which is consistent to the
value reported by Gan et al. (22).

In Fig. S6, snapshots of the surface and cross-section
of the MD simulations as well as density profiles of
water O atoms and Mg”" and CI' ions are presented. The
snapshots were produced using VMD (24). Chloride is
present at the interface in all solutions, and its propensity
there increases with concentration. 4.8 M MgCl, begins
to resemble a disordered solid, as evidenced by the
organization of chloride at the surface. This was not
unexpected given the ability of magnesium to hold onto
its first solvation shell and limited availability of water.

Fig. S7 shows water pair interaction energy
distributions. The influence of ions on water-water
interactions is evident in the histograms of water-water
interaction energies computed from the MD simulations
and plotted. The peak spanning from around -5 to -2
kcal/mol corresponds to water-water hydrogen bonds,
whereas the region around O kcal/mol corresponds to
non-interacting pairs of water molecules. NaCl and
MgCl, both reduce the number of water-water hydrogen
bonds vs. neat water. In the NaCl solution there is a
shoulder on the positive energy side of the main peak at
0 kcal/mol, whereas in the MgCl, solutions, there is an
additional peak above 2 kcal/mol that grows with
increasing MgCl, concentration. Evidently, strong ion-
water interactions give rise to unfavorable water-water
interactions. The existence of these repulsive water-water
interactions is clear evidence for change in the water-
water hydrogen bonding network in the presence of
MgCl,, particularly at high concentrations.

In Fig. S8, a plot of free OH number density with
respect to Z for each concentration of MgCl, and a
simulation of pure POL3 water are shown. The Gibbs
dividing surface is set to Z = 0 A. While the number of
free OH oscillators increase with concentration, the
orientation of water in the slab becomes more
complicated with increasing concentration. The
orientation of free OH near the interface remains
relatively similar with increasing concentration, but
orientation of free OH deeper in the system may cause
increased interference with the SFG signal at increasing
concentration.

Deconvolution of the SFG ssp spectra from palmitic
acid monolayers was carried out and is shown in Fig. S9.
These spectra reveal that the CO,” modes of palmitic acid
with 0.1 M and 1.0 M MgCl, subphases have three
component peaks, as discussed in the manuscript. The
component peaks shown are centered at 1424 cm™, 1445
cm", and 1475 cm™.

In Fig. S10, radial distribution functions of water
around magnesium as a function of position are shown.
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While the first and second solvent shells are well defined
in all simulations, a shoulder appears outside the second
solvation shell in 2.7 M MgCl, indicating the emergence
of long-range order. Significant restructuring of water
around Mg*" is apparent at 4.8 M.

Sl Table Results.

The SFG, Raman, and IR spectra were deconvoluted
into the component peaks (Table S1, S3, S4,
respectively). The fitting parameters included peak
position, amplitude, full width half maximum (FWHM)
and area. The SFG spectra were fitted with a Lorentzian
function whereas in the Raman and IR spectra a
Gaussian function was used. In the case of the SFG
spectra the phase (+ versus -) was included accordingly
to the phase measurements of water obtained from Ji N
et al (25). For the SFG spectra the nonresonant terms
were kept constant (0.19-0.031). We also performed
extensive sensitivity testing on the magnitude of the
nonresonant terms within reasonable values and found
that the component peak intensities were reduced with
increasing the values; the intensity trends were mostly
conserved for the free OH component peaks.

Ab initio calculations were carried out on ion-water
clusters using GAUSSIANO3 (26). The initial
configurations were taken from MD simulations and
optimized at the MP2/6-311++G** level of theory.
These coordinates were used as a starting point for a
second geometry optimization and vibrational analysis at
the MP2/aug-cc-pVDZ level of theory. The results of
these calculations are shown in Table S5. Frequencies of
water stretches in the first solvation shell of Mg®" are
red-shifted when compared to those of water in the first
shell of Na'.

SI Materials and Methods.
Materials.

A saturated aqueous solution of MgCl, was prepared
and then filtered through a Whatman Carbon-Cap
activated carbon filter to remove organic contaminants.
The concentration of the filtered solution was determined
by the Mohr method (27). This solution was then diluted
in deionized water to the final concentration. To prepare
the high concentration solutions (above 3.1 M) the
filtered solution was evaporated at 70 °C for several
hours to reach the final concentration. The MgCl,
concentrations used were 0.1 M, 0.3 M, 1.1 M, 2.1 M,
3.1 Mand 4.7 M.

Spectroscopy. The SFG spectra shown in the manuscript
were obtained with our broadband SFG spectrometer.
SFG spectroscopy was utilized because of interface
selectivity. It is a second order vibrational spectroscopic
technique in which the signal arises from
noncentrosymmetric environments, such as at an
interface in the dipole approximation. Theoretical details
of the SFG process are available in the literature (28-31).
The broadband SFG instrument incident angles for the
IR and visible beams from the surface normal were 68°
and 53°, respectively. The FWHM bandwidth of the
infrared beam was typically 200 to 300 cm™ between
3000 and 3800 cm™. To cover the OH stretching region
from 3000 to 3800 cm™, four spectral regions were used.
SFG spectra were normalized to the nonresonant signal
from a GaAs crystal for each spectral region. Overlap of
the spectral regions as plotted in the figures was
completed through a rigorous analysis of the SFG
intensity above a threshold value. In some regions, only
the top 30% energy maximum spectral region was used
in the spectral stitching as determined by additional
spectral analysis through varying the central IR peak as
determined by the GaAs SFG spectral profile. SFG
spectra were obtained under the ssp (s for the SFG, s for
the 800 nm, and p for the infrared beam) and ppp
polarization combination (at 3700 cm™, Fig. S5). An
average of two replicate spectra is shown in the article,
and error bars show +1 standard deviation. In the free
OH region at 3700 cm™, the data markers are plotted
every 5 data points to improve clarity of the spectra.

Raman spectra were obtained with 100 mW from an
unpolarized 532-nm continuous wave laser (Spectra-
Physics, Millennia II). The 532 nm beam was focused ~1
mm inside a glass vial containing the sample using a 5
mm focusing Raman probe (InPhotonics). The
backscattered radiation was collected by the fiber optic
probe coupled to the entrance slit of a 500 mm
monochromator (Acton Research, SpectroPro SP-500).
The Raman scatter was dispersed by a 1200 groove/mm
grating blazed at 1 pm and collected on a liquid-
nitrogen-cooled CCD camera. The slit width was set to
70 pm. Calibration of the monochromator was completed
using the 435.833 nm line from a fluorescent lamp. A
naphthalene spectrum was acquired and used to compare
its peak positions with literature values (32) as part of the
calibration. Raman spectra were acquired with 2 min of
exposure time and at ~ 22 £ 1 °C. The average of two
Raman spectra is shown.

IR spectra were obtained using a Spectrum Spotlight
300 FT-IR Microscope (Perkin Elmer) in transmission
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mode. The salt solutions were placed in-between two
CaF, windows. A total of 124 scans were acquired for
each sample. ATR-FTIR spectra were acquired in a
Thermo Nicolet spectrometer (Avantar 370, Thermo
Electron Corporation). 128 scans were obtained for each
sample.

Computational Methods. Interfacial simulations of
aqueous MgCl,, NaCl, and neat water employed a slab
geometry with the unit cell dimensions 30 A x 30 A x
100 A and three-dimensional periodic boundary
conditions. The solution slabs were approximately 40 A
thick. The initial coordinates for the interfacial
simulations were taken from bulk simulations. The bulk
concentrations of the simulations, determined from the
composition of the central 14 A of the slabs, were 1.1 M,
1.9 M, 2.7 M, and 4.8 M. The systems each contained
864 water molecules and 16, 33, 48, and 96 MgCl,,
respectively. The 4.9 M NaCl solution contained 864
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Figure S1. SFG spectra of aqueous 4.7 M MgCl, solutions at 295 K and 285 K.
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Table S1. Parameters for the SFG spectral fits of 0.1 M, 0.3 M, 1.1 M, 2.1 M, 3.1 M and 4.7 M MgCl, aqueous solutions.
Spectral fits were calculated with constant nonresonant terms of 0.019 - 0.03i, except the columns denoted by *. Those
parameters were obtained with nonresonant terms of 0.35 -0.03i.

Peak positioncm™  Phase ~ Amplitude FWHM  Area Amplitude* FWHM * Area

(a.u) @u)*
Water 3118 + 48.0 240 413
3488 - 48.6 200 63.9
3645 + 2.0 40 0.6
3700 + 13.0 34 30.2
3750 + 6.0 110 1.8
0.1 M MgCl, 3125 + 48.3 250 40.2
3474 - 50.6 210 65.5
3645 + 2.0 40 0.6
3701 + 13.1 33.7 31.1
3755 + 6.0 110 1.8
0.3 M MgCl, 3128 + 51.3 264 43.3
3457 - 52.1 210 69.4
3645 + 2.0 40 0.6
3702 + 12.5 325 29.4
3755 + 6.0 110 1.8
1.1 M MgCl, 3160 + 49.21 240 46.5
3437 - 64.33 220 100
3638 + 1.5 40 0.4
3702 + 12.64 355 27.3
3755 + 8 110 32
2.1 M MgCl, 3187 + 62 250 73.1 44 260 34.7
3430 - 733 210 137 60 220 87
3630 + 1.5 40 0.3 5 60 2.5
3703 + 13.8 384 29.7 12.7 40 24.6
3755 + 8 80 5.1 1 80 0.07
3.1 M MgCl, 3185 + 53.54 230 59.8
3440 - 67.33 210 115.6
3645 + 0.2 44 0.005
3704.4 + 10.5 36.4 18.4
3744 + 14.5 110 10.4
4.7 M MgCl, 3174 + 58.6 250 63.7 37 250 254
3449 - 59 182 104.7 47 182 66.5
3630 + 2 60 0.3 10 80 73
3705 + 12.05 48 18 10.52 43.2 15.4
3770 + 26 180 18.3 7 180 1.3
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Table S2. Concentration of the MgCl, aqueous

per ion.
Molarity (Moles/L) Mole fraction (x) Number of water molecules per Number of water molecules per ion
MgCl, (third column/3)*
0.1 0.002 558 186
0.3 0.005 185 62
1.1 0.02 49 16
2.1 0.04 25 8
3.1 0.06 16 5
4.7 0.09 10 3

solutions in molarity, mole fraction, and number of water per MgCl, and

Table S3. Parameters for the parallel polarized Raman spectral fits of 0.1M, 0.3 M, 1.1 M, 2.1 M, 3.1 M and 4.7 M MgCl,

aqueous solutions.

Peak position cm®  Amplitude FWHM Area (a.u)
Water 32322 3535.4 230 188236
3438.6 7714.8 320 419562
3630.0 1527.6 180 81378
0.1 M MgCl, 3230.7 3576.9 230 190630
3438.0 7742.6 320 421152
3630.0 1661.7 180 88558.7
0.3 M MgCl, 3232.6 3440.6 230 183081
3441.0 8414.8 320 457377
3630.0 1639.7 180 90297
1.1 M MgCl, 3219.9 3023.2 230 161957.7
3442.1 9149.7 320 497011.5
3630.0 759.2 180 40449.4
2.1 M MgCl, 32293 2447.5 230 130555.9
34473 10360.6 320 561700.7
3630.0 428.3 180 22809.4
3.1 M MgCl, 32393 2748.5 230 158447
3446.9 11329.7 290 563956
3630.0 1008.2 180 53730
4.7 M MgCl, 3228.3 2157.6 230 115160
3438 123425 280 606778
3630 450.5 180 28190.7
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Table S4. Parameters for the IR spectral fits of 0.1M, 0.3 M, 1.1 M, 2.1 M, 3.1 M and 4.7 M MgCl, aqueous solutions.

Peak position cm™* Amplitude FWHM Area (a.u)

Water 3239 0.43 338.1 14.9
3439 0.76 316.8 21.0

3596 0.10 146 4.8

0.1 M MgCl, 3238 0.44 3373 15.4
3439 0.77 310.9 22.7

3596 0.10 141.4 3.1

0.3 M MgCl, 3237 0.43 342.7 14.8
3439 0.76 314 225

3593 0.10 140.3 2.9

1.1 M MgCl, 3234.7 0.44 357.8 15.5
3436.6 0.79 313.8 233

3589 0.08 135.8 2.6

2.1 M MgCl, 32343 0.47 348 16.5
3436.7 0.79 3123 233

3579.7 0.08 120 2.4

3.1 M MgCl, 3233 0.44 346 15.3
3427 0.83 304 24.7

3582 0.08 121.1 2.4

4.7 M MgCl, 3233 0.50 350 18.1
3418.7 1.0 308 29.6

3576 0.097 118.1 2.8

Table S5. Harmonic Frequencies and Infrared Intensities of OH and OD stretches of HOD and H,O in HOD-D,0-ion
clusters and H,O-D,0-ion clusters® *Computed at the MP2/aug-cc-pVDZ level of theory.

Cluster IR Frequency IR Intensity Assignment
(cm™ (km-mol™)
Mg2+~H20~(D20)5 3762 105 Sym. stretch
3867 186 Asym. stretch
Na"-H,0-(D,0)s 3764 44 Sym. stretch
3896 141 Asym. Stretch
Mg>“HOD:(D,0)s 2772 77 OD stretch
3816 151 OH stretch
Na"-HOD:(D,0)s 2758 65 OD stretch
3865 67 OH stretch
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