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1) Surface energy with and without structural water.

Fig. S1 — Relaxed gypsum slab with a surface in the (010) direction with two possible terminations, (a)
with, and (b) without a single water monolayer. The evaluated surface energy for structures (a) and (b) is
14 meV/A? and 41 meV/A?, respectively.
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2) Snapshots of non-relaxed and optimized surfaces at different coverages.

Fig. S2 — On the left, a view of the complete supercell for the unrelaxed 1ML case. On the right, the three
figures show the optimized (010) surface with 1 ML, 2 ML, 6 ML coverages.

3) Power spectrum of confined water for all simulated structures
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Fig. S3 — Confined “bulk” water contribution to the power spectrum for the gypsum structures: bulk (i.e.,
without a surface), and for the gypsum structure with different surface water coverages (G1, G2, G3 and
G6 in Fig. S2). The surface water coverage does not significantly change this contribution, although
noticeable differences can be seen. The calculated spectra in the main text refer only to surface water
molecules (regions W1, W2 and W6 in Fig. S2).

S2



4) Surface contribution dominates the SFG spectrum in reflection.

The SFG measurements were initially made with a thin sample (~ 1 mm), for which it is
not possible to separate the reflections from the two gypsum/air interfaces. In this case, the
detected signal is not only coming from that generated on the first air/gypsum interface in
reflection, but also from that generated on the first interface in transmission, which is then
partially reflected by the second gypsum/air interface (see Fig. S4d). If there is a contribution of
the bulk crystal to the SFG signal, it will be significantly amplified in transmission due to the
longer coherence length.! Thus, the signal generated in the bulk may be dominant if the sample
is thin enough such that both reflections are detected. We have also performed measurements
with a thicker sample (~ 7 mm) for which only the first reflection is measured (see Fig S4d),
and a comparison of the two measurements is shown in Fig. S4a. It is clear that the only
difference resulting from appreciable bulk contribution in transmission (for the thin sample) is a
narrow peak at ~ 3450 cm™', which completely disappears for the thick sample, where only the
SFG signal in the reflection geometry is collected. Note that the frequency of this bulk
contribution coincides with that obtained by the MD simulations for the bulk structural water
(Fig. S3), except that the experimental peak is narrower, perhaps due to gain narrowing.

Further confirmation that the SFG signal (apart from the narrow peak at ~ 3450 cm™' in
transmission) is coming from the gypsum/vapor interface comes from SFG measurements using
deuterated water vapor. H-D exchange of surface water is observed when we add D,O vapor to
the chamber (Fig. S4b), as the OH stretch modes of adsorbed water (3000 — 3400 cm™) shift to
lower OD stretch frequencies (2300 — 2700 cm™). As expected, this exchange is observed only
for the interfacial water, since the intense peak attributed to bulk structural water (3450 cm™) is
not affected. However, Fig. S4c shows that after this H-D exchange by exposure to D,O vapor,
if the chamber is opened and the crystal is exposed to air (H,O vapor), the surface structural
water is again exchanged back to H,O. Therefore, as expected due to fast H-D exchange, it is
not possible to use D,O vapor to distinguish adsorbed water from the surface structural water
present on the dry, cleaved gypsum surface, as done previously for water adsorption on mica.”
Fig. S5 displays similar measurements, but with a thick sample that presents only the surface
water contribution (both structural and adsorbed water). In this case, the spectrum from surface
structural water at low RH (black circles, similar to Fig. 3 of the main text) presents a narrow
peak at 3670 cm™ due to free OH groups and a broad band at ~ 3250 cm™ due to H-bonded OH
groups. Upon D,0O adsorption (blue squares), we observe only OD stretches due to H-bonded
OD groups at ~ 2500 cm’', without any free OD contribution. This spectrum resembles those
with H,O adsorption at high RH (Fig. 6), but red shifted to the OD stretch range. If we flow N,
through the chamber to remove adsorbed D,O, the surface is left only with structural D,O water
and the spectrum (red triangles) resembles that before D,O adsorption at low RH (black circles),
but red shifted to the OD stretch range. Finally, if this surface is exposed to air containing H,O
vapor (pink empty circles), the spectrum shifts back to the OH stretch range keeping the same
spectral shape of the structural water contribution, containing both H-bonded and free OH

groups.

S3



1 (a)

1 2_ —e— thick sample
) —u— thin sample

2.0 )
1.6 —=—before D,O/RH = 0.1%

1 2] ——D,0/RH=70%
| —e—after D,O/RH=0.1%

SFG Intensity (arb. units)

2.5 1 —=—before D,0/ under N,
2.0q —a—after D,O/ under air

2400 2800 3200 3600
IR Frequency (cm™)
(d)

thin sample thick sample

Fig. S4 — SFG spectra for the gypsum (010)/vapor interface in the OD and OH stretch ranges for the
azimuthal angle ¢ = 300° and SSP polarization combination. (a) Thin vs. thick sample under low
humidity (RH = 0.1%). (b) Thin sample before, during (RH = 70%) and after D,O adsorption. (¢) Thin
sample before and after D,O adsorption, but with the crystal exposed to atmospheric air (containing H,O
vapor). (d) Scheme of the experimental geometry for detecting the SFG signals from a thin or thick
gypsum sample.
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Fig. S5 — SFG spectra for the gypsum (010)/vapor interface in the OD and OH stretch ranges for a thick
sample (only first surface reflection) with the azimuthal angle ¢ = 60° and SSP polarization combination.
Black dots are for the (010) surface under low humidity (RH = 0.1%), squares are measurements in
equilibrium with D,O vapor (RH = 86%), triangles are measured after D,O adsorption and under dry
conditions (RH = 0.1%), and empty circles are measured after D,O adsorption and subsequent exposure
to air (as in Fig. S4c).

5) Density profiles from AIMD simulations
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Fig. S6 — Water density as a function of the height Z for different coverages. The height of the outermost
oxygen layer of gypsum was set as the zero reference (Z = 0). The dashed lines separate approximately
each monolayer of adsorbed water. The dotted line is the experimental water density at room temperature.
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6) Vibrational power spectra from AIMD simulations
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Fig. S7 — Surface water contribution to the power spectrum at 300 K for the 1ML, 2ML, 3ML and 6 ML
coverages. The intensities were normalized by the total number of water molecules.

7) Fitting of the SFG spectra for ¢ = 300° and 330° for the gypsum (010) at RH = 0.1%.

The SFG spectra for ¢ = 300° and 330° for the gypsum (010) surface under N,
atmosphere was fitted to Eq. (1) for determining the relative signs of the mode amplitudes for
the four different OH groups on the surface. The lower frequency modes corresponding to H-
bonded OH groups (3., 8,) were set to have the same sign, because otherwise the line shape in
that frequency range would be obviously wrong. In Fig. S8 we show both experimental spectra
fitted simultaneously to four resonances (with the same frequencies and line widths in all
panels), but in each panel the relative signs of their amplitudes are different (as indicated in the
figure). If we pay close attention to the qualitative agreement of the fitted line shape to the
experimental one, we observe that the fitted curve displays the wrong line shape in the shaded
regions of panels (a) and (¢). In panel (a), the all-positive peaks display a destructive
interference between 8, and 83, leading to a deeper valley that is not observed experimentally. In
panel (c), 8, and d; with opposite signs make the valley between these peaks too shallow. The
best fit with respect to the global line shape is obtained with the peaks due to (3, 64) with
opposite sign with respect to (8, 9;), and each pair with the same signs, shown in panel (b).
Therefore, both free OH groups on average point away from the surface, while the H-bonded
OH groups point down toward the CaSO, layer.
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Fig. S8 — SFG spectra with SSP polarization combination for the gypsum (010) surface under N,
atmosphere at azimuthal orientations ¢ = 300° and ¢ = 330°. The spectra are fitted simultaneously to four
resonances (with the same frequencies and line widths in all panels), but in each panel the relative signs
of their amplitudes are different (as indicated in the figure).

8) Molecular orientation model for the SFG amplitude of OH groups

The % tensor elements for a molecular interface is obtained from a coordinate
transformation of the molecular hiperpolarizability a'* from the molecular frame (a,b,c) to the
laboratory frame (X,Y,Z), where the incidence plane is (X, Z) and N is the surface density of
molecules, as shown in equation S1.

X = N ( (o) (jori) (ko) Y2 (S1)

Imn
As the H-bonded (6,, 9,) and free OH groups (8, 8;) of each surface water molecule at
the dry gypsum (010) surface give separate contributions to the SFG spectra (uncoupled
vibrations), we will consider each of them individually as an isolated group. Fig. S9 shows the
OH group orientation (OH bond along the ¢ axis, and the a axis in the XY plane) with respect to
the lab frame, defining the polar angle 6 of the OH bond with respect to the surface normal (Z)
and its azimuthal angle ¢ with respect to the incidence plane (XZ).
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Fig. S9 — Definition of the OH group orientation (0, ¢) with respect to the laboratory frame (X,Y,Z). The
molecular frame (a,b,c) is taken with ¢ along the OH bond and a on the XY plane.
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Fig. S10 — Two equivalent structures for the surface water molecules of the dry gypsum (010) surface.

The measured SFG spectra with SSP polarization combination probes two elements,

;(Sz) and ;(Sl Considering OH groups with a specific orientation (0, ¢), the surface will have a

Cy, symmetry and both of these ¥® elements would be nonvanishing. However, this would lead
to a “forward-backward” asymmetry of the SFG amplitude as a function of azimuthal angle,
A(d) # A(¢ + 180°), which is not observed in the data of Fig. 3b. Indeed, the AIMD simulations
confirm that there are two surface configurations of water molecules that are energetically
equivalent (~ 0.03 meV of total energy difference in a simulation cell), which correspond to
exchanging the molecules that have the OH group pointing up (), and they have each type of
OH group pointing in the opposite azimuthal direction, as displayed in Fig. S10. Hence, there is

no macroscopic preference for azimuthal alignment of each type of OH group along ¢ with

respect to ¢ + 180°, and the overall surface symmetry is increased to C,,, for which ;()(;)

X
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vanishes. Therefore, the SSP spectra are probing only ;((2)

e » Which will be expressed in terms of

the molecular hyperpolarizability elements.

The molecular hiperpolarizability can be related to the product of the Raman tensor
(B) and the IR transition dipole moment (p) of the particular vibration (in our case, the OH
stretch).

2
Oél(m)n X ﬂlm'u“n (Sz)

Due to the C, symmetry of the OH group, the hiperpolarizability nonvanishing
elements are:

abbc - aaac = raccc’ (S3)

where 7 is the ratio of the Raman tensor elements perpendicular and along the bond
direction. In principle it could be determined from Ramam depolarization measurements, but a
precise evaluation is difficult.* Therefore, we will treat it as an unknown parameter that could be
obtained from fitting the experimental SFG data (Fig. 3b).
From equation S1 and using the hyperpolarizability elements of equation S3, we get
Xj(j;)z = <cos 0 [7’ + (1 — r)sin? @ sin? ¢}>am , S4)
which may be written as

C=rcosba,
(2) _ . 2 .
i —C[1+Dsm ¢],W1th Dz(l_szinZQ ) (S5)

r

Equation S5 shows that (for D > 0, that is, » < 1) the SFG amplitude would be
minimum when the OH group is along the incidence plane (¢ = 0), and maximum when its
azimuthal orientation is perpendicular to the incidence plane (¢ = 90°). Therefore, the direction
of minimum amplitude in Fig. 3b gives directly the average azimuthal orientation ¢, for that
type of OH group (H-bonded or free OH), and fitting the shape of the azimuthal plot to Eq. S5
(with ¢ replaced by ¢—¢,) gives ¢y and the parameter D, which depends both on » and the polar
angle 0 of that OH group. From the fits, D = 3.6 & 1.6 for the H-bonded OH (35, 64) and D = 4.2
+ 1.5 for the free OH (§,), while the ¢, values are listed in Table 3 of the main paper. Using the
average tilt 0,4 = 106° for (8,, 04) and 0, = 24° for §; from the AIMD simulation (Fig. 5a), we
can obtain an estimate for ». The value » = 0.20 (+ 0.11, — 0.05) obtained for the H-bonded OH
is close to those in the literature,” while for the free OH we get a significantly smaller value, r =
0.06 £ 0.02. This could result from the tighter OH bond for the free OH group, which could lead
to a reduced transverse bond polarizability.
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9) Polarization dependence of the SFG spectra for the gypsum (010) surface at low RH
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Fig. S11 — Polarization dependence of the SFG spectra for the gypsum (010) surface cleaved under N,
atmosphere, RH 0.1%. The spectra were recorded at two azimuthal angles ¢ indicated in the panels.
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10) Anisotropy of the adsorbed water on the gypsum (010) surface
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Fig. S12 — (a) SFG spectra for the gypsum (010) surface under high relative humidity (RH = 98%) at
several azimuthal angles ¢, with polarization combination SSP. (b) Azimuthal dependence of the SFG
intensity for the spectra in (a), at the three frequencies indicated in the graph. The solid lines are fits using

Eq. S5 (with ¢ replaced by ¢—¢) and Iggp o | 7((2) |2

o |- The fitting parameters ¢, (the average azimuthal

direction of the OH group) and D are listed in Table S1.

Table S1 - Fitting parameters for the azimuthal plots in Fig. S12(b).

Frequency (cm™) o(°) D
3340 39+18 5.0+ 12.2
3460 44+ 16 5.0+ 11.7
3640 11918 6.6 £ 8.6
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