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ABSTRACT: Evaporation is an interfacial phenomenon in which a water molecule breaks the intermolecular hydrogen (H-) bonds
with its associates and enters the vapor phase. However, a detailed demonstration of the role of interfacial water structure in the
evaporation process is still ambiguous. Here, we purposefully perturb the H-bonding environment at the air/water interface by in-
troducing kosmotropic (HPO;2, 50,2, and CO32) and chaotropic ions (NO3 and 17) to excerpt their influence on the evaporation
process. Using time-resolved interferometry on aqueous salt-droplets, we found that kosmotropes reduce evaporation, whereas cha-
otropes accelerate the evaporation process that follows the Hofmeister series HPO;2? < S0;2 < CO32 < Cl”- <NO3 < I™. In
order to extract deeper molecular level insights about the observed Hofmeister trend in the evaporation rates, we investigated the
air/water interface in presence of ions using surface-specific sum frequency generation (SFG) vibrational spectroscopy. The SFG
vibrational spectra reveal the significant impact of ions on the strength of the H-bonding environment and the orientation of free
OH oscillators from ~ 36.2° to 48.4° at the air/water interface, where both the variations follow the Hofmeister series. It is estab-
lished that the slow evaporating water molecules experiencing a strong H-bonding environment with the free OH oscillators tilted
away from the surface normal in the presence of kosmotropes at the air/aqueous interface. In contrast, the fast evaporating water
molecules experienced a weak H-bonding environment with free OH oscillators tilted towards the surface normal in the presence of
chaotropes at the air/aqueous interface. Our experimental outcomes showcase the complex bonding environment of interfacial wa-
ter molecules and their decisive role in evaporation at the air/water interface.

INTRODUCTION the interfacial water molecules inherently carries the potential
to play a vital role in the evaporation process.

Understanding and controlling water evaporation is of great

importance in diverse fields of science and technology, includ-
ing surface patterning, optical mapping of DNA molecules,
biological activity on Mars, separating crude oil from water,
water harvesting, and disease diagnosis in pharmaceutical
industries, etc."® In the domain of environmental sciences, the
rate of evaporation of water molecules from the surface of
aqueous aerosols decides the formation or growth of cloud
droplets, which plays an indispensable role in maintaining the
carth’s water cycle and global temperature.”® Thus, under-
standing water evaporation is of general interest. Despite the
prevailing importance of evaporation in our daily lives, the
molecular-level understanding of this phenomenon is still
speculative. The water molecule breaks its hydrogen bonds
(H-bonds) with neighboring molecules and leaves the interface
to enter the air during the evaporation process. It is worth em-
phasizing that the interfacial molecular structure of water is
quite different from the bulk, displaying a constellation of
mono-, di-, tri-, and tetra- coordinated water species, with
dangling/free OH, weakly H-bonded, and strongly H-bonded
water molecules.'®*" Therefore, the H-bonding environment of

Previous studies of the evaporation of water droplets have
shown the influence of co-solvents, gravity, and magnetic
fields on evaporation dynamics."**® Recently, Li et al.”* and
Edwards et al." observed that gravity reverses the convective
flows within the evaporating binary micro-droplets. Further-
more, it is also demonstrated that the presence of a magnetic
field affects the thermo-solutal advection and enhances the
evaporation rates of paramagnetic aqueous droplets.** Evident-
ly, these studies present an understanding of the evaporation
phenomenon through macroscopic diffusion, thermal convec-
tion, and solutal advection. Molecular dynamics (MD) simula-
tion studies have attempted to develop a molecular-level un-
derstanding of the process.**™ For example, Varillay et al.
have shown that evaporation can be considered as a ballistic
escape from the liquid surface where molecules in the higher
energy tail of the Boltzmann’s distribution are more suscepti-
ble to breaking free.’® According to Mason, the water species
having H-bond coordination number one and two possess suf-
ficient energy to escape from the liquid surface."” Recently,
Nagata et al. reported that exactly 44fs after an H-bond for-
mation, two oscillating water molecules are at the closest ap-



proach, and provide a sufficiently strong energetic kick to a
third molecule to get it ejected from the surface.” In addition,
Musolino et al. proposed that the orientation of surface water
molecules can also influence the evaporation kinetics."” The
prevailing literature highlights the importance of how the de-
tailed H-bonding environment and orientation of water mole-
cules is required for a complete mechanistic depiction of the
evaporation process. The contribution of free OH (dangling)
groups that constitute more than 20% of the population at the
topmost water layer of the air/water interface;*° towards the
evaporation process is not explored yet. This prompted us to
offer a detailed experimental demonstration with quantitative
analysis to reveal the role of interfacial water molecules and
their bonding environment in the evaporation process.

In the present study, we build a comprehensive understanding
of the evaporation phenomenon by probing the conformation
and H-bonding environment of water molecules at the
air/faqueous interface. The H-bonded network can be easily
perturbed in the presence of guest moieties.”* % We have
used this fact and purposefully employed a series of Hofmeis-
ter sodium salts; the selected anions are as follows:

HPO,? > S0;2>C03%2> CI">NO; > I- (1)

Franz Hofmeister reported this series in 1888 in which ions are
placed as per their capacity to precipitate proteins from their
aqueous solution.”® The ions to the left of chloride ion are
known as kosmotropes (structure-makers) while those to the
right as chaotropes (structure-breakers).”" The ions have a
significant structuring effect on the bonding environment of
water molecules at the air/aqueous interface. Therefore, we
have selectively utilized the influence of Hofmeister ions to
tune the interfacial structure of water molecules to extract new
molecular-level insights about the evaporation process.

Here, we first studied the impact of Hofmeister ions on evapo-
ration dynamics of sessile water droplets using an in-house
time-resolved interferometry setup. It is observed that the
kosmotropes impede evaporation, whereas chaotropes acceler-
ate the evaporation rate compared to the pristine air/water
interface. The observed ion-specific variation in the evapora-
tion rates is ascribed to the variation in interfacial water struc-
ture at the air/aqueous interface as investigated by Sum fre-
guency generation (SFG) vibrational spectroscopy. We have
performed orientation angle calculation for free OH oscillator
at air/faqueous interface in the presence of ions to see their
influence on evaporation. It is found that the kosmotropes
promote strongly H-bonded water species at the interface with
free OH oscillators tilted away from the surface normal re-
flects the signature of slowing down the evaporation process.
In contrast, the presence of chaotropes brings weakly bonded
water species with free OH oscillator tilted more towards the
surface normal, accelerating the evaporation.

EXPERIMENTAL SECTION
Materials

In the present work, we have performed experiments with six
inorganic sodium salts (Na,HPO,, Na,SO,, Na,CO; NaCl,

NaNO;, and Nal), purchased from Sigma Aldrich and used
without any further purification.

Time-Resolved Interferometry

Figure la presents the experimental setup of time-resolved
interferometry used to estimate the evaporation rate of sessile
droplets. In this setup, a low-power He-Ne laser beam (A = 543
nm) is directed onto the surface of a droplet sitting on a glass
prism of refractive index 1.5.
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Figure 1. (a) Schematic of time-resolved interferometry for the
evaporation rate studies of sessile aqueous droplets. (b) The
snapshots with the intensity of the central fringe of the dynam-
ic Newton’s ring pattern with the time sequence of one fringe
collapse (marked as A, B, and C, respectively).

The Fresnel reflections generated from the top and bottom
surfaces form a Newton’s ring interference pattern. The inten-
sity of the interference pattern was recorded using a CCD
camera for subsequent analysis. As the droplet is continuously
evaporating, the droplet’s moving surface, of height (d) leads
to a dynamic optical path and consequently a varying phase
difference between the interfering beams, which is given by:*

_2m 2nyd(t)
Ab(®) = T( cosB, )

)
Here, n, is the refractive index of the liquid medium and 6,
(~8°) the angle of refraction. The intensity of the central
fringe pattern as a function of time is given by:*



I(t) o cos?(Ad()) ®)

The variation in the intensity of the central fringe of dynamic
Newton’s ring interference pattern is shown in figure 1b, with
snapshots at various stages of one fringe collapse are designat-
ed by A, B, and C, respectively. The variable intensity profile
is then utilized to calculate the change in droplet height Ad(t)
as follows. The variation in the central fringe intensity from
one maximum (or minimum) to the next, results in a phase
change of Ap = 2m, thus moving over (k+1) maxima gives a
change in droplet thickness as given by:

Acoser) 4

Ad(t) = k( ;

n

Here, k is an integer having values 0, 1, 2, 3 etc. Plotting Ad(t)
with time gives a straight line plot, the slope of which
measures the evaporation rate. In the present experiments, we
have performed evaporation rate studies with 20 pl aqueous
sessile droplets of pristine water and 1M sodium salt solutions.
All the solutions are prepared in deionized water (Merck, Mil-
lipore direct-Q3, electrical resistivity of 18 MQ.cm).

Sum Frequency Generation Vibrational Spectroscopy

In the present study, we have used an SFG Spectrometer
(EKSPLA, Lithuania, SFG061) consisting of a mode-locked
Nd:YAG picosecond diode pumped solid state (DPSS) laser
system (PL2231-50), which provides a 30ps infrared (IR)
beam at 1064 nm with output energy 40mJ at a repetition rate
of 50 Hz. This fundamental beam is then used in the second
harmonic generation unit (SFGH500-2H) to generate the visi-
ble beam at 532 nm. The fundamental (1064 nm) and the sec-
ond harmonic (532 nm) beams then fed to the optical paramet-
ric generation unit (PG501-DFG2) that generates the tunable
IR from 2300 nm to 16000 nm in the output. This visible 532
nm (diameter ~200 um with 500 pJ energy/pulse) and tunable
IR (diameter ~150 pm with 235 pJ energy/pulse at 3000 nm)
were incident on the sample surface at angles around 63° and
56°, respectively with respect to the surface normal. The re-
sultant sum frequency signal reflected at an angle of 61° is
then allowed to pass through the detection optics. The intensi-
ty of the SFG signal is given as: 2#2% 340

I « |X(2),eff|21112 (5)
Here, I,and I, are the intensities of visible and IR beams. <"
is a second-order nonlinear susceptibility tensor, can be ex-
pressed as:

A
@eff — (2 2 v
X + -
TNR - (0, —w, —ily) ©)

Here, xiﬁi is the non-resonant component of the susceptibility,

and the second term is the resonant part represented by a Lo-
rentzian function. Resonance occurs when w, (IR frequency)
matches with the vibrational characteristic frequency (w,) of
the molecules present at the interface. Here, A, and T, is the
amplitude and the half-width at half maxima (HWHM) of the
Lorentzian line shape, respectively. All the SFG spectra are
collected in different polarization schemes (ssp and ppp) in the
OH stretching region from 2800 to 3800 cm™ at a step size of

2 cm™ and acquisition per step of 200 and are fitted with Lo-
rentzian line shape using equations (5-6). All the aqueous
samples for SFG measurements are prepared in deionized wa-
ter. We used a Teflon sample cell (diameter ~5¢cm) to carry the
aqueous sample for SFG measurements. The sample cell is
cleaned every time before the experiment using a piranha solu-
tion (3:1 v/v of concentrated sulphuric acid to 30% hydrogen
peroxide solution) and then rinsed thoroughly with deionized
water. All the experiments are conducted in the lab tempera-
ture of 21.5+0.5°C.

RESULTS AND DISCUSSION

Figure 2a shows plots of change in central thickness Ad(t) vs. t
for aqueous droplets of pristine water and that of different
sodium salt solutions with initial concentration of 1M. The
slopes of these plots are utilized to quantify the evaporation
rate values. The ion-specific evaporation rates of sessile drop-
lets (figure 2b) follow the Hofmeister series as follows:

HPO;2 < S0;2< C032< CI"<NO; < I (7)

with a minimum evaporation rate for Na,HPO, (83 nm/sec)
and a maximum evaporation rate for Nal (333 nm/sec).
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Figure 2. (a) Change in droplet central thickness (Ad) vs. time
for sessile aqueous droplets of pristine water and 1M sodium
salt solutions. The slopes of these experimental plots provide
evaporation rates at the air/aqueous interface (panel (b).
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Figure 3. (a) Sketch of SFG vibrational spectroscopic experiments on air/aqueous interface. (b) SFG spectrum collected from pris-
tine air/water interface in ssp polarization scheme; water species contributing into the shaded region of the spectrum are presented
in panel (a). Polarization scheme ssp designates s-SFG, s-visible, and p-polarization of IR beams. Panel (c) and (d) SFG spectra at
air/aqueous interface in the presence of 1M Hofmeister series sodium salts. The curves are Lorentzian fitted profiles; the fitting
parameters are provided in table S2. Panel (e) and (f) represent the variation in relative oscillator strength (amplitude ratio of SFG
peaks at 3445 cm™ and 3230 cm™) and the integrated area under the free OH peak (3660 cm™ to 3750 cm™) as a function of ions at

the air/aqueous interface.

Evidently, the presence of kosmotropes (HPO;2, S0;2,
and CO3?2) impedes the evaporation, whereas the presence of
chaotropes ( NO3 and 17) accelerate the evaporation rate at the
air/aqueous interface compared to the pristine water droplet
(147 nm/sec). We have also carried out salt concentration-
dependent evaporation rate studies on aqueous sessile droplets.
The results are shown in section S2-1 of supporting infroma-
tion. The evaporation rate decreases with the increase in the
salt concentration, and the overall trend for various salts fol-
lows the similar Hofmeister series. The findings from the
time-resolved interferometry experiment confirm the signifi-
cant impact of ions on the evaporation process.

To extract a detailed molecular-level understanding of the
observed Hofmeister trend in the evaporation rate, we have
employed SFG vibrational spectroscopy to probe the influence
of ions on interfacial water structure at the air/aqueous inter-
face. The schematic layout of the SFG experiments is present-
ed in figure 3a. SFG vibrational spectroscopy is an ideal spec-
troscopic tool to selectively probe the conformation and struc-
ture of the moieties lie in the interfacial region and is based on
second-order nonlinear optical process.”*** 3 We consider
the SFG spectrum at the pristine air/water interface as the ref-
erence spectrum to observe the comparative impact of various
salts (Figure 3b). The spectra (Figure 3b-d) consist of a broad
region from 3000 to 3650 cm™ is assigned with three peak
positions at around 3230, 3445, and 3550 cm™. The lowest
frequency ensemble is attributed to strongly H-bonded (tetra-

hedral coordinated) water molecules, and the higher frequency
peaks correspond to weakly H-bonded water molecules, how-
ever, still the exact assignment of these peaks continues to be
ambiguous.?*?*****2 The sharp peak at 3704 cm™ corresponds
to the stretching mode of non-hydrogen bonded free OH oscil-
lator (dangling bond) of water molecules protruding out of the
interface. The SFG intensity plots shown in figure 3 (c and d)
reflect the water spectra in the presence of ions at the
air/aqueous interface.” For our analysis, we have considered
the peak amplitude ratio of 3445 cm™ to 3230 cm™ to estimate
the strength of the H-bonding environment of water molecules
present at the interface.*® ** It is quite evident from the SFG
plots that the presence of ions significantly perturbs the H-
bonding environment of the water molecules. The relative
enhancement in SFG intensity around 3230 cm™ in the pres-
ence of kosmotropes ( HPO;?2,50;2,C032) and at 3445 cm™
for chaotropes (NO3 and I7) has been attributed to the size,
charge, polarizability, and surface propensity of respective
ions at the air/aqueous interface.”*** We have plotted the vari-
ation in relative oscillator strength as a function of ions present
at the interface (figure 3e). The relative oscillator strength
follows the Hofmeister series (equation 7), where the mini-
mum value is observed for HPO;2, and maximum in the pres-
ence of I~. It indicates the ability of kosmotropes to make
more strongly H-bonded water species at the interface com-
pared to the neat air/water interface. In contrast, we have wit-
nessed an increase in the weakly H-bonded molecules in the
presence of chaotropes.
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Figure 4. (a) Representation of orientation angle (tilt angle) 6 formed by free OH oscillator with the surface normal. (b)-(h) SFG
intensity spectra for free OH oscillator at air/aqueous interface in the presence of various 1M Hofmeister series sodium salts in ssp
and ppp-polarization schemes. The points show experimental data, and the solid lines are the Lorentzian fit curves. Fitting parame-
ters are given in table S3 of the supporting information. The horizontal dotted line reflects the aparent ion-specific variation in ppp-
spectral intensity of free OH peak compared to pristine air/water interface (b).

Figure 3f demonstrates the variation in free OH peak area as a
function of various ions. An increasing trend is observed mov-
ing from kosmotropes towards chaotropes, with minimum free
OH area for Na,HPO, and a maximum value for Nal. This
observation can be attributed to the possible enhanced popula-
tion of free OH water molecules in the presence of chaotropes
compared to kosmotropes at the interfacial region. This is be-
cause the SFG signal intensity is proportional to Ng < cos6 >.
Here, Ng represents the number of molecules participating in
the SFG process at the interface while 0 is the orientation an-
gle.” * Therefore, the contribution from 6 cannot be ignored:;
for which, we must consider the contribution of the orientation
of free OH oscillators towards the observed variation in the
SFG intensity or integrated area.

We performed a quantitative analysis to determine the impact
of Hofmeister ions on the orientation of free OH groups at the
air/aqueous interface. Du et al.” first studied the orientation of
free OH groups at the air/aqueous interface and this was sub-
sequently investigated by various groups.”“® Figure 4 shows

the recorded SFG spectra in ssp and ppp-polarization schemes
at the air/aqueous interface in the presence of 1M sodium salts
from 3660 cm™ to 3750 cm™. For our analysis, we have nor-
malized the ssp-SFG spectra and accordingly scaled the ppp-
SFG spectra; which demonstrate the ion-specific perturbations
in the free OH peak intensity. The free OH spectral profiles
recorded in ssp and ppp-schemes are then utilized for the cal-
culation of orientation angle of free OH oscillator with respect
to the surface normal (figure 5a). The detailed theory and cal-
culation of the orientation angle of free OH are discussed in
sections S1 and S2-11 of the supporting information.

For the pristine air/water interface, we determine the free OH
angle to be 37.6° which is in close agreement with the values
reported in the literature.******" In comparison to the pristine
air/water interface, we have observed an enhancement in free
OH tilt angle in the presence of kosmotropes, whereas a mi-
nute decrement is observed for chaotropes. Figure 5a (left
axis) shows the variation in orientation angle of free OH as a



function of ions present at the air/aqueous interface, which
follows the Hofmeister series (equationl):

HPO;? > S0;% > C03%2> CI” >NO3 > I”

The free OH orientation angle is maximum ~ 48.4° in the
presence of Na,HPO,, and decreases as we move from kosmo-
tropes to chaotropes (left to right, figure 5a) with a minimum
value of 36.2° in the presence of Nal. In the past, ion-specific
orientation studies of free OH groups have not been explored
in detail. A recent report by Feng et al. showed that the pres-
ence of NaF (kosmotrope) rotates the free OH group away
from the surface normal.*” This finding is in good agreement
with our experimental observations of reoriention of free OH
oscillator towards the air/aqueous interface in the presence of
kosmotropic ions. The significant increase in free OH tilt an
gle in the presence of HPO3;? and SO;? correlates well with
the previously observed decrease in free OH peak area (figure
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Evaporation rates of the sessile droplets obtained from inter-
ferometry experiment (figure 2b) plotted as a function of rela-
tive OH oscillator strength observed from SFG spectra (figure
3c-d).

3f). However, for the case of chaotropes, the relative change in
the orientation of the free OH group is quite small and is tilted
more towards the surface normal. This indicates that the in-
crease in the SFG signal for chaotropes (figure 3f) might have

arisen due to an increase in the population of free OH groups
at the interfacial region.

The right axis of figure 5a represents the ion-specific evapora-
tion rates at the air/aqueous interface, which are found to fol-
low an inverse correlation with the observed trend of free OH
tilt angle in the presence of ions. Moreover, figure 5b provides
a linear and direct correlation between the sessile droplet’s
evaporation rates (figure 2b) against the relative oscillator
strength acquired from SFG spectra (figure 3e). Combining
the observations from figure 5, we can conclude that the pres-
ence of kosmotropes (HPO3;?, S0;2%, and CO3?%) brings more
strongly H-bonded water moieties at the air/aqueous interface,
with free OH oscillators significantly tilted away from the
surface normal. This, in turn, lowers the evaporation rates
compared to the pristine air/water interface. However, with
chaotropes (NO3 and I7), we find a more weakly H-bonded
environment with a little reorientation of free OH oscillators
towards the surface normal, resulting in a higher evaporation
rate.

The impact of the strength of the H-bonding environment and
orientation of the free OH oscillator on the evaporation pro-
cess can be understood as follows: A water molecule possess-
es 9-degrees of freedom; 3-translational, 3-rotational, and 3-
vibrational."**"** When a water molecule binds to other mole-
cules, it loses degrees of freedom resulting in a reduction in its
average energy. In addition, the orientation of water OH oscil-
lator plays an essential role in the formation of H-bonds***®
and hence, in turn, determines the average energy of surface
water molecules. This is quite consistent with the reported
molecular dynamics study, where Musolino et al. reported that
the water molecule with dipole vector oriented more towards
the surface normal loses its H-bonds with nearest neighbors
and carries high average energies at the air/water interface.”
In addition, the average energy difference between tetrahedral
and monomer configuration of interfacial water molecule is
found to be comparable with the enthalpy of vaporization that
is 11.5kcal/mol."® This indicates that the strongly H-bonded
species and the conformation of surface water molecules with
free OH groups tilted away from the surface normal as ob-
served in the presence of kosmotropes belong to the configura-
tion of low average energy. This lower energy configuration
must be responsible for slowing down the evaporation process.
In distinction, the possible decrease in the H-bonding strength
of surface water molecules with the presence of enhanced
population of free OH oscillators possess high average ener-
gies, accelerate the evaporation process for chaotropes.

CONCLUSIONS

In summary, we have used surface-specific SFG vibrational
spectroscopy and time-resolved interferometry to establish an
intriguing correlation between the interfacial water structure
(H-bonding and orientation of free OH oscillators) and the
evaporation process. Structure making and breaking Hofmeis-
ter ions provided a platform to visualize the conformation of
water molecules characteristic of slow/fast evaporation at the
air/aqueous interface. Presence of kosmotropes (HPO;?2,50;2,
and CO3?) foster strongly H-bonded water molecules with an
increase in the tilt angle of the free OH oscillators at the inter-
face, slows down the evaporation. However, for the case of
chaotropes (NO3 and I7), we find a more weakly H-bonded



environment with little impact on the orientation of free OH
oscillators, with possible enhanced population of free OH os-
cillators results in higher evaporation rate. These findings re-
veal a deeper fundamental insight into the prevailing concerns
on evaporation. The outcomes of this work would help in de-
signing interfacial water structures to manipulate the evapora-
tion processes for future needs.
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