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Chapter 3 

Ultrafast Reorientation of Dangling OH Groups at the Air/Water 

Interface 

 

In this chapter, we report the real-time measurement of the ultrafast reorientational motion of 

water molecules at the air/water interface, using femtosecond time- and polarization-resolved 

vibrational sum-frequency generation (SFG) spectroscopy. Vibrational excitation of dangling 

OH bonds along a specific polarization axis induces a transient anisotropy that decays due to 

the reorientation of vibrationally excited OH groups. The reorientation of interfacial water is 

shown to occur on sub-picosecond time scales, several times faster than in the bulk, which 

can be attributed to the lower degree of hydrogen bond coordination at the interface. 

Molecular dynamics simulations of interfacial water dynamics are in quantitative agreement 

with experimental observations and show that, unlike in the bulk, interfacial reorientation 

occurs in a largely diffusive manner. 

 

3.1 Introduction 

A molecular level understanding of how water meets surfaces is important for many topics in 

electrochemistry, atmospheric chemistry, and membrane biophysics. These interfaces require 

the termination of the bulk water hydrogen-bonded network and thus have unique water 

structure and properties, e.g., water’s high surface tension. While always different from bulk, 

the specific properties of interfacial water depend on the adjoining phase. Of particular 

interest, both because of its ubiquity and its relationship to the solvation of hydrophobic 

phases more generally, are the properties of water at the air/water interface. 

The structure of water at the air/water interface has been studied extensively both 

experimentally and theoretically [13,48–51]. These studies have shown that the interfacial 

width is ~ 1 nm [49–51], and that part of the surface is covered with non-hydrogen-bonded, 

free OH groups, sticking into the vapor phase [13,48]. However, in analogy to the bulk, 

interfacial molecules are expected to be structurally dynamic over ps time scales. Insight into 

these dynamics is essential for a complete understanding of interfacial water and interfacial 

hydration processes. Because the free OH is the least coordinated of aqueous species and is a 

general feature of water near hydrophobic surfaces [52], it seems likely that the dynamics of 

these water species play an important role in determining the air/water interface reactivity 
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and in the molecular mechanisms of hydrophobic solvation [53,54]. While water near small 

hydrophobic groups has been shown to slow down relative to bulk water [55–57] in both 

experiment and simulation, the dynamics of water near extended surfaces are substantially 

less studied. In the simulation study of an idealized extended hydrophobic surface a 

population of water molecules was identified with one OH group pointing away from bulk 

liquid whose dynamics were sped up relative to bulk [58]. 

In this chapter, the experimental measurement of water structural dynamics at an 

extended interface is presented. We find that rotation of interfacial free OH is accelerated by 

3 relative to bulk water. The experimental results are complemented by MD simulations, 

which are in quantitative agreement and shed additional light on the mechanism of interfacial 

reorientation. 

 

FIG 3.1 Time-averaged SFG spectrum of the air/H2O interface. In our IR-pump/SFG-probe experiment, only the 

free OH (grey rectangle) is pumped and probed. 

 

We probe the rotational motion of water at the air/water interface using femtosecond 

time- and polarization-resolved vibrational SFG spectroscopy, an extension of time-resolved 

SFG spectroscopy [23,24,41,59]. In a conventional SFG experiment, infrared and visible 

laser pulses are overlapped in space and time on an aqueous surface, and the sum frequency 

of the two laser fields generated selectively at the surface is detected. If the infrared light is 

resonant with the OH stretch vibration of the surface water, this process is resonantly 

enhanced and the vibrational spectrum of the outermost few layers of water molecules is 

recorded (i.e., SFG spectroscopy). A time-averaged SFG spectrum of the OH stretch 

frequency window at the air/water interface is shown in Fig. 3.1. As first shown by Du and 
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Shen, this spectrum contains a broad feature at lower frequencies that is due to interfacial OH 

groups that are hydrogen-bonded, and a narrow peak near 3700 cm
-1

 which is the response of 

OH groups that are non-hydrogen-bonded (i.e., free OH) and point towards the vapor [13,60]. 

In this study we employ a time- and polarization-resolved IR-pump/SFG-probe scheme in 

which the frequency of the pump and probe IR pulses is centered on the free OH: we 

vibrationally excite an orientational subset of free OH groups and track their vibrational and 

reorientational relaxation. Previous theoretical efforts by Nienhuys et. al. and Gengeliczki et. 

al. have shown that such experiments provide insight into interfacial reorientational 

motion [27,61]. 

 

3.2 Experimental section  

The one-color TPR-SFG experimental setup is described in detail in chapter 2, section 2.2.1 

and 2.2.3. Briefly, the free OH groups are pumped and probed in the experiment. A series of 

normalized SFG transients (
SFG

offpump

SFG

onpump II  / ) are recorded as a function of pump-probe 

delay time. The sample is distilled Millipore filtered water (18 Mcm resistivity) in a 

homemade Teflon trough, which is rotated at 7.5 rpm to suppress the effect of heat from 

successive laser shots. The SFG spectra were recorded under ssp (SFG, VIS, IR probe) 

polarization conditions, with either s- or p-polarized IR pump, at different delay times 

between pump and probe. Polarizations are defined relative to the yz plane (i.e., the plane of 

incidence). The polarization of each beam was controlled by a combination of polarizers and 

/2 wave plates. In this case of the pump beam the /2 wave plate was motorized to allow the 

collection of alternate polarization pumped spectra. To perform an experiment, the pump 

pulse was variably delayed with respect to the probe pulse using a mechanical delay line with 

four spectra -- a p pumped, followed by an unpumped, followed by an s pumped, followed by 

an unpumped -- collected at each time point. The normalized IR-pump/SFG-probe signal was 

computed as the ratio between the integrated intensities with and without the pump for each 

pump polarization independently. 

 

3.3 Simulation Details 

Classical all-atom molecular dynamics simulations of the air/water interface using the 

molecular dynamics package NAMD and the SPC/E model for water [62,63] were performed 

by Ana Celia Vila Verde in Prof. Peter Bolhuis’ group. Molecular dynamics trajectories were 
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visualized and analyzed using the package VMD [64]. Van der Waals interactions were 

smoothly connected to zero by applying the smoothing function for 10 Å < rij < 12 Å, where 

rij is the interatomic distance between atoms i and j. Electrostatic interactions were calculated 

in a real space for rij < 12 Å and using the Particle Mesh Ewald method with a grid spacing of 

1 Å for a reciprocal space. A Verlet algorithm was used for integrating equations of motions. 

Van der Waals forces were calculated every 2 fs, electrostatic forces every 4 fs and the 

remaining forces every 1 fs. The SHAKE algorithm was used to fix the lengths of all bonds 

involving hydrogen. We began the simulations by generating a 30 Å × 30 Å × 60 Å cell 

containing 826 water molecules with periodic boundary conditions. This system was next 

equilibrated for 1 ns in the NVT ensemble (box volume maintained constant and thermostat 

set to 300 K). Following equilibration all observables were taken from a 2 ns simulation of 

the same system (resulting in a periodic system with 30 Å of vacuum between vapor/water 

interfaces) in the NVE ensemble at an average temperature of 294 K. A snapshot of an 

equilibrated conformation is shown in Fig. 3.2. Frames for analysis of OH motion were taken 

every 2 fs. 

 

FIG. 3.2 Geometry of the simulated system. The z-axis is perpendicular to the surface of the simulated water 

slab. At each saved configuration, z = 0 is defined as the z position at the center of mass of the water slab. 

 

3.3.1 Coordinate system 

The z-axis is defined as the axis perpendicular to the surface of the simulated water slab as 

shown in Fig. 3.2. The spherical coordinate system (r, θ, ) used here is illustrated in Fig. 3.3. 

Individual free OH groups are represented with arrows along the O-H bond. In addition to the 
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azimuthal angle, , and polar angle, θ, associated with the spherical coordinate system we 

also use a third angle, , which is the angular distance between any two points at the surface 

of a sphere as shown in Fig. 3.3.  

 

FIG. 3.3 Spherical coordinate system used. The z-axis is perpendicular to the surface of the water slab.  is the 

angle formed by two vectors of coordinates (r, θ1, 1) and (r, θ2, 2). 

 

In what follows, θt and t denote the values of the corresponding angles at time t 

whereas θ(t), (t) or (t) denote angular differences measured with respect to θ0, 0, or 0. 

The angle θ is a bounded quantity, so θ(t) = θt - θ0. In contrast, the angles  and  can vary 

between -∞ and +∞ and are calculated by unfolding the periodic trajectory described by each 

free OH group following a procedure described in the references [65,66]. This procedure 

requires that our free OH groups do not rotate by more than 180° between consecutive 

configurations. Here we ensure that this condition is met by taking configurations separated 

by only 4 fs.  

 

3.3.2 Definition of the interface 

To define the interfacial region, we first calculated the fraction f of free OH groups as a 

function of the distance along the z-axis from the center of mass (z = 0) of the water slab 

shown in Fig. 3.4 (see Fig. 3.3 for the definition of the z-axis). Unless otherwise noted, a 

hydrogen bond exists if O−H···O > 140° and O···O < 3.5 Å. The average f for SPC/E water 

in the bulk is taken from the region 0 < |z| < 8 Å and is, for our hydrogen bond definition, fbulk 

= 0.15, that is, 85% of the OH groups has a hydrogen bond. In this work the interface is taken 

to be the region for which f > 1.1 fbulk, i.e., the region where |z| > |z (f = 1.1 fbulk)|. Changing 
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the definition of the interface to the region for which f > 1.4 fbulk affects our quantitative 

results (e.g. θm changes by 5°) but not our qualitative conclusions.  

 

FIG. 3.4 Fraction of free OH groups as a function of the distance from the center of mass of the water slab.  

 

3.4 Results and Discussion  

 

FIG. 3.5 IR-pump/SFG-probe data for free OH groups with two different pump polarizations, along with mono-

exponential fits to the data. The extracted time constant for the recovery of the p pumped trace is 640 ± 40 fs 

and for the s pumped trace 870 ± 100 fs. 

 

A representative IR-pump/SFG-probe result is shown in Fig. 3.5. The normalized IR-

pump/SFG-probe signal is computed as the ratio between the integrated intensities (in grey 

area in Fig. 3.1) with and without the pump. The two traces are recorded in one experimental 

run. For both pump polarizations excitation of OH groups from the v= 0 vibrational ground 

state to the v = 1 first vibrationally excited state leads to a transient decrease in the SFG 
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signal (the SFG signal is shifted out of our frequency window due to the anharmonicity of the 

vibration). Two important observations can be made from the raw data: (i) at zero delay time, 

significant anisotropy exists between s- and p-polarized pump transients and (ii) the recovery 

of the normalized SFG signals is significantly faster for the p-polarized pump trace (640 ± 40 

fs), than the s-polarized, (870 ± 100 fs; uncertainty is 2σ). 

 

FIG. 3.6 Distribution of excited OH groups as a function of  for s and p polarized IR pump at pump/probe 

overlap (t = 0) and at long pump/probe delays for θm = 59° and  = 26° and the experimental IR pump angle. 

Inset: Experimental geometry. The p-polarized pump has its E field in the yz plane. 

 

Regarding (i), the initial anisotropy can be understood by noting that when IR pump 

and IR/SFG probe are polarized parallel (both p polarized), those OH groups that are most 

efficiently pumped (pump efficiency  |OH  Epump|
2
, as shown in section 1.4) are also most 

efficiently detected; when pump and the IR portion of the SFG probe are orthogonally 

polarized, the differential signal is smaller. More specifically, Fig. 3.6 shows that, for 

parameters relevant to our experiment (see discussion below) − angle of incidence of IR 

pump 50°, and average angle of OH groups with surface normal m = 59° and full width at 

half maximum (FWHM) distribution  = 26° − at t = 0 the excited state population with p-

polarized IR pump is larger and exhibits an angular distribution dramatically different from 

that for the s-pumped case (the p-pumped distribution peaks at  = 90° while the s-pumped 

peaks at  = 0° and  = 180°, shown in Fig. 1.4). These features will occur for any interfacial 

moiety that has a preferred distribution with respect to  and none with respect to  − e.g., 

any liquid − under excitation by an IR pump in reflection geometry. To actually calculate the 
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SFG response at t = 0 requires additionally accounting for the hyperpolarizability tensor, 

Fresnel factors and angles of the probe beams. As is shown in Fig. 3.7 and discussed further 

below, such a calculation reproduces our data quite well and thus tightly constrains the 

possible average and distribution of  for the free OH: the larger bleach seen in the p- 

compared to the s-pumped signals at time zero sensitively depends on free OH orientation. 

 

FIG. 3.7 IR-pump/SFG-probe data for free OH at air/water interface with s- and p-polarized pump. The black 

and grey lines are generated using the numerical model of Nienhuys and Bonn [27] with the parameters 

independently obtained from the molecular dynamics simulations reported here: D = 0.32 rad
2
/ps, D = 0.36 

rad
2
/ps, v = 800 fs, average angle θm = 59° and FWHM of angular distribution  = 26°. 

 

Regarding (ii), the differences in rate of signal recovery as a function of pump 

polarization can be understood as follows. In principle both the p- and s-pumped traces are 

influenced by reorientational motion and vibrational relaxation (with time scale v). v is 

expected to be independent of pump pulse polarization. This suggests that the differences in 

rate of signal recovery are a function of reorientation. Indeed, one would expect the p channel 

to exhibit substantially more decay due to reorientation than the s channel, in analogy to bulk 

anisotropy measurements: the p-polarized pump pulse preferentially excites those OH groups 

that are efficiently detected with the SFG probe pair that also contains a p-polarized IR-SFG 

probe pulse. As these OH groups reorient away from angles where they are efficiently 

detected, the signal will decay. In contrast, for the s-polarized pump, reorientation may cause 

motion towards orientations to which the p-polarized IR-SFG probe pulse is sensitive, 

effectively slowing down the decay. 

In principle, reorientational relaxation can also be due to rapid intermolecular 

excitation transfer. Such dipole-dipole excitation transfer between differently oriented OH 
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groups is known to dominate the polarization anisotropy decay, which can be addressed by 

polarization-resolved ultrafast transient IR absorption experiments for pure H2O [67,68]. 

Estimates of its rate (assuming a Förster type dipole-dipole coupling mechanism), however, 

suggest that the characteristic time scale of excitation transfer for free OH at the air/water 

interface exceeds 20 ps: our observables are influenced only by reorientation and vibrational 

relaxation. 

Prior theoretical analysis [27] suggests that our signal responds principally to 

reorientation in the plane of the interface (i.e., change in ), vibrational relaxation (v), and 

average angle with respect to the surface normal (θm). Armed with this insight, we initially 

quantify reorientation rate of the free OH by assuming that the distribution of θ is a delta 

function and that there is no out-of-plane reorientation [18,60,61]. The observed difference 

between the magnitude of the s- and p-polarized normalized SFG signals is particularly 

sensitive to the angle θ; fits of our data with an assumed delta function distribution suggest  

= 55°. If we further assume that the in-plane reorientational motion is diffusive and that 

vibrational relaxation occurs exponentially with a single time constant, fitting the data 

following the numerical proscription offered previously [27] suggests that the free OH in-

plane angular diffusivity is D = 1.25 ± 0.2 rad
2
/ps and v = 850 fs. The diffusivity of D = 

1.25 rad
2
/ps implies the free OH reorients > 10 faster than that in the bulk (see [66] and 

below). While one might expect faster reorientation of motion at the interface, a speedup by a 

factor exceeding 10 seems unphysically fast, casting doubt on the assumption of describing 

the orientational distribution of free OH groups using a delta function.  

Indeed, prior polarization-resolved static SFG studies, and simulation studies have 

suggested that  assumes a distribution with a FWHM of at least 10° [60]. Such a distribution 

suggests that any model of the spectroscopic response should include out-of-plane motion of 

the dangling OHs. In addition, recent studies of OH reorientation in bulk water have found 

that the angular motion is nondiffusive [69,70] over picosecond time scales. Because we are 

interested in free OH motion over the same time scales, our assumption of diffusive 

reorientation may rightly be questioned.  

To investigate both the effect of a finite angular distribution of OH groups and the 

potential nondiffusive nature of surface reorientation in more detail, we turn to classical all-

atom simulation of the air/water interface using the extended simple point charge (SPC/E) 

water model. The molecular dynamics simulation shows that the histograms of θ for free OH 
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groups at the interface show a fairly broad angular distribution centered near ~ 55° (Fig. 3.8). 

This distribution implies that there is an effective potential that restrains the angular motion 

of the free OH along the surface normal and that physically valid modeling of our 

experimental results requires both out-of-plane and in-plane motion. 

 

FIG. 3.8 Histograms of out-of-plane angle () of the free OH at the air/water interface as a function of the 

lifetime of the free OH (no lifetime requirement, 40, 60, 80, 100, 120, 140, 160, 180 and 200 fs, arrow indicates 

histogram of populations with increasing lifetime.) Clearly, with increasing lifetime the free OH population 

decreases. Each histogram is normalized to the total population of free OH groups with no lifetime restriction. 

The plot illustrates that longer-lived free OH groups tend to have a lower value of  (they point closer to the 

surface normal) and a narrower distribution. 

 

But is the motion of surface water molecules diffusive? Regardless of mechanism, we 

expect that in-plane reorientation should be unhindered by a potential. As described by 

Einstein and Debye [71] and in numerous places subsequently [72], the mean-square angular 

displacement (2
) should increase linearly with time for diffusive motion; a log-log plot of 

(2
) vs time should produce a line with a slope of one. Fig. 3.9 shows such a plot for both 

in-plane angular reorientation of free OH and reorientation of OH in bulk water (within the 

SPC/E model where reorientation in bulk is defined with respect to the angle  of rotation 

from time t = 0 to t = ). As illustrated, the in-plane angular motion of the free OH, while not 

exactly diffusive, is far nearer than that of OH in the bulk. As discussed above, if out-of-

plane motion is also diffusive it will be within a potential. In such systems mean square 

angular displacement approaches a constant value with time [73]. As is shown Fig. 3.10, plots 

of 2
 for the free OH show this behavior. 
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FIG. 3.9 Mean square angular displacement 2
 of the free OH and of OH in bulk water (2

). Thick lines are 

simulation results. Thin, lighter colored lines are fits to these results assuming a purely diffusive behavior. The 

diffusive approximation works well for the free OH. 

 

FIG. 3.10 Mean square out-of-plane angular displacement of the free OH (2(t)). 

 

Reorientation in bulk is known to be non-diffusive over 0.2-1.5 ps timescales because 

within this time window individual OH groups make large (~ 68°), rapid (each jump takes 

less than 300 fs [70]), infrequent (every several picoseconds) jumps. To test whether the 

moment in which a free OH forms a hydrogen bond is similarly rapid, we also examine the 

in-plane and out-of-plane motion of the free OH when forming a hydrogen bond. While, as 

expected, there is little correlation between  and hydrogen bond formation (results not 

shown), trajectories with respect to  illustrate a different relationship (an average trajectory 

is shown in Fig. 3.11). Inspection of Fig. 3.11 confirms that the duration of the jump is 

approximately ~ 0.5 ps marginally longer than that of OH reorientation in bulk. However, for 

SPC/E water in bulk the characteristic time between jumps has been shown to be 3.3 ps [70] 

or 4.1 ± 0.5 ps [74] (where the difference depends on the description of the transition state). 
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For the free OH the relevant timescale in comparison is given by the free OH lifetime, v = 

800 fs. The poor separation of timescales between jump duration and inverse jump frequency 

observed for free OH groups at the interface, and the broad and partially overlapping 

distributions in  observed before and after the jump are all consistent with an approximation 

of the movement of the free OH along  as diffusive.  

 

FIG. 3.11 Average trajectory in of free OH groups as they establish a hydrogen bond (at t = 0). 

 

FIG. 3.12 Variation of goodness of fit 
2
 with D and D for free OH groups at the interface. The minimum 

2
 is 

at D,int = 0.32 rad
2
/ps, Dint = 0.36 rad

2
/ps. 

 

To extract D and from Dsimulation, we model the free OH reorientation results 

from the molecular dynamics simulations as two-dimensional diffusion: reorientation within 

the plane of the surface () and out of the plane of the surface () where a potential exists in 

the latter coordinate (see Fig. 3.3 for the definition of  and ). We calculate the resulting 

goodness of fit metric 
2
 to describe the misfit of the diffusion model and the MD results. 
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The distribution of 
2
 as a function of D and D for free OH groups at the interface is shown 

in Fig. 3.12. The minimum of this distribution is at D,int = 0.32 rad
2
/ps, Dint =0.36 rad

2
/ps.  

To estimate the lifetime of the free OH groups we compute the following 

autocorrelation function from MD 

 )()()(   tntnP HBHBHB  (3.1) 

where nHB (t) = 1 (nHB (t + ) = 1) if the OH group is not donating a hydrogen bond at time t (t 

+ ) and is zero otherwise, and the average is over all time origins t for which nHB (t) = 1. 

Absorbing boundary conditions are used (i.e., nHB (t + ) is set to zero from the instant a 

hydrogen bond is formed onwards). The resulting curve is then fitted to an exponential of the 

form A exp (- /v) for all values of  > 80 fs, which avoids most of the initial non-

exponential decay. This results in the reported v = 850 ± 100 fs. The associated uncertainty 

reflects the dependence of v on the time interval used for the fit.  

The five parameters for our model as extracted from SPC/E simulations of free OH are, D = 

0.32
ps

rad2

, D = 0.36
ps

rad2

, v = 800 fs, θm = 59° and  = 26°. Since the fitting with v = 

800 fs instead of 850 fs provides a better description of the experimental data, we used v = 

800 fs, which is within the error bar of the lifetime extracted from the simulation. Armed with 

these parameters, a detailed description of how to calculate the signal has been offered 

previously [27]. Fig. 3.7 shows the application of this model to the data. As is clear from 

inspection, the physical characteristics of the free OH from the simulation allow a 

quantitative description of the free OH dynamics with no adjustable parameters.  

Direct comparison of our experimental data to polarization-resolved transient infrared 

absorbance of water in bulk is difficult as IR-pump/SFG-probe measurements in our 

experimental geometry sample a sum of correlation functions not equivalent to that measured 

in the former technique [61]. Similarly, comparison of our extracted D and D for the free 

OH to bulk are difficult because the motion of bulk water is known to be non-diffusive over 

our experimentally probable time window [69,70]. Taking advantage of the ability of the 

SPC/E potential to simulate reorientational dynamics of bulk water in quantitative agreement 

with experiment, we can impose an arbitrary reference frame on bulk water and extract a D 

and D consistent with simulation that reproduces known experimental constraints. The 

distribution of 
2
 with D and D is shown in Fig. 3.13. The minimum is found at D = 0.11 

rad
2
/ps and D = 0.09 rad

2
/ps: the free OH reorients ~ 3 faster than does water in bulk. This 
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speed up of water rotation near the air/water interface is in direct contrast to the slowdown of 

the rotation observed near small hydrophobic solutes and in qualitative agreement with a 

prior computational study of water near an idealized hydrophobic surface [58]. 

 

FIG. 3.13 Variation of 
2
 with D and D for water in the bulk. The minimum 

2
 is at D,bulk = 0.11 rad

2
/ps, 

Dbulk = 0.09 rad
2
/ps. 

 

3.5 Conclusion  

Prior work has shown that increasing free energy of wetting (for an increasingly hydrophobic 

surface) correlates with the creation of a population of increasingly dynamically labile 

interfacial water molecules. To this point only dynamical properties averaged over long times 

or many water molecules have been described: there has been no insight into how individual 

water molecules might contribute to this behavior. Here we show, for the first time 

experimentally, that these macroscopic time-averaged changes are also accompanied by a 

change in molecular reorientation: the air/water interface is characterized by a population of 

dangling OH groups that, in contrast to water near both small hydrophobic and hydrophilic 

solutes, rotates dramatically faster than bulk. 


