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Chapter 5 

Ultrafast Vibrational Energy Transfer between Hydrogen-bonded 

OH groups at the Air/Water Interface Revealed by Two-

Dimensional Phase-sensitive Surface Vibrational Spectroscopy 

 

In chapters 3 and 4 we discussed the dynamics of the free OH groups at the air/water 

interface, including the reorientational motion and the mechanism of the vibrational 

relaxation. In the SFG spectrum of the air/water interface, the free OH corresponds to a peak 

centered at 3700 cm
-1

 with a homogeneous linewidth of 48 cm
-1

. The presence of this free 

OH peak in the interfacial vibrational spectrum is very specific to the air/water interface (or 

other hydrophobic water interfaces), as it cannot be found in the IR spectrum of bulk water. 

In contrast, the broad band ranging from 3000 to 3600 cm
-1

 is caused by hydrogen-bonded 

(H-bonded) OH groups, which can be found in both the SFG spectra of the air/water interface 

and the IR spectra of bulk water [67,105]. Does this mean that the structure and dynamics of 

the H-bonded OH groups are similar between interfacial water and bulk water? While the 

vibrational spectra that reflect the linear vibrational response of the H-bonded OH groups of 

the interfacial water molecules (through SFG) and bulk water molecules (through linear IR 

absorption) are very similar, the underlying water structures as well as the dynamics may be 

very different. A specifically important quantity regarding the water dynamics that cannot be 

accessed with linear spectroscopic methods is spectral diffusion. Spectral diffusion is the 

phenomenon in which the vibrational frequency of an O-H group changes in the course of 

time. Spectral diffusion may be caused by rearrangement of the hydrogen bond network 

and/or vibrational energy transfer between O-H groups. These processes of interfacial water 

molecules can be characterized by combining two-dimensional (2D) vibrational approaches 

with surface specific spectroscopy. 

In this chapter, we elucidate the vibrational relaxation and spectral diffusion of the H-

bonded OH groups at the air/H2O interface by using ultrafast 2D phase-sensitive vibrational 

sum-frequency generation spectroscopy (2D-PS-SFG). The measured 2D spectra reveal that 

the spectral diffusion of the strongly H-bonded OH groups (< 3400 cm
-1

) occurs on a ~ 280 fs 

time scale. More weakly H-bonded OH groups at 3500 cm
-1

 (part of which are the hydrogen-
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bonded parts of the water molecules that have an OH group sticking out) [97] show slower 

dynamics due to the decoupling of the intra-/intermolecular energy transfer. 

 

5.1 Introduction 

Since the first SFG spectra of aqueous interfaces were reported alongside the presence of the 

free OH groups at the air/water interface [13], many efforts have been made to extract 

microscopic structures of the interfacial water from the spectra. SFG measurements have 

been performed for several water/hydrophobic interfaces such as water/oil [52] and 

water/OTS [106] interfaces, where, compared to the air/water interface, the free OH peak is 

slightly red-shifted (~ 10 cm
-1

 in the case of oil) due to the van der Waals interactions 

between the water free OH groups and the oil molecules. In addition to the free OH peak, the 

SFG spectra of the air/water interface contain the 3000 - 3500 cm
-1

 OH stretch response from 

the H-bonded OH groups. This H-bonded OH stretch response also exists in the bulk water. 

However, since the breaking of the hydrogen bonds leads to different structures of the 

interfacial water from the bulk, where some H-bonded OH groups may share the same 

molecules with the free OH groups, these H-bonded OH groups may have distinct structural 

and energetic dynamics from those in the bulk.  

In particular, it is still under debate whether the lower frequency part of the H-bonded 

OH response at ~ 3100 cm
-1

 in the IR absorption spectrum of bulk water has the same 

molecular origin as the ~ 3100 cm
-1

 feature of the SFG spectrum at the air/water interface. 

Since the IR absorption and SFG spectra are composed of the auto-correlation function of the 

transition dipole moment and the correlation function of the transition dipole moment and 

polarizability, respectively, the frequency dependence of the transition dipole moment and 

polarizability affects the IR and SFG signals in a different way. Molecular dynamics 

simulations have been carried out to reproduce the low frequency OH stretch peak by 

modifying the force field models and optical responses such as the electric dipole moment 

and polarizability. Morita and Ishiyama reexamined the effect of the short-range electrostatic 

interactions on the induced dipole moment and found that the anisotropic component of the 

polarizability affects the ~ 3100 cm
-1

 frequency mode [93], while Skinner and co-worker 

developed a novel robust three-body potential additive to the pairwise potential and showed 

that the three-body interaction is crucial for reproducing the interface structure [97]. 

Although these studies pointed out different molecular origins of the ~ 3100 cm
-1

 feature in 

the SFG spectra, both theories successfully reproduced the static SFG spectrum of the 
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air/water interface. Hence, it is apparent that additional spectroscopic observables may help 

differentiate between the different physical phenomena that have been predicted to give rise 

to the overall spectral response. The situation of a rather indistinct linear spectral response is 

reminiscent of the situation in bulk water, where linear infrared and Raman studies have 

revealed a very broad and featureless response. Higher-order nonlinear vibrational 

spectroscopies, and specifically two-dimensional infrared spectroscopy, have, for bulk water, 

provided much more insight into the origin of the vibrational spectrum, and how the spectral 

response is related to the structure and the structural dynamics of water. Clearly, the 

application of two-dimensional vibrational spectroscopy to the water interface would be very 

helpful in elucidating structure and dynamics of interfacial water. 

With 2D-SFG spectroscopy, which enables us to selectively excite specific vibrational 

modes and probe others, the energy coupling between different modes and the homogeneity 

and heterogeneity of the interfacial molecules can be quantified. The first 2D-SFG 

experiment at the water/dodecanol interface probed the coupling between the CH2 and CH3 

stretching modes of the dodecanol molecules [31]. Later this technique was applied to the 

air/D2O interface, which clarified the rapid inter-/intramolecular vibrational energy transfer 

of the OD stretching mode of interfacial D2O molecules [33]. The fourth-order optical 

response in the 2D-SFG process includes two vibrational transitions; the transitions from the 

vibrational ground state to the first excited state ( = 0→1) and from the first excited state to 

the second excited state ( = 1→2). For conventional 2D-SFG experiments however, the 

contribution of the 0→1 transition cannot be distinguished from that of the 1→2 transition 

due to the interference of (4)
 and (2)

, as discussed in chapter 1, resulting in substantial 

ambiguity in the slope analysis. In addition, the non-resonant background gives additional 

contribution to the 2D spectra, which complicates quantitative analysis. In contrast, the 2D-

PS-SFG can overcome these difficulties. Since the peaks in 2D-PS spectra for the 0→1 and 

1→2 transitions show opposite signs, these peaks interfere and a nodal line appears between 

these peaks, providing a well-defined slope as shown in 2D-IR spectra [107]. Also the non-

resonant contribution is removed from the 2D-PS-SFG spectra. Zanni and coworkers reported 

the first 2D-PS-SFG spectra [34], and sequentially Tahara and coworkers conducted the 2D-

PS-SFG experiment at the air/water interface with a positively charged surfactant [35]. On 

the simulation side, Nagata et.al. performed the first simulation of 2D-SFG spectra at the 

lipid/water interface [108], and Skinner and coworkers demonstrated that the reorientational 

motion and hydrogen bond dynamics of the air/HDO interface can be extracted from 2D-SFG 
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spectroscopy and showed that the hydrogen bond rearranges within a few picoseconds [80]. 

However, the 2D-PS-SFG spectra of the air/water interface have not been obtained 

experimentally, presumably due to the challenges associated with the small SFG signal at the 

air/water interface. 

In this chapter, we present 2D-PS-SFG experiments at the air/H2O interface in the 

3000-3600 cm
-1

 range. The 2D spectra of the H-bonded OH stretching mode show that the 

weakly H-bonded OH groups (3500 cm
-1

) shows slower spectral diffusion, while the OH 

stretching mode with strongly H-bonded OH groups (3000-3400 cm
-1

) shows faster spectral 

diffusion. This spectral feature is different from the 2DIR spectra in neat H2O in which the 

spectral diffusion was concluded to be uniform in the frequency region of <3500 cm
-1

 [67]. 

Our results clearly illustrate that interfacial water is rather heterogeneous at the air/water 

interface, which provides further evidence that the 3500 cm
-1

 peak originates from the H-

bonded OH groups which share the same water molecule with the free OH groups. Therefore 

these OH groups are decoupled from the bending overtone which terminates the 

intramolecular coupling. Also, the intermolecular coupling slows down due to the lower 

degree of hydrogen bond coordination at the interface, resulting in a slower dynamics than 

other H-bonded OH groups. 

 

5.2 Experimental section  

The 2D-PS-SFG experimental setup is described in detail in sections 2.2.2 and 2.2.3 of 

chapter 2. The narrow-band IR pump pulse with a bandwidth of 100 cm
-1

 was tuned from 

3100, 3200, 3300, 3400 to 3500 cm
-1

 by changing the angle of the KTP crystal to excite H-

bonded OH groups and create the 2D plot. The broad-band IR probe pulse ranging from 3000 

to 3600 cm
-1

 was used to probe the response of the OH stretching modes within this 

frequency region. The samples were distilled Millipore filtered H2O (18M-cm resistivity). 

The IR-pump/SFG-probe data were recorded under p/ssp (IR pump/VSF, VIS probe, IR 

probe) polarization. The interference fringes were computed to obtain Im[
(2)

] at each delay, 

which was described in section 1.5. The Im[
(2)

] spectra were normalized to that of quartz, 

which was recorded under the same experimental condition as the samples. The differential 

PS-SFG signal Im[
(2)

] (Im[
(2)

]) was computed as the difference between the normalized 

Im[
(2)

] spectra with and without the pump.  
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5.3 Results and discussion 

5.3.1 Differential Im[
(2)

] spectra 

Figure 5.1(a) shows the Im[(2)
] spectrum of the H-bonded OH stretching mode at the 

air/H2O interface (red curve). The spectrum shows a broad negative peak from 3150 to 3500 

cm
-1

 and a small positive peak below 3150 cm
-1

 as reported [109,110]. The positive (negative) 

sign of Im[(2)
] indicates the transition dipole moment associated with the OH stretching 

vibrations [97] and/or the induced dipole moment via anisotropic component of the 

polarizability [110] pointing up (down) towards the air (the bulk water), respectively. 

 

FIG. 5.1 (a) Steady-state Im[(2)
] spectrum (red curve) and the  Im[(2)

] at 0 fs with the excitation frequency 

equal to the detection frequency (blue dots) of the air/water interface. (b)-(f) Femtosecond time-resolved  

Im[(2)
] spectra of the OH stretching modes at the air/water interface. Delay times after excitation are 0, 100, 

300, 600, 1000, and 1500 fs and the pump frequencies are (b) 3500, (c) 3400, (d) 3300, (e) 3200, and (f) 3100 

cm
-1

. 

 

Figures 5.1(b) - (f) show the femtosecond time-resolved differential PS-SFG signal 

)](Im[ )2( t  (where )](Im[)](Im[)](Im[ )2()2()2( ttt offpumponpump    ) spectra of the air/water 

interface which were measured at t = 0, 100, 300, 600, 1000, and 1500 fs with five different 

IR pump frequencies of 3500, 3400, 3300, 3200, and 3100 cm
-1

, where t is the time delay 

between the IR pump pulse and the SFG probe pulse. When the IR pump excites the OH 
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stretching mode from the ground state (vOH = 0) to the first vibrationally excited state (vOH = 

1), we can observe a bleach in the PS-SFG signal at the 0→1 transition frequency and an 

induced increase in the signal at the 1→2 transition frequency, where vOH = 2 denotes the 

second vibrationally excited state. For the OH stretching mode, the 1→2 transition frequency 

is ~ 200 - 250 cm
-1

 lower than the 0→1 transition frequency due to its large anharmonicity. 

However, PS-SFG spectra contain both negative and positive peaks in contrast to the IR 

spectra, complicating the signs of  Im[(2)
] for the 0→1 and 1→2 transitions; when the 

Im[(2)
] spectrum is positive (negative), a negative (positive) sign of the  Im[(2)

] spectrum 

represents a bleach and positive (negative) sign represents an increase in the signals. For 

example, Fig. 5.1(b) ( Im[(2)
(t = 0)] with the IR pump frequency of 3500 cm

-1
) shows a 

positive band in the region of 3400 cm
-1

 to 3550 cm
-1

 and a negative band below 3400 cm
-1

. 

This can be accounted for as follows: Since the steady-state Im[(2)
] shows a negative feature 

at ~ 3500 cm
-1

, the positive band in the  Im[(2)
] corresponds to the induced bleach of the 

excited vibration from the ground state to the first excited state (vOH = 0→1 transition). Since 

the orientation of OH transition dipole moment from vOH = 1 to vOH = 2 is approximately the 

same as that from vOH = 0 to vOH = 1, the negative band below 3400 cm
-1

 can be assigned to 

be the resonance of the broad hot band (vOH = 1→2 transition). In this manner, we can clearly 

separate the 0→1 and 1→2 transitions by using 2D-PS-SFG, enabling us to extract the 

dynamics of the interfacial molecules from the 2D spectra. As the time evolves from 0 to 1.5 

ps, the positive band shifts from 3500 cm
-1

 to 3400 cm
-1

 with a broader bandwidth, which 

arises from the spectral diffusion and heating of the water molecules. The spectrum at 1.5 ps 

with negative bands in the blue and red wings (above 3500 cm
-1

 and below 3300 cm
-1

) and a 

positive band in between indicates a blueshift from the original steady-state Im[
(2)

] spectrum, 

which can be attributed to the thermalized ground state. The pump energy has been 

transferred into heat and leads to the thermalization of the water, which weakens the 

hydrogen bond and causes the blueshift of the SFG signal [13]. Figures 5.1(c) - (f) show the 

 Im[(2)
] spectra pumped at the other frequencies. Among the five different pump 

frequencies, the  Im[(2)
] signal of the bleach at 0 fs and the heated ground state at 1.5 ps are 

the largest for pumping at 3400 cm
-1

 and smallest for pumping at 3100 cm
-1

, which originates 

from the different population intensities of each frequency and leads to different absorption 

efficiency of the IR pump power. For the data pumped at 3400 cm
-1

 and 3100 cm
-1

, we can 
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see a bleach at the pumped frequency at 0 fs. Note here that the negative band below 3300 

cm
-1

 in Fig. 5.1(c) is attributed to the vOH = 1→2 transition, while for Fig. 5.1(f) it originates 

from vOH = 0→1 transition. However, as seen in Fig. 5.1(d) and 5.1(e), the frequency where 

the maximum bleach is observed does not coincide with the pump frequency of 3200 cm
-1

 

and 3300 cm
-1

, and is centered at ~ 3100 – 3150 cm
-1

 at 0 fs. This may be due to the fact that 

the zero crossing of the Im[(4)
] spectrum of the air/water interface is at ~ 3200 – 3300 cm

-1
, 

as shown with the blue dots in Fig. 5.1(a). Also, as we can see in Fig. 5.1, the heated ground 

state at 1.5 ps shows the similar feature for each pump frequency except for 3500 cm
-1

. This 

different thermalization dynamics originates from the different spectral diffusion mechanism 

of the H-bonded OH groups. While the lower frequencies show a more homogeneous 

behavior for spectral diffusion, the 3500 cm
-1

 OH stretch mode, which originates from the 

OH groups that share the same water molecules with the free OHs, displays slower dynamics. 

 

5.3.2 2D-PS-SFG spectra 

 

FIG. 5.2 2D-PS-SFG spectra of the air/water interface which corresponds to the pump-probe delay time of 0, 

100, 300, 600, 1000, and 1500 fs. 
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This heterogeneity of interfacial water molecules at the air/water interface can be addressed 

in the 2D-PS-SFG plots. Figure 5.2 displays the 2D-PS-SFG spectra of interfacial H2O 

molecules for waiting times of t = 0, 100, 300, 600, 1000, 1500 fs. First we consider the 2D 

plot at t = 0 fs. The diagonal intensities (excitation frequency = detection frequency) for the 

2D plot  Im[(2)
] are plotted as blue dots in Fig. 5.1(a). The sign of the diagonal cuts is 

roughly opposite to the steady-state Im[(2)
] spectrum, which indicates the bleach indeed 

originates from the 0→1 excitation [80]. The thick black curves in Fig. 5.2 indicate the nodal 

curves separating the positive and negative peaks in the 2D contour plots. Note that in the 

2D-PS-SFG, the nodal curves arise from not only the interference between the 0→1 and 1→2 

transitions as in the 2D-IR spectra, but also from the interference of the positive and negative 

bands of the  Im[(2)
] spectra. Nevertheless, we can still evaluate the heterogeneity of the 

OH stretching modes at the air/H2O interface with the slope of the nodal curves. The slope of 

the nodal line decreasing to zero in time reflects that the system “forgot” at which frequency 

the initial excitation occurred; when the slope approaches zero, the excitation has been 

completely scrambled in frequency space. This relaxation can occur through either the 

structural rearrangement of the H-bonded OH groups (causing OH groups to change their 

vibrational frequencies), and/or energy transfer between O-H groups with different 

vibrational frequencies. The green lines in Fig. 5.2 represent linear fits to the nodal curves in 

the  Im[(2)
] signals at excitation frequencies ranging from 3100 to 3400 cm

-1
 extracted 

from the nodal points of Fig. 5.1, while the time evolution of the gradient of the nodal curve 

(slope) is plotted in Fig. 5.3. The time variation of the slope exhibits the slope decay with a 

time constant of 280 ± 80 fs. This decay of the slope is caused by spectral diffusion and/or 

thermalization of the water molecules. As will be shown in the next section, the 

thermalization of the water molecules which originates from the excess energy of the 3300 

cm
-1

 pump pulse occurs on a 460-fs time scale, which means that the spectral diffusion of the 

H-bonded OH stretch with frequency < 3400 cm
-1

 occurs at roughly the same time scale.  

Compared to bulk water, the spectral diffusion of the H-bonded OH stretching mode at the 

air/H2O interface is slower than in pure bulk H2O (~ 180 fs) [67,105,111], but faster than for 

HDO in D2O (0.5 - 1 ps) [112–115]. Since less density of the OH chromophores leads to the 

slower spectral diffusion, the density of water molecules at the air/water interface is lower 

than the bulk, slowing down the spectral diffusion. It is worth mentioning that the spectral 

diffusion of the OH stretch at the air/H2O interface is much faster than that of the OD stretch 

at the air/D2O interface [33]. In contrast, the time evolution of the nodal slopes between 3400 
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and 3500 cm
-1

 shows a significantly slower decay. This clearly illustrates that different 

spectral diffusion mechanisms govern the OH stretching modes at 3500 cm
-1

 and at 3000-

3400 cm
-1

, which will be discussed below. 

 

FIG. 5.3 The slopes of the green line in Fig. 5.2 as a function of pump-probe delay. The fitting curve shows a 

decay time of 280 ± 80 fs. 

 

5.3.3 Vibrational relaxation of H-bonded OH groups 

The vibrational energy relaxation of the H-bonded OH groups and the ingrowth of the signal 

due to heating the air/water interface can be readily extracted from the time evolution of the  

Im[(2)
] signals. Figure 5.4 shows the IR-pump/PS-SFG probe data for the excitation at (a) 

3500 cm
-1

, and (b) 3300 cm
-1

 and 3100 cm
-1

. In Fig. 5.4(a), three traces represent the data 

with different detection frequencies. The red trace shows the dynamics of the 0→1 transition 

(probing at 3500 cm
-1
) and the blue one shows that of the 1→2 transition (probing at 3200 

cm
-1

). With a monoexponential fitting, the two traces show time constants of 700 ± 50 fs for 

the 0→1 transition and 750 ± 70 fs for the 1→2 transition. These time constants are 

indistinguishable within the experimental error, which strongly suggests that the time 

constant of the vibrational relaxation (T1) of the 3500 cm
-1

 OH stretching mode is ~ 750 fs. 

The green trace with the probing frequency of 3400 cm
-1

 shows no bleach at 0 fs, which 

indicates that the ingrowth of the signal originates solely from the thermalization of water 

molecules with a time constant (eq) of 880 ± 30 fs. For H-bonded OH groups with a 

vibrational frequency lower than 3500 cm
-1

, the dynamics is significantly accelerated. Figure 

5.4(b) shows the data for excitation of strongly H-bonded OH stretching mode. The red and 

green traces are the data with pump pulses centered at 3300 cm
-1

. The red trace represents the 

time evolution when probing at 3300 cm
-1

, but instead of the vibrational energy relaxation of 

the 0→1 transition, these data show the heat ingrowth with a time constant of 460 ± 30 fs. 
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The reason is that at 3300 cm
-1

 no bleach occurs due to the cancellation of the positive and 

negative bands. On the other hand, the green curve (pump at 3300 cm
-1

 and probe at 3100 cm
-

1
) does reflect vibrational relaxation, as it represents the time evolution of the 1→2 transition 

of the 3300 cm
-1

 H-bonded OH groups with a time constant of 240 ± 20 fs. The blue trace 

with a recovery rate of 160 ± 30 fs indicates the vibrational relaxation of the 3100 cm
-1

 H-

bonded OH groups. These time constants are summarized in table 5.1, from which one can 

see that vibrational energy relaxation strongly depends on the pump frequency. Hereafter, the 

time traces of the 3100, 3300, and 3500 cm
-1

 are individually discussed and the molecular 

origin of the dynamics is clarified. 

 

FIG. 5.4 Dynamics of the resonance of the H-bonded OH groups of interfacial water molecules. (a) Excitation at 

3500 cm
-1

, detection at 3500 cm
-1

 (0→1 transition, red), 3400 cm
-1 

(green), and 3200 cm
-1

 (1→2 transition, blue). 

(b) Excitation at 3300 cm
-1

, detection at 3300 cm
-1

 (0→1 transition, red) and 3000 cm
-1

 (1→2 transition, green). 

Excitation at 3100 cm
-1

, detection at 3100 cm
-1

 (0→1 transition, blue).  

 

TABLE. 5.1 The time constant of the vibrational relaxation and thermalization in pure H2O of H-bonded OH 

groups with frequencies at 3500, 3300, and 3100 cm
-1

. 

Pump wavelength (cm
-1

) Lifetime for pure H2O T1 (fs) 
Thermalization time constant 

in pure H2O eq (fs) 

3500 750 ± 70 880 ± 30 

3300 240 ± 20 460 ± 30 

3100 160 ± 30  

 

First we consider the OH stretch at 3500 cm
-1

. This OH stretch mode shows slower 

dynamics for vibrational relaxation and thermal ingrowth compared with the H-bonded OH 

groups with lower frequencies. Prior work has shown that this frequency range corresponds 
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to the OH stretch of the hydrogen bonded half of a water molecule that contains a free OH 

group [102]. Therefore this OH stretching mode has a reduced number of hydrogen bond 

coordinates, which slows down the dissipating of energy through the intermolecular energy 

transfer. Also there is large energy mismatch between this OH stretch and the bending 

overtone, whose fundamental frequency is ~ 1660 cm
-1

 [99]. Therefore the slowing down of 

the intra-/intermolecular energy transfer leads to the longer lifetime of the 3500 cm
-1 

OH 

stretch. Remarkably, the lifetime of the 3500 cm
-1 

OH stretch mode is the same as that of the 

O-H stretch of HDO molecules in bulk D2O solution (740 fs) [44,47]. This indicates that the 

OH stretch at 3500 cm
-1

 is largely decoupled from the vibrational modes of other water 

molecules. 

Second we consider the H-bonded OH groups with lower frequencies (3300 and 3100 

cm
-1

). The 3300 cm
-1

 OH stretch has a similar lifetime as bulk water (260 fs) [42], 

presumably because of the predominance of the intramolecular vibrational relaxation channel 

of the excited population to the intermediate level for both cases: The 3300 cm
-1

 OH stretch 

overlaps with the overtone of the bending mode whose fundamental frequency is ~ 1650-

1690 cm
-1

 [99,116] at the air/water interface in a similar manner to the bulk water.  

On the other hand, this intramolecular coupling mechanism is insufficient to explain 

the ultrafast vibrational relaxation of the 3100 cm
-1

 OH stretch, since the frequency of the 

3100 cm
-1

 OH stretch mode does not match the frequency of the bending mode overtone at ~ 

3300 cm
-1

. Surprisingly, the 160-fs lifetime of the 3100 cm
-1

 OH groups of the interfacial 

water molecules is faster than that in the bulk H2O [42]. The molecular origin of the 3100 cm
-

1
 SFG peak has been discussed in the theoretical/simulation approaches; Morita and co-

workers have attributed the peak’s origin to the induced dipole moment via the off-diagonal 

element of the molecular anisotropy [93], while Skinner and co-workers state that many-body 

interactions, that is, more than pairwise interactions, produce the positive 3100 cm
-1

 

feature [97]. In other words, the Morita interpretation implies that the optical response from 

the collective motion is essential for the 3100 cm
-1

 peak, unlike bulk water, while the Skinner 

interpretation implies that the 3100 cm
-1

 peak is caused by strongly hydrogen bonded OH 

groups, which are also present in bulk water. Our data shows that the relaxation of the water 

molecules at 3100 cm
-1

 occurs appreciably faster than in the bulk. This ‘non-bulk-like’ 

behavior of interfacial water molecules at 3100 cm
-1

 can (in part) be due to the reduced 

spectral diffusion at the interface [33]. Spectral diffusion leads to excursions of the excited 

OH group to higher frequencies, where relaxation is slowed down, and back to lower 
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frequencies where relaxation is more efficient. Alternatively, if spectral diffusion is less 

important, our data tentatively supports the Morita interpretation for the 3100 cm
-1

 SFG peak. 

From the dynamics first observed in this report, thus, it is unveiled that water molecules at the 

interface are inhomogeneous, reflecting the inhomogeneity of the hydrogen-bonding network. 

Besides the vibrational relaxation, the manner in which thermalization of interfacial 

water molecules occurs is also different from that in the bulk. As shown in Table 5.1, eq 

=880 ± 30 for the 3500 cm
-1

 OH stretch mode is faster than that of energetically isolated OH 

groups in water, namely of HDO molecules in D2O, for which eq = 1 ps [44], while the 460 ± 

30 timescale observed for the 3300 cm
-1

 OH stretch mode is also faster than bulk H2O at that 

frequency (550 fs) [42]. We tentatively attribute the faster thermalization of interfacial water 

to the relative ease with which water can expand at the interface, compared to the bulk: 

heating resulting from thermalization extends the average distance between molecules and 

increases the volume of the water. Whereas in the bulk expansion requires displacing water 

on all sides, the interfacial water can readily expand in the direction of the air, leading to a 

faster thermalization process. 

 

5.4 Conclusion 

In summary, by using a novel 2D-PS-SFG setup we investigate the vibrational energy 

relaxation and spectral diffusion of the H-bonded OH stretching modes at the air/water 

interface. The 2D-PS-SFG ( Im[(2)
]) spectra, which contain the orientation information of 

the interfacial OH groups, reveal the very different behavior of the 3500 cm
-1

 OH stretching 

mode compared with the strongly H-bonded OH stretching modes with frequencies < 3400 

cm
-1

. This difference is not obvious from static Im[(2)
] spectra, illustrating the strength of the 

approach presented here. Our results clearly indicate that the weakly H-bonded OH stretching 

mode is more heterogeneous at the air/water interface than in the bulk. This heterogeneous 

nature of the 3500 cm
-1

 OH stretching mode originates from the structural difference between 

the interfacial water and bulk water, where the 3500 cm
-1

 OH groups share the same water 

molecule with the free OH while the other H-bonded OH groups are more bulk like. Due to 

the decoupling of the intra-/intermolecular energy transfer, the 3500 cm
-1

 OH groups show 

slower spectral diffusion and vibrational relaxation behavior than other OH groups. 


