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Chapter 4 

Mechanism of Vibrational Energy Dissipation of Free OH Groups 

at the Air/Water Interface 

 

In chapter 3 we show that the dangling OH groups reorient 3 faster than the H-bonded OH 

groups in the bulk water. Furthermore, we find that the lifetime of these dangling OH groups 

is ~ 800 fs, which is slower than the bulk. In this chapter we elucidate the rate and 

mechanism of vibrational energy dissipation of water molecules at the air/water interface 

using femtosecond two-color time-resolved vibrational sum-frequency generation (SFG) 

spectroscopy. Vibrational relaxation of non-hydrogen bonded OH groups occurs on a sub-

picosecond time scale in a manner fundamentally different from hydrogen-bonded OH 

groups in bulk, through two competing mechanisms: intramolecular energy transfer (IET) and 

ultrafast reorientational motion that leads to free OH groups becoming hydrogen-bonded. 

Both pathways effectively lead to the transfer of the vibrationally excited modes from free to 

hydrogen-bonded OH groups, from which relaxation readily occurs. Of the overall relaxation 

rate of interfacial free OH groups at the air/H2O interface two-thirds are contributed by IET, 

while the remaining one-third is dominated by the reorientational motion. 

 

4.1 Introduction 

Knowledge of the rates and mechanisms of the relaxation of excess vibrational energy is 

indispensable to fully understand physical and chemical processes of water and aqueous 

solutions, such as chemical reactions rates and pathways, proton transfer, and hydrogen bond 

dynamics. Much prior work has therefore focused on characterizing vibrational energy 

relaxation of the OH and OD bond stretch vibration in water and its isotopologues [14,75–78]. 

This energy relaxation in bulk water has been studied using time-resolved transient infrared 

(IR) vibrational spectroscopy, revealing that both intra- and intermolecular energy transfer 

due to dipole and multipole couplings [68] and relaxation through the overtone of the HOH 

bending mode (intramolecular coupling) followed by sequential energy dissipation to the 

libration modes occur [46,79]. 

In contrast to the depth of understanding obtained for vibrational energy relaxation in 

bulk water, a limited number of studies have been carried out for aqueous 

interfaces [23,35,80], despite their relevance for chemical processes, e.g., atmospheric 
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chemistry [81], water splitting [82], and membrane function [83]. Interfacial water differs 

from bulk water due to the disruption of the water hydrogen-bonded (H-bonded) network. 

Previous works [23,24,35,84,85] have focused primarily on the energy relaxation dynamics 

of H-bonded interfacial water molecules. However, hydrophobic interfaces such as the 

prototypical air/water interface are enriched with free OH groups pointing towards the 

air [8,13,60,86–90]. These water molecules lead to distinct structural orientation, 

reorientational motion (chapter 3), and intra-/intermolecular energy coupling due to the 

differences in the density of water at the interface and the bending and stretching mode 

frequencies with respect to bulk water [80,91]. A central question is how the vibrational 

relaxation mechanisms of free OH groups at the interface differ from H-bonded interfacial 

OH groups, and those in the bulk. 

In an SFG experiment, an IR pulse is overlapped at the surface in both time and space 

with a visible (VIS) pulse and the output at the sum of the frequencies of the two incident 

fields monitored. This SFG emission is, within the dipole approximation, interface specific in 

media with bulk inversion symmetry and is a spectroscopy because it increases in intensity by 

> 10
4
 when the frequency of the incident IR is tuned into resonance with a normal mode of 

the molecules at an interface [39]. As initially shown by Shen and coworkers, and 

subsequently a variety of others, because the quadrupole response from liquid water is 

relatively low, SFG spectroscopy can furnish the OH stretch response of just the water 

molecules within 1-2 layers of an interface [92–94].  

Because of its environmental ubiquity, experimental simplicity and its relevance to 

understand hydrophobic solvation more generally, much work has focused on the spectral 

response of interfacial water at the air/water interface [80,87,95]. A SFG spectrum (Fig. 4.1) 

for the air/water interface shows a broad band at lower frequency (3100 - 3500 cm
-1

), 

attributed to H-bonded OH groups, and a narrow peak at higher frequency (~ 3700 cm
-1

), 

attributed to free OH groups [8,13,87,88]. While it is clear that these spectral features report 

on the structure of interfacial water, extracting this structural information from the measured 

response has proven extremely challenging. This challenge is not unique to the SFG spectral 

response of interfacial water. It can be straightforwardly demonstrated that, for a particular 

resonance apparent in any one–dimensional (frequency) vibrational spectrum, the extent to 

which inhomogeneous broadening, anharmonic coupling to other modes, and chromophore 

motion influence the observed spectral response cannot be unambiguously determined [96]. 

As a consequence the extent to which a spectrum is influenced by molecular structure cannot 



45 

 

be unambiguously defined. Much prior work has shown that all of these factors influence the 

SFG spectral response of interfacial water. In particular, significant inter- and intramolecular 

coupling is known to dominate the hydrogen bonded portion of the spectrum and water 

molecule motion is known to occur on sub ps time scales [46,68,79]. The fact that multiple 

possible effects may explain the observed spectral response of interfacial water has been 

clearly demonstrated, for the low frequency portion ( ~ 3100 cm
-1

) of the hydrogen bonded 

OH at the air/H2O interface, by the Morita and Skinner groups, who have shown that the 

experimental spectral response can be equally well reproduced by computational models with 

quite different underlying physics [93,97].  

 

FIG. 4.1 Static SFG spectrum of the air-H2O interface. Dark grey and light grey rectangles mark the spectral 

region of free and H-bonded OH, respectively, that are excited and detected in the pump-probe experiments. 

 

Because it is particularly important in understanding hydrophobic solvation and 

because, as discussed above, prior work strongly suggests it should be simpler, we focus 

initially on understanding the influence of interfacial water structure and structural dynamics 

on the free OH peak shown in Fig. 4.1. Changes in the free OH resonance peak amplitude or 

width are routinely observed with changes in aqueous solution composition [8,88]. To 

correctly interpret and understand these changes evidently requires understanding the 

physical factors determining the line width, that is, the degree to which the measured free OH 

spectral response is controlled by pure dephasing (elastic interactions typically with low-

frequency mode that modulate the free OH frequency) and the free OH vibrational energy 

lifetime.  

To deconvolute the relative influence of vibrational lifetime and pure dephasing on 

the lineshape, a method of directly measuring one of these two quantities with interfacial 
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specificity is required. We and others have recently applied a time-resolved ultrafast IR-

pump/SFG-probe scheme to elucidate vibrational energy relaxation dynamics of OH groups 

at a variety of interfaces [23,24,26,33,35]. In these experiments, an IR pump pulse excites 

OH groups at a specific vibrational frequency, and the effect of that excitation is followed in 

time with the SFG probe pulse pair. For the excited OH groups, the SFG intensity is 

temporarily decreased (‘bleach’), and the recovery of the signal is a result of vibrational 

relaxation. For the free OH both at the air/water and hydrophobic self-assembled 

monolayer/water interface, slow relaxation (0.85 – 1.2 ps) has been reported [23,26]. As the 

homogenous dephasing time (T2) of the free OH is 221 fs (given the measured FWHM in Fig. 

4.1 and assuming inhomogeneous contributions to the line width are negligibly small) it is 

clear that the line width of the free OH spectral response is influenced by vibrational lifetime 

and thus that revealing changes in free OH spectral response with aqueous phase composition 

or with the composition of the adjoining phase, requires understanding of the free OH 

vibrational relaxation mechanism.  

Three possible relaxation pathways can be identified. Previously we have shown that 

free OH groups reorient on a timescale (~ 1 ps) very similar to vibrational relaxation [26,98]. 

This observation suggests that one possible relaxation mechanism is the rotation of excited 

OH groups towards the bulk and formation of a hydrogen bond after which energy dissipation 

occurs rapidly as a result of the increased anharmonicity of the O-H vibrational potential. In 

what follows we term this mechanism the REOR vibrational relaxation pathway. A second 

relaxation mechanism has been proposed from the appearance of the cross peaks in two-

dimensional SFG spectra of D2O at the air-D2O interface: the vibrational energy of the free 

OD is transferred to the H-bonded OD in the same D2O molecule, which is weakly H-bonded, 

on sub-picosecond timescales [33]. Hereafter we describe this as the intramolecular energy 

transfer (IET) relaxation pathway. Finally, in liquid water much prior experimental and 

computational work has shown that the vibrational relaxation of the OH stretch proceeds 

through the overtone of the bending mode, to the bend fundamental, to whole molecule 

librations [46]. Without additional information, it seems plausible that relaxation of the 

excited free OH might occur in a similar manner; in what follows we term this mechanism 

the intramolecular vibrational relaxation (IVR) pathway. These mechanisms are 

schematically illustrated in Fig. 4.2. 
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FIG. 4.2 Schematic of the pathways for vibrational relaxation of free OH groups. (a) Intramolecular energy 

transfer (IET), which indicates the energy coupling between free OH (label 1) and H-bonded OH (label 2). (b) 

Reorientational motion of the free OH (label 1) which rotates into the bulk and forms a hydrogen bond (REOR). 

(c) Intramolecular vibrational relaxation (IVR), which represents the coupling between the free OH stretching 

(label 1) and the bending modes (label 3) of the water molecules. 

 

In this chapter, we resolve the relative roles of these mechanisms in the vibrational 

relaxation of interfacial free OH groups at the air/water interface. By analyzing two-color 

TR-SFG signals we show that the exchange of excited vibrational energy between free OH 

and H-bonded OH occurs on a sub-picosecond timescale. Using isotopically diluted water, 

we suppress intra- and intermolecular coupling while leaving structural relaxation processes 

relatively unaffected. Our results show that IET explains two-thirds of the vibrational 

relaxation of the free OH groups in pure H2O while the remaining one-third is the result of 

REOR. 

As noted above, SFG spectra of interfacial water do not uniquely determine interfacial 

structure. Our quantification of vibrational lifetime and relaxation mechanism provides an 

important additional piece of information to evaluate otherwise equally plausible descriptions 

of the physical mechanisms underlying the spectral response. More generally, as alluded to 

above, much prior work seems to suggest that the free OH plays an important role in the free 

energy of solvation of objects ranging from small hydrophobic moieties, to large amphiphilic 

macromolecules (such as proteins) to extended hydrophobic and amphiphilic surfaces [53]. 

Since this free energy of solvation is thought to be an important driving force in processes as 

diverse as protein folding, colloidal aggregation and hydrophobic collapse, the quantitative 

understanding we here gain of what, exactly, controls the interfacial free OH spectral 

response, and what we probe when we probe the free OH, seems likely to be of interest to a 

wide community of bio- and soft matter chemists and physicists.  
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4.2 Experimental section  

The two-color TR-SFG experimental setup is described in detail in chapter 2, section 2.2.2 

and 2.2.3. Briefly, the free OH and weakly H-bonded 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 samples were distilled Millipore filtered H2O 

(18M-cm resistivity) mixed with D2O (Cambridge Isotope Laboratories, Inc., 99.93 % 

purity, used without further purification) and placed in a homemade Teflon trough which was 

rotated at 8 rpm to reduce cumulative heating. The IR-pump/SFG-probe spectra were 

recorded under p/ssp (IR pump/SFG, VIS probe, IR probe) polarization. The differential IR-

pump/SFG-probe signal was computed as the ratio between the integrated intensities with and 

without the pump. 

 

4.3 Results and discussion 

To study the vibrational energy dynamics of the free OH group (dark grey area in Fig. 4.1), 

we excite these OH groups at ~ 3700 cm
-1

 with an IR pump pulse and probe the response 

with SFG probe pulse pair as a function of delay time. The data, after integrating the 

measured SFG intensity from 3650 to 3750 cm
-1

 (with respect to the IR probe frequency, red 

curve in Fig. 4.3), show a 10% bleach which recovers on a sub-ps timescale. A single-

exponential fit to the data gives a time constant for the recovery of the SFG signal of = 

840 ± 50 fs for the free OH in pure H2O. This timescale can of course be a result of a 

combination of the three prospective relaxation pathways: IET, REOR, and IVR. Put in more 

formal notation, we expect that = + = (0.84 ps)
-1

, where k is the rate 

constant associated with the energy relaxation process and we have lumped together the IET 

and IVR pathways into a single term for reasons that will become clear below.  

To help us quantify the contribution of each of these pathways we require an 

experiment that allows us to selectively switch one (or more) off. To do so we next 

performed a similar IR-pump/VSF-probe experiment probing the free OH of HDO at the 

air/water interface. Because of the large energy mismatch between the free OH (~ 3700 cm
-1

) 

and H-bonded OD (~ 2600 cm
-1

) stretch and the HDO, H2O and D2O bend frequencies  [99–

101], neither near resonant energy transfer between the OD and OH stretch on the same water 

molecule nor relaxation from the OH stretch through the overtone of the bend is probable in 

OHT
2

)( 2OH

VRk )(

/
2OH

IVRIETk )( 2OH

REORk
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HDO  [14,79]. Put another way, in HDO we expect the IET and IVR pathways to be shut 

down ( = = 0) and vibrational relaxation to be therefore dominated by REOR.  

 

FIG. 4.3 IR-pump/SFG-probe data for excitation and detection of free OH groups at the air/water interface for 

pure (red, open circles) and isotopically diluted H2O (H2O:D2O = 1:1, blue, filled circles). The red curve is the 

monoexponential fitting of the pure H2O sample and the blue curve is the biexponential fitting of the H2O-D2O 

mixture, which shows that the time constant of the vibrational relaxation of free OH for H2O and HDO are 840 

fs and 2.6 ps, respectively. Both fit curves are convoluted with the system response. 

 

The blue curve in Fig. 4.3 displays the IR-pump/SFG-probe result for exciting and 

probing the free OH stretching mode at the air/water interface for a H2O-D2O mixture (1:1 

molar ratio). As is clear from inspection, the timescale of SFG signal recovery is much 

slower for the mixture than pure H2O (the red curve). This qualitative observation strongly 

suggests that both the IET and/or IVR pathways are important in describing the vibrational 

relaxation of the free OH of H2O. To quantify the importance of IET/IVR relative to REOR 

we need to fit the data. For the H2O-D2O mixture (given a small interfacial isotope 

fractionation [86]), half of the free OH groups in our excitation volume are part of an H2O 

molecule; the other half are part of HDO [48]. Assuming these two types of free OH groups 

contribute equally to the measured signal from the mixture, and therefore fitting this data 

using a biexponential with two equal amplitudes and taking = 840 fs for free OH in H2O, 

we find that the timescale of signal recovery of the free OH in HDO, , is 2.6 ± 0.3 ps: 

three times slower than that of the free OH in H2O. Taking, = = 0, and assuming 

that the reorientation rate of an OH group in HDO is similar to that of an OH group in H2O, 

)(HDO

IETk
)(HDO

IVRk

OHT
2

HDOT

)(HDO

IETk
)(HDO

IVRk
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we thus have = = (2.6 ps)
-1

. Recalling that, = 1/  = (0.84 ps)
-1

, we 

obtain = - = (1.24 ps)
-1

. 

Because both IET and IVR are suppressed in HOD, quantifying the relative 

importance of these two pathways requires different types of experiments. Here we do so by 

performing an IR-pump/SFG-probe experiment in which we excite the free OH (i.e. the 

frequency range shown in the dark grey rectangle) and probe the blue side (weakly hydrogen 

bonded) of the hydrogen bonded OH spectral response (i.e. the light grey rectangle in Fig. 

4.1). Prior work has shown that this frequency range corresponds to the OH stretch of the 

hydrogen bonded half of a water molecule that contains a free OH [102].  

 

FIG. 4.4 IR-pump/SFG-probe data for free OH and H-bonded (HB) OH groups at the air/water interface. The 

upper two traces are data with 3700 cm
-1

 IR pump/3700 cm
-1

 (green, open circles) and 3500 cm
-1

 (black, filled 

circles) probes, while the lower two traces are data with 3500 cm
-1

 IR pump/3700 cm
-1

 (blue, open squares) and 

3500 cm
-1

 (red, filled squares) probes. Solid lines are fits with a vibrational relaxation model (for details, see 

supplemental material). The green and black curves have an offset of 0.15. 

 

The IR (free OH) pump/SFG (weakly hydrogen bonded) trace, with probe intensities 

integrated from 3450 cm
-1

 to 3550 cm
-1

, is shown in black in Fig. 4.4. For comparison the 

free OH IR pump and free OH SFG probe is shown as a green curve in Fig. 4.4 (same data as 

red curve in Fig. 4.3). Three qualitative features of the comparison are readily apparent: there 

is a ~ 300 fs delay between the directly free OH pumped signal (green trace) and the coupling 

)(HDO

REORk )( 2OH

REORk
)( 2OH

VRk OHT
2

)(

/
2OH

IVRIETk
)( 2OH

VRk )( 2OH

REORk
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signal (black trace), the bleach magnitudes (the signal size) are similar for both experiments 

and both traces have an initial bleach followed by a monotonic recovery. This relatively small 

delay between the pumped and coupling traces is consistent with a scenario in which 

vibrational energy is effectively transferred from the free OH to weakly H-bonded OH 

populations by energy transfer and/or reorientation of free OH groups to become H-bonded. 

Similarly, the nearly identical size of the bleach for both signals suggests that no energy is 

lost from the system in this transfer: the great majority of the vibrational excitation deposited 

in the free OH is transferred to the bond stretch modes of OH groups that are weak hydrogen 

bond donors. Because vibrational relaxation of the free OH through IVR would require 

energy to leave the free OH stretch and move rapidly into the bend fundamental (i.e. well 

outside of our probe window) both of these observations thus suggest that IVR is relatively 

unimportant in describing free OH relaxation. Finally, we note that prior works have shown 

that the interfacial hydrogen bonded OH stretch shifts to higher frequencies when heated [13]. 

If vibrational relaxation and subsequent thermalization of the free OH excitation were 

sufficiently rapid we would expect to see a transient increase, rather than decrease and 

recovery, in the coupling trace. Clearly the data are inconsistent with such rapid 

thermalization.  

This comparison between the free OH pump/free OH probe and free OH 

pump/weakly H-bonded OH probe traces thus suggests a picture in which a free OH group is 

initially excited and this excitation is either transferred to the hydrogen bonded OH group on 

the other half of the same molecule or the excited OH group rotates down and forms a 

hydrogen bond. Clearly, however, this is only the first part of the vibrational relaxation 

pathway. To investigate what happens next we performed two additional IR-pump/SFG-

probe experiments: one in which weakly H-bonded OH groups are pumped and the free OH 

probed (blue trace in Fig. 4.4) and one in which weakly H-bonded OH groups are both 

pumped and probed (red trace in Fig. 4.4). Interestingly, these two signals (the two bleach 

amplitudes) are notably different: the bleach for the free OH is appreciably smaller than for 

the H-bonded OH probe. This difference suggests that, on excitation of weakly H-bonded OH 

groups some energy transfer likely occurs via IET or REOR to the higher energy free OH 

group while the rest, possibly through rapid intermolecular energy transfer to more strongly 

H-bonded OH stretches on other water molecules or IVR, dissipates through other channels.  

Taken as a whole the data discussed thus far suggests that free OH vibrational 

relaxation proceeds by IET and REOR (but not IVR) and that there is an effective time 
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constant of (1.24 ps)
-1

 associated with the IET pathway and (2.6 ps)
-1

 with the REOR. As 

discussed above, these data further suggest that these time constants are a combination of 

forward and backward rates for both processes: an initially excited free OH group that has 

either reoriented to form a hydrogen bond or transferred its excitation to the hydrogen bonded 

OH group on the same molecule can either rotate back to become free or transfer its 

excitation back to the free OH on ultrafast time scales. We have previously shown in 

experiment and simulation that the characteristic time for a free OH to rotate towards bulk 

liquid and form a hydrogen bond is ~ 1 ps [26,98]. On the face of it the (2.6 ps)
-1

 time 

constant associated with the REOR pathway appears to conflict with this previous 

observation. To explore whether the (2.6 ps)
-1

 could be the result of this observable 

convoluting both forward and backward rates, we developed a model to account explicitly for 

the possibility of a return of the excitation to the free OH either because the newly hydrogen 

bond OH is once again free or because of excitation transfer back from a hydrogen bonded 

OH to the free OH on the same molecule.  

To do so we first assume free OH vibrational relaxation occurs in two stages: a first 

step that is reversible and leads to an initially excited free OH group either becoming 

(through REOR) or transferring its excitation to (through IET) a weakly hydrogen bonded 

OH group, and a second step that describes the relaxation of the weakly hydrogen bonded OH 

group (with rate constant ) and is non-reversible. The rate equation accounting for this 

vibrational relaxation processes is described as follows with the definition presented 

before [33]. The free OH groups are denoted as F, the hydrogen-bonded counterparts are 

denoted as HB, and the subsequent relaxation process from the hydrogen-bonded state into a 

state at somewhat elevated temperature is denoted as T. The vibrational mode transfer from 

free OH to H-bonded OH occurs at rate 
f

VRk , while 
b

VRk  is the vibrational modes transfer rate 

for the inverse process (from H-bonded OH to free OH). “f” denotes the forward process and 

“b” denotes the backward process, respectively. We assume that vibrational relaxation with 

rate HBk  occurs from the HB state, rather than from the F state, into the T state. The 

occupation of each of the states is denoted as 
1,0

XN , where X=F, HB or T, and the superscript 

denotes ground (‘0’) or excited (‘1’) state. 

HBk
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When the free OH groups are excited, the excitation pulse, characterized by the time-

dependent intensity I(t), gives rise to population of 
1

FN , and the time dependent occupation 

numbers of states NX follows the rate equations: 
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When the H-bonded OH groups are excited, the equation leads to 
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  (4.2) 

where 01  and 
'

01  represent the absorption cross-sections for the 0 to 1 transition of free 

OH and H-bonded OH stretching mode, respectively. Given such equations, we wish to ask 

whether the model can describe all data in Figure 4.4 simultaneously. The solid lines in Fig. 

4.4 are the results of the model with transfer rate  = (460 ± 50 fs)
-1

, = (980 ± 100 fs)
-1

, 

and  = (750 fs ± 80 fs)
-1
. The superscript “f” denotes the forward process (the excited 

vibrational stretching mode changes from the free OH to the H-bonded OH) and “b” denotes 

the backward process (the excited vibrational stretching mode changes from the H-bonded 

OH to the free OH). 

As shown above, the excitation transfer from free to H-bonded OH groups, with the 

rate constant  = (460 fs)
-1

, is the sum of relaxation via IET ( ) and REOR ( ):  

=  + . To solve for the backward rates of both processes, we assume that there is no 

energy barrier and the system is at equilibrium with respect to intramolecular energy transfer, 

i.e. the ratio of forward to backward rates of IET is related to the frequency difference 

between these modes, as described in an Arrhenius equation, and is /  = exp[ħ(3700-

3500)/kBT] = 2.6 at T = 300 K. To determine the ratio of the rate for the reorientational 

motion (REOR) of free OH to rotate down to the bulk and become hydrogen bonded (
f

REORk ) 

f

VRk b

VRk

HBk

f

VRk f

IETk
f

REORk f

VRk

f

IETk
f

REORk

f

IETk b

IETk
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and the H-bonded OH to break the hydrogen bond and become free OH (
b

REORk ), the relative 

populations of the free OH and H-bonded OH groups must be estimated. Figure 4.5 shows 

the axial distributions of water molecules at the water-vapor interface from the molecular 

dynamics simulation [99]. The 0-, 1-, and 2-DH water denote that the water with two free O-

H groups, one free O-H group and one H-bonded donating H (DH) atom, and 2 DH atoms, 

respectively. The hydrogen bond definition is based on the electronic structure [103]. The 

grey rectangle represents the area we defined as interfacial water, starting from 10% to 90% 

of the bulk density. By integrating the amount of OH groups in this area, we get the ratio of 

1.7 between the H-bonded OH and free OH groups. So if we assume that the relative number 

of interfacial hydrogen bonded OH groups does not change as a result of the IR pump, and 

given that the population of H-bonded OHs is 1.7 times larger than the population of free 

OHs, the reorientation rate for the H-bonded OH to break the hydrogen bond and become a 

free OH must be 1.7 times slower than the converse: = /1.7. Substituting we find, 

for the free OH to H-bonded OH transition,  =  +  = (460 fs)
-1

, and for the H-

bonded OH to free OH  =  +  = /2.6 + /1.7 = (980 fs)
-1

. Rearranging 

terms leads to = (800 fs)
-1

 and = (1.1 ps)
-1

. These time constants are summarized in 

Fig. 4.2. The 1.1-ps time constant for the reorientational motion of the free OH group and 

formation of a hydrogen bond thus appears to be consistent with our earlier estimates for the 

rate of this process [26,98]. 

To summarize, we have thus calculated the characteristic rate constant for free OH 

vibrational relaxation in two ways: a simple exponential fit and a rate model that solves the 

system of coupled differential equations describing population transfer in a three state model. 

Summing the forward and backward time constants for each process extracted from the rate 

model allows direct comparison to the exponential analysis offered above. We find that the 

time constant of vibrational relaxation of the free OH due to IET calculated using the rate 

model is - = - /2.6 = (1.3 ps)
-1

 and that due to REOR - = -

/1.7 = (2.67 ps)
-1

. Clearly both time constants are in good agreement with the 

exponential description, in which = (2.6 ps)
-1

 and = (1.24 ps)
-1

, offered above. 

Both ways of analyzing the data thus appear to reach a similar conclusion: about one-third of 

the vibrational relaxation of the free OHs in H2O is due to structural relaxation with and the 

remaining two-thirds to intramolecular energy transfer. 
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FIG. 4.5 Axial distribution for the density of water with different numbers of donor hydrogen atoms. The blue, 

green, red, and black traces denotes the axial distributions of water molecules with two free O-H groups, one 

free O-H group and one DH atom, 2 DH atoms, and the total water molecules, respectively. 

 

As noted above, prior work suggests that, while inhomogeneous broadening is 

important in determined the hydrogen bonded OH spectral response at the air/water interface, 

it is relatively unimportant in understanding the free OH. This then implies that we are 

justified in describing the SFG spectral response of the free OH at both the air/H2O and 

air/H2O:HOD:D2O interface using Eq. 1.18: 
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 (4.1) 

where An, n, and 2n are the amplitude, frequency, and full-width-at-half-maximum 

(FWHM), respectively, of mode n.  is related to the decay rate (1/T2) of the polarization  

(induced by the IR pulse), 2= 1/T2, where T2 is the homogeneous dephasing time. This 

homogenous dephasing time can be decomposed into two contributions, 1/T2 = 1/ (2T1) + 

1/T2
*
, where T1 is the population lifetime and T2

*
 is the pure dephasing time. The spectral fits 

in Fig. 4.6 indicate that the FWHM of the free OH is 48 cm
-1

 (= 24 cm
-1

) for H2O and 40 

cm
-1

 (= 20 cm
-1

) for HDO, i.e. a difference of 4 cm
-1

 in . For H2O the lifetime T1 =  = 

840 fs results in a contribution of 3.2 cm
-1

 to , while for HDO T1 =  = 2.6 ps results in a 

contribution of only 1.0 cm
-1

. Changes in T1 thus explain only 2.2 cm
-1

 of the 4 cm
-1

 

difference in between the spectral response of the interfacial free OH of H2O and that of 

HOD, the remaining 1.8 cm
-1

 must be due to differences in the pure dephasing time, T2
*
, of 

the two systems, presumably due to subtle differences in low frequency modes of the H-

bonded network for the isotopologues. As expected, the pure dephasing times, T2
*
, of free OH 

OHT
2

HDOT
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groups both for H2O, ~ 250 fs, and HDO, ~ 280 fs, are 3 times longer than the H-bonded OH 

of HDO in bulk D2O (~ 90 fs) [104], presumably due to the absence of the frequency 

modulation of free OH groups by the surrounding water molecules at the air/water interface. 

 

FIG. 4.6 SFG spectrum of pure (red) and isotopically diluted H2O (H2O:D2O=1:1, blue) and their spectral fitting 

curves (pink and light blue).  

 

4.4 Conclusion  

In this study we show that free OH groups at the air/water interface have a vibrational 

lifetime of ~ 850 fs. Two color IR-pump/SFG-probe measurements of both the free OH of 

H2O at the air/H2O interface and of HOD at the air/H2O:D2O mixture interface allow us to 

clarify that one-third of this energy relaxation happens via structural relaxation, with the free 

OH rotating towards the bulk liquid at which point it forms a hydrogen bond, while two-

thirds are the result of intramolecular energy transfer – excitation transfer from the excited 

free OH to the hydrogen bonded OH on the other half of the same molecule. Given this 

knowledge of lifetimes for both species, we further calculate pure dephasing times of 250 fs 

for free OHs in H2O and 280 fs for HDO. Taken together this work allows us full insight into 

the SFG free OH spectral response at the air/water interface: we can now completely specify 

the factors that control the spectral line shape. Such insight, and similar experiments to those 

described here for other aqueous solutions, should be invaluable in quantitative description of 

the SFG OH stretch spectral response and, therefore, in understanding hydrophobic solvation.  


