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Abstract 

We use temperature-dependent ultrafast infrared spectroscopy of dilute HOD in H2O to 

study the picosecond reorganization of the hydrogen bond network of liquid water. 

Temperature-dependent two-dimensional infrared (2D IR), pump-probe, and linear 

absorption measurements are self-consistently analyzed with a response function 

formalism that includes the effects of spectral diffusion, population lifetime, 

reorientational motion, and non-equilibrium heating of the local environment upon 

vibrational relaxation.  Over the range of 278 to 345 K, we find the time scales of spectral 

diffusion and reorientational relaxation decrease from approximately 2.4 to 0.7 ps and 4.6 

to 1.2 ps, respectively, which corresponds to the barrier heights of 3.4 and 3.7 kcal/mol, 

respectively.  We compare the temperature dependence of the time scales to a number of 

measures of structural relaxation and find similar effective activation barrier heights and 

slightly non-Arrhenius behavior, which suggests that the reaction coordinate for the 

hydrogen bond rearrangement in water is collective. Frequency and orientational 

correlation functions computed from molecular dynamics (MD) simulations over the 

same temperature range support our interpretations.  Finally, we find the lifetime of the 

OD stretch is nearly the same from 278 K to room temperature and then increases as the 

temperature is increased to 345 K. 

Keywords: Dynamics, Kinetics, Hydrogen-Bond Rearrangement, Infrared Spectroscopy, 

Arrhenius, Molecular Dynamics, Water 
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I. Introduction 

 Despite years of extensive study and continuous improvements in experimental 

and theoretical methods, the femtosecond-to-picosecond dynamics that describe changes 

to the hydrogen bonding structure of water continue to be difficult to describe.  Being a 

dense medium, liquid intermolecular dynamics involve the collective motion of large 

numbers of molecules, for which translational and rotational degrees of freedom are 

strongly intertwined. This complexity is heightened in the case of the water due to its 

locally structured hydrogen bond network.  The details of structural relaxation in water 

have been studied by molecular dynamics (MD) simulations beginning with the original 

work of Rahman and Stillinger.1 Intermolecular motions and the interconversion between 

structures have been analyzed in a number of ways including through groups, chains, 

polyhedra, clathrate structures, inherent structures, and instantaneous normal modes.2,3 

No correlations between local structural variables, such as hydrogen bond participation, 

exist between configurational states separated by more than a few picoseconds.4 

Therefore, the dynamics of structural relaxation processes are not readily described in 

terms of structure on molecular length scales.  

Recent experimental and theoretical studies of water have provided new perspectives 

on the local dynamics of hydrogen bonding, describing in detail how the hydrogen bond 

distances and angular motions change during the course of collective structural 

reorganizations.5-7 With ultrafast infrared spectroscopy and MD simulations, Eaves et al. 

observed that water molecules in broken or strained hydrogen bond configurations return 

to a stable hydrogen bond within the fastest intermolecular motions suggesting that 

hydrogen bond switching is a concerted process.5 Laage and Hynes performed MD 
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simulations and found the dominant mechanism of reorientation is through large 

amplitude angular jumps with a contribution from diffusive reorientation of the 

intermolecular OO framework.6 In these studies, molecular motions that have been 

identified as important for reorganization include concerted hydrogen bond switching, 

large angle jumps, translation within the first and second solvation shells, and diffusive 

reorientation of a hydrogen bonded pair of water molecules.   

It is important to recognize that local geometric variables are just different parameters 

that capture motion along a collective reaction coordinate. Different motions may be 

projected from the collective dynamics and certain coordinates may project more 

favorably than others. However, long time relaxation phenomena of internal variables 

should all decay in a correlated fashion.8 Absolute time scales from different experiments 

are difficult to compare since the observables are sensitive to different relaxation 

processes, yet the temperature dependence should be identical if they all are sensitive to 

the same collective reaction coordinate. 

 In this paper we report on the temperature dependence of spectral diffusion and 

reorientation of the OD stretch of dilute HOD in H2O to determine if the relaxation of 

these different measures of water structural change are correlated.  In order to quantify 

the temperature-dependent time scales we self-consistently model the pump-probe 

anisotropy, vibrational relaxation, and spectral diffusion with a response function 

formalism that includes the bath H2O stretch and combination band and the thermally 

shifted ground state (TSGS) of all three modes.  We find a similar barrier height for both 

spectral diffusion and reorientation along with a number of other measurements that are 

sensitive to collective and single molecule relaxation of water.  We also observe a similar 
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behavior for spectral diffusion and reorientation calculated with MD simulations with the 

SPC-FQ9 model of water.  Finally, the temperature dependence of the vibrational lifetime 

of the OD stretch suggests that the relaxation pathway may not be fully understood and 

more information may be gained with further theoretical and experimental studies.  

 

II. Methods 

A. Experimental  

 Temperature-dependent Fourier transform infrared (FTIR) absorption spectra of 

dilute HOD in H2O were collected at 1 cm-1 resolution with a Nicolet 380 FTIR 

spectrometer from Thermo-Electron Corporation. The sample was contained between 1 

mm thick CaF2 windows with a path length of 6 m set by a Teflon spacer for both linear 

and nonlinear measurements.  The temperature of the home built brass sample cell was 

controlled with a water-cooled chiller, Neslab RTE-7.  

 Sub-100 fs infrared pulses were generated with a home-built system consisting of 

an amplified Ti:sapphire pulse (800 nm, 1 kHz, 1 W) pumping an optical parametric 

amplifier (OPA). A small portion of 800 nm (~1%) creates white light in a sapphire plate.  

After the white light seed and a portion of the 800 nm (~9%) pass through a 3 mm -

Barium Borate (BBO) crystal, the idler (2 m) seeds a second pass through the BBO with 

the remaining 800 nm.  Mid-infrared light is created by difference frequency generation 

of the signal (1.33 m) and idler in a 0.5 mm AgGaS2 crystal.  The spectrum was 

centered at 2500 cm-1 with a FWHM of ~230 cm-1.  Although the infrared pulse was 

contained in a purged box there was still residual CO2 creating a dip in the spectrum.  The 

pulses were compressed to ~70 fs for the 2D measurements and ~80 fs for the pump-
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probe (PP) measurements.  Cross phase modulation (XPM) obscures spectral information 

within approximately two times the pulse width.  Pulse delays were controlled with a pair 

of AR-coated ZnSe wedges mounted to stages that translate the wedge face perpendicular 

to the beam path.  The ZnSe wedges are 6 cm in length and have a 1.2 wedge. 

  We measured temperature-dependent two-dimensional infrared (2D IR) surfaces 

in the parallel polarization geometry to characterize spectral diffusion.  We use KBr beam 

splitters to split the mid-infrared pulse into three parts to acquire surfaces in the pump-

probe geometry in which a collinear pulse pair creates a vibrational excitation, and the 

third pulse acts as the probe and local oscillator.10 The measured signal is the real part of 

the rephasing plus non-rephasing pathways.11 The 1-axis was created by step-scanning 

the non-chopped pump beam in 2 fs steps to 600 fs.  Scanning the non-chopped pump 

beam removes the contribution to the total signal of the 1-dependent PP between the 

probe and one of the pump beams.  The PP between the probe and the other pump beam 

is independent of 1 and is, therefore, removed by numerical Fourier transform to create 

the excitation, or 1, dimension.  The probe beam is spectrally dispersed after the sample 

with a 75-grooves/mm grating onto a 64-channel liquid nitrogen cooled MCT array.  The 

~6 cm-1 resolution in 3 gives a detection axis with 400 cm-1 bandwidth.  In addition to 

the acquisition of the 2D signal, the interferometric autocorrelation and interference 

fringes for stage calibration are simultaneously measured from the replica of the collinear 

pump pair from the backside of the recombining beam splitter.10  A small reflection is 

directed into a room temperature MCT to measure the interferometric autocorrelation that 

constrains the relative pulse timing to the step size.  The remainder is passed through a 

monochromater set to 2500 cm-1 with a resolution of 1 cm-1, and the interference is 
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collected with a single channel MCT detector and Fourier transformed to determine the 

correction to the 1-axis.10   

 We used polarization-selective transient absorption to study temperature-

dependent reorientational dynamics and vibrational relaxation. In the pump-probe 

geometry a pump-probe can be measured simply by blocking the non-chopped pump 

beam.  A MgF2 /2-waveplate (Alphalas) is placed in the pump path to rotate the 

polarization 45 relative to the probe.  The polarization of the pump and probe were 

selected with ZnSe wire-grid polarizers (Molectron).  There are two polarizers after the 

sample.  The analyzing polarizer is rotated between parallel and perpendicular relative to 

the pump.  The second polarizer is set parallel to the probe such that the polarization-

sensitive grating sees the same polarization for zzzz and zzyy measurements.  The pump-

probe measurements were acquired by fast scanning the delay time and averaging the 

scans.  The isotropic signal, which is free of rotations and therefore measures vibrational 

relaxation, is constructed from the zzzz and zzyy measurements as: 

 2 2 2( ) ( ) 2 ( ) 3iso zzzz zzyyS S S    .  The anisotropy, which measures reorientational 

dynamics, is constructed as:    2 2 2 2 2( ) ( ) ( ) ( ) 2 ( )R zzzz zzyy zzzz zzyyC S S S S       . 

 

B. Molecular Dynamics Simulations 

 The MD simulations of neat H2O using the electronically polarizable SPC-FQ9 

model have been described previously.12 Here we will summarize the most salient details.  

In the SPC-FQ model the geometry of the individual water molecules is held rigid with 

an OH bond length of 1 Å and an HOH angle of 109.47°.  SPC-FQ models electronic 
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polarizability by allowing its three atomic centered point charges to fluctuate based on 

the instantaneous environment of the water molecule.  In principle, the charges could be 

calculated self-consistently at each MD time step, but in practice the charges are regarded 

as dynamical variables in an extended Lagrangian and propagated in time.9 This elegant 

approach results in a substantial computational savings.  There are three reasons why the 

SPC-FQ model was chosen for this work on the temperature-dependent ultrafast IR 

spectroscopy of HOD/H2O: (1) Previous studies at room temperature have shown that the 

SPC-FQ model exhibits rotational dynamics that are in better agreement with experiment 

than other commonly employed non polarizable water models (e.g. TIP4P13 and 

SPC/E14).9 (2) At room temperature the longest time scale for the decay of the frequency 

fluctuation time correlation function is also in better agreement with experiment than 

TIP4P and SPC/E.15 (3) The IR absorption and Raman scattering spectra computed for 

SPC-FQ are in excellent agreement with experiment from 10 – 90 °C.12  

 We calculated trajectories of 128 SPC-FQ H2O molecules at five temperatures in 

cubic boxes whose sizes were chosen to mimic the experimental number density at 283, 

303, 323, 343, and 363 K.  The 1 ns trajectories were collected in the NVE ensemble with 

a 0.5 fs time step, where the charge degrees of freedom were maintained at 5 K by 

rescaling the charge velocities every 1000 steps.  A running average of the temperature 

was monitored to ensure that it did not deviate outside of ±1.5 K of the target 

temperature.  Other details regarding the MD simulations are contained in Reference12. 

 Two quantities were computed from the trajectories: the OH bond orientational 

correlation function, C
R
(t)  P2[ûOH (0)  û

OH
(t)] , where P2 is the 2nd Legendre 

polynomial and û
OH

(t)  is a unit vector that points along an OH bond, and the normalized 
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electric field fluctuation time correlation function, C
E
(t)  E

OD
(0)E

OD
(t) / (E

OD
)2 , 

where E
OD

(t)  is the magnitude of the electric field, due to the surrounding water 

molecules, along an OH bond of interest and E
OD

(t)  E
OD

(t) E
OD

 represents the 

fluctuation of E
OD

(t)  from its equilibrium value, E
OD

.  C
R
(t)  was computed for the 

256 independent OH bonds in the simulations.  Although the simulations were of neat 

H2O, for the purposes of computing C
E
(t)  each of the bonds in the simulation were 

assumed to be the OD stretch of interest, which assumes that the dynamics of a single 

HOD molecule in water are similar to that of an H2O molecule.  The electric fields along 

each OH bond were then computed using the instantaneous charges on each of the other 

127 water molecules in the simulation, where the effects of long ranged electrostatics 

were incorporated using an approximation to the Ewald sum.16 

 The rationale for computing the normalized electric field fluctuating correlation 

function is that, within certain approximations, C
E
(t)  is equal to the normalized 

frequency fluctuation correlation function, C (t) , which can be extracted from the 

ultrafast 2D IR measurements on HOD in H2O.  The key assumption needed to connect 

C
E
(t)  with C (t)  is that the instantaneous OD vibrational frequency of interest can be 

linearly related to the electric field along the bond, 
OD

 a  bE
OD

.  Previous density 

functional theory calculations on 100 HOD·(H2O)n clusters containing between 4 and 9 

water molecules extracted from a room temperature MD simulation have empirically 

established a linear relationship (a = 2745.8 cm-1 and b = 4870.3 cm-1/au) between the 

OD stretch frequency of HOD with the electric field due to the surrounding solvent along 

its bond.  It is important to note, as a caveat, that more recent work on more and larger 
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clusters, albeit for different water models, have found that quadratic relationships 

between the electric field and vibrational frequency are more appropriate.17, Auer, 2008 #2979 

Nevertheless, for discerning trends in the long time decay of the frequency fluctuation 

correlation function as a function of temperature, invoking the approximately linear 

relationship available from the previous literature is reasonable.    

 

III. Results 

 Temperature-dependent linear absorption of the OD stretch of HOD in H2O at the 

five temperatures in this study (278, 286, 295, 323, and 345 K) with the background H2O 

subtracted are shown in Figure 1a and without subtraction in Figure 1b.  The condensed 

phase spectra red shifts by ~215 cm-1 from the gas phase (2723.68 cm-1)18 due to 

hydrogen bonding.  The ~160 cm-1 full-width half maximum (FWHM) primarily reflects 

a distribution of hydrogen bond strengths (see the supporting information).19  From 278 

to 345 K the peak blue shifts from 2499 to 2534 cm-1 (0.53 cm-1/K), indicating an 

increase in hydrogen bond fluctuations, and the FWHM broadens from 159 to 180 cm-1.  

However, the total area decreases with increasing temperature due to the non-Condon 

effect.20,21 In the same temperature range the HOD bend, which can be seen in Figure 1b, 

narrows and red shifts from 1460 to 1450 cm-1.  The model calculations, which will be 

described below, include the combination band (L + B) and stretch of the H2O bath.  

From 278 to 345 K the H2O stretch red shifts from 3389 to 3433 cm-1 (0.66 cm-1/K) and 

the combination band blue shifts from 2134 to 2075 cm-1 (quadratic dependence with 

temperature). 
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 Isotropic transient absorption at each of the five temperatures is shown in Figure 

2a.  The isotropic PP is calculated from the zzzz and zzyy transient absorption 

measurements by the relationship given above.  The dispersed PP is integrated over 75% 

of the maximum in frequency (of a slice taken at 2 = 200 fs to avoid XPM) to take into 

account the change in center frequency with temperature.  Thermalization of the low 

frequency modes occurs upon vibrational relaxation of the OD stretch.  This causes a 

blue shift in the frequency of the stretch that prevents refilling of the ground state bleach.  

At long waiting times the thermally shifted ground state (TSGS) appears as a difference 

spectrum between linear spectra separated by ~1 K.22  The TSGS has been included in a 

fit model by Rezus and Bakker23 that also includes relaxation through an intermediate 

state.  The fit model does not consider effects from the vibrational Stokes shift.  The 

experimental vibrational lifetimes found by applying the fit model starting at 2 = 400 fs 

for each of the five temperatures are shown in Figure 3.  We find a similar lifetime for the 

three lowest temperatures (~1.45 ps) and an increase in lifetime above room temperature 

to 2.0 ps at the highest temperature (345 K).  The intermediate state lifetime increases 

slightly with temperature, changing from 450 fs to 590 fs from 278 to 345 K (not shown).  

We found that fitting the integrated isotropic transient absorptions assuming that the 

TSGS grows in at the same rate as the decay of the excited state resulted in fits of similar 

quality within our experimental time window (~4 ps). 

 Normalized temperature-dependent pump-probe anisotropies are shown in Figure 

2b.  Before calculating the pump-probe anisotropy, the bi-exponential growth of the 

TSGS, determined by fitting the isotropic PP, is subtracted from the zzzz and zzyy 

transient absorption measurements.  This approach assumes the TSGS does not depend 
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on the polarization, which has been shown to be a reasonable assumption for the OD 

stretch.24 The dispersed anisotropies are integrated over a frequency range set by the 

maximum in frequency of a slice in the isotropic signal at 2 = 200 fs.  Although XPM 

obscures spectral information within the first ~150 fs, we fit the anisotropies with a bi-

exponential beginning at 200 fs since a bi-exponential decay has previously been 

observed with shorter pulses for the OH stretch of HOD in D2O.25 The inertial decay is 

set to 50 fs for all temperatures, the inertial time scale measured for the OH stretch of 

HOD in D2O at room temperature,25 and the initial value is set to 0.4.  We do not observe 

a clear trend between the inertial amplitude and temperature in the bi-exponential fits.  

MD simulations predict the inertial amplitude will increase with increasing temperature 

but experiments have reported that there is a change in frequency dependence of the 

inertial component with temperature, which complicates a straightforward 

relationship.26,27 The long time decay of the anisotropy, shown in Figure 3, becomes 

faster with increasing temperature. We found very similar values for the long-time decay 

when fitting a single exponential beginning at 200 fs without constraining the initial 

value.  

 2D IR surfaces at each of the five temperatures at three different waiting times are 

shown in Figure 4.  2D surfaces at five waiting times and two temperatures have 

previously been published.28 Since multiple vibrational levels are accessible within the 

bandwidth of our pulse, the 2D surface displays a positive peak from ground state bleach 

(=10) and an anharmonically shifted negative peak from excited state absorption 

(=21).  At early waiting times (2 < C, where C represents the correlation time), the 

peaks are diagonally elongated indicating frequency correlation between the first and 
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third time periods.  In the top row of Figure 4 we show 2D surfaces at 2 = 160 fs for each 

of the five temperatures.  Notice at 278 K the pear shape of the positive peak where the 

anti-diagonal line width is narrow on the red side and relatively broad on the blue side 

(where red and blue refer to low and high frequencies relative to band center, 

respectively).  The asymmetry across the line width forms the basis of a previous 

publication in which we analyze the waiting time dependence of the line shape for the 

OH stretch of dilute HOD in D2O and find that strained or broken hydrogen bonds exist 

only fleetingly.5,29 Note that as the temperature is increased, but as the waiting time is 

kept constant, the asymmetry across the line shape decreases and the anti-diagonal line 

width becomes generally broader.  We also plot the phase representation of the surfaces.  

We detail how we extract the complex surface from the measured real surface in the 

supporting information.  At early waiting times the phase lines are tilted toward the 

diagonal.  At 2 = 400 fs (second row of Figure 4) the frequencies initially excited have 

more time to diffuse through the line shape.  As a result the peaks are more symmetric, or 

appear more homogeneous, and the phase lines have tilted toward 1 at all temperatures.  

Notice, however, at low temperature the line shape is more inhomogeneous relative to 

high temperature.  At long waiting times (2 > C), sufficient spectral diffusion occurs 

during the waiting time such that peaks appear round due to loss of correlation.  Also, an 

additional negative feature appears above the diagonal upon sufficient vibrational 

relaxation due to the TSGS.  In the third row of Figure 4 we show the temperature-

dependent 2D surfaces at 3.2 ps.  Note the surfaces are generally round and there is 

additional negative feature above the diagonal, particularly visible for the three lowest 

temperatures, that acts to narrow the positive amplitude along 3.  Finally, note that there 
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appears to be a residual inhomogeneity, especially apparent at higher temperatures in the 

phase representation, on the red side of the spectrum. 

 We used a number of metrics that have previously been defined30 to characterize 

the waiting time dependence of spectral diffusion including the dynamic line width,31 

slope of the node,22,32 and the center line slope.33 After retrieving the complex correlation 

spectrum and the rephasing and non-rephasing surfaces on the basis of the Kramers-

Kronig assumption (see the supporting information) we also considered the normalized 

difference of the amplitude of the rephasing to non-rephasing surfaces,30 the slope of the 

imaginary node, and the phase line slope (PLS).22,28 All metrics show a similar trend with 

waiting time and temperature.  In Figure 2c we show the phase line slope, tan  , over 

frequencies marked with the box in the phase representation in Figure 4 (1 = 3 = 2470 

to 2530 cm-1) for each temperature.  In our previous publication we set the bounds of the 

box to 90% of the maximum in 1 and 3 for each surface.28 Both treatments show a very 

similar behavior.  The phase line slope decreases with increasing temperature.  However, 

there is an offset that appears larger with increasing temperature. 

 

IV. Spectroscopic Model 

 In order to quantify the temperature-dependence of spectral diffusion, 

reorientational dynamics, and vibrational relaxation, we employ a widely used nonlinear 

response function formalism to self-consistently model the FTIR, PP and 2D IR 

measurements.34 The model is similar to one we used to study the OH stretch of HOD in 

D2O.35 The response function, S, describes the vibrational dynamics of OD dephasing 

(S), vibrational population relaxation (Spop), and reorientation (Y) as separable 
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contributions to the vibronic response function, in addition to non-equilibrium heating 

effects that arise from vibrational relaxation of the OD stretch (STSGS):  

  
S  Y SS

pop,  S
TSGS

S
pop,TSGS .  (1) 

Dephasing is treated as fluctuations of the  = 0, 1, and 2 system eigenstates that result 

from coupling to a harmonic bath characterized by a bath time-correlation function, C(t). 

The remaining components are treated as phenomenological rate processes. 

This model makes several approximations that assume the various dynamics can be 

treated as homogeneous processes. We use the Condon and second-order cumulant 

approximations,34,36 which state that the transition dipole moment is independent of bath, 

and that the frequency fluctuations are purely Gaussian.  Both approximations have been 

shown to be invalid for water on time scales short compared to spectral 

diffusion.12,20,21,29,37 Rotation and vibrational relaxation are treated as Markovian 

processes that are independent of vibrational dephasing, although evidence indicates that 

this is a poor assumption for the same short time scales. We proceed with this analysis 

since the emphasis of this study is on relaxation kinetics on time-scales longer than the 

correlation time for spectral diffusion. On these long time-scales structural reorganization 

of the hydrogen bond network has effectively scrambled correlations among the different 

relaxation processes.      

 The timescale on which the assumptions become valid can be deduced from an 

analysis of heterogeneity within the 2D IR line shape.  In Figure 5a we show the waiting 

time-dependence of the first moment of the positive signal distribution for slices in 1 on 

the red and blue side of the line shape at 295 K.29 The decrease in the first moment on 
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both sides of the line width at longer waiting times is due to the growth of the TSGS.  For 

2  200 fs, there is a significant difference between first moment on the red and blue 

side, with a fast decrease on the blue side and a slight recurrence at ~120 fs on the red 

side.  A recurrence, or beat, has been observed in previous PS and 2D IR measurements 

of the OH stretch35 and MD simulations of the OH and OD stretch (for certain water 

models).38 After approximately 500 fs the dynamics become more similar across the line 

width.  At 278 K (Figure 5b), similar observations are made, but the difference across the 

line width is somewhat larger.  Also, the recurrence on the red side of the line width is 

more pronounced at the lower temperature.  These observations indicate that our model 

properly handles the measurement of relaxation time-scales for waiting times longer than 

the OD frequency correlation time. 

 

A. Vibrational Dephasing 

 To model the vibrational dephasing response function S , we include rephasing 

() and non-rephasing (+) pathways that contribute to third-order nonlinear experiments 

for pulses separated in time. Within the Condon approximation, and combining the 

dephasing and vibrational population relaxation, pop
S S , the rephasing (

 
S ) and 

nonrephasing (
 
S ) response functions are  
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(

2b) 

In these expressions 10, 21 and 10, 21 denote the transition frequency and transition 

dipole of the =10 and =21 transitions, respectively. The room temperature 

anharmonicity is fixed at 10 - 21 = 162 cm-1 for the OD stretch31 and is taken to be 

independent of temperature.  We assume harmonic scaling of the transition dipole, 

therefore 21  210 .  Fabcd are the dephasing functions, in which the indices refer to the 

vibrational 0, 1 and 2 states.  The dephasing functions, which depend on the two-point 

frequency correlation function, are given in the supporting information.  T1 is the 

vibrational lifetime, which is determined by fitting the isotropic transient absorption. We 

include population relaxation during the coherence periods with the timescale determined 

by: ab = ½(aa + bb), where T1=1/11.  We assume the population relaxation scales with 

quantum number, aa = a11, therefore T1 is the only necessary input.   

Motivated by a number of observations, we use a complex frequency correlation 

function in the present work.34 First, librational motion plays an important role in the 
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short time dynamics, and it is unclear if the high-temperature limit applies to librational 

frequencies. Also, harmonic bath models make explicit predictions about the temperature 

dependence of spectroscopic observables; for instance, the absorption line width is linear 

in T in the high temperature limit. Also, the Stokes shift, which accounts for the response 

of the bath to OD excitation, has been predicted to be small but a relevant contribution to 

the spectroscopy. A complex correlation function can be used to properly account for 

these effects. Computational modeling of HOD in H2O indicated that a classical 

correlation function is satisfactory for linear measurements, but quantum effects may 

become important for nonlinear measurements, especially for strongly inhomogeneously 

broadened systems.39 Overall, the analysis with a complex correlation function did not 

differ greatly from a real correlation function, but the modeling does identify interesting 

aspects that are discussed below and in the supporting information. 

Similar to prior studies of HOD in H2O by Fayer and co-workers,31 a tri-exponential 

was chosen as the functional form of the frequency correlation function:34 

  

C (t)  A
j
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C , j

coth
2k

B
T 

C , j









  i

1


C , j












exp

t


C , j











j1

3

 .  
(3

) 

In this equation C,j  is the correlation time for the jth exponential relaxation component 

and j
A  is its amplitude.  For this model, the reorganization energy is 

 
  A

jj , and 2 

is the Stokes shift. For a correlation function comprised of exponentials the expression 

for the line shape function becomes:34  
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 Based on the simulations below we fixed the inertial decay time scale at C,1 = 50 

fs for all five temperatures, although we found it necessary to vary the amplitude. To add 

constraints, we initially attempted to keep the intermediate timescale constant atC,2 = 

400 fs, the intermediate timescale found by Fayer and co-workers,31 but we found the fit 

of the two highest temperatures, 323 and 345 K, unsatisfactory.  At these temperatures 

the intermediate timescale was set to 200 fs.  Therefore, only three parameters of the 

frequency correlation function are independent: the timescale of the long-time decay,C,3, 

and the amplitudes of the inertial and intermediate-time decays.  A recurrence was not 

included in the correlation function since it is a relatively minor effect and we are 

primarily interested in the long-time behavior.  In addition to the OD stretch of HOD, we 

also use this formalism to treat the weak background absorption from the H2O stretch and 

libration-bend combination band.     

B. Rotational Response 

 For the case that vibrational and orientational response functions are separable 

and reorientational motion is treated as a Markovian process, the nonlinear orientational 

correlation functions can be written in term of ,
ˆ ˆ( ) [ ( ) (0)]R n nC t P t  , where P

n
 is the 

n
th order Legendre polynomial and ̂  is the transition dipole unit vector.40 The 

orientational responses are then expressed as:  
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For pump-probe measurements, the isotropic response ( 2 ) / 3iso zzzz zzyyY Y Y   is 

observed to be independent of orientational dynamics during 2, whereas the anisotropy is 

proportional to the second order orientational correlation function: 

C
R
(2 )  2 / 5 C

R,2(2 ) .  Guided by observations from the MD simulations below and 

previous experimental results,25 we model the anisotropy and second rank rotational 

correlation function as: 

  

C
R,2

(t,T )  1 A
R
(T ) exp

t


inertial







 A

R
T exp

t


R

T 








 .  

(6

) 

An inertial reorientational response with a time-scale of inertial = 50 fs is taken to be 

independent of temperature, but the amplitude AR and reorientational correlation time R 

are allowed to vary. For the purpose of describing 2D IR experiments, we include 

orientational relaxation during 1 and 3, which requires a first rank orientational 

correlation function, CR,1.  We relate CR,1 and CR,2 by scaling their orientational 

correlation times, but leave the inertial time scale unchanged.  Based on recent MD 

simulations of water,41 we use a scaling of ,1 ,2/ 2.3
R R
   , although the results are found 

to be indistinguishable within the model from the value of 3.0 predicted for small-angle 

diffusive reorientation.  The linear spectrum, 2D IR and pump-probes are sensitive to the 

scaling; the pump-probe anisotropy, however, is not sensitive to the scaling within the 

model. 

 

C. Thermal Effects 
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 The model includes a third order response from the TSGS mentioned above for all 

three modes.  The response can be written as: 
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 (7) 

In this equation 10 denotes the decrease in transition dipole strength, 

10  (10  10
TSGS ) / 10 , and  the blue-shift in frequency,  10

TSGS 10 , induced 

upon vibrational relaxation.  This formalism assumes an uncorrelated TSGS,35,42 in which 

frequency memory is lost upon vibrational relaxation.  Temperature-dependent linear 

absorption spectra show that the frequency of the OD stretch changes linearly with 

temperature.  Therefore, for all temperatures,  is set to the frequency change for 1 K 

increase in temperature, 0.53 cm-1.  A
TSGS, the intensity of the thermally induced 

response, and 10 are determined by fitting both the integrated isotropic PP at 2 > 1.5 

ps and the 2D surface at 2 = 4 ps projected along 3.   

N
TSGS(2) represents the growth of the thermal response with waiting time determined 

by fitting the integrated isotropic PP measurements.  The integrated isotropic PP is fit 

with the model developed by Bakker:23  

N
TSGS ( 2 )  1

1

T1 T
*
T

* exp  2 /T  T1 exp  2 /T1    
(

8) 

In this equation T *  represents the lifetime of an intermediate state, which has been 

suggested to be the fundamental of the HOD bend.43 Yeremenko and co-workers found 

an important contribution arising from the solvent D2O in experiments on the OH stretch 

of HOD in D2O.44 However, this effect is small for absorptive 2D IR and PP 
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measurements, and is more important for measurements sensitive to dispersive changes, 

such as photon echo and transient grating.45 Thermally induced shifts are also included 

for the background H2O stretch and combination band, although the effect is rather small 

in the region of the OD stretch (see the supporting information). 

 

D. Modeling Results 

 To apply the model to the OD stretch of HOD in H2O we first fit the experimental 

integrated isotropic PP and PP anisotropy at each temperature to determine T1, N
TSGS(2), 

and CR(t).  We make an initial guess for C(t) and solve for  by fitting the FWHM of the 

linear absorption measurement.35 The isotropic PP and 2D IR surfaces are calculated and 

compared to experiment to determine ATSGS and 10.  The complex surface is determined 

from the calculated 2D surfaces with the same method used for experimental 2D surfaces.  

The parameters for the frequency correlation function are adjusted at each temperature to 

best fit the experimental phase line slope over the same frequency range as the 

experiment. We allow for an arbitrary offset to the phase line slope generated from the 

model when comparing to the experimental phase line slope.  Although we are interested 

in the long time behavior we fit the entire waiting time range to obtain the most reliable 

information.  A self-consistent fitting of all the data provides enough constraints to 

quantitatively extract the longest correlation times, lifetimes, and reorganization energy at 

any temperature.    

The reorganization energy, , is found by fitting the FWHM of the linear spectrum. 

The linear spectra calculated with the model are shown as solid lines in Figure 1.  Since 

we are using the cumulant approximation the peaks are Gaussian.  The reorganization 
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energy, , and the complex initial value of the frequency correlation function, C (0) , are 

given in Table 1. Since the frequency correlation function is complex, the calculated peak 

frequency, which is compared to the experimental value, is red-shifted from the input 10 

and we find that at a given temperature the magnitude of the red-shift was most sensitive 

to the amplitude of the inertial decay (an increased amplitude resulted in an increased 

red-shift).  Experimental and input frequencies for the OD stretch are given in Table 1 

along with the amplitudes and timescales of the temperature-dependent frequency 

correlation functions.  The temperature-dependent long time decay is also shown in 

Figure 3.  The amplitude of the inertial decay increases from 41% to 71% from 278 to 

345 K.  The amplitude of the intermediate and long-time decays both decrease with 

increasing temperature.  The long-time decay decreases with increasing temperature, 

which is in agreement with our previous study.28 The experimental phase line slopes and 

best fits with the model, including the offset, are shown as solid lines in Figure 2c. 

 2D IR spectra generated from the model with the best-fit frequency correlation 

functions are shown in Figure 6.  The 2D surface is a 2D dimensional Fourier transform 

of  , ,pop TSGS pop TSGSY S S S S   .  The apparent asymmetry is in small part due to including 

the H2O combination band and stretch but mainly due to windowing by the experimental 

pulse spectrum after the 2D surface is calculated.  The 2D surfaces from the model are 

successful in capturing the average dynamics with waiting time and temperature.  The 

model 2D IR surfaces agree with the experimental surfaces best at lower temperatures.  

As the temperature is increased the residual inhomogeneity on the red side of the line 

shape, which is not captured with the model, becomes more important. 
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 After determination of the best-fit frequency correlation function the dispersed 

isotropic pump-probe is calculated using the isotropic orientational response function.  

The integrated isotropic signal from the model is compared to the experimental traces in 

Figure 2a.  In order to compare the model and experimental anisotropy the third order 

response, without including the TSGS response, is calculated with the zzzz and zzyy 

orientational response functions. The comparison is shown in Figure 2b.   

 We explicitly include the background absorption of the combination band and 

stretch of the bath H2O in our model to explore the origin of the long time offset observed 

in the phase line slope.46,47 The H2O combination band absorbs in the OD stretch region 

and there is a relatively small amount of absorption from the H2O stretch.  However, 

linear absorption and heterodyned third order measurements scale with the transition 

dipole to the second and fourth power, respectively.  The molar absorptivity of the H2O 

combination band and stretch are ~3.5 and ~100 M-1 cm-1 at the peak, respectively.47 

Given the sensitivity of the transition dipole on environment, with an increasing 

transition dipole with hydrogen bonding, it is not unreasonable for the H2O stretch to 

contribute to the third order signal in the region of the OD stretch. We find, however, that 

including the bath H2O was not important for the extracted dynamics from the model (see 

supporting information).  Since H2O was explicitly included in the model, all of the 

parameters discussed for the OD stretch had to be defined for the H2O combination band 

and stretch.  Parameters are given in the table and discussed in the supporting 

information.  

 

V. Discussion 
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 Over the past decade, the combination of ultrafast infrared spectroscopy and MD 

simulations of isotopically dilute water have developed an increasingly detailed 

molecular picture of the structural dynamics of water on the femtosecond to picosecond 

time scale. Since the frequency at which water absorbs is sensitive to its local 

environment, monitoring frequency evolution provides a picture of the evolving structure. 

On the picosecond time scale, theoretical work has shown that a number of relaxation 

mechanisms, including density and polarization fluctuations on length scales longer than 

the molecular diameter, occur on the same time scale as spectral diffusion suggesting that 

the picosecond time scale can not be assigned to local molecular motions but rather to 

collective rearrangements.8,48  Although absolute time scales cannot be compared 

between experiments that are sensitive to different relaxation phenomena, if the structural 

evolution is collective the temperature dependence of these measurements will be 

correlated. 

 The inertial decay of the pump-probe anisotropy has been attributed to librations, 

or hindered rotations, of the OX (where X = H or D) transition dipole, and long time 

decay to collective reorientation.25 The observed temperature-dependence of the long 

time relaxation agrees with previous studies using methods related to (with proper 

assumptions) the first Legendre polynomial: dielectric relaxation49 and THz time domain 

spectroscopy;50 and the second Legendre polynomial: NMR51,52 and OKE.53 Tielrooij and 

Bakker measured the temperature dependence of the reorientation time of the OD stretch 

of HOD in H2O with ultrafast infrared spectroscopy and found it decreased from 4.8 to 

0.97 ps from 274 to 343 K,43 which is in reasonable agreement with our study.  Assuming 

the long time decay follows Arrhenius behavior, 1 /
C
 Aexp E

a
/ RT , we find a 
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barrier height of 3.7 kcal/mol compared to 4.1 kcal/mol found by Petersen and Bakker.54 

The Arrhenius plot in Figure 7 shows that the trend is nearly linear with a slight quadratic 

dependence. 

 Previous measurements of the spectral diffusion of isotopically dilute water have 

assigned the long-time decay to collective reorganization of the liquid structure.8,35 Using 

the long-time decay from the temperature-dependent frequency correlation functions 

determined with the model (2.4 ps for 278 K to 0.7 ps for 345 K) and assuming Arrhenius 

behavior we find a barrier height of 3.4 kcal/mol.  As can be seen in Figure 7 the trend is 

linear, with a slight quadratic dependence in an opposite manner as the reorientation. We 

also determined the barrier height for the integrated real part of the correlation functions 

and found 2.9 kcal/mol with a trend that is quite linear.  Finally, in a previous publication 

we characterized the temperature-dependent spectral diffusion by fitting the phase slope 

decay with a number of functional forms and determining the correlation time either from 

the decay directly, integrating the normalized function, or from the 1/e period and found a 

barrier height of 3.4 ± 0.5 kcal/mol and a trend more similar to the reorientation.28 The 

differences in barrier height and trend should be taken as the uncertainty in our 

determination of the picosecond spectral diffusion time scale. 

 As described in Section II.B, we calculated temperature-dependent frequency and 

OD intramolecular bond orientational correlation functions with MD simulations using 

the SPC-FQ9 model for water. The polarizable SPC-FQ model was previously shown to 

provide a more accurate description than non-polarizable models (SPC/E and TIP4P) for 

the time scales of spectral diffusion and reorientational motion at room temperature 

compared to experiment.15 Moreover, we previously examined the linear absorption 
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spectroscopy of the SPC-FQ water model in the range from 283 to 363 K and found 

excellent agreement with experiment.  The results for the frequency time correlation 

functions, C(t), and OD bond orientation correlation functions, CR,2(t) for five 

temperatures in the range from 283 to 363 K are shown in Figure 8a and 8b.  The 

functions show the same trend as observed in the experiment: the long time decay is 

faster with increasing temperature.  Also, we find that the inertial dynamics are roughly 

independent of temperature, although the amplitude does increase with temperature for 

the orientational correlation functions.  We fit the picosecond decay with single 

exponentials and the time constants are shown in an Arrhenius plot in Figure 8c.  The 

behavior is clearly nonlinear, which is similar, although more pronounced, than the 

experimental orientational relaxation and other observables (see Figure 7).  Interestingly, 

the temperature-dependent trends for the two relaxation processes are similar within a 

scaling factor.  Using temperature-dependent experimental NMR measurements of 

specific molecule-fixed unit vectors and MD simulations, Ropp et al. showed that 

rotational motion in water is anisotropic.55 We have also determined the reorientational 

time scales from the picosecond decay of the out of plane vector, C2 symmetry axis, and 

HH intramolecular axis orientational correlation functions and found that, although the 

time scales differed, the non-Arrhenius behavior was the same (not shown). We find the 

activation energy is larger for the polarizable SPC/FQ model than the activation energy 

previously determined with the fixed-charge SPC/E model.28  In that case the activation 

energies of 3.6 kcal/mol for both spectral diffusion and rotational relaxation were in good 

agreement with experiment. 28   



28 

 

 The similar temperature dependence for both these dynamics experiments (with 

activation energies of 3.4 kcal/mol for spectral diffusion and 3.7 kcal/mol for 

reorientation) suggests a common mechanism.  Recent theoretical work by Laage and 

Hynes,6,41 found that reorientation occurred through large amplitude angular jumps that 

exchanged a hydrogen bond with a small contribution from the diffusive motion of the 

hydrogen bond frame.  This would suggest exactly what is observed in the current study 

since exchanging hydrogen bonds causes a significant change in frequency.29 The authors 

also looked at the temperature dependence of reorientation and found that the large 

amplitude jumps and diffusive motion both contribute at every temperature but large 

amplitude jumps are dominant.41  

 In Figure 7 we show an Arrhenius plot that includes previous temperature-

dependent studies of the first and second order orientational correlation functions along 

with the results of the current study.  The barrier height is similar for all the experiments 

included in the figure, and a similar quadratic dependence is observed. The barrier 

heights from the plot range from 3.9 to 4.7 kcal/mol over liquid phase temperatures 

where 4.7 kcal/mol is from the dielectric relaxation (DR) study, which samples the higher 

slope portion of the curve.  The ratio between R,2, measured in this study with pump-

probe anisotropy, and R,1, measured with THz time domain spectroscopy (THz-TDS)50 is 

2.7 ± 0.1 over the temperature range in this study and there is no clear temperature 

dependence.  We also plot the result of calculating R,2 derived from the Stokes-Einstein-

Debye equation, 3

,2 4 3R R kT  , where  is the temperature-dependent viscosity56 

and R is the hydrodynamic radius.57 For both quantities we use the values for H2O.  The 

Stokes-Einstein-Debye (SED) equation assumes the reorientation is diffusive, which 
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predicts that the ratio between C
R,1(t)  and C

R.2(t)  is 3.  We do not observe this ratio 

experimentally and reorientation dominated by diffusive steps disagrees with the 

theoretical work by Laage and Hynes.6,41 However, the temperature dependence of 2 

calculated with the SED equation shows a similar barrier height (4.3 kcal/mol) and 

quadratic behavior.  Although we are comparing experiments that are each uniquely 

sensitive to the evolving structure of the liquid we observe a similar barrier and for the 

most part a similar quadratic behavior.  This observation again points to the collective 

nature of the picosecond relaxation in water.  

In previous studies, the non-Arrhenius behavior of thermodynamic and transport 

properties of water have been attributed to relaxation processes characteristic of 

supercooled liquids.  Speedy and Angell found the temperature dependence of the 

isothermal compressibility, expansivity, isobaric heat capacity, diffusion coefficient, 

viscosity, dielectric relaxation, and 17O spin relaxation rate followed power law behavior. 

A plot of relaxation rates against log T T
S
1  using a homogeneous nucleation 

temperature TS = 228 K was linear.58,59 It has been suggested that water undergoes a 

fragile-to-strong transition at this temperature60 and the relaxation processes subsequently 

assume an Arrhenius behavior until the glass formation temperature.61 The Vogel-

Fulcher-Tammann law, which has also been used to model relaxation rates in 

supercooled water, predicts a linear relationship between the log of the temperature 

dependence of the property and 1 T T
o .52 Although several empirical relationships 

have been established, the microscopic explanation for the non-Arrhenius behavior in 
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terms of molecular behavior is unclear, and indicates a need for further studies at this 

level. 

 The common spectroscopic model used used in this study assumes the OD stretch 

is coupled to a thermally occupied harmonic bath, which makes predictions regarding the 

temperature dependence of spectral features.34 The correlation function is proportional to 

the coupling parameter, , which is determined by fitting the FWHM of the linear 

absorption spectrum.  At room temperature = 2.7  10-3 rad/fs, which represents a 

Stokes shift (2) of 29 cm-1.  If the input frequency and orientational correlation 

functions and lifetime are kept constant, and only the temperature is changed, the FWHM 

calculated with the model at the four other experimental temperatures are within ~1% of 

experimental values.  However, the approximation predicts a linear relationship between 

temperature and FWHM and a quadratic relationship is observed experimentally (not 

shown).  If the nonlinear measurements are calculated with the same input  and 

correlation functions, and changing only , frequency and orientational correlation 

functions, and lifetime, but with changing temperature, there is a negligible difference in 

dynamics.  Therefore, the correlation functions and spectral density of the bath is not 

temperature invariant, but are intrinsically different must be adjusted at each temperature 

to match the experiment, which results in a different  for each temperature (see Table 1). 

The Stokes shift appears to make a small but non-negligible contribution to the 

spectroscopy (see, also, the supporting information). The value of 29 cm-1 is consistently 

smaller than prior determinations on the OH stretching vibration. In 1999, Woutersen and 

Bakker reported pump-probe experiments on the OH stretch of HOD in D2O that probed 

relaxation dynamics on the red and blue side of the line shape upon pumping on the blue 
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and red side of the lineshape, respectively.62 The authors used a Brownian oscillator 

model to fit the experimental traces and report extract a Stokes shift (2) of 74 cm-1.62 

However, with a response function formalism, Yeremenko reproduced the results of 

Woutersen and Bakker without including a Stokes shift in the model, claiming that; the 

observed behavior arises from the spectrally narrow pump and probe pulses interacting 

within the pulse duration.45 For the same system, Dlott and co-workers found a Stokes 

shift of 120  30 cm-1 by superimposing the Stokes Raman and anti-Stokes Raman peaks, 

which are sensitive to the =10 and =01 transitions, respectively.63 With MD 

simulations, Lawrence and Skinner calculated a Stokes shift (2) of 57 cm-1 for the OH 

stretch of HOD in D2O and 28 cm-1 for the OD stretch of HOD in H2O, which is 1 cm-1 

different from our experimental value.19 The Stokes shift appears to make a small but 

non-negligible contribution to the spectroscopy (see, also, the supporting information). 

 For isotopically dilute water, the vibrational relaxation of the OH stretch of HOD 

in D2O has been more extensively studied both experimentally25,64-66 and theoretically.67-

69 Nienhuys and Bakker64,65 measured the temperature dependence of the vibrational 

lifetime and found it increased from 740 fs at 298 K to 900 fs at 363 K.  Theoretical work 

by Rey and Hynes69 and Lawrence and Skinner67,68 found the overtone of the HOD bend 

was the dominant relaxation pathway, which agrees with the experimental temperature 

dependence.  As the temperature is increased the stretch blue shifts and the bend red 

shifts toward their respective gas phase values.  If the bend anharmonicity is constant 

with temperature the overtone will shift in the same manner as the bend and, therefore, 

the overlap integral between the overtone of the HOD bend and OH stretch will decrease 

resulting in a decrease in coupling and a longer lifetime. Dlott and co-workers have 
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performed the only experiments on isotopically dilute water that directly probe vibrations 

beyond the stretch after excitation of the stretch by using a mixed IR/Raman technique 

with ~1.5 ps time resolution.66 They conclude that the primary route of energy relaxation 

of the OH stretch is through a pair of HOD bend vibrations facilitated by intermolecular 

energy transfer to D2O.  However, it is plausible that the overtone of the bend was not 

observed due to the experimental time resolution given that the lifetime of the 

fundamental of the HOD bend in D2O is 390 fs.70  

 A theoretical study on the OD stretch of HOD in H2O, performed similarly to the 

calculations on the OH stretch,67-69 found the dominant pathway for the OD stretch was 

either through the fundamental of the HOD bend or directly to the ground state depending 

on if the bath was treated as rigid or flexible, respectively.71 Fayer and co-workers 

originally measured a vibrational lifetime of the OD stretch of HOD in H2O at room 

temperature of 1.45 ps72 by using SVD analysis to account for the TSGS, then 1.7 ps73 

upon using a similar fitting method to Rezus and Bakker.23 The longer lifetime of the OD 

stretch compared to the OH stretch agrees with the proposed mechanism for the OH 

stretch given that the closest intramolecular mode that is lower in energy, is separated by 

~1050 cm-1.  Tielrooij and Bakker43 measured the temperature-dependence and found it 

generally increased from approximately 1.7 to 2.2 ps from 274 to 343 K.  In the current 

study we find the vibrational lifetime increases from 1.4 to 2.0 ps from 278 to 345 K (see 

Figure 3).  These lifetimes are somewhat faster than those of Tielrooij43 but agree with 

the lifetime first reported by Fayer and co-workers.72 An important difference between 

the experiments is that the measurements in the former study are taken to 2 > 10 ps but 

only to 2 ~ 4 ps in the current study.  An interesting similarity between the two 
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measurements, however, is that the vibrational lifetime of the OD stretch is largely 

unchanged from the lowest temperature to room temperature.  Multiple competing 

pathways may exist that have different dependencies on temperature.  The theoretical 

study, which was performed at room temperature, considered the rate constants for 

energy transfer to the fundamental of the HOD bend, and bend and stretch of H2O;71 but 

it did not consider a pathway through the overtone of the HOD bend, which is ~400 cm-1 

higher in energy.  Also, although the energy gap between the OD stretch and HOD bend 

increases with increasing temperature, the gap between the OD stretch and overtone 

decreases.  The broad librational band of H2O, which is peaked at ~680 cm-1,74 or a 

combination of low frequency modes are capable of contributing the excess energy.  An 

experimental study monitoring the deposition of energy into the HOD bend upon 

excitation of the OD stretch at multiple temperatures and a temperature-dependent 

theoretical study would helpful in determining if there is a change in mechanism with 

temperature.   

 

VI. Conclusions 

 By using ultrafast infrared spectroscopy to measure the temperature-dependent 

picosecond decay of reorientation and spectral diffusion of the OD stretch of dilute HOD 

in H2O, and comparing the non-Arrhenius behavior to previous measures of relaxation 

processes in water, we have found that hydrogen bond rearrangement in water is 

collective.  To determine the picosecond decay we self-consistently model 2D IR, pump-

probe, and linear absorption measurements with a response function formalism that 

includes the effects of spectral diffusion, population lifetime, reorientation, and non-
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equilibrium heating upon vibrational relaxation.   Prior experimental and theoretical 

studies have shown that hydrogen bond switching is concerted and involves large angle 

reorientation.5,6  This work provides evidence that translation and reorientation are 

intertwined with hydrogen bond rearrangement in the collective reorganization of the 

liquid.  It remains a question what the correlation length for reorganization is, which 

collective variables may be best suited to describe or study hydrogen bond 

rearrangement, and the microscopic origin of the non-Arrhenius behavior from the liquid 

to supercooled regions of water.   
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Note: In a publication that was published during review, Published while in review 

In a recent publication, Perakis and Hamm present 2D IR spectra of the OD stretch of 

HOD in H2O from ambient temperature to the supercooled regime.75 There are 

similarities with the current study: spectral diffusion slows with decreasing temperature 

and a slightly non-Arrhenius behavior is observed.  However, the authors find a 

significant difference in barrier height depending on the polarization 

geometryconfiguration used in the experiment.  This is indicative of the The interesting 

and possibly complex relationship between OD frequency and OD reorientation, which  

has just started to be explored76,77 and it requires further experimental studies to be fully 

elucidated.  
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Table 1: Summary of the temperature dependent parameters contained within our spectral 

model for the OD stretch of HOD in H2O. 

 278 K 286 K 295 K 323 K 345 K 

10 [cm-1]  

(from FTIR) 2499 2503 2508 2522 2534 

10 [cm-1]  

(input model) 2503 2507 2513 2529 2544 

FWHM [cm-1] 159 163 166 175 180 

T1 [ps] 1.4 1.5 1.4 1.6 2.0 

CR,2(t) 

(AR) R [ps] (0.74) 4.5 (0.64) 3.8 (0.69) 2.9 (0.78) 1.7 (0.78) 1.3 

C(t) 

(A1/) 1 [fs] 

(A1/) 2 [fs] 

(A1/) 3 [ps] 

(0.41) 50 

(0.35) 400 

(0.24) 2.4 

(0.44) 50 

(0.33) 400 

(0.23) 2.1 

(0.45) 50 

(0.35) 400 

(0.2) 1.8 

(0.57) 50 

(0.27) 200 

(0.16) 1.1 

(0.71) 50 

(0.12) 200 

(0.17) 0.7 

/10-3 [rad/fs] 2.6468 2.5824 2.6993 3.1906 3.3834 

C(0)/10-4 [rad2/fs2] 1.9467 1.9542 2.1062 2.7279 3.0922 

 C(0)/10-5  [rad2/fs2] 2.4284 2.5138 2.6956 4.1144 5.0896 

Offset (PLS) 8.7e-2 8.0e-2 6.8e-2 1.1e-1 1.3e-1 

 

  

  

 

Figure Captions 
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Figure 1: Temperature-dependent linear absorption of dilute HOD in H2O with (a) and 

without (b) the solvent H2O subtracted.  The traces are offset along the absorbance axis.  

The fit from our spectral model is shown in dark gray for each temperature. 

Figure 2: (a) Isotropic transient absorption (offset) and (b) anisotropy (normalized at 200 

fs) of dilute HOD in H2O at each of the five experimental temperatures plotted as a 

function of delay time between the pump and probe.  The best fit from our spectral model 

normalized at 200 fs for both (a) and (b) is shown in dark gray.  (c) Phase line slope over 

1 = 3 = 2470 to 2530 cm-1 determined from the temperature and waiting time 

dependent 2D IR with the best fit from our model shown as solid lines. 

Figure 3: Temperature-dependent lifetime, T1, (open triangles), picosecond decay of the 

integrated pump-probe anisotropy (open squares) and picosecond decay of the best fit 

frequency correlation function from the fit model (open circles).  

Figure 4: Experimental absorptive and phase 2D surfaces of dilute HOD in H2O at each 

of the five temperatures at three waiting times: 2 = 160 fs (top), 400 fs (middle) and 3.2 

ps (bottom).  The contours in the absorptive 2DIR spectra are at 12% intervals relative to 

the maximum.  The phase spectra are plotted from -/2 to /2 and are windowed by 10% 

of the absolute value spectra. 

Figure 5: First moment of the positive amplitude for slices in 1 at 2450 cm-1 (red) and 

2550 cm-1 (blue) at the temperatures 295 K (a) and 278 K (b).  The insets show the short 

time behavior for each of the two temperatures.    
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Figure 6: Absorptive and phase 2D surfaces calculated with the model at each of the five 

experimental temperatures at three waiting times: 2 = 160 fs (top), 400 fs (middle) and 

3.2 ps (bottom).  The contours in the absorptive 2DIR spectra are at 12% intervals 

relative to the maximum.  The phase spectra are plotted from -/2 to /2 and are 

windowed by 10% of the absolute value spectra. 

Figure 7: Arrhenius plot of the picosecond decay of the temperature-dependent best-fit 

frequency correlation function (C(t), open circles) determined with the spectral model 

and anisotropy (CR(t), open squares) along with previous temperature-dependent 

measures of reorientational relaxation in water: optical Kerr effect53 (OKE, filled circles), 

NMR51 (crosses), terahertz time domain spectroscopy50 (THz-TDS, asterisks), and 

dielectric relaxation49 (DR,  plusses).  We also show the result of applying the Stokes-

Einstein-Debye equation (SED, line). 

Figure 8: Normalized temperature-dependent correlation functions for (a) the OD stretch 

vibrational frequency, C(t), and (b) bond reorientation, CR(t), from MD simulations with 

the SPC/FQ water model.  (c) Arrhenius plot of the correlation times in femtoseconds 

obtained from exponential fits to the picosecond decay. 
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