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A comparative study of vibrational energy relaxation (VER) between the monohydrated 

complexes of phenol-d0 and phenol-d1 is investigated in a supersonic molecular beam. The 

direct time-resolved measurement of energy redistribution from the phenolic OH/OD 

stretching mode of the phenol-d0-H2O/phenol-d1-D2O is performed by picosecond IR-UV 

pump-probe spectroscopy. Two complexes follow the same relaxation process that begins 

with the intramolecular vibrational energy redistribution (IVR) and the intermolecular 

vibrational energy redistribution (IVR), which is followed by the vibrational predissociation 

(VP). The difference in the relaxation lifetimes between them is discussed by anharmonic 

force field and RRKM calculations. Anharmonic analysis implies that intra- (IVR) and 

intermolecular (IVR) relaxations occur in parallel in the complexes. The RRKM-predicted 

dissociation (VP) lifetimes show qualitative agreement with the observed results, suggesting 

that VP takes place after the statistical energy distribution in the complexes.  
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1. INTRODUCTION 

Vibrational energy relaxation (VER) plays a crucial role in thermalizing excited 

vibrational energy of solute molecules in solution.1-6 There are two pathways of energy 

relaxation from the excited vibrational mode. One is intramolecular vibrational energy 

redistribution (IVR) known as an energy dissipation process within internal vibrations of the 

solute molecule, and the other is vibrational cooling (VC) known as an energy-flow process 

to accessible vibrations of solvent molecules. A relaxation lifetime of VC depends on the 

solute-solvent interaction, e.g. van der Waals force (electrostatic force), dispersion force, and 

hydrogen bond.7 In particular, since the hydrogen-bonded system is important for 

understanding the reactivity of biological processes, the dynamics of the OH bond has been 

the subject of ongoing research. The hydrogen-bonded OH bond is characterized by several 

spectroscopic features. First is a large spectral red-shift of the OH stretching vibration, which 

is interpreted by the weakening of the OH bond due to a partial occupation of the σ* level 

from the lone pair of the hydrogen acceptor. Second is a spectral broadening that is attributed 

to the short lifetime caused by VER and the overlapped OH stretching bands of as many 

hydrogen-bonded configurations as possible in solution. In consequence, surrounding solvent 

molecules mask the intrinsic vibrational mode couplings and detailed mechanism of VER. 

For this reason, a study of an isolated complex in gas phase is essential to assess a vibrational 

dynamics.  

 The development of various laser-based electronic and vibrational spectroscopic methods 

under the supersonic-jet experiment has been successful to shed light on the structural and 

vibrational analysis of various complexes of aromatic molecules.8-11 Among them, hydrogen-

bonded phenol complex has been extensively studied both structurally12-30 and dynamically31-

36 because of its characteristic sensitivity of the phenolic OH stretching vibration to the 

basicity of solvent molecule23. A combination of the time-resolved method and the cooling by 

supersonic free jet expansion enables us to perform a real-time measurement of population 

change to seek the relaxation process. In our previous works, picosecond time-resolved IR-

UV pump-probe spectroscopy was carried out to investigate the VER dynamics of the 

hydrogen-bonded complexes of phenol, such as site-dependent relaxation of the phenol 

dimer37 and search for the energy dissipation pathway and its time scale of the phenol-solvent 

complexes.  The former one clarified that the rate of energy relaxation from the proton-

donating phenol is accelerated whereas the one from the proton-accepting phenol is almost 

unchanged. In the latter, we proposed the three-step energy relaxation model via two bath 



Page	  3	  
	  

states40. The vibrational energy is first redistributed into the phenolic site (IVR with bath 1) 

and transferred to the whole body of the complex (IVR with bath 2), which results in the 

vibrational predissociation (VP). It is also found that a shortening of the IVR lifetime is 

strongly correlated with the hydrogen-bond strength and the VP tends to be non-RRKM 

where the dissociation takes places prior to the complete energy randomization.  

 In this paper, we present a precise picture of the vibrational relaxation dynamics of 

monohydrated phenol complex by comparing the influence of the excitation energy on the 

VER lifetime using deuterium substituted species. Figure 1 shows the energy level and VER 

scheme for (a) the hydrogen system (C6H6OH-H2O, phenol-d0-H2O) and (b) the deuterium 

system (C6H5OD-D2O, phenol-d1-D2O). The IR spectrum in the inset on the left indicates the 

phenolic OH stretching at 3525 cm-1 and the phenolic OD stretching at 2600 cm-1. The real-

time energy redistribution from the phenolic OH/OD vibrational mode is studied by using 

picosecond time-resolved IR-UV pump-probe spectroscopy. The difference of the obtained 

rate constants between the two complexes is discussed based on two theoretical approaches: 

anharmonic force field and Rice-Ramsperger-Kassel-Marcus (RRKM) calculations. They 

support our pump-probe experimental results and emphasize important mode-to-mode 

vibrational couplings that alter the dissociative rate constant of the hydrogen-bonded phenol-

water complex where the dissociation takes place after the complete energy randomization. 

Figure 1 

 

2. Experiment 

A. Molecular beam and picosecond time-resolved IR-UV pump-probe system 

Internally cold gaseous phenol-d0-H2O (or phenol-d1-D2O) is produced by a supersonic 

free jet expansion of the phenol-d0/H2O (or phenol-d1/D2O) gas mixture seeded in He carrier 

gas at the total pressure of 3 bar through a pulsed nozzle. The jet is collimated by a skimmer, 

which is located at 30 mm downstream of the nozzle. In the case of phenol-d1-D2O, all tubes 

and a nozzle were washed with D2O beforehand to maintain the isotopically pure condition. 

The complex in the molecular beam is irradiated by picosecond IR and UV laser pulses for 

measuring the VER process of the complexes. The IR laser pulse (with energy 50 µJ) pumps 

the phenolic OH (or OD) stretching mode of the phenol-d0-H2O (or phenol-d1-D2O). By 

controlling an optical delay line, a tunable picosecond UV laser pulse (with energy 50 µJ) is 
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irradiated to monitor the population change of the pumped level and intra- and 

intermolecularly energy redistributed levels of the complex by resonant two-photon 

ionization (R2PI) via the S1 state. The ionized species is mass-analyzed by a 50 cm time-of-

flight tube and detected by a channeltron as an ion signal. An ion signal integrated by a 

boxcar integrator was processed on a personal computer. For the transient R2PI spectrum, ion 

intensity is recorded as a function of UV frequency at the fixed delay time after IR excitation. 

For the time profile, the IR-UV pump-probe ion signals are recorded by managing the 

computer-controlled optical delay lines of the UV laser pulse at the fixed UV frequency. To 

determine the lifetime τ, the time evolution of the excited vibrational level and bath states is 

convoluted with IR and UV laser pulse as a Gaussian line shape of 12 ps (FWHM). The 

tunable picosecond UV and IR laser pulses are obtained by the mode-locked Nd:YAG 

picosecond laser pumped OPG/OPA laser systems. The third harmonic of the mode-locked 

Nd:YAG picosecond laser (Expra PL2143B) is divided into two to pump two OPG/OPA 

laser systems, one (Expra PG401/DFG) generates a tunable IR laser pulse by difference 

frequency generation (DFG) between the idler light of OPG/OPA and 1.064 µm fundamental, 

the other (Expra PG401SH) generates a tunable UV light by frequency doubling the 

OPG/OPA visible output. The spectral resolution of the IR and UV laser pulses are 5 cm-1.  

 

B. Sample preparation 

Phenol-d0 (>99.5 %) and D2O (isotopic purity >99.7 %) were used without further 

purifications. Phenol-d1 was synthesized by D2O and phenol-d0 and purified simultaneously 

by vacuum sublimation as follows. An adequate amount of phenol-d0 was placed in an excess 

amount of D2O in the sublimation apparatus. It was immersed in a mild hot water bath 

(approximately 40 ˚C) for 1 hour. After removal of water by a vacuum pump, phenol-d1 was 

obtained as a white crystal on the cooled surface.  

 

C. Calculations 

Density functional theory was employed to calculate the most stable ground-state 

structure, vibrational frequencies, and rotational constants of phenol-d0, phenol-d1, H2O, D2O, 

phenol-d0-H2O and phenol-d1-D2O using the M05-2X functional with a 6-31++G(d,p) basis 

set on the Gaussian 09 program package41. The optimized structure of the complex has the Cs 

symmetry with a plane of the water molecule orthogonal to the aromatic plane. To correct for 
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anharmonicity, the calculated vibrational frequencies of phenol-d0-H2O and phenol-d1-D2O 

are scaled by 0.9432 and 0.9532 in comparison to the phenolic OH and OD stretching 

frequencies in the IR spectrum, respectively. The rotational constants of phenol-d0, phenol-d1, 

H2O, and D2O are in good agreements with the experimental values12-13. The cubic force field 

analysis was performed at the B3LYP/6-311++G(2df, 2p) level calculation42.  

 

3. Results  

A. phenol-d1-D2O  

 Figure 2 shows the transient R2PI spectra of phenol-d1-D2O complex recorded at several 

delay times after the IR laser excitation to the phenolic OD stretching mode. These spectra 

are depicted in the manner that the R2PI spectrum without the IR laser irradiation is 

subtracted.  It is clear that the energy flow is observed in two domains. A sharp band at 33410 

cm-1, assigned to the OD1
0 transition, rapidly disappears within 50 ps. On the other hand, a 

broad continuum, assigned to the vibronic transitions from the bath state at the isoenergetic 

level of the phenolic OD stretching mode, starts to appear in the frequency region higher than 

34500 cm-1. Therefore, the energy introduced to the OD stretch is rapidly redistributed to the 

whole body of the complex via IVR and IVR. The unusual intensity drop at ~ 35000 cm-1 

region (marked by astreisks) is due to the weak UV output. No ion signal is detected after the 

delay time of 280 ps since the complex dissociates by breaking the hydrogen bond. 

Figure 2 

 The time profile of the pump-probe ion signals is analyzed by adopting a previously 

proposed three-step relaxation model for describing the VER of the phenol-solvent 

complexes38-40. In short, the OX (X=H or D) stretching energy is first redistributed into bath 

state 1 with a lifetime τ1 and the energy is further transferred to bath state 2 with a lifetime τ2, 

followed by the dissociation of the complex with a lifetime τ3. Here, bath state 1 is built by 

dense vibrational levels consisting of mostly the intramolecular modes of the phenolic site 

and bath state 2 mostly consists of the intermolecular modes of the complex. The transition 

intensities from bath state 1 and bath state 2 depend on Franck-Condon factors from the 

energy-transferred levels. The time evolution of each bath state is expressed in the following 

equations,45 
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 Based on this model, a least squares fitting method is used to find the best-fit lifetimes 

and coefficients that reproduce the observed time profiles (ʘ) in Figure 3. The population 

change at the phenolic OD stretch level is monitored by the OD1
0 transition at 33410 cm-1. As 

seen in Figure 3a, the IVR lifetime (τ1) is determined by fitting a single exponential decay 

curve, which yields 12 ps. Since the broad continuum consists of the transitions of bath states 

1 and 2, the time evolution measured at the broad continuum is expressed by the sum of 

Ibath1(t) and Ibath2(t). The fitting of the time evolutions at three different probe UV frequencies 

seen in figure 3b), c), and d) yields the IVR lifetime (τ2) of 24 ps and the VP lifetime (τ3) of 

100 ps. The ratio of the transition intensities of bath state 1 (Cb1) and bath state 2 (Cb2) is 

different at each probe UV frequency as expected. In other words, there are larger IVR 

contributions at higher UV frequency because the electronic transitions of low frequency 

intermolecular vibrational modes (bath 2) are Franck-Condon allowed near the S0-S1 band 

origin (36000 cm-1)38.  

Figure 3 

B. phenol-d0-H2O  

 The same IR-UV pump-probe experiment has been performed for the phenol-d0-H2O, as 

shown in figure 4. The decay time profile of the IR excited OH stretching level was not 

measured as our laser system did not generate a monitoring UV light at 32476 cm-1 that 

corresponds to the OH1
0 transition. Thus, we used the IVR lifetime (τ1) estimated from the 

bandwidth of the OH band in the IR spectrum by Doi and Mikami43, which is 4 ps. The 

analysis of the time evolution at the broad continuum seen in figure 4a), b), and c) yields the 

IVR lifetime (τ2) of 6 ps and the VP lifetime (τ3) of 40 ps. As with the deuterium system, the 

ratio of the transition intensities of bath 1 and bath 2 changes in accordance with the probe 

UV frequency.  

Figure 4 
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4. Discussion 

In order to evaluate the relaxation process of phenol-water complex, we adapted “three-

step relaxation model involving IVR and vibrational predissociation.” It was first proposed 

by Ebata and coworkers for describing the VER of the hydrogen-bonded phenol complex 

with solvent molecules38-40 and its validity was recently confirmed from the VER of benzene 

dimer and trimer44. The lifetimes of phenol-water complex utilized by this model are 

summarized in Table 1. In this section, we discuss the VER mechanism and rate constants by 

comparing the experimental results with those of the anharmonic forced field calculation and 

RRKM calculation.  

Table 1 

 

A. Anharmonic Force Field Calculation Study 

 We first discuss the relaxation pathways from the phenolic OH and OD stretching modes，

νOH and νOD, respectively, in terms of anharmonic force field study41. This treatment was first 

reported by Petković 42, providing the line-up candidates of the combination modes that 

couple to the νOH of phenol and its hydrogen-bonded complexes. The potential function of 

vibrations is expanded by Taylor series around the global minimum as 

    (4) 

 Table 2 lists the overtone and combination levels which couple with νOH/OD via the cubic 

anharmonic term and the coupling constants (KijvOH) larger than 300 cm-1. It should be noted 

that the energy gap is not satisfied to be isonergetic at this stage and higher-order coupling is 

required to hold the energy conservation involving the vibrational quanta between modes, but 

these combinations are still possible candidates for initiating the energy transfer from νOH/OD. 

First, two systems (phenol-do-H2O and phenol-d1-D2O) have almost equal number of 

available coupling levels that promote IVR and IVR through the intramolecular modes and 

intermolecular modes. Especially, in both cases, the strong coupling of νOH/OD with the out-
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of-pane torsion τOH/OD leads IVR while the one with the intermolecular modes, i.e. torsional 

motion of water molecule, leads IVR. These outcomes imply that IVR occurs in parallel with 

IVR in the VER. Second, phenol-do-H2O has twice as many intra- and intermolecular 

coupling levels as phenol-d1-D2O. In addition, we see that the phenolic CH vibrations are also 

anharmonically coupled with νOH, which is in good agreement with our previous study that 

the vibrations involving the CH groups are also the possible candidates to promote IVR of 

phenol-do-H2O.45 Therefore, the hydrogen system would be more likely to dissipate energy 

than the deuterated system, resulting in the shorter lifetime of IVR and IVR, as is observed.   

Table 2 

B. RRKM theory estimation 

 After the rapid energy redistribution, the complexes dissociate by vibrational 

predissociation (VP). Here, we discuss whether the dissociation can be treated by statistical 

theory calculation to describe the observed VP rate constants and the difference of the 

constants between the two complexes46-51.  According to the RRKM theory, a dissociation 

rate constant k(E) is given by 

 k (E) = 1
h
W (E − ED)

ρ(E)
.       (5) 

where ρ(E) is the vibrational state densities at the phenolic OH/OD stretching energy E of the 

complex, ED is the hydrogen-bond dissociation energy, and W(E–ED) is the total number of 

quantum states of the complex at the transition state with an excess energy of E–ED. Figure 5 

is the schematic potential energy diagram of the two phenol-water complexes along the 

hydrogen-bond distance. The vibrational state density ρ(E) is estimated by direct counting 

method using harmonic oscillator from the energy optimized structure of the complexes at 

M05-2X/6-31++G(d,p) level. Since the complexes has a Cs symmetry, only the A’ vibrational 

modes as that of the OH/OD stretching mode are taken into account.  Courty et al. measured 

the accurate dissociation energy ED to be 1958±38 cm-1 for phenol-do-H2O52. Assuming that 

the two systems possess the equal hydrogen-bond strength, we set ED 2000 cm-1 that gives 

their excess energies of 1525 cm-1 and 600 cm-1 for phenol-do-H2O and phenol-d1-D2O, 

respectively. 

Figure 5 
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 The prediction of the transition state is very difficult since the dissociation is thought  

to occur without a barrier. Instead, we assumed that the intermolecular vibrational modes at 

the transition state can be replaced by the rotational motion of the fragments with a restriction 

of the conservation of angular momentum between the complex and the fragments. Then, 

W(E–ED) is expressed by  

 W (E − ED) = N
υ
(E

υ
) NR(ER , J )∑ .     (6) 

Here, Nv(Ev) is the number of the vibrational states at the energy Ev, and NR (ER, J) is the 

number of the rotational states at the energy ER = E - ED - Ev with the total angular 

momentum of J. Though both the complex and the fragment molecules must have J and K 

structures, we approximated them as diatomic rigid molecules with the rotational axis of the 

largest moment of inertia in each species.  That is, 

 ER = E - ED - Ev = Bph Jph (Jph+1) + Bw  Jw (Jw+1).   (7) 

Here, Bph and Bw are the rotational constants of phenol and water, respectively, and Jph and Jw 

are the quantum numbers of the angular momentum of phenol and water, respectively. The 

temperature of the complexes in a molecular beam is assumed to be 10 K, giving the 

prominent distribution of J  = 0 – 40 in both complexes. Table 3 lists the calculated 

dissociation lifetime (τRRKM) for the two complexes. Though the calculated values are 

roughly 2.5 -3 times slower that those of the observed ones, we consider the agreement is 

reasonable based on the simplicity of the model. In addition, the ratio of the observed VP 

lifetime (τ3) between phenol-do-H2O and phenol-d1-D2O is also reproduced by the RRKM 

calculation. Thus, we conclude the hydrogen-bond dissociation occurs after the complete 

energy randomization in both complexes.  

Table 3 

 

5. Conclusion  

In summary, we applied picosecond time-resolved IR-UV pump-probe spectroscopy to 

investigate vibrational dynamics of the phenol-water complex starting from the phenolic 

OH/OD stretching vibration of phenol-do-H2O and phenol-d1-D2O. The transient R2PI 

spectra indicate the evident energy flow from the phenolic OH/OD stretching mode to intra- 
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and intermolecular vibrational modes in the complex. To pursue the energy redistribution 

route in the complex, time profiles of IR-UV pump-probe signals are measured at several UV 

frequencies and they are analyzed by the three-step relaxation model. The anharmonic force 

field calculation for searching energy-flow pathway via the vibrational mode couplings 

showed that the number of coupled levels with the OH stretch is greater than the one with the 

OD stretch, which support our experimental results. The lifetime of the H-bond dissociation 

of the complexes can be treated by the RRKM theory calculation, suggesting a statistical 

distribution before breaking the H-bond. Also the model describes the difference of the VP 

lifetimes between the two complexes. These two theoretical model can well describe internal 

events of energy redistribution and randomization of VER in the complex starting from the 

OX(X=H and D) stretching vibration. 
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TABLE 1. Fitted parameters from the pump-probe ion signals of each phenol-water complex. 

complex stretching mode

phenol-d0-H2O

phenol-d1-D2O

νOH

frequency

(cm-1)

νOD

3525

2600

excess energy

(cm-1)

1525

600

IVRτ1
(ps)

IVRτ2
(ps)

VPτ3
(ps)

4 6 40

12 24 100
 

 

TABLE 2. Cubic anharmonic force constant KijvOH (absolute values in cm-1) involving the 
OH/OD stretching mode in phenol-d0-H2O/phenol-d1-D2O larger than 300 cm-1. Each 
superscript on the vibrational mode is numbered in the order from the lowest vibrational 
frequency of the calculation. 

phenol-d0-H2O phenol-d1-D2O

 

 
TABLE 3. Calculated vibrational state density ρ(E) and total number of rotational and 
vibrational states of the fragments W, and predicted dissociation lifetime τRRKM. 

phenol-d0-H2O

phenol-d1-D2O

exptτ3 (ps)

40

100

ρ(E) X105 (cm)

0.786

τRRKM (ps)

1.91

W(E-ED) X10
5complex

100

330

1.85 14.8
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FIG. 1. (a) Energy level scheme of the three-step relaxation model for phenol-d0-H2O and the 

IR spectrum of the OH stretching region. (b) Energy level scheme of the three-step relaxation 

model for phenol-d1-D2O and the IR spectrum of the OD stretching region. 
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FIG. 2. Transient R2PI spectra of phenol-d1-D2O measured at the delay times of 7 ps, 20 ps, 

53 ps, and 287 ps after the IR excitation of the phenolic OD stretching mode. The region 

between 33500 cm-1 and 34000 cm-1 is omitted because no prominent signal appears there. A 

lack of the ion intensity between 34800 and 35100 cm-1 is caused by unadjusted SHG crystal 

angle in the laser system. The timed profiles were observed at the positions marked by arrows. 
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FIG. 3. Time evolution of phenol-d1-D2O at four different probe UV frequencies: (a) OD1
0  

band, and (b)-(d) bath states. The dotted circles are the experimental pump-probe ion signals. 

The red and blue lines represent the population change at bath 1 and bath 2, respectively. See 

text.  
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FIG. 4. Time evolution of phenol-d0-H2O at three different probe UV frequencies that 

correspond to bath states.  The dotted circles are the experimental pump-probe ion signals. 

The red and blue lines represent the population change at bath 1 and bath 2, respectively. See 

text. 
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FIG. 5. Schematic potential energy diagram of the phenol-d0-H2O and phenol-d1-D2O 

complexes along the hydrogen-bond coordinate.  
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