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Ultrafast infrared spectroscopy of 
hydrogen bonded systems

• Pump-Probe Spectroscopy
anharmonic couplings between vibrational normal modes 
coherent low-frequency hydrogen bond wavepacket motions
population kinetics of hydrogen stretching oscillator
intramolecular energy redistribution 
vibrational cooling

• Photon Echo Spectroscopy
anharmonic couplings between vibrational normal modes     
coherent modulations by multi-level systems 
homogeneous dephasing
spectral diffusion
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Anharmonic coupling only:

Absorption: 1 series of lines.
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q(t)   O-H stretching vibration
high frequency ~ 3000 cm-1

period ~10 fs
dephasing ~ 100 fs

Q(t)  O....O H-bond vibration
low frequency ~ 50-350 cm-1

period ~ 100-500 fs
dephasing ~ 1 ps
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Anharmonic Couplings of Hydrogen Stretching Oscillator to 
Other Modes Affects Spectral Line Shapes and Dynamics

Proteins :  the Machinery of life 

DNA :  the Information Storage Unit of life 

1.08 
nm

Water :  the Medium of life 

O-H...O

Hydrogen bonds determine 
structure, function and dynamics

Hydrogen Bond Research Relevance
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Acetic acid dimer in CCl4

Phenol in C2Cl4
Free O-H

HOD in D2O
Weak H-Bond

Medium Strong 
H-bond

O-H/O-D stretching band

• Red-shift of ν(X-H)
- reduced force constant

• Very strong broadening
- anharmonic coupling to low-

frequency modes
- Fermi resonances with    

overtone/combination states
- excitonic (Davydov) coupling
- distribution of bond lengths 
- homogeneous broadening

• Peculiar bandshape
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O-H stretching oscillator
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Infrared Spectroscopy as Tool to Grasp
Hydrogen Bond Interactions

Fluctuating molecular motions in the 
environment and coupling lead to
fluctuating force on hydrogen bond

Time scale of fluctuations:

~ 20 fs (10-14 s) - 10 ps (10-11 s)

Vibrational motions are "perturbed":
Dephasing, damping and relaxation
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Hydrogen Stretching Oscillator Affected
by Fluctuating Surroundings

Sample

k2

k1

P(3)

k3 + k2 - k1

Detector

k3

τΤ
2- and 3-Pulse Photon Echoes

Femtosecond Mid-IR Photon Echo SpectroscopyFemtosecond Mid-IR Pump-Probe Spectroscopy
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 SFG of 7700 
          and 1400 cm-1

 Mid-IR @ 1400 cm-1

 Mid-IR @ 2930 cm-1
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Pulse Delay (fs)

Examples of Femtosecond Mid-IR Pulse Spectra 
and Auto/Cross-Correlations

Acetic Acid Dimer: Model System for 
Intermolecular Hydrogen Bonds

O-H stretching mode:

qu = (1/√2) [q1 - q2]

O…O low frequency modes:

Qg = (1/√2) [Q1 + Q2]
Qu = (1/√2) [Q1 - Q2]
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• Anharmonic coupling of O-H stretching 
and low-frequency modes.

• Excitonic coupling V of the two O-H 
stretching oscillators (Davydov coupling).

• Fermi resonances of v=1 level of O-H 
stretching vibration with overtone and 
combination vibrational levels 
(O-H bending  and C-O stretching modes)

• Theory: Witkowski, Maréchal (1968), 
Henri-Rousseau (late 1990s)
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Fermi Resonances for Hydrogen 
Bonded O-H Stretching Vibrations
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