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Coupling and energy flow through vibrational modes at surfaces
and interfaces are important in areas as diverse as heterogeneous
catalysis, electrochemistry, and membrane biophysics and bio-
chemistry.1 Furthermore, coupling patterns of vibrational transitions
contain information on molecular structure, a feature already
explored in bulk experiments to measure structure parameters with
femtosecond time resolution.2 However, measuring vibrational mode
coupling at surfaces is challenging, because it requires both
distinguishing the signal of a small number of surface molecules
from a much larger bulk response and recording this signal within
typical vibrational lifetimes (i.e., on subpicosecond timescales).3

For bulk studies, femtosecond two-dimensional infrared (2D-
IR) spectroscopy, a vibrational analogue of 2D-NMR spectroscopy,
has been shown to be ideally suited to reveal vibrational mode
coupling.4 In 2D-IR, one vibrational mode A is excited, and the
effect of this excitation on a different mode B is probed. If the
modes are uncoupled, mode B remains unaffected by excitation of
mode A, and a spectral response is only observed for mode A at
identical pump and probe frequencies, that is, on the diagonal of
the 2D-IR spectrum. Inversely, the off-diagonal peaks between
modes A and B are determined by the strength of their coupling
and depend on their relative orientation and distance. As such, 2D-
IR spectroscopy is increasingly useful in determining (sub)molecular
structures and dynamics; 2D-IR analogues of NMR techniques like
NOESY, COSY, and EXSY have been experimentally demon-
strated.5

Here we introduce femtosecond sumfrequency generation 2D-
IR spectroscopy (SFG-2D-IR) with submonolayer sensitivity and
surface specificity. Closely related surface 2D vibrational techniques
have been recently proposed theoretically.6

In bulk 2D-IR spectroscopy, a sequence of coherent interactions
between the sample and the IR laser fields is designed such that an
odd (generally third) order coherence is detected, which contains
information about vibrational mode coupling.7 To apply 2D-IR
spectroscopy to surfaces, we gain monolayer sensitivity and
interface specificity through an additional interaction with a
nonresonant near-IR laser pulse. This additional interaction upcon-
verts the third-order coherence to an even (fourth) order coherence,
which radiates a field in the visible, at the sum frequency of near-
IR and IR. This upconversion process is beneficial in two ways.
First, it ensures surface specificity for materials whose optical
response is dominated by dipole contributions. Most materials are
centrosymmetric, and the upconverted, even-order response can only
originate from the surface molecules.8 In combination with isotope
labeling, bond specificity may be obtained.9 Second, the upcon-
verted signal is background free and lies in the visible spectral range,
where CCD cameras with high quantum efficiencies are available,
readily providing (sub)monolayer sensitivity.

Specifically, in the experiments presented here we used a
commercial Ti:Sapphire femtosecond amplified laser system to
generate tunable, high-energy mid-IR pump and probe pulses.10 The
pump pulse was shaped using a computer controlled Fabry-Perot
interferometer, resulting in a tunable narrowband∼15 µJ, 20 cm-1

pulse to excite specific vibrations. After a variable delay time, the
surface was probed using simultaneous mid-IR and near-IR pulses.
The ∼10 µJ IR probe pulse sustained a 200 cm-1 bandwidth to
cover the whole spectral range of interest. To maintain a high
spectral resolution in the upconversion step, a narrow-band (∼12
cm-1) near-IR pulse (800 nm) was generated using a home-built
pulse shaper. The resulting sum frequency generation (SFG)
spectrum reveals the effect of the pump pulse on all resonances
within the probe bandwidth.

In the present study, we investigated a dodecanol monolayer on
watersa model system for biological membranes11sin the region
of the C-H stretching modes of the alkyl chains. The sample was
prepared by putting a small crystal of 1-dodecanol (Sigma Aldrich)
in contact with water (D2O, to suppress interferences with the O-H
stretch vibration of H2O), resulting in a self-assembled monolayer
at the water-air interface. Figure 1a and b show the IR absorption
spectrum of bulk dodecanol and the static 1D SFG spectrum of
the monolayer. The C-H stretching region (Figure 1a) features a
series of vibrational modes assigned to symmetric and antisym-
metric CH2 and CH3 stretching (ss and as) perturbed by Fermi
resonances (fr) with bending modes.12 For symmetry reasons, only
some of these modes are SFG active and appear in the static SFG
spectrum in Figure 1b.

Figure 1 panels c and d show the SFG-2D-IR spectra of the self-
assembled monolayer. In addition to the diagonal peaks, several
off-diagonal peaks appear (indicated by yellow arrows) that indicate
mode coupling. As SFG selection rules apply for the probe process,
off-diagonal peaks reporting on vibrational coupling appear at the
two frequencies corresponding to the two peaks in the static SFG
spectrum. The collective molecular alignment present at the
interface (as opposed to the bulk) allows us to enhance or diminish
the sensitivity to specific modes and their coupling, by controlling
the polarization of the IR pump pulse relative to their vibrational
transition dipole moments (and relative to the subsequent pulses),
as evident from a comparison of Figure 1 panels c and d. Further
polarization selectivity may be explored in future by selecting
different polarizations of the IR probe and near IR pulse as well as
of the fourth order SFG signal.

In addition to the expected coupling between the CH3(ss) and
CH3(as) modes (being two modes of the same functional group), a
remarkably strong coupling between CH2(as) and CH3(ss) is
observed. As the transition dipole coupling for the weak CH modes
is anticipated to be small, this observation suggests an important
role of mechanical coupling, potentially relevant for lipid mem-
branes as well. Because the spectra are recorded at 0.7 ps delay
between the IR pump and probe pulse, some of the off-diagonal
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intensity might result from energy transfer, in addition to direct
anharmonic coupling. A detailed analysis of the different contribu-
tions to these 2D-IR spectra is underway.

When comparing the surface 2D-IR technique to bulk 2D-IR
spectroscopy,4 a few striking characteristic of the new technique
are apparent from the data: First of all, the different selection rules
for pump interactions (IR activity) and probe interactions (SFG
activity requiring IR and Raman activity as well as suitable
symmetry) make off-diagonal peaks appear that report on vibrational
coupling between SFG inactive modes that are visible only in the
IR absorption spectrum (shown along the pump axis) and SFG
active modes (shown along the probe axis) that are visible in both
the absorption and the SFG spectrum. Second, there is remarkably
little increase in SFG-2D-IR intensity (positive red features in Figure
1 panels c and d). In third-order bulk 2D-IR spectroscopy, an
individual 2D-IR spectral response consists of a positive and a
negative feature owing to ground-state depletion and excited-state
absorption. These paired features are suppressed in SFG-2D-IR
spectra owing to the relative insensitivity of SFG to excited-state
transitions (the homodyne SFG signal is proportional to the square
of the population difference between vibrational levels; heterodyne
detection will allow the detection of excited-state dynamics as
well).13 Third, coherent interferences between the different modes
play a role in determining the SFG-2D-IR spectrum. These coherent
interferences (intrinsic to the surface specificity of the approach)
result from collective molecular alignment at the interface and can
be straightforwardly quantified using the static SFG spectrum. In
fact, the increase in SFG intensity at 2920 cm-1 can largely be
accounted for by these interferences. Interestingly, the sign of off-
diagonal peaks resulting from interference depends on relative
orientation of interfering oscillators, directly revealing structural
information.

In summary, we have demonstrated the successful implementa-
tion of ultrafast surface 2D-IR spectroscopy. We expect this
technique to be useful for a variety of applications, including the
study of the structure and reactivity of (mixed) molecular adsorbate
layers in catalytic systems and the structures and interactions of
membranes and membrane proteins as well as the structure and
dynamics of interfacial water in various systems.
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Saâ, M.; Löbau, J.; Lettenberger, M.; Laubereau, A.Chem. Phys. Lett.
1999, 311, 13-20.

(4) Woutersen, S.; Hamm, P.J. Phys. Condens. Matter2002, 14, R1035-
R1062.

(5) (a) Zanni, M. T.; Hochstrasser, R. M.Curr. Opin. Struct. Biol2001, 11,
516-522. (b) Cowan, M. L.; Bruner, B. D.; Huse, N.; Dwyer, J. R.; Chugh,
B.; Nibbering, E. T. J.; Elsaesser, T.; Miller, R. J. D.Nature2005, 434,
199-202. (c) Eaves, J. D.; Loparo, J. J.; Fecko, C. J.; Roberts, S. T.;
Tokmakoff, A.; Geissler, P. L.Proc. Natl. Acad. Sci.2005, 102, 13019-
13022. (d) Zheng, J. R.; Kwak, K.; Asbury, J.; Chen, X.; Piletic, I. R.;
Fayer, M. D.Science2005, 309, 1338-1343. (e) Kolano, C.; Helbing,
J.; Kozinski, M.; Sander, W.; Hamm, P.Nature2006, 444, 469-472. (f)
Bredenbeck, J.; Helbing, J.; Nienhaus, K.; Nienhaus, G. U.; Hamm, P.
Proc. Natl. Acad. Sci.2007, 104, 14243-14248.

(6) (a) Nagata, Y.; Tanimura, Y.; Mukamel, S.J. Chem. Phys.2007, 126,
204703. (b) Cho, M.J. Chem. Phys.2000, 112, 9978-9985. (c) Cho, M.
Phys. ReV. A 2000, 61, 023406.

(7) Cervetto, V.; Helbing, J.; Bredenbeck, J.; Hamm, P.J. Chem. Phys.2004,
121, 5935-5942.

(8) Shen, Y. R.Nature1989, 337, 519-525.
(9) Mukherjee, P.; Kass, I.; Arkin, I. T.; Zanni, M. T.Proc. Natl. Acad. Sci.

2006, 103, 3528-3533.
(10) Smits, M.; Ghosh, A.; Sterrer, M.; Muller, M.; Bonn, M.Phys. ReV. Lett.

2007, 98, 098302.
(11) Sefler, G. A.; Du, Q.; Miranda, P. B.; Shen, Y. R.Chem. Phys. Lett.

1995, 235, 347.
(12) (a) MacPhail, R. A.; Strauss, H. L.; Snyder, R. G.; Elliger, C. A.J. Phys.

Chem.1984, 88, 334-341. (b) Ward, R. N.; Duffys, D. C.; Davies, P.
B.; Bain, C. B.J. Chem. Phys.1994, 98, 8536-8542.

(13) Smits, M.; Ghosh, A.; Bredenbeck, J.; Mu¨ller, M.; Bonn, M.New J. Phys.
2007, 9, 390.

(14) In Figure 1a the absorption spectrum of crystalline dodecanol at 150 K is
shown along with the SFG-2D-IR spectra of the monolayer, because in
the crystalline phase the ordered conformation of the alkyl chain resembles
the highly ordered chain structure in the monolayer at room temperature.

JA710099C

Figure 1. SFG-2D-IR spectra of a dodecanol monolayer on water. Blue (red) denotes a pump-induced decrease (increase) in SFG intensity. (a) IR spectrum
of crystalline dodecanol at 150 K13. (b) SFG spectrum of the monolayer, polarizations: SFG/VIS/IR, s/s/p. (c) SFG-2D-IR spectrum, p-polarized pump,t
) 0.7 ps. (d) same as in panel c, with s-polarized pump, for which the in-plane CH2 modes are efficiently excited, leading to the dominance in the 2D
spectrum of the cross-peak between the CH2 as and CH3 ss modes. Lines indicate the diagonal; arrows point to off-diagonal peaks indicative of vibrational
coupling.
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