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C O N S P E C T U S

Surfaces and interfaces are omnipresent in nature. They are not just the
place where two bulk media meet. Surfaces and interfaces play key roles

in a diversity of fields ranging from heterogeneous catalysis and membrane
biology to nanotechnology. They are the site of important dynamical pro-
cesses, such as transport phenomena, energy transfer, molecular interactions,
as well as chemical reactions. Tools to study molecular structure and dynam-
ics that can be applied to the delicate molecular layers at surfaces and inter-
faces are thus highly desirable.

The advent of multidimensional optical spectroscopies, which are the focus of
a special issue of Accounts of Chemical Research, and in particular of two-dimen-
sional infrared (2D-IR) spectroscopy has been a breakthrough in the investigation of ultrafast molecular dynamics in bulk media.
This Account reviews our recent work extending 2D-IR spectroscopy to make it surface-specific, allowing us to reveal the struc-
ture and dynamics of specifically interfacial molecules.

2D-IR spectroscopy provides direct information on the coupling of specific vibrational modes. Coupling between different modes
can be resolved and quantified by exciting a particular mode at a specific frequency and probing the effect of the excitation on a
different mode at a different frequency. The response is thus measured as a function of two frequencies: the excitation and the
probe frequency, which provides a two-dimensional vibrational spectrum. When two vibrational modes are coupled, this will give
rise to the intensity in the off-diagonal part of the 2D-IR spectrum. The intensity of the cross-peak is determined by the strength
of the coupling between the two modes, which, in turn, is determined by molecular conformation. One can therefore relate the
2D-IR spectrum to the molecular structure. By delaying pump and probe pulses relative to one another, one can obtain addi-
tional information about conformational fluctuations.

The surface-specific 2D-IR approach presented here combines the virtues of 2D-IR with the surface specificity and
sub-monolayer sensitivity of vibrational sum frequency generation (SFG). We demonstrate its application on a self-
assembled monolayer of a primary alcohol on water. It allows for the elucidation of different contributions to the cou-
pling between the different interfacial methyl and methylene stretching modes. Although the surface 2D-IR technique
presented here is conceptually closely related to its bulk counterpart, it is shown to have distinct characteristics, owing
to the preferential alignment of molecules at the interface and the strict selection rules of the SFG probing scheme.
We present an analytic theoretical framework that incorporates these effects and present simulations on instructive
examples as well as on the alcohol monolayer. Overall, these results illustrate the potential of extending 2D-IR spec-
troscopy to the investigation of surface molecular dynamics.

Motivation
Coupling and energy flow through vibrational

modes at surfaces and interfaces are important in

areas as diverse as heterogeneous catalysis, elec-

trochemistry, and membrane biophysics and

chemistry. On the one hand, the coupling of sur-

face vibrational modes is pivotal in determining

time scales of energy transfer and surface reac-

tion rates as well as their mechanisms.1-4 On the

other hand, information on surface vibrational

coupling can be instrumental in determining

(adsorbate) interfacial structure and structural
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dynamics. There has therefore been much interest in eluci-

dating details of vibrational coupling at surfaces. Previous sur-

face spectroscopic studies have demonstrated that the effects

of delocalization of vibrational energy are apparent in vibra-

tional spectra of metal-adsorbate systems and that combina-

tion bands of modes can be observed for strong coupling.

Moreover, recent vibrational relaxation studies of interfacial

water5,6 have shown that vibrational energy transfer is very

efficient for interfacial water.

It has remained challenging, however, to directly determine

vibrational coupling strengths and rates of vibrational energy

transfer at surfaces. For molecules in solution, the advent of

two-dimensional vibrational spectroscopy has been a break-

through in elucidating vibrational mode coupling in bulk sys-

tems. In two-dimensional infrared (2D-IR) spectroscopy, 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, i.e., 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 upon their relative orientation and distance. As such,

2D-IR spectroscopy is increasingly useful in determining

molecular structure and dynamics. 2D-IR analogues of

2D-NMR experiments, such as nuclear Overhauser effect spec-

trometry (NOESY), correlation spectroscopy (COSY), and

exchange spectroscopy (EXSY) have been demonstrated;7-14

we refer to other contributions in this special issue for addi-

tional recent examples.

These bulk studies have shown that 2D-IR spectroscopy is

capable of resolving structure, structural fluctuations, and

structural evolution with femtosecond time resolution of a

wide range of systems, from model systems to small peptides

and membrane proteins.7,8,13,15-21 However, measuring vibra-

tional 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

sub-picosecond time scales).22,23

The focus of this Account is on femtosecond sum fre-

quency generation 2D-IR (SFG-2D-IR) spectroscopy, a 2D-IR

spectroscopy with sub-monolayer sensitivity and surface

specificity.24 SFG-2D-IR has been introduced very recent-

ly,24 following theoretical proposals of closely related sur-

face 2D vibrational techniques.25-27 The experimental

approach that we use here is slightly different from the

approaches proposed25-27 and employed28 previously to

elucidate surface intermolecular coupling. Cho proposed

two-dimensional infrared-infrared-SFG,26,27 which was used

to determine the intermolecular coupling strength of dipole-

coupled CO on a metal surface.28 Nagata et al. pointed out

that this third-order nonlinear optical approach is not inher-

ently surface-specific (only even-order processes are) and

proposed surface-specific infrared-infrared-SFG (a second-

order nonlinear optical process) as an alternative approach

to record surface 2D-IR spectra.25 The experimental

approach that we have developed relies on a fourth-order

nonlinear optical process (see, e.g., refs 5 and 6), as will be

detailed below.

As a first application of SFG-2D-IR, we investigated a self-

assembled monolayer of dodecanol on water, a model sys-

tem for biological membranes, in the region of the C-H

stretching modes of the alkyl chains. Besides these surface 2D

spectra, we report additional studies of vibrational dynamics

in this system. Moreover, we provide an analytical theoreti-

cal framework necessary for the correct interpretation of the

surface 2D-IR spectra and illustrate the similarities and differ-

ences between bulk and surface 2D-IR spectroscopies.

Experimental Strategy
There exist essentially two ways of doing bulk 2D-IR spectros-

copy: in the frequency domain and as a time-domain Fourier

transform experiment.29 We limit ourselves here to the fre-

quency-domain experiment. This is essentially a two-color

pump-probe experiment, where a spectrally narrowed [typi-

cally ∼10-20 cm-1 full width at half-maximum (fwhm)], tun-

able pump pulse selectively excites a specific mode or a

specific sub-ensemble of oscillators within a distribution. The

femtosecond probe pulse is spectrally broad (typically ∼200

cm-1 fwhm), allowing us to probe the effect of the pump pulse

on a multitude of vibrational modes simultaneously. This pro-

cess can be described as a sequence of coherent interactions

between the sample and the IR laser fields, whereby the third-

order coherence is detected, which contains information about

vibrational mode coupling and dynamics.29

To apply 2D-IR spectroscopy to study vibrational mode

coupling at specific surfaces, we introduce an additional inter-

action with a nonresonant near-IR (800 nm) laser pulse. As

shown below, this additional interaction results in monolayer

sensitivity and interface specificity. The additional interaction

with an optical field effectively upconverts the third-order

coherence to an even (fourth)-order coherence, which radi-

ates a field in the visible spectral range, at the sum frequency

of near-IR and IR. This upconversion process is beneficial in

two ways. First, it ensures surface specificity; as for centrosym-
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metric materials, an even-order response can only originate

from the surface molecules. This selection rule underlies the

processes of surface second-harmonic generation (SHG) and

surface sum-frequency generation (SFG). Second, the upcon-

verted signal is background-free and lies in the visible spec-

tral range, where charge-coupled device (CCD) cameras with

high quantum efficiencies are available, readily providing sub-

monolayer sensitivity.

We designed our SFG-2D-IR experiment as an

IR-pump-SFG-probe five-wave mixing scheme (Figure

1),5,30,31 in analogy to the pump-probe scheme used in bulk

2D-IR spectroscopy.29 Details of the setup can be found in ref

32. Briefly, tunable, high-energy mid-IR pump pulses (tunable,

around 2900 cm-1; width, 180 cm-1 fwhm; duration, 100 fs

fwhm; pulse energy, up to 90 µJ) are generated by paramet-

ric conversion. From a part if this pulse, a tunable, narrow-

band IR-pump pulse (duration, 900 fs; 20 cm-1 fwhm,

bandwidth) is generated using a computer-controlled

Fabry-Perot interferometer, to excite the sample surface. The

tunable central frequency of the pump determines the verti-

cal axis of the 2D vibrational spectrum. The horizontal axis is

determined by the infrared probe frequency; the pump-in-

duced changes in the surface vibrational response are probed

after a delay τpu-pr by a broadband IR probe pulse (120 fs,

180 cm-1 bandwidth) and a narrowband 800 nm probe pulse

(3 ps, 12 cm-1 bandwidth, determining the resolution along

the probe axis). The probe pulse pair interacts with the sam-

ple surface to radiate a signal at the sum frequency of the 800

nm pulse and the frequency of the vibrations that are reso-

nant with the IR-probe pulse. The SFG-2D-IR signal is spec-

trally resolved with a spectrograph and a CCD camera. In the

experiment, the pump frequency is scanned and the SFG-

2D-IR signal is plotted as a function of pump and probe fre-

quencies in a two-dimensional spectrum. The difference

spectrum reveals the effect of the pump pulse on all reso-

nances within the probe bandwidth. The IR pump, probe, and

vis probe beams lie in a vertical plane and have incident

angles of 46°/50°/56°, respectively, with respect to the sur-

face normal. The polarizations for the SFG/vis/IR beams were

controlled using λ/2 plates and were s/s/p in all experiments;

the polarization of the pump pulse was varied between s

and p.

1-Dodecanol (Sigma Aldrich) and D2O (99.96 atom % D,

Cambridge Isotopes) were used without further purification. A

self-assembled monolayer of 1-dodecanol was prepared by

bringing a grain of 1-dodecanol in contact with the D2O sur-

face. To avoid laser heating and resulting damage of the sam-

ple, the sample trough was rotated. The vertical sample

position was controlled by a feedback loop to compensate for

evaporation.32

SFG-2D-IR of a Self-Assembled Monolayer
Panels c and d of Figure 2 show the SFG-2D-IR spectra of the

dodecanol monolayer on D2O for p and s polarization of the

IR pump pulse.39 The 2D data in Figure 2 are difference spec-

tra, i.e., SFG intensity difference with and without vibrational

excitation pulse. In the measurements, the difference SFG

spectra are recorded at different pump frequencies, so that the

2D spectrum is constructed from horizontal traces. Blue (red)

denotes a pump-induced decrease (increase) of SFG intensity.

Along the probe axis, we depict the static 1D SFG spectrum of

the monolayer (Figure 2b). The two bands in the SFG spec-

trum can be assigned to the symmetric CH3 stretch vibration

of the dodecanol methyl group being split by a Fermi reso-

nance with an overtone of a bending mode to give two peaks

[CH3(ss) at 2873 cm-1 and CH3 (ss)FR at 2935 cm-1].33-35 A

contribution of the asymmetric stretch CH3(as) at 2950 cm-1 35

is not clearly resolved.

Panels c and d of Figure 2 show the SFG-2D-IR spectra of

the self-assembled monolayer at τpu-pr ) 700 fs. In addition

to the diagonal peaks, several off-diagonal peaks appear as

expected in analogy to bulk 2D-IR spectroscopy. The interfa-

cial molecular alignment allows us to enhance the sensitivity

FIGURE 1. (A) SFG-2D-IR pulse sequence. (B) Sample configuration and coordinate system. Three pulses are incident in the yz plane. A
spectrally narrowed (temporally long) intense infrared pump pulse excites a specific vibration at the interface. A transient SFG spectrum is
recorded by mixing a femtosecond infrared probe pulse with a picosecond visible pulse at the interface. Polarizations of the different pulses
are indicated in the graph. (C) SFG active methyl and inactive methylene groups of the self-assembled monolayer. Methylene groups are
SFG-inactive because of the presence of a center of inversion in the alkyl chain.
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to specific modes by controlling the polarization of the pump

laser pulse, as evident from a comparison of panels c and d

of Figure 2.

Two striking characteristic of the new technique are appar-

ent from the data when comparing the surface SFG-2D-IR tech-

nique to bulk 2D-IR spectroscopy. First, the regions of high

intensity are mostly oriented vertically in the spectra, as

opposed to conventional 2D-IR, where most intensity gener-

ally lies along the diagonal. This is a result of having differ-

ent selection rules for pump and probe interactions. The SFG

probe selection rules require IR and Raman activity and appro-

priate symmetry breaking. This renders the CH2 modes SFG-

inactive for ordered alkyl chains, because there is a center of

inversion symmetry along the alkyl chain (Figure 1c). The

pump selection rule only requires infrared activity of the vibra-

tional mode, so that all infrared active CH2 and CH3 modes

can be excited. Hence, we plot the IR absorption spectrum of

(bulk crystalline) dodecanol along the pump axis (Figure 2a).

The IR absorption features in Figure 2a are assigned to sym-

metric and antisymmetric CH2 and CH3 stretching vibrations

(denoted ss and as in the following), split by Fermi resonances

(denoted FR) with C-H bending modes of the according

symmetry.33-35

As a result of the different selection rules, no cross-peaks

can appear at CH2 mode frequencies (unless the symmetry is

broken by the pump pulse; see below). It is clear from panels

c and d of Figure 2 that the coupling between CH2 and CH3

modes is sufficiently strong, so that excitation of the CH2

modes is apparent at CH3 mode frequencies. The fact that the

high-intensity regions are mostly aligned vertically in the spec-

tra can be understood by noting that the effect of the pump

will primarily be detected at the two SFG-active CH3 modes

shown in Figure 2b. Some of the off-diagonal peaks (such as

peaks 1 and 2 in panels c and d of Figure 2 are remarkably

strong.

A second striking observation is that the SFG-2D-IR spec-

tra are dominated by decreases in the SFG intensity (blue),

with remarkably little increase in SFG-2D-IR intensity (posi-

tive red features in panels c and d of Figure 2). In bulk 2D-IR

spectroscopy, an individual 2D-IR spectral response usually

consists of a positive and negative feature because of ground-

state depletion and excited-state absorption. The latter con-

tribution is largely suppressed in SFG-2D-IR spectra, owing to

the relative insensitivity of SFG to excited-state transitions, as

will be shown below.

To complement the SFG-2D-IR experiments, we collected

broadband IR-pump-SFG-probe spectra to investigate the

vibrational dynamics of the CH stretch modes. Figure 3 shows

the result of broadband IR-pump-SFG-probe experiments on

a dodecanol monolayer. For these experiments, the

Fabry-Perot filter was removed from the pump beam path.

The resulting vibrational relaxation times are very similar to

those reported for the C-H modes of various lipid monolay-

ers.30 Panels a and b of Figure 3 show the response of the

CH3(ss) and CH3(ss)FR peak in the dodecanol SFG spectrum (Fig-

ure 2b) to a broadband pump pulse. Owing to the collective

alignment of methyl groups at the interface, p-polarized pump

light provides more efficient CH3 excitation than s-polarized

light. The vibrational lifetime of CH3(ss) is found to be T1 ) 7

( 0.5 ps, and the lifetime of CH3(ss)FR is T1 )1.5 ( 0.4 ps.

Panels c and d of Figure 3 show the effect of s-polarized exci-

tation. In comparison to p polarization, a delayed signal

ingrowth is observed, with the signal peaking at about τpu-pr

) 1 ps, also analogous to recently obtained results for lip-

FIGURE 2. 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 K. (b) SFG spectrum of the monolayer. (c) SFG-2D-IR spectrum, with p-polarized pump, t ) 0.7
ps. (d) SFG-2D-IR spectrum, with s-polarized pump, t ) 0.7 ps. The lines indicate the diagonal, and the numbers correspond to features
discussed in the text. Modes assigned in red are both IR- and SFG-active.
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ids.30 This effect was attributed to the fact that the s-polar-

ized pump pulse excites the in-plane CH2 vibrations more

efficiently that relax rapidly (T1 ) 0.8 ps), leading to a popu-

lation of low-frequency modes that anharmonically couple to

the CH3 modes, thereby increasing the observed signal as CH2

relaxation proceeds.30 This type of incoherent energy trans-

fer or local heating will also contribute to cross-peaks in the

2D spectra between CH2 and CH3 modes, such as cross-peak

1 in Figure 2c. In contrast to direct anharmonic coupling

between the high-frequency modes, which is instantaneous,

the energy transfer via low-frequency modes will generate a

time-dependent contribution.

Theoretical Background
In surface 2D-SFG spectroscopy, fields E at two different fre-

quencies ωIR and ωVIS are mixed at the sample surface to gen-

erate a third sum-frequency field at a frequency ωSF ) ωIR +
ωVIS (Figure 1)

Ei
SF(ωIR + ωVIS) ∝ ∑

jk

�ijk
(2)Ej

VISEk
IR(ωIR) (1)

where �ijk
(2) are the components of the third-rank second-order

nonlinear-susceptibility tensor �(2)(ωIR), which here is mostly

independent of ωVIS because the latter is chosen to be not res-

onant with transitions in the molecule. Owing to the vibra-

tional resonance, �(2) is a complex-valued quantity. In a

centrosymmetric (bulk) system, �(2) is generally negligibly

small. However, at the liquid surface, where the symmetry is

broken and molecules have a preferential orientation, �(2) is

nonzero. The SFG signal therefore originates from surface mol-

ecules, and its magnitude is related to the type of molecules

and their orientational distribution. In the dodecanol-water

system, most of the SFG signal originates from resonances of

the C-H stretch vibrations of the terminal CH3 group in the

dodecanol molecules. Contributions from different vibrational

resonances add up to generate the overall SFG field and may

interfere both destructively or constructively.

In the SFG-2D-IR experiments discussed in this paper, the

nonlinear susceptibility �(2)(ω) is modified by a narrowband

pump pulse at frequency ωpu. This fourth-order process is

modeled here in terms of a non-equilibrium time-dependent

second-order susceptibility. While this description neglects

time orders where the probe interaction precedes one or both

of the pump interactions, it is expected to give a good repre-

sentation of the spectral features occurring in SFG-2D-IR spec-

tra for the experimental conditions used here.22 The SFG-

2D-IR signals in Figure 2 are the difference in intensity of SFG

spectra recorded in the presence and absence of the IR pump

(pu) pulse

∆ISF(ωpu, ωpr) ) Ipump
SF (ωpu, ωpr) - I0

SF(ωpr) (2)

∝ |�pu
(2)(ωpu, ωpr) |

2 - |�0
(2)(ωpr) |

2 (3)

where �(2) is the scalar effective nonlinear susceptibility for a

given combination of probe and SFG polarization angles.

In the steady state (i.e., without pump), assuming homoge-

neously broadened lines, one may write

�0
(2)(ωpr) ) ∑

n

An

ωpr - ωn + iΓn
(4)

where ωn is the resonance frequency of a transition n with line

width Γn and An is an amplitude factor that accounts for the

surface density of molecules, their orientational distribution,

and IR and Raman scattering cross-sections. Note that the sign

of An is related to the absolute orientation of the interfacial

transition dipole moment (i.e., pointing up or down).

FIGURE 3. Results of broadband SFG pump-probe spectroscopy on dodecanol monolayers on water. Plotted are the amplitudes of the
contributions to the second-order nonlinear susceptibility from the different modes (see eq 4), obtained from fits to transient SFG spectra at
different pump-probe delay times. (a) CH3(ss), p-polarized pump. (b) CH3(ss)FR, p-polarized pump. (c) CH3(ss), s-polarized pump. (d) CH3(ss)FR,
s-polarized pump.
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After excitation, the nonlinear susceptibility �pu
(2) is affected

in several ways. First, a reduction of �(2) because of bleach and

stimulated emission (B,SE) occurs at probe frequencies corre-

sponding to excited 0-1 transitions, while an increase

because of excited-state absorption (EA) occurs at the corre-

sponding 1-2 transitions. Second, an excitation of mode n
can cause the transition frequency for another mode m to

change because of anharmonic coupling. Finally, the IR pump

affects different tensor components differently because the azi-

muthal symmetry is broken after the linearly polarized pump

pulse preferentially excites vibrational modes with a dipole

moment along the pump field. For example, for the geome-

try of Figure 2, excitation of the CH3(ss) mode with a p-polar-

ized pump creates a nonzero �xxy
(2) component (see the

Supporting Information and ref 36). The time evolution of

these tensor elements will be affected by vibrational relax-

ation and reorientational motion of surface molecules. For

dodecanol, reorientation will not affect the dynamics of Fig-

ure 3, because no significant reorientation in the quasi-crys-

talline monolayer is expected on the picosecond time scale of

the experiment. We neglect this effect in our analysis.

We first define Nn(ωpu) as the fraction of molecules where

mode n is excited for a given pump frequency

Nn(ωpu) ) Dn ∫ Ipu(ω)αn(ω)dω (5)

where Ipu(ω) is the pump spectrum, Rn(ω) is the absorption

cross-section of transition n, and Dn is a prefactor that accounts

for orientation effects and the polarizations of the pump pulse

(see the Supporting Information). The B,SE contribution to �(2)

is

�B,SE
(2) (ωpu, ωpr) ) ∑

n

An[Ngs(ωpu) - Nn(ωpu)]

ωpr - ωn + iΓn
(6)

where

Ngs(ωpu) ) 1 - ∑
n

Nn(ωpu) (7)

represents the number of unexcited (ground-state) molecules.

We assume that the pump intensity is sufficiently low and that

at most one mode is excited in a single molecule. The excited-

state contribution to �(2) reads

�EA
(2)(ωpu, ωpr) ) ∑

n,m

σnmAnNn(ωpu)

ωpr - ωn + Ωnm + iΓn
(8)

where Ωnm is the anharmonicity and σnm accounts for differ-

ences in transition dipole moments. For harmonic oscillators

σnm ) {2 (n ) m)
1 (n * m)

(9)

which is a good approximation for the relatively small anhar-

monicities in the dodecanol system. The total effective non-

linear susceptibility is

If Ωnn ) 0, the B,SE contributions would be canceled by the

corresponding EA contributions, which would result in the

absence of diagonal peaks in the 2D spectrum. Furthermore,

off-diagonal (cross) peaks will only appear in the 2D spectrum

for mode combinations for which Ωnm * 0.

Specific Characteristics of the 2D-IR Surface
Implementation
Upon inspection of the SFG-2D-IR spectra in Figure 2, a first

striking observation is that the intensity of the 2D spectrum is

largely aligned vertically, along the pump axis. This contrasts

with conventional 2D-IR spectra, where the predominant

response lies along the diagonal. As explained above, this is

caused by the different selection rules for the excitation (IR)

and probing (SFG) processes, which means that different

steady-state spectra should be considered. For the pump, an

additional subtlety exists: owing to the alignment of the dode-

canol molecules on the surface, the interaction strength of the

pump with specific modes depends upon the relative orienta-

tion of the pump polarization with the transition dipole

moment of the relevant mode. One has to take into account,

in addition to the absorption cross-section, the relative exci-

tation density dictated by orientational effects, sample geom-

etry, and Fresnel factors (see the Supporting Information). The

relative pumping efficiency of CH3(ss) versus CH2(as) is 4 times

bigger for the p-polarized pump (Figure 2c) compared to the

s-polarized pump (Figure 2d) (see the Supporting Information).

This leads to the pronounced appearance of the CH3(ss) diag-

onal peak in position 7 in Figure 2c.

A second feature in the SFG-2D-IR spectra in Figure 2 that

set it apart from conventional 2D-IR spectra is the relative lack

of SFG signal increases; in bulk 2D-IR spectroscopy, a posi-

tive feature is always accompanied by an equally large neg-

ative feature, owing to the simultaneous ground-state

depletion and excited-state absorption. This can be explained

by noting the relative insensitivity of SFG toward excited-state

transitions: the SFG signal intensity is proportional to the

square of the nonlinear susceptibility �(2), which, in turn, is pro-

portional to the population difference ∆N2 of the levels

involved in a transition. For a system with only a single vibra-

tional mode and 10% excitation (N1 ) 0.1), the SFG signal

�pu
(2)(ωpu, ωpr) ) �B,SE

(2) (ωpu, ωpr) + �EA
(2)(ωpu, ωpr) (10)
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changes will have a ratio ∆IB,SE
SF /∆IEA

SF ) 0.36:0.04, i.e., in a ratio

of 9:1 rather than 1:1, where a twice larger IR cross-section

has been assumed for the excited state.

Given these considerations, it is in fact somewhat surpris-

ing to see the relatively intense positive (red) peaks in the SFG-

2D-IR spectra (positions 5 and 6 in Figure 2). This can be

explained by noting that the SFG field contributions from dif-

ferent modes can interfere both constructively or destructively.

Taking into account the complex-valued nature of the nonlin-

ear susceptibility, we can write

In addition to the square contributions, we obtain an interfer-

ence term of bleach and stimulated emission at v ) (0 f 1)

with excited-state absorption at v ) (1 f 2). In other words,

the overtone contribution is heterodyned by the fundamental.

To illustrate the effect of coherent mixing of different

sources of SFG signal from the interface, we consider a few

simplified cases in the following. Figure 4 shows a simulated

SFG-2D-IR spectrum of a single transition for different anhar-

monicities. It is evident from Figure 4a, which shows cuts

through the 2D spectrum along the main horizontal, that the

relative contribution of the v(1f 2) transition decreases as the

self-anharmonicity increases. This is the result of a decreas-

ing degree of heterodyning between ν(0 f 1) and ν(1 f 2)

as the frequency difference increases; a very different ratio of

the amplitudes of the two contributions can be observed,

depending upon their frequency separation.

For precisely the same reason, the interference between

fields originating from different oscillators can lead to unex-

pected amplification of the otherwise weak excited-state

absorption. Figure 5 shows the situation for two uncoupled
oscillators, where the anharmonicity Ω of the high-frequency

oscillator is varied. With increasing Ω, the excited-state absorp-

tion contribution of the high-frequency oscillator shifts toward

the frequency of the low-frequency oscillator, leading to inter-

ference. As can be seen in position 1 in panels g and h of Fig-

ure 5, the interference can result in strong cross-peaks, even

in the absence of anharmonic coupling between the oscilla-

FIGURE 4. Simulated SFG-2D-IR response of a single anharmonic
oscillator. (a) Cuts through the 2D spectrum for ωpu ) 2950 cm-1

and Ω ) 2, 6,..., 98 cm-1. (b) Full SFG-2D-IR spectrum for Ω ) 98
cm-1.

|�pu
(2) |2 ) |�B,SE

(2) |2 + |�EA
(2) |2 + 2R(�B,SE

(2) �EA
(2)) (11)

FIGURE 5. Simulated SFG-2D-IR response of two uncoupled
anharmonic oscillators. (a and b) Cuts through the 2D spectra for
ωpu ) 2950 cm-1 and varying Ω ) 2, 6,..., 98 cm-1 for the high-
frequency oscillator. The transition dipoles point in (a) opposite or
(b) the same direction. (c-j) SFG-2D-IR spectra for various Ω of the
high-frequency oscillator with (c, e, g, and i) opposite or (d, f, h,
and j) the same direction of the transition dipoles. All spectra are
on the same scale.
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tors. This is true for oscillators with parallel (column below Fig-

ure 5a) and antiparallel (column below Figure 5b) orientation

of transition dipoles. However, the sign of the interference crit-

ically depends upon the relative sign of the two interfering �(2)

values. When the dipoles are antiparallel, the emitted inter-

fering wave experiences a 180° phase shift, leading to a flip

in the sign of the interference (position 1 in panels g and h of

Figure 5). This provides very direct information on the rela-

tive orientation of transition dipoles and might prove very use-

ful for future applications. The change in the shape of the low-

frequency peak with the change in its transition dipole

orientation (position 2 in panels c and d of Figure 5) is a result

of the interference with the high-frequency oscillator as well.

Although the interference of coherent polarizations from

different sources can lead to off-diagonal peaks that are unre-

lated to vibrational coupling, the presence of true coupling

gives rise to other features in the 2D spectrum that can

unequivocally be associated with that coupling. This is illus-

trated in Figure 6, which shows the same two resonances as

in Figure 5, however, with an off-diagonal anharmonicity of

Ω1,2 ) 8 cm-1 representing coupling. It is evident that the

cross-peak in the lower right corner, at ωpr ) 2950 cm-1 and

ωpu ) 2875 cm-1 (position 1 in Figure 6) is present, indepen-

dent of the degree of interference, and provides a good

marker of the coupling strength. It is absent for the uncou-

pled case shown in Figure 5.

We summarize the main differences between the 2D-SFG

technique presented here and the more conventional 2D-IR

approach in Table 1.

The question then rises whether, for the dodecanol SFG-

2D-IR spectra (Figure 2), the positive contributions (positions 5

and 6) are interference effects or the result of anharmonic cou-

pling. The CH3(ss) and CH3(ss)FR modes have the same sign,

which upon a pump-induced decrease of the CH3(ss) band

would indeed lead to a positive/negative feature on CH3(ss)FR

(in the case of an opposite sign, it would be negative/posi-

tive). However, in the case of interference, the modulation on

the CH3(ss)FR band should follow directly the pump-induced

changes of the CH3(ss). This is not the case, and furthermore,

the positive contribution is stronger than expected for pure

interference. We therefore can conclude that other mecha-

nisms play a role.

Two mechanisms may be noted: one is the generation of

cross-peaks because of anharmonic coupling, either between

the high-frequency modes or between CH3(ss)FR and low-fre-

quency modes populated after population relaxation. A sec-

ond mechanism that could lead to a pump-induced increase

of SFG is pump-induced symmetry breaking, which would

cause additional nonzero tensor elements for SFG (see the

Supporting Information).

On the basis of the experimental 1D spectra, the absorp-

tion spectrum (Figure 2a) and the static SFG spectrum (Figure

2b), we can now attempt a simulation of the SFG-2D-IR

response using the theoretical framework introduced above.

In the simulation, we do not explicitly consider pump-induced

symmetry breaking (see the Supporting Information).

Figure 7 shows such a simulation. As input for the simula-

tion, we used fits to the experimental SFG and IR spectra. Pan-

els c and d of Figure 7 show the fit to the static SFG spectrum;

panels a and b of Figure 7 depict the fits to the absorption

spectrum, corrected for the polarization-dependent IR cross-

FIGURE 6. Simulated SFG-2D-IR response of two coupled
anharmonic oscillators. The off-diagonal anharmonicity is Ω1,2 ) 8
cm-1. (a and b) Cuts through the 2D spectra for ωpu ) 2950 cm-1

and varying Ω ) 2, 6,..., 98 cm-1 for both oscillators
simultaneously. The transition dipoles point in (a) opposite or (b)
the same direction. (c-j) SFG-2D-IR spectra for various Ω with (c, e,
g, and i) opposite or (d, f, h, and j) the same direction of the
transition dipoles. All spectra are on the same scale.
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section of the surface layer. For the normalized spectra shown

in panels a and b of Figure 7, the result of varying the IR

pump polarization may seem subtle but the variation of excit-

ing the CH3 mode is apparent at position 3 in panels a and b

of Figure 7. The resulting 2D-SFG spectrum was obtained

using a diagonal anharmonicity of Ωn,n ) 60 cm-1 for the

C-H oscillators, off-diagonal anharmonicities of Ωn,m ) 25

cm-1 for C-H oscillators sharing a C atom, and Ωn,m ) 5 cm-1

for the other C-H oscillators.

The 2D simulation gives a good representation of the main

features of the experimental spectra. The most obvious differ-

ence compared to the experiment is the positive SFG inten-

sity observed at the low-frequency side of the CH3(ss) band

(position 1 in panels f and g of Figure 7). This can be readily

explained by the fact that the simulation used a Gaussian IR

probe spectrum, while the experimental spectrum fell off more

quickly then Gaussian, leading to a rapidly decreasing ampli-

tude of the SFG signal for ω < 2860 cm-1. Nevertheless, we

decided to show the positive contribution here for complete-

ness. The polarization dependence of the CH3(ss) diagonal

peak (position 2 in panels f and g of Figure 7) is reproduced

well, being a consequence of the difference of excitation effi-

ciency of the oriented CH3 group as reflected by the polariza-

tion-corrected IR cross-sections (position 3 in panels a and b

of Figure 7). We observe relatively strong off-diagonal inten-

sity at position 4, between the CH3(ss) and the CH3(as) peaks,

resembling the situation in the experiment. According to the

simulation, this is caused by interference between fundamen-

tal and excited-state contributions as discussed in the con-

text of Figure 5g.

We would like to note that the values that we used for the

off-diagonal anharmonicities of Ωn,m ) 25 cm-1 for C-H oscil-

lators sharing a C atom and Ωn,m ) 5 cm-1 for the other C-H

oscillators to obtain reasonable correspondence with the

experiment appear to be reasonable numbers but are effec-

tive coupling coefficients that should be considered with some

caution. These single numbers contain contributions from

direct anharmonic coupling but also from potential (indirect)

symmetry breaking (see the Supporting Information) and from

indirect anharmonic coupling. The fact that the latter effect

may play a role is evident from the dynamics traces in Fig-

ure 3, which demonstrate that some of the relaxation pro-

cesses occur on time scales very similar to the pump-probe

delay time of 700 fs. As a result, low-frequency modes that

are excited upon vibrational relaxation may affect the 2D-SFG

spectra as well.

In the future, the interpretation of the experimental data

could be greatly simplified if in addition a detection scheme

complementary to that presented here was used; i.e., if the

SFG signal were to be detected in a heterodyne fashion, by

mixing in an independently generated local oscillator signal

at the SFG frequency (as demonstrated recently for static SFG

TABLE 1. Comparison of Surface and Bulk 2D-IR

SFG-2D-IR 2D-IR

fourth order in the field: P2D-SFG ) �(4)EIR
pumpEIR

pumpEIR
probeEVIS third order in the field: P2D-IR ) �(3)EIR

pumpEIR
pumpEIR

probe

surface specific bulk sensitive
different selection rules on the pump and probe axes same selection rules on the pump and probe axes
pronounced polarization dependence because of surface alignment sample typically isotropic
background-free detection in the visible spectral range detection in the IR spectral range
coherent interaction of different source terms isotropic orientation scrambles the phase
square dependence on oscillators density (linearized by heterodyning) linear dependence on oscillators density

FIGURE 7. SFG-2D-IR simulation based on the experimental absorption spectrum and the steady-state SFG spectrum.
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spectroscopy37,38), the response would become linear rather

than quadratic in the excitation density at both the ground-

and excited-state transitions. Effects in the spectrum because

of self-heterodyning of single oscillators would also be lifted,

and all off-diagonal intensity would be traceable directly to

vibrational coupling, in analogy to conventional 2D-IR

spectroscopy.

Conclusion and Outlook
In summary, we have discussed the implementation of

ultrafast surface 2D-IR SFG spectroscopy. This technique shows

great promise for a variety of applications, including the study

of the structure and reactivity of (mixed) molecular adsorbate

layers in catalytic systems, the structures and interactions of

membranes and membrane proteins, as well as the structure

and dynamics of interfacial water in various systems. We have

presented here a complete analytical theory of surface 2D-IR

SFG spectroscopy and have demonstrated that heterodyne

detection of the 2D SFG signals will further facilitate the inter-

pretation of the experimental results in terms of interfacial

vibrational coupling.

Supporting Information Available. Polarization dependence

of the IR cross-section at the surface, Fresnel correction, and

pump-induced symmetry breaking. This material is available

free of charge via the Internet at http://pubs.acs.org.
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