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A new method is proposed to analyze doubly-resonant infrared-visible sum-frequency

(DR-SFG) spectra. Based on the transform technique, this approach is free from

assumptions about vibronic modes, energies, or line widths, and accurately captures

through the overlap spectral function all required aspects of the vibronic structure

from simple experimental linear absorption spectra. Details and implementation of

the method are provided, along with three examples treating rhodamine thin films

about one monolayer thick. The technique leads to a perfect agreement between

experiment and simulations of the visible DR-SFG lineshapes, even in the case of

complex intermolecular interactions resulting from J–aggregated chromophores in

heterogeneous films. For films with mixed H– and J–aggregates, separation of their

responses shows that the J–aggregate DR-SFG response is dominant. Our analysis

also accounts for the unexplained results published in the early times of DR-SFG

experiments.
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I. INTRODUCTION

The potential for solar cells as renewable energy sources is increasingly recognized as

better devices come to the market. The use of organic dyes as sensitizers is one of

the promising routes to enhance their performance. As a result, there has been an in-

creased effort to develop new dye-sensitized materials for more efficient light harvesting,1

aiming at becoming metal-free,2 and resting on the peculiar properties of big families of

molecules like porphyrins,3–6 phtalocyanines,7 triarylamines (D5 family),8–10 squaraines,11,12

ruthenium complexes (N3 family)13,14 or rhodamines,15 as sensitizers or co-sensitizers.16

The rhodamine family17 encompasses many chromophores with intense absorption and

fluorescence properties spanning the visible range. In addition to their interest in de-

vice development, rhodamines have often been used as probes or benchmark molecules

for new resonant optical spectroscopies in the visible, or to compare theoretical predic-

tions to experiments in surface-enhanced18 (SERS) and tip-enhanced19 (TERS) Raman

scattering, hyper-Raman scattering,20 surface enhanced hyper-Raman scattering,21,22 two-

photon fluorescence,23 hyper-Rayleigh scattering,24 stimulated Raman spectroscopy,25 single

molecule SERS26 and TERS,27 and plasmonic coupling.28 As for second order nonlinear

optics, rhodamines have been choice molecules for studying the structure, aggregation prop-

erties and optical response of adsorbed thin films using second harmonic generation29 (SHG)

and sum-frequency generation (SFG),30–32 even before the measurement of the first SFG

photon.33

In order to optimize the conversion of solar energy into electricity, the interaction between

the dyes and the surface of the photo-electrode must be optimized. From a structural

point of view, the surface orientation,4 electronic structure34 and aggregation state15 of the

dye molecules are critical aspects of their performance, and must be precisely known and

controlled in situ.12,35 Furthermore, these effects are coupled, as aggregation often leads to

a change in the molecular tilt angle and modifies the electronic states. Surface orientation

controls the efficiency of light harvesting and optimized electron injection into the photo-

electrode through a donor group.36 The optical absorption range and efficiency critically

depends on the local electronic structure of the dyes after immobilization, which may be

modified by the presence of the substrate and by molecular aggregation. For example, the

formation of H– and J–aggregates37 (wherein transition dipoles couple in a parallel and
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head-to-tail geometry, respectively29) induces a blueshift and a redshift, respectively, of the

absorption maximum, and may lead to either enhanced11,15,38,39 or decreased35 photovoltaic

performance (see Ref. 32 for a review). Concerning the electron transfer dynamics, it has

been shown that vibrations play a key role in this injection process, either in the ground

state40 or the excited state. For the latter, after optical excitation of the system and creation

of the electron-hole pair in the donor area, efficient electron transfer from the donor state to

the acceptor state (or to the substrate) is achieved by an overlap of the orbitals of the two

states involved and a delocalization of the electron wavefunction across the bridge between

the two entities.41 Experimental evidence show that there is a vibrational component to the

charge transfer mechanism.40 Theoretical calculations support the idea that the ultrafast

dynamics of the vibrational wavepacket in the molecular excited state (i.e. the vibronic

wavepacket) is vital to promote or quench the transfer.42 More precisely, the motions induced

by the excitations of one or two vibrational modes promote the orbital overlap and help

bridge the small energy gap between donor and acceptor states.43

Experimental characterization of the static and dynamic processes in situ requires spe-

cific adapted investigation techniques. In addition to the standard electrical, photochemical,

photoelectrochemical and linear optical tools used to determine and control the efficiency of

the photovoltaic process,1 Doubly Resonant Sum-Frequency Generation spectroscopy (DR-

SFG) may enable understanding at the molecular scale the phenomena taking place at the

molecule-substrate junction. It is well-known that vibrational (i.e. singly-resonant, SR)

infrared-visible SFG is intrinsically sensitive to molecules at an interface, and allows in-

formation about their orientation to be extracted from their vibrational modes, through

polarization combinations4,44 and/or peak intensity ratios45 for example. In addition to

vibrations, DR-SFG resonantly couples light to electronic and vibronic molecular transi-

tions, spectroscopically resolving the optical excitations in the visible range in addition to

the infrared (IR),30 making it sensitive to any evolution of the electronic structure upon

adsorption, through aggregation in particular.32 Finally, SFG gives access to ultrafast vi-

brational dynamics in molecules46 and, as we will explain below, the DR-SFG spectroscopic

response in the visible is strongly related to the excited state vibrational wavepacket dynam-

ics through the overlap spectral function.47,48 For all these reasons, DR-SFG appears suitable

to complement the panel of optical spectroscopic techniques applied to study charge transfer

processes in situ, from static absorption and resonance Raman to ultrafast pump-probe and
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two-dimensional electronic40 and infrared spectroscopies.

Historically, DR-SFG with tunable visible lasers has been applied to investigate the

model chiral response of coupled oscillators49 like binapthol in the liquid phase50–52 or in

monolayers53–55 both theroretically and experimentally; the vibrational and electronic struc-

tures of chromophores56–60 and conjugated polymers;61,62 and the charge transfer states in-

duced by molecular adsorption on metals.63–69 When the visible wavelength is tuned, most

of these works also confront the delicate problem of data analysis, and coupling between

electronic and vibrational resonances. The latter makes the former much more complicated

than in the singly IR-resonant case because the whole molecular vibronic structure is now

involved, as is explained below. In the first publication showing experimental DR-SFG

spectra of rhodamine 6G, Raschke et al. noted that the excitation spectra in the visible

(i.e. the evolution of the amplitudes of the vibration modes as a function of the visible

wavelength) comprised only one peak instead of the two expected peaks, leading them to

conclude that there was no contribution from higher order vibronic transitions to their DR-

SFG spectra because their frequency widths were much broader than for the 0-0 line.30 This

conclusion is also used in subsequent publications and leads several authors to simplify the

DR-SFG formulas by truncating the vibronic summations to the lowest order and/or to the

IR-excited mode only,61 which is one of the strategies encountered in the literature for an

easy interpretation of DR-SFG spectra. The second major strategy consists of calculating

the electronic response and vibration mode activities through first principle methods (e.g.

DFT/TD-DFT, CCSD) to predict the DR-SFG spectra.60 Of course, this method supposes

that the molecules keep their lower energy conformation, usually calculated in the gas phase,

and do not aggregate when adsorbed on the surface.31

In order to avoid these approximations and restrictions when modeling the electronic part

of the DR-SFG response, we propose an alternate strategy which naturally takes the full

vibronic structure into account. The ultimate goal is to determine all unknown relevant pa-

rameters through experiments with minimal hypotheses and approximations. The first step,

explored here using the example of rhodamine 123 and rhodamine 6G films on glass, consists

of simulating the excitation profiles of the vibration modes using only experimental data.

Following the original idea of the transform technique, we embed the vibronic sum-over-

states summations into a quantity (the overlap spectral function Φ) directly deduced from

the experimental absorption spectrum. We may avoid the approximations usually employed
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for the direct sum-over-states procedure, as all vibronic terms are readily included in Φ.

This method also does not require any first principle calculation or hypothesis on the molec-

ular structure, and allows straightforward embedding of aggregation and inhomogeneous

broadening effects.

From a more general perspective, the idea of the transform technique has never been used

for the analysis of DR-SFG data. We note that a parallel approach is developed in Ref. 60,

except that the energy lineshapes are computed, as the vibrational properties, from first

principle methods.70,71

II. THEORETICAL BACKGROUND

A. Double resonance SFG spectroscopy

Sum-Frequency Generation is a second-order nonlinear optical process. Two laser beams

(frequencies ω1 and ω2) interact with matter to create a nonlinear polarization P (2)(ωSFG)

oscillating and emitting radiation at frequency ωSFG = ω1 + ω2. The nonlinear polariza-

tion is proportional to the local electric field amplitudes E1 and E2 through their (i, j, k)

Cartesian components in the laboratory frame P
(2)
i (ωSFG) = χ

(2)
ijkE

1
j (ω1)E

2
k(ω2), and to the

nonlinear susceptibility tensor χ(2), characteristic of matter where the interaction takes place.

This macroscopic quantity has the following properties: it vanishes upon centrosymmetry

and consequently restricts the SFG process mostly to interfaces between centrosymmetric

media; it becomes resonantly enhanced when one of the beams excites an allowed optical

transition. As a consequence, SFG is often used as a spectroscopy in the infrared range,

with ω2 = ωIR, to provide a vibrational fingerprint of interfaces. In this case, the surface

nonlinear polarization P (2) radiates light to the far field, with an intensity proportional to

the incoming visible and IR intensities, to the squared SFG frequency (ωSFG)2 and to the

square modulus of χ(2) corrected from local field effects.45 For molecules at an interface,

we have χ
(2)
ijk = Nsβijk/ε0 where Ns is the surface density of molecules and βijk = 〈βαβγ〉ijk

is the molecular hyperpolarizability in the laboratory frame, deduced from the molecular

frame (Cartesian coordinates: α, β, γ) after averaging over molecular orientations. When

applied to chromophores or optically active materials in the visible range, the process with

ω1 = ωvis also becomes resonant with an electronic transition in the visible, and SFG is said
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doubly resonant. Considering the lifetimes of the vibrational and electronic excited states,

IR-vis DR-SFG dominates over the vis-IR process.72 Following resonant annihilation of the

IR photon, the visible annihilation and SFG creation processes may include all the allowed

transitions involving any vibrational level of the excited state, i.e. the whole molecular vi-

bronic structure (see Ref. 47 for a review). The vibronic structure is considered as a first

approximation identical to the vibrational one, which is equivalent to considering only linear

electron-vibration couplings; extension to quadratic coupling leading to mode distortion and

Duschinsky rotation may be found in the literature47,73,74 but will not be considered here.

B. Linking absorption and DR-SFG spectroscopy: the Φ(ω) function

Under the Born-Oppenheimer and harmonic oscillator approximations, for a molecule

with a single active electronic transition, the molecular doubly resonant hyperpolarisability

may be written as:47

βαβγ = 1/~2
IR−active∑

l

Aαβγl Dl (ωSFG)

ωIR − ωl + iΓl
(1)

where Aαβγl =µαg←eµ
β
e←g

(
∂µγ

∂Ql

)
0

is the static SFG amplitude and involves the dipole moment

µ of the electronic transition between ground (g) and excited (e) states, and the vibrational

transition moment
(
∂µγ

∂Ql

)
0

of vibration mode l, where Ql is the normal mode coordinate of

the vibration, projected onto a molecular frame. Dl(ω) is the excitation spectrum of mode

l and contains the processes resonant with the vibronic structure. For a Franck-Condon

active mode, we have

Dl (ωSFG) =
∆l

2
[Φ (ωSFG)− Φ (ωSFG − ωl)] (2)

and, in particular, at resonance with vibration mode l (ωIR = ωl):

Dl (ωSFG) =
∆l

2
[Φ (ωSFG)− Φ (ωvis)] (3)

where ∆l is the shift in normal mode coordinates between the vibration potential energy

curves of mode l in the ground and excited states. For a Franck-Condon inactive mode,

the DR-SFG process may exist through the Herzberg-Teller mechanism.31 We introduce the

overlap spectral function48,74 Φ(ω), defined as the Fourier transform of the overlap between

ground and excited states vibrational wavepackets, which accounts for the full sum-over-

states of the vibronic structure and is common to all vibration modes l. Function Φ is the core
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of the transform technique, an alternative to sum-over-states methodology for data analysis

in resonant Raman scattering.75,76 Once Φ is known, two parameters per vibration mode are

enough to simulate the DR-SFG spectra as a function of the IR and visible wavenumbers,

namely Al and ∆l. In particular, Eqs. 1 and 2 show that we may separate the amplitudes

related to the relative orientations of light beams and molecules (through α, β and γ)

from the resonant lineshapes depending on energies ωIR, ωvis and ωSFG. On vibrational

resonance, the dispersion of the excitation profile as a function of the visible wavenumber

solely depends on the Φ terms in Eq. 3. Φ(ω) may be evaluated by expanding it into a

sum-over-states formulation72,74,77 as sums of resonant Lorentzian functions, taking care of

including all modes of the vibronic structure and avoiding truncation at low order, as is

often done.61,62,64 The great advantage of this formulation is that function Φ may also be

deduced from experiments. The simplest way is to consider the visible absorption spectrum,

for which the absorbance A(ω) may be written as:

A(ω) ∝ ω |µe←g|2 Im [Φ(ω)] (4)

As Φ(ω) is only an energy lineshape, the choice of polarization and angle of incidence for

the absorbed light will only affect the transition amplitude µe←g and leave Φ unchanged.

It is essential to measure the absorbance on the same interface as the DR-SFG spectrum

itself, i.e. at the monolayer level. As a matter of fact, when considering molecular layers

adsorbed on a substrate, adsorption may modify the molecular electronic properties through

dimerization, aggregation, charge transfer from the substrate or chemical reaction.

C. Reconstructing Φ(ω) from experimental data

As Φ(ω) essentially consists of sums of complex Lorentzian functions, each one accounting

for an individual jump from the ground state to one of the states composing the vibronic

structure, it must fulfill the Kramers-Kronig (KK) relationships. In the classical transform

technique for resonant Raman scattering, the real part of the complex function Φ is therefore

recovered by a KK transformation of its imaginary part:78–85

Re [Φ(ω)] =
1

π

∫ +∞

−∞

Im [Φ(Ω)]

Ω− ω
dΩ (5)

where the principal value for the integral is implied to avoid convergence problems. As

pointed out in Ref. 85, the KK method suffers from shortcomings (the imaginary part must
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be set to zero outside the peak region, numerical noise appears from integration, convergence

problems must be taken care of). As we will see below, it is also not flexible enough to handle

more complex situations, for example when two kinds of aggregates coexist. Following

Ref. 85, we therefore propose to determine the real part by curve fitting of the imaginary

part. The absorbance features of a chromophore in solution or as a monolayer (see for

example Fig. 2 (A)) have a reproducible structure: they consist of a main peak, related to

the 0-0 electronic transition (vibrationless frequency ω0, width Γ0), completed on the high

energy side by a vibronic tail summing up all the allowed vibronic transitions.74 In condensed

matter, the widths of all the resonant features are the result of a convolution between the

natural width Γ, related to the Lorentzian nature of the resonance and to the lifetimes of the

transitions, and an inhomogeneous broadening, related to the coexistence of various local

environments and interactions for each molecule, slightly modifying individual electronic

states and efficiently modeled by a Gaussian distribution. In other words, the imaginary

part of Φ is a sum of Voigt profiles.86 Turning back to the full complex Φ(ω) function, it

is therefore also possible to model it as the sum of two complex contributions.85 On one

side, a Faddeeva function87 represents the inhomogeneously broadened 0-0 line, centered on

ω0, with Lorentzian width Γ0 and Gaussian width σ0. On the other side, we consider the

vibronic tail as a sum of individual Lorentzian functions resonant with a vibronic energy

and weighted by a transition probability (related to the Franck-Condon or Herzberg-Teller

nature of the vibration mode and its vibrational overlap). We know that these probabilities

decrease towards high energies as they involve overtones and combination bands; at low

energies, the start of the vibronic tail overlaps with the central peak. As a consequence,

in condensed matter, the vibronic tail displays a maximum in the fingerprint region (at

energy ω0 +ωc) and appears as a continuum of Lorentzian contributions distributed around

it. For organic chromophores, considering the high density of vibration modes involved in

the vibronic structure, it is reasonable to model it by a continuous Gaussian distribution

of vibronic modes, and consequently the full vibronic tail by a second Faddeeva function,

centered on ω0 + ωc, with Lorentzian width Γvib and Gaussian width σvib. The total fit

function is therefore:

Im [Φ(ω)] = Im

[∫ +∞

−∞

A0−0G0−0(Ω0, σ0)

ω − Ω0 + iΓ0

dΩ0 +

∫ +∞

−∞

AvibGvib(Ωvib, σvib)

ω − Ωvib + iΓvib

dΩvib

]
(6)
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where

G0−0(Ω0, σ0) =
1

σ0
√
π

exp

[
−
(
ω0 − Ω0

σ0

)2
]

(7)

and

Gvib(Ωvib, σvib) =
1

σvib
√
π

exp

[
−
(
ω0 + ωc − Ωvib

σvib

)2
]

(8)

from which the real part is easily deduced.

D. Multiple excited states

When several electronic resonances compete for the DR-SFG enhancement, giving rise to

two or more resonances in the absorption spectrum, the analysis complexifies. We suppose

that two distinct excited states (labelled H and J in reference to the two aggregation states of

rhodamines37), coexisting at the molecular level, contribute to the optical processes involved

in the resonant absorption and DR-SFG processes. Each state has its own vibronic structure,

represented by a distinct ΦH/J function. In the absorption spectrum, their contributions

simply sum up, weighted by population factors PH and (1− PH):

A(ω)/ω ∝ PH |µe←g,H |2 Im [ΦH(ω)] + (1− PH) |µe←g,J |2 Im [ΦJ(ω)] (9)

The situation becomes more complex for the DR-SFG response. As H and J states proceed

from the same molecular monomers, they share the same vibrational levels in the ground

state. However, from Eq. 1, the excitation profile of mode l becomes:

PHA
αβγ
l,H Dl,H + (1− PH)Aαβγl,J Dl,J . (10)

Functions ΦH and ΦJ are therefore weighted by a product of factors µαHµ
β
H

(
∂µγ

∂Ql

)
0,H

∆l,H

and µαJµ
β
J

(
∂µγ

∂Ql

)
0,J

∆l,J to generate the full excitation profile. As H– and J–aggregate ge-

ometries significantly differ,29 there is no direct relationship between these four quantities

for one type of aggregate or the other: electronic transition dipole moments µg←e depend

on the interaction geometry between the molecules, and their projections vary accordingly;

IR transition dipole moments
(
∂µγ

∂Ql

)
0

depend on the orientation of the molecules in the ag-

gregate relative to the surface; normal mode shifts ∆l relate to the electronic structures of

the excited states and therefore also depend on the nature of the aggregate. The last two in

particular do not contribute to the absorption spectrum. Contrary to the single electronic
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excited states situation, there is now no direct proportionality between the complex line-

shape functions of the absorption and DR-SFG excitation spectra. The effective Φ function

that may be reconstructed from a KK-transformation of the normalized absorption spectrum

(Eq. 9) does not match that giving rise to the DR-SFG excitation profiles in Eq. 10. The

fitting procedure provides a route for overcoming this problem: after extracting the global

Im[Φ] function from the absorption spectrum, we may separate its H and J components

by curve fitting, which also provides at the same time their real parts. From the simu-

lated ΦH(ω) and ΦJ(ω) functions, we may reconstruct the total lineshape of the DR-SFG

excitation spectrum, determining in this way the balance between H and J contributions.

III. EXPERIMENTAL METHODS

Solutions of rhodamine 6G (Sigma-Aldrich) were prepared in absolute ethanol with var-

ious concentrations (10−6, 10−5, 10−4, 2×10−4, 5×10−4 and 10−3 M). For rhodamine 123

(Sigma-Aldrich), concentrations in ethanol were chosen as 10−4 and 10−3 M. Rhodamine

films were prepared by spin coating on ultrasonically cleaned microscope glass substrates,

then dried in air. For SFG experiments, the rotation speed was set to 2000 rotations per

minute. The influence of the rotation speed on the film structure was studied by UV-visible

absorption and vibrational SFG by comparing 2000 and 9000 rpm R6G films.

UV-visible absorbance spectra were recorded at normal incidence on a Cary 5000 spec-

trometer (Agilent) with 1 nm resolution.

The doubly resonant SFG spectra were recorded on the previously described set-up at

Institut de Chimie Physique in Orsay.88 Briefly, a pulsed 1064 nm Nd:YVO4 laser (7.5 ps,

62.5 MHz) is used, after temporal shaping in 2 µs long trains at 25 Hz and amplification,

to synchronously pump two optical parametric oscillators (OPO) for variable frequency

output. The IR-OPO is based on a AgGaS2 crystal and generates IR radiation in the

1200-2800 cm−1 range. The visible OPO is pumped by the third harmonic and generates

visible colors tunable in the 420–710 nm range. The two beams are slightly focused on the

sample surface with angles of incidence 55◦ and 65◦ for the visible and IR, respectively.

SFG is measured in reflection after spatial and frequency filtering through a double grating

monochromator (Acton Trivista). In order to work in the 1600 cm−1 region, the IR path is

purged with dry air but still experiences water absorption on its way, leading to dips in the
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FIG. 1. Absorbance spectra (normal incidence) of rhodamine 6G films spin-coated on glass as a

function of the solution concentration in ethanol. (A) Baseline-corrected spectra. (B) All spectra

normalized to 1. The arrows show the redshift of the J–aggregate and the increase of the H–

aggregate peaks.

SFG spectra, corrected by post-processing and smoothing. The water absorption bands are

used for an accurate IR frequency calibration by comparison to literature data.89

IV. STRUCTURE AND OPTICAL PROPERTIES OF THE RHODAMINE

FILMS

A. Visible absorption spectra

In order to have a precise knowledge of the structures of the rhodamine film on glass,

we have studied the visible absorption spectra of R6G films with concentrations ranging

from 10−6 to 10−3 M (Fig. 1) at 9000 rpm. As studied by Chapman et al.37, the high and
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low rotation speeds do not induce significant changes in the visible absorbance lineshapes.

Here we have focussed on the high speed data as they show clear aggregation trends as a

function of rhodamine concentration. No signal could be measured from the 10−6 M film.

The absorption maxima increase with the concentration, which proves that deposition is a

continuous process going beyond a monolayer.37 From Ref. 29, a monolayer is reached for

peak absorbance around 0.02, in our case around 5×10−4 M, close to their value. How-

ever, this supposes that molecules do not aggregate on the films. As illustrated in Fig. 1,

experience shows indeed a high degree of molecular aggregation, evidenced by the split of

the monomer peak (represented by the solution curve, absorption maximum 530 nm) into a

blueshifted peak and a redshifted one, attributed to H– and J–aggregates,37,90 respectively.

The magnitude of the redshift increases with concentration to reach 21 nm for 10−3 M. On

the other hand, the amount of H–aggregates increases faster with concentration than the

J–aggregates, and their ratios stabilizes roughly after the monolayer level is reached. Using

different substrates, some authors do not detect the J–aggregated peak.91 In Fig. 1B, the

absorbance curve of the solution shows the vibronic tail as a high energy shoulder to the

central peak, as no aggregation is expected in solution below 5×10−3 M.90,92 Interpretation

of the DR-SFG results relies, as explained above, on the in situ absorption spectra for the

determination of the overlap spectral function.

In Fig. 2, we present the absorption spectra of the three films analyzed in the DR-SFG

experiments below. The R6G film shows a clear presence of two maxima corresponding to

the two aggregation geometries, as is directly deduced from the comparison to the above

analysis. For the 10−3 M R123 film, the presence of two peaks is less obvious but the shape

and width of the maximum, together with the comparison to the solution spectrum, show

that there are indeed two electronic states involved, resonant with H– and J–aggregates. The

situation is different for the 10−4 M R123 film because the absorption spectrum shows only

one resonance maximum, redshifted with respect to the solution peak, therefore indicating

J–aggregation in the film. On the other hand, the peak is much broader than in solution,

which could be attributed to either inhomogeneous broadening or the presence of a small

contribution from H–aggregates on the high energy side. Still the total width remains clearly

smaller than for the 10−3 M film, leading to favor the first hypothesis at this stage.
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FIG. 2. Absorbance spectra (normal incidence, normalized to unity) of (A) R123 and (B) R6G

films spin-coated on glass. Solution absorption spectra are superimposed (dotted lines) in order to

evidence the redshift of the J–aggregate peak and the presence of the H–aggregate peak.

B. Vibrational SFG spectra

A full analysis of vibrational normal modes was performed in Ref. 93 and more thorough

studies by DFT calculations, especially in the rich 1500–1700 cm−1 region.31,94 The SFG

vibrational spectra, recorded in double resonance conditions for the SFG energy, show that

the films are rather heterogeneous, with the SFG intensities depending on the point probed

on the surface. It is therefore not possible to compare absolute SFG intensities for different

films. In Fig. 3 we show the vibrational signatures of R6G and R123 on glass for several

concentrations and rotation speeds in the ssp polarization combination. We see that the

vibrational features remain essentially identical for both molecules and in all conditions,

the rotation speed in particular does not deeply modify the spectra. One vibration mode
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FIG. 3. Representative vibrational ssp SFG spectra of (A) R6G (λvis = 590 nm) and (B) R123

films (λvis = 560 nm). All intensities are normalized to 1 to ease comparison of the vibrational

features. Remnants of water absorption still appear as dips. On some spectra, linear interpolation

due to laser malfunction is indicated by (*).

around 1655 cm−1 dominates all others (1615 cm−1, 1573 cm−1 and 1512 cm−1) with a

long tail extending on the high energy side. These modes are documented in the literature

but we note that their intensity ratios differ from previously published data.30,31 This could

be due to a different adsorption geometry, modifying the relative excitations of vibrational

transition moments by IR light. The high energy tail may be attributed to interference

with low intensity vibration modes above 1700 cm−1.31,74,93 Nonetheless, the main peak

appears almost free from interference on the low energy side. It has been shown to be

almost exclusively Franck-Condon active, contrary to the Herzberg-Teller active 1615 cm−1

mode.31
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FIG. 4. (A) DR-SFG spectra recorded on the R123 films (10−4 M in blue and 10−3 M in red) for

an IR wavenumber fixed at the 1655 cm−1 peak, as a function of the visible wavelength. Plain dots:

ssp polarizations, open dots: ppp polarizations. (B)-(D) Comparison of the ssp DR-SFG response

(black dots), absorbance in solution (red) and in the films (blue) at the visible (dotted lines) and

SFG frequencies (plain lines, see text for details) for (B) 10−4 M R123, (C) 10−3 M R123, and (D)

R6G.

C. DR-SFG spectra of the rhodamine films

In order to analyze the DR-SFG response in the visible range, we concentrate on the

main vibration mode around 1655 cm−1. Its Franck-Condon nature and the low influence

of interferences with the neighbouring peaks make it the ideal candidate for a comparison

with the models described above. In the following, we fix the IR wavenumber to the value

at peak maximum and record the SFG intensity as a function of the incoming visible wave-

length tuned between 440 nm and 660 nm with a 2 nm step (Fig. 4). Several spectra were

recorded sequentially, changing the probed point on the surface to avoid damaging the films.

Points recorded for a visible wavelength around 582 nm were discarded as they produce SFG
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around 532 nm, leading to detection saturated with stray light scattered from the doubled

YVO4 source. We observed that the absolute intensities and ssp/ppp intensity ratios may

change from point to point, the latter remaining between 1 and 2. An example of abso-

lute comparison between ssp and ppp intensities for the R123 films is displayed on Fig. 4A,

but the analysis below will focus on normalized spectral lineshapes rather than absolute

intensities. We see that the DR-SFG intensities for R123 and R6G vary with the visible

color, with a maximum in the green region, confirming previous observations for R6G and

proving the double resonance.30,32 Fig. 4A confirms an essential prediction of the theory,

as the energy lineshape for a given film is found identical whatever the polarization combi-

nation. As shown in Ref. 74, the Dl function is indeed common to all hyperpolarizability

components and transfers to the macroscopic susceptibility components, leading to identical

spectral lineshapes in the visible range for ssp and ppp polarization combinations as long

as interference with a nonresonant and neighbouring peaks is minimal. In the following,

we may thus use either ssp or ppp polarization combinations to model the energy disper-

sion of the DR-SFG excitation profiles. These profiles may be directly compared to the

absorption properties of the solutions and the films, with resonance at the visible or SFG

energies. For this purpose, we first draw in Fig. 4B–D the absorption spectra as a function

of the visible wavelength. In order to check resonance between absorption processes and

SFG wavelengths, we should draw on a separate graph absorbance and DR-SFG spectra

as a function of the SFG wavelengths. For simplicity, we have chosen instead to add to

Fig. 4B–D the absorbance spectra as a function of the visible wavelength, but redshifted

by 1655 cm−1 to generate resonance with the SFG beam. For rhodamine 123 at 10−4 M,

the DR-SFG resonance lies in the middle of the visible and SFG absorption resonances. As

expected from the absorption spectra, the DR-SFG response varies with the concentration

of the solutions used to prepare the films. For the 10−3 M film, and for R6G, the DR-SFG

profile appears to coincide with the high energy peak, attributed to H–aggregates, in the

film absorbance curve evaluated at the SFG frequency. From these curves, the DR-SFG

profile overlaps more with the absorption features at the SFG energy than the visible one.

However, it clearly appears that a simple interpretation straightforwardly deduced from the

absorption curves is not possible here.
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D. Modeling of the excitation spectra

1. J–aggregated film: 10−4 M Rhodamine 123

In order to account for the experimental behaviours of the DR-SFG lineshapes, we apply

the Φ function formalism outlined in Part II. We first focus on the 10−4 M film because it

appears that the absorption spectrum may be modeled by a single electronic excited state,

corresponding to J–aggregated molecules. In a first step, the absorption spectrum of the

film is divided by ω and the background subtracted to create the imaginary part of the Φ

function (Eq. 4). The background has been shown to arise from the excitation of electronic

transition below 400nm.85 A KK transformation (Eq. 5) is then performed to calculate the

real part of Φ(ω).

In a second step, we fit the imaginary part of the Φ(ω) function of the 10−4 M R123 film

according to Eq. 6. Considering the high number of free parameters in the fit (A0−0, Avib,

ω0, ωc, Γ0, Γvib, σ0, σvib), we have first started by fitting the R123 solution spectrum, then

the film spectrum using the solution parameters as starting points. Curve fitting provided a

very good agreement between experimental and fit points, thus validating the choice for the

definition of the fit function (see Supplementary Material for details). To a given accuracy,

the fits are not unique. This is not a problem as long as their imaginary parts accurately

reproduce the experimental absorption curves, but it raises questions about the uniqueness

of the real part deduced from the fits. We have checked that the latter is, whatever the fit

parameters, identical to the real part deduced from KK transformation. As it is only a math-

ematical intermediate to evaluate the full Φ(ω), this fitting procedure does not necessarily

provide amplitude and width parameters having a direct physical interpretation.85

Through this procedure, we now have access to the real and imaginary part of the Φ

function together (Fig. 5). As expected, the real part shows a derivative shape, and the

imaginary part involves peaks, typical of a Lorentzian resonance. More surprisingly, when

evaluating the features giving rise to the excitation profile Dl (i.e. Φ(ωSFG) − Φ(ωvis)),

the roles are reversed: the real part appears as a (negative) peak whereas the imaginary

part shows a derivative shape. The excitation function may therefore be roughly seen as a

quasi-Lorentzian resonance, inhomogeneously broadenend, centered close to the middle be-

tween visible and SFG wavelengths, with a 90◦ phase delay as compared to the fundamental
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FIG. 5. Experimental Φ function of the R123 film (10−4 M) as a function of the visible wavelength

(real part in black, imaginary part in red). For the evaluation of the DR-SFG excitation profile, the

function is evaluated at the visible (plain lines) and SFG (dotted lines) wavelengths corresponding

to the 1655 cm−1 peak. The differential function Φ(ωSFG)− Φ(ωvis) appears as open circles.

processes. It may seem intriguing, but it results from the interference between the two

Φ functions, with equal amplitudes and opposite signs, describing respectively the upward

and downward contributions to the resonant Raman part of the DR-SFG process. We may

establish a parallel with the Fano interferences between a continuum and discrete states,95

with the difference that all states here are discrete. They give rise to Fano profiles, which

often have a derivative shape.

The dispersion of the excitation profile in the visible range only depends on the Φ terms

in Eq. 3. From the experimentally determined Φ function, noting that Fresnel reflectivity on

glass is essentially constant over the visible range, we may now easily calculate in Fig. 6 the

normalized excitation profile (i.e. the energy lineshape) of the 1655 cm−1 mode, then sim-

ulate experimental intensity dispersion through (ωSFG)2 |Φ(ωSFG)− Φ(ωvis)|2, and compare

it to the experimental points. We see that the simulations exactly match the original data

(red points) on the high energy side, even accounting for the hump at the high energy peak

foot, but extend too far on the low energy side. However, we observe that this low energy

side is correctly accounted for when comparing the simulated curves to experimental points

recorded on a different location on the film (orange squares). As a whole, the simulation

agrees with the experimental points when the DR-SFG dispersions of the two locations on

the film are taken into account together. In other words, the simulation represents an en-
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FIG. 6. Comparison of the simulated DR-SFG excitation profiles (plain lines) for the R123 film

(10−4 M) at 1655 cm−1 IR wavenumber using two methods for determining the Φ function (black:

KK transformation, green: fit) with experimental ssp and ppp data recorded on two different

locations on the film. All curves are normalized to unity in order to focus only on the lineshapes.

velope for the local experimental contributions. This is easily understood when comparing

the experimental procedures in absorption and DR-SFG spectroscopies. Absorption spectra

are recorded using a wide light beam which covers a large surface on the film. As the film

is not homogeneous, the absorption spectrum integrates all the various local contributions

into a broad spectrum, which appears in the end broader than the local resonant features.

As the Φ function is deduced from this absorption spectrum, it also encompasses these het-

erogeneities and so does the simulated DR-SFG excitation profile. On the contrary, on the

SFG set-up, we use small and focussed beams, generating SFG photons in the small area

where the IR and visible beams overlap. The DR-SFG data are by essence local data, still

integrating heterogeneities at the molecular scale, but not at the film scale. This explains

why simulations appear broader than experimental point distributions, the full simulated

width being recovered when integrating the SFG response over a large macroscopic surface

of the film. This also explains why absorption spectrum in the film appears much broader

than in solution.

The accurate simulation of the experimental data on Fig. 6 addresses several interesting

conclusions. It shows that the transform method and direct use of the Φ function, deduced

from in situ experimental absorption spectra, for the analysis of DR-SFG excitation profiles

works perfectly well. This validates this methodology for the first time on DR-SFG. This
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also shows that the assumptions made in this study are indeed fulfilled: separability in DR-

SFG between molecular amplitudes and energy lineshapes; Franck-Condon nature of the

1655 cm−1 mode; neglect of the higher order contributions to the excitation profile47 and

of the interference effects with neighbouring vibration modes. The experimental shape in

Fig. 4B is also now easily accounted for: the energy of the vibration mode is smaller than

the width of the electronic resonance (in our case the full width, including inhomogeneous

broadening), a situation which is known to produce a single peak in the excitation profile,74

located roughly halfway between the absorption maxima at visible and SFG frequencies.

In addition, this proves that a single, inhomogeneously broadened, electronic resonance

is enough to reproduce both the absorption and DR-SFG spectra. The main process at

stake during film formation at this concentration is therefore J–aggregation, which appears

before H–aggregation starts. Finally, this study also proves that the films are indeed very

heterogeneous, not only at the molecular scale but also at the macroscopic one. The film

shows co-existence of various zones which differ much as for their aggregation properties, as

evidenced by the experimental variabilities in their redshift values. Their optical responses

sum up and eventually account for the different linewidths in the film and in solution. The

competition between molecular adsorption and aggregation is a random process depending

on several kinetic parameters, and it is not surprising that heterogeneity appears for low

molecular concentration in solution.

2. H– and J–aggregated films

For the 10−3 M R123 and R6G films, the situation is complicated by the presence of both

H– and J–aggregates together on the films, as evidenced by the splitting of the central peak

on Fig. 2. We therefore apply the separation method proposed above. We start with the

R6G film as the separation between H and J maxima is clearer on the absorption spectrum

(Fig. 4D). This time, curve fitting is not just a trick for evaluating the real part from

the knowledge of the imaginary part, it has to efficiently separate the contributions of the

two electronic states. As an additional issue, the vibronic tail of the low energy resonance

overlaps with the central peak of the high energy one, making it difficult to unambiguously

separate them. As the superimposition of two Im[Φ] functions in Eq. 10 results in a sum of

four Faddeeva functions, and considering the weak amount of information conveyed by the
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structures of the absorption spectra, we limit the number of parameters by fixing identical

structures (i.e. Lorentzian widths, gaussian widths, central peak over vibronic tail amplitude

ratios) to the two Φ functions. This approximation is strengthened by the fact that both

aggregation states rely on molecular interactions along two distinct geometries, but involving

the same molecules in the same kind of environments. For these reasons, lifetimes and

inhomogeneous broadenings of the two electronic states are essentially identical, as well as

their average vibronic structures when considering that the aggregated molecules all share

the same vibration modes as long as their geometries compare. The total fitting function is

thus:

Im[Φ(ω)] = BH Im[ΦJ(ω − ωH)] +BJ Im[ΦJ(ω)], (11)

where Im[ΦJ(ω)] has the form of Eq. 6. Even so, fitting is possible using very different

sets of parameters, as several local minima may be found by the fitting algorithm. We

present in Fig. 7A the decomposition of the total Im[Φ] into H and J contributions with

four different sets of parameters (details may be found in the Supplementary Material). A

direct fitting gives rise to a marked vibronic tail, whereas subsequent fitting adjustments lead

to configurations with a reduced or even absent tail. Comparison with the 10−4 M R123

case tends to favour the intermediate situation, but we use all of them for the DR-SFG

simulations.

We simulate the normalized SFG intensities as a function of the visible wavelength by

evaluation of (ωSFG)2 |Φ(ωSFG)− Φ(ωvis)|2 and compare it to experimental ssp data. In order

to understand the origin of the double resonance, we separately plot on Fig. 7B, the energy

lineshapes of peaks H and J. As can be seen, the DR induced by the J peak alone is almost

sufficient to recover the experimental energy profile. Although it is not possible to exactly

reconstruct the complete profile with one of the four sets of parameters, we see that, for the

three of them for which the vibronic tail is not overestimated, the essential features may be

accounted for by the J resonance only, one of the fits even reconstructing the high energy

tail below 520 nm. We may conclude that DR-SFG is much more efficient here with the

J–aggregates than the H–aggregates. A minority contribution from ΦH is also possible, with

an impact mostly on the high energy tail, which could explain the discrepancies between

experimental and simulated profiles in this region. However, it would also lead to a change

in the high energy slope of the resonance peak (around 540 nm). Given the accuracy of the

J contribution in this region, the influence of the H contribution has to be small. We could
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FIG. 7. (A) Imaginary parts of Φ(ωvis) (J peak: plain lines, H peak: dotted lines) for the R6G

film at 1655 cm−1 IR wavenumber using four parameter sets for fitting the Φ function. (B)

Comparison of the simulated DR-SFG excitation profiles with experimental ssp data for the same

fitting parameters and peaks. All curves are normalized to unity in order to focus only on the

lineshapes.

not find alternate experimental energy profiles by changing the probed location on the film

(as was done with 10−4 M R123 in Fig. 6), which does not mean that such shifted profiles do

not exist. They could also account for the discrepancies remaining on the low energy side of

the resonance, giving even more credence to the interpretation in terms of J resonance only.

The same analysis was performed on the 10−3 M R123 film for the separation of H and J

contributions to the total Im[Φ] lineshape, and simulation of their normalized SFG profiles

(Fig. 8). From the shape of the absorption spectrum (Fig. 4C), we see that the energy

separation between the H and J absorption peaks is smaller than for R6G, indicating a

lower aggregation state. However, the total width appears at least identical, which means

that heterogeneity is greater in the R123 film, either locally (inhomogeneous broadening) or
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FIG. 8. (A) Imaginary parts of Φ(ωvis) (J peak: plain lines, H peak: dotted lines) for the 10−3 M

R123 film at 1655 cm−1 IR wavenumber using four parameter sets for fitting the Φ function. (B)

Comparison of the simulated DR-SFG excitation profiles with experimental ssp data for the same

fitting parameters and peaks. All curves are normalized to unity in order to focus only on the

lineshapes.

macroscopically (different organizations throughout the film). In addition, the two maxima

strongly overlap, making it difficult for the fitting algorithm to locate them accurately. As

a consequence, the fitting step proved more difficult here, probably reaching the limits of

the method. Still three sets of fitting parameters could be obtained in the same way as for

R6G, with a rather marked vibronic tail. Looking for an alternate fit with less influence

of the vibronic modes, we started with parameters inspired from the 10−4 M film to get a

fourth set of fitting parameters with a vibronic tail analogous to Fig. 5. We see in Fig. 8A

that the fits strongly differ also by the positions of the H and J peaks, and the natures of

their overlaps. The simulated SFG spectra (Fig. 8B) also show a dominant contribution

from the J–aggregates. For the three first fits, there is an obvious shift in experimental
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peak position towards higher energies, which may hint at an important contribution from

the H–aggregates. For these fits, heterogeneity of the films alone cannot compensate for the

incorrect position of the high energy slope of the central peak. For the fourth fit, however,

the simulation results in an analogous situation as for 10−4 M R123, with a very broad J

peak encompassing all the experimental points on either side of the resonance, and a more

blueshifted H peak. With this fit, all the double resonance, and the correct position of the

maximum, may be accounted for by the J–aggregates alone. This hints at the pertinence of

this analysis based on this fourth fit, even if no definite conclusion may be drawn without

additional experimental evidence. Another point on the sample surface was probed, with

no noticeable differences, as for the R6G film.

V. DISCUSSION

A. Advantages and limitations of the method

Analyzing DR-SFG data is an ongoing challenge. As discussed in Ref. 47, expressing

the doubly resonant hyperpolarizability into Lorentzian sum-over-states or in integral form

requires an explicit decomposition over the vibronic structure. The required parameters (vi-

bronic energies, Huang-Rhys factors, coupling constants) start becoming accessible through

quantum chemistry calculations. Practical implementation still leads, at some point, to sim-

plifying the vibronic structure by neglecting some states or terms in the sums. In addition,

these representations only provide theoretical and ideal simulations of the DR-SFG spectra,

which do no take full account of the real vibronic structure (peak widths, sample hetero-

geneities, coexistence of various molecular states). The spirit of the transform method, on

the other hand, is to directly insert the experimental ingredients (in our case the absorption

spectrum) into the DR-SFG formalism by integrating all the vibronic parameters into the

experimentally determined spectral overlap function Φ(ω). The procedure is in fact rather

simple: i) deduce the imaginary part of Φ(ω) from the absorption spectrum A(ω)/ω; ii)

calculate the real part by a Kramers-Kronig transformation; iii) insert Φ into Eq. 2 or 3 to

calculate the lineshape of the excitation profile. The main conclusion of the present study is

the proof that this method works perfectly well to predict the spectral evolution of the DR-

SFG intensity in the visible range for a spin coated molecular film of organic chromophores
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involving very common deviations to the perfect picture: molecular aggregation, a variety

of local environments leading to inhomogeneous broadening, and heterogenity in the film.

For more complicated situations where two molecular aggregation states coexist, a fitting

strategy is proposed which provides the essential required spectral structure but is of course

limited by the accuracy of the experimental data used to build the Φ functions.

Application of the Φ function formalism relies on several hypotheses. First, we have

neglected terms arising from quadratic electron-vibration coupling.47,74 This does not imply

that the vibration under study here is free from mode distortion or mode mixing. This rather

means that either these effects may actually be neglected, or the formalism already partly

includes them in its present form, which deserves future attention. On the other hand, the

remaining discrepancies between simulations and experiments, in particular for the 10−3 M

R123 film at high energies, may be due, in addition to film heterogeneities, to the influence

of these quadratic coupling terms. Second, this formalism only applies up to now to Franck-

Condon active modes, as the equations differ for Herzberg-Teller active modes. As the

necessity to include Herzberg-Teller activity has been shown in some situations, especially for

Franck-Condon inactive modes,31 the next step should be to develop the transform technique

formalism for Herzberg-Teller terms and compare the visible dispersions for Franck-Condon

and Herzberg-Teller modes. Third, we have neglected interference effects between vibration

modes and focused on a single isolated mode in order to prove the reliability of the transform

technique. Still, for a full vibrational DR-SFG spectrum comprising interfering modes, Eq. 2

allows to predict the visible dispersion in amplitude and in phase of the complex amplitude

of each vibration mode. Consequently, it makes it possible to determine the vibrational

phases and assign them during the fitting process, thus avoiding well-known issues of SFG

curve fitting with free phase parameters.96

B. Structure and DR-SFG activity of molecular aggregates

Absorption data show that film formation on glass for rhodamine dyes from ethanol so-

lutions follows a cumulative process. At low concentrations in solution, J–aggregates alone

form on the glass surface, with a small redshift in absorption as compared to monomers.

At higher concentrations, H–aggregates appear when molecular packing and density raise,

whereas the redshift of the J–aggregates increases. Molecular packing and film structures

25



seem heterogeneous at all scales, in particular for the low concentrations where zones with

different aggregation states macroscopically coexist in the film. This is confirmed by the DR-

SFG analysis. For the low concentration R123 film, the excitation profile of the 1655 cm−1

vibration mode is completely accounted for by a single electronic transition corresponding to

J–aggregates, but a high macroscopic heterogeneity has been shown to contribute to the line-

shape of its excitation profile. For the 5×10−4 M R6G film, J–aggregates account for almost

all of the excitation profile in spite of the moderate to high content of H–aggregate. Finally,

for the high concentration R123 film, molecules involved in J–aggregates are also found to

be more DR-SFG active than in H–aggregates. Depending on the scenario considered, one

fit leads to a very dominant J response, whereas the three other fits seem to favour mixed

contributions. However, as the full response is the complex sum of H and J contributions to

the excitation profiles,32 it is difficult here to quantify their respective weights (as was done

in the past on isomeric mixtures for example60) because the fitting procedure cannot unam-

biguously separate them, giving rise to several plausible combinations. In summary, for all

rhodamine films on glass, we show that aggregation dominates the molecular structure, but

mostly J–aggregated molecules are DR-SFG active. As for the origins of the differences in

DR-SFG activities between H– and J–aggregates, as the 1655cm−1 mode is Franck-Condon

active, they lie in the µαg←eµ
β
e←g

(
∂µγ

∂Ql

)
0

∆l amplitudes of their respective excitation profiles.

Absorption spectroscopy shows that both aggregates exhibit an in-plane electronic transition

with transition dipole moments of the same order of magnitude. The difference therefore

does not relate to the electronic transition dipole moments, as confirmed by the analogy in

the excitation spectra for both ssp and ppp polarization combinations. The difference must

lie in the ∆l

(
∂µγ

∂Ql

)
0

product. This could be a geometric effect, caused by a more favourable

orientation of the molecules in the J–aggregates, enhancing their
(
∂µz

∂Ql

)
0

projections in the

IR p-polarized hyperpolarizability combinations. On the other hand, aggregation may also

induce a change in the multimer electronic states32,39,40,97,98 leading to a reduction in the ∆l

in the H–aggregates as compared to J–aggregates.

C. Comparison with literature spectra and interpretations

It has long been wondered why, in the original publication on DR-SFG of a rhodamine 6G

film,30 the experimental excitation spectra recorded in the visible range did not show all the
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structures predicted by the theory. In brief, the sum-over-states formulation47,72 essentially

predicts two peaks in the excitation spectrum, corresponding to the resonance of the SFG

and visible beams, respectively, with the electronic transition energy (or more precisely

with ~ωeg0 corresponding to the vibrationless transition energy47,48). They correspond to

the two excitations described by Φ(ωvis) and Φ(ωSFG) in Eq. 3. Experimentally, only one

peak was observed, apparently matching a molecular electronic transition resonant with the

SFG beam. The authors explained this single peak by an underestimation of the Lorentzian

widths Γeg,vib of the vibronic states (i.e. overestimation of their lifetimes). This amounts

to damping most of the vibronic resonances in the simulations and in particular all of

the second peak. In the light of the present study, we may deduce that this is part of

the explanation, but there are other sources of inaccuracy of the theoretical description

they used. For the definition of the resonant denominators of the vibronic Lorentzians,

theoretical parameters were imposed and fixed (ωeg0 ; Γeg0; Γeg,vib) and the sum-over-states

was limited to the vibration mode excited by the IR photon. This illustrates the main

shortcoming of such theoretical descriptions as they do not incorporate the actual values of

the required parameters. The exact value of ωeg0 is not known as it does not correspond to the

experimental absorption maximum. Molecular aggregation in the film induces experimental

energy shifts but was not taken into account, whereas heterogeneities increase the widths

(including that of the 0–0 transition) through a distribution of all parameters values. It

has also been shown74 that the double peak structure in the theoretical excitation profile

of a DR vibration mode only exists when the vibrational energy is bigger than the full

width of the electronic resonance (2Γeg0). Excitation profiles therefore appear as single

broad peaks in the case of low energy vibration modes, but also for high energy modes

when the experimental width of the electronic transition grows, because of inhomogeneous

broadening for example. This is illustrated here for the 10−4 M R123 film. It can be checked

that the absorption spectrum recorded in Ref. 30 is indeed as broad as for our R6G film,

and exhibits a very Gaussian profile, hinting at a probable high inhomogeneous broadening.

Although the molecular and film structures differ in our study and theirs, as evidenced

by the lineshapes of adsorption and vibrational SFG spectra, we may still consider that

the generation of the DR excitation profiles follows the same trends. This is confirmed

by the fact that, in both publications, the DR-SFG excitation profiles overlap with the

absorption spectrum at the SFG frequency. In fact, even though the film structures may
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differ, the experimental DR-SFG excitation profiles look very similar. The direct sum-over-

states procedure does not take all these effects into account, which are naturally embedded

in the transform technique through the Φ function, in particular as far as ωeg0 , Γeg0 and Γeg,vib

parameters are concerned. This explains why we succeed here in accounting for the DR-

SFG excitation profiles. As a summary, the expected second peak of the excitation spectra

in Ref. 30 was apparently absent because inhomogeneous broadening, film heterogeneity,

molecular aggregation, differences in H– and J–aggregate DR activities, electronic frequency

shifts, and natural widths were inaccurately, or not all, taken into account, and the merging

of the two peaks into one broad maximum not correctly simulated.

VI. CONCLUSION

The transform technique (TT) formalism is proposed as an alternative to the standard

sum-over-states to analyze the doubly-resonant SFG spectra. Based on experimental data

only, this formalism gets rid of all the unknown parameters of the sum-over-states, and

requires no additional hypothesis on the vibronic modes, energies or widths. Here we have

proven its efficiency even in complex cases to determine the energy dispersion of the ex-

citation spectrum of Franck-Condon modes. This allows direct fitting of the spectrum as

a function of ωIR while including appropriate amplitude and phase correction factors, and

thus extract the relevant molecular parameters (IR activities, electronic transition dipole

moments, normal mode coordinate shifts) from the fits.

In general, molecular interactions between organic chromophores in thin films will most

of the time lead to modifications of the molecular optical properties, even below the mono-

layer threshold. The adsorption process on the substrate may also modify the molecular

electronic states, through charge transfer for example, as is well known in SERS.99 Finally,

the amount of heterogeneity leading to inhomogeneous broadening can hardly be predicted

when preparing a film by chemical routes. For these reasons, evaluation of the Φ function

must rely on absorption spectra acquired in the same conditions as the DR-SFG spectra.

This suggest that care should be taken when recording absorption data in situ: the spot

size should be reduced to match the overlap size of the SFG process, and the same points

on the surface should be probed by both techniques. In addition, to avoid solving puzzles

on the complex Φ structure as we have done here for high concentration films, experimental
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procedures (substrate preparation method, molecular concentration, spin coating parame-

ters) should be optimized in order to avoid aggregation, or at least control it to make it

reproducible and free from mixing of aggregated states. This will ensure the robustness of

the Kramers-Kronig step of the procedure. Finally, film preparation should also include a

control step of macroscopic heterogeneities to validate or discard the samples. Within these

constraints, we have shown that our formalism leads to a straightforward interpretation of

DR-SFG spectroscopic data.

SUPPLEMENTARY MATERIAL

See Supplementary Material for details of the fitting procedure, curves and parameters.
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