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SI.1 – Experimental procedures 

 

All chemicals were of reagent grade and used as supplied (Sigma-Aldrich). The 

molecular structure of the chiral organic molecules (FD43 and FD48) is presented in Fig. 1. 

As can be observed in Fig. 1, FD43 presents molecular chirality because of the chiral carbon 

attached to the phenyl ligand, while the chirality of FD48 is due to their helical molecular 

structure. Details about the synthesis and purification can be found in Ref 1. 

 

Figure SI.1 - Structures of the chiral molecules studied based on phenylacetylene (FD43 and FD48). 

 

We prepared FD43 and FD48 chloroform solution with concentrations 5x1016 and 

(approximately) 1018 molecules/cm3, for linear and nonlinear optical measurements, 

respectively. For the spectroscopic measurements the sample was placed in a 2 mm thick 

quartz cuvette. The circular dichroism (CD) spectrum was recorded using a Jasco J-815 

Spectrometer. Figure SI.2 displays the CD spectra for (a) FD43 and (b) FD48 molecules. The 

electronic circular dichroism is defined (cgs system of units) as the difference in the molar 

absorptivity for left circularly and right circularly polarized light, i.e.,  
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where ℏ  is Planck’s constant divided by 2π, c is the speed of light, ω  is the excitation laser 

frequency, ( )2 23 / 2 1L n n= +  is the Onsager local field factor introduced to take into account 

the medium effect with 2 with n=1.49 for chloroform and ( )g ω  represents the linewidth 

function. fR  is the electronic circular dichroism strength, which is given the expression: 

 

FD43 FD48

Chiral carbon



S.4 
 

( )3
Im

4
f

gf gfR m= µ� �
i  (S.2) 

and gfµ�  and gfm
�

 are, respectively, the transition electric and magnetic dipole moments. The 

solid lines in Fig. SI.2 shows the fit of the lowest energy band using the Eq. S.1. Considering 

that the dipole moments are parallels we can estimate the magnetic dipole moment magnitude 

since gfµ�  can be obtained from the linear absorption spectrum [1].  

 
Figure SI.2 – CD spectra of FD43 (top) and FD48 (bottom) molecules. 

 

For the nonlinear optical measurements, we employed the open aperture Z-scan 

technique, using 120-fs laser pulses from an optical parametric amplifier pumped by 150-fs 

pulses (775 nm) from a Ti:sapphire chirped pulse amplified system. The Z-scan 

measurements were carried out with intensities ranging from 100 to 200 GW/cm2 (50 to 120 

nJ/pulse) and with beam waist size at the focus varying from 15 to 18 µm. To ensure a 

Gaussian profile for the laser beam used in the experiments, spatial filtering is performed 

before the Z-scan setup. A silicon detector was employed to monitor the laser beam intensity 

in the far-field. To improve the signal to noise ratio, we employed the oscillatory Z-scan 

method, in which the sample is continuously scanned, repeating the experiment several times. 
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Moreover, we used a lock-in amplifier to integrate 1000 shots for each point of the Z-scan 

signature.  

In the open aperture Z-scan technique, 2PA cross-section is determined by translating 

the sample through the focal plane of a focused Gaussian beam, while transmittance changes 

in the far field intensity are monitored. For a 2PA process, the light field creates an intensity 

dependent absorption, α = α0 +βI; in which I is the laser beam intensity, α0 is the linear 

absorption coefficient, and β is the 2PA coefficient. Far from one-photon resonances, the 

power transmitted through the sample, for each wavelength, is integrated over time (assuming 

a pulse with a Gaussian temporal profile) to give the normalized energy transmittance, 
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 = +
 ∫  (S.3) 

with 
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2 21o o oq I L z zβ

−
= +  (S.4) 

where L is the sample thickness, z0 is the Rayleigh length, z is the sample position, and I0 is 

the laser intensity at the focus. The nonlinear coefficient β is obtained by fitting the Z-scan 

data with Eq. (1). The 2PA cross-section,2PAσ , is determined from 2PA N= ℏσ ωβ , where 

ℏω  is the excitation photon energy, and N is the number of chromophores per cm3. The 2PA 

cross-section is expressed in Göppert-Mayer units (GM), where -50 4 -11GM=1 10 cm .s.photon× . 

To control the laser polarization state from linear to circular, we used a broadband 

zero-order quarter-wave plate. To guarantee the same experimental condition for the 

measurements, the quarter-wave plate is kept in the setup in both experiments (linear and 

circular polarization), i.e., we set the angle of rotation of the λ/4 wave plate at 0° for linear 

polarization and at 45° for circular polarization.  

Since 2PA-CLD is a nonlinear optical effect that is governed by the electric dipole 

moment, the difference between the 2PA cross-sections using circularly and linearly 

polarized light is significantly large in most molecules. Therefore, the 2PA-CLD signal can 

be easily determined by employing the well-known open aperture Z-scan. In the present work 

the 2PA measurements using circularly and linearly polarized light were performed 

independently in separated runs. Afterward, the recovered 2PA cross-sections were combined 

according to the equation that defines 2PA-CLD ( ( ) ( ) ( )2 2 21 1PA PA PA
CLD CLD CLDσ λ λ λ   ∆ = Ω − Ω +   
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). Figure SI.3 shows typical open aperture Z scan curves measured using linearly polarized 

(LP) (circles) and circularly polarized (CP) (squares) light at three different wavelengths. The 

difference in TPA using CP and LP depends on the excitation wavelength. 

 

Figure SI.3 – Open-aperture Z-scan curves for FD43 (a-c) and FD48 (e-g) with linearly (circles), left (up 

triangles) and right (squares) circularly polarized light. The solid line represents the fitting 

employing the theory described in Ref. 3. 

 

SI.2 – Computational details  

 In the present work all quantum-chemical calculations were performed using the 

Kohn-Sham formulation of density functional theory (KS-DFT). The equilibrium molecular 

geometries of the studied molecules were determined performing DFT calculations 

employing the hybrid exchange-correlation B3LYP 4,5 functional and the standard 6-

311G(d,p) basis set 6 as implemented in the Gaussian 03 package.7 In these calculations the 

molecules were assumed to be in vacuo. Subsequently, to determine the lowest one- and two-

photon allowed states of the studied molecules, the response functions calculations within the 

DFT framework were performed using the DALTON program.8 In this approach, the 

excitation energies and transition dipole moments (two-photon probabilities) are analytically 

computed as, respectively, poles and single residues of the linear (quadratic) response 
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function of the molecular electronic density. The excited states dipole moments were also 

determined in the present work by computing the double residue of the quadratic response 

function. Moreover, (electronic) circular dichroism (CD) calculations were also performed 

within the DFT framework using the DALTON program.8 The rotatory strengths were 

calculated for the twenty lowest-energy transitions and the CD spectra of the studied 

molecules were simulated and compared with the experimental spectra. All the response 

functions and CD calculations were performed employing the hybrid exchange-correlation 

B3LYP 4,5 functional in combination with the standard 6-31+G(d) basis set 6 assuming the 

molecules in vacuo.  

The orientationally averaged two-photon absorption probability ( ( )2
0 0

PA
f fδ ω ) for the 

degenerate case is given by,9 

( ) ( )2 *, *, *,1
,

30
PA gf gf gf gf gf gf

gf gf F S S G S S H S Sαα ββ αβ αβ αβ βα
αβ

δ ω = × + × + ×∑  (S.5) 

where the two-photon transition takes place from the ground state g  to a final excited state 

f . The αβ element of the two-photon tensor gfSαβ  depends on the light angular frequency ω  

( 2)gfω ω=  and, F, G and H are scalars used to define the polarization of light (F = G = H = 

2 for LP and F = -2, G = 3 and H = 3 for CP). Because of the symmetry of the two-photon 

tensor, Eq. (S.5) simplifies to 9 

( ) ( ) ( ) ( )2 ,PA
gf gf gf gfFA G H Bδ ω ω ω= + +

 

(S.6) 

where ( ) *,1

30
gf gf

gfA S Sαα ββ
αβ

ω = ∑  and ( ) *,1

30
gf gf

gfB S Sαβ αβ
αβ

ω = ∑ . ( )2PA
gf gfδ ω  is given in atomic 

units. 

The simulated 2PA cross-section spectra for both LP and CP were obtained using Eq. 

S.7, 10,11 

3 5
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1
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(2 ) ( / 2) ( ) (2 , , )
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PA PA

gf gf gf gf gf
f

g
ασ ω ω δ ω ω ω

=

 = Γ ∑ ℏ

 

(S.7) 

where α is the fine structure constant, a0 is the Bohr’s radium, c is the speed of light and 

2gf gfE ω= ℏ  is the photon energy (half of the transition energy). ( )2 , ,gfg ω ω Γ  represents 

the line-shape function of the final excited state. Here we have used a Lorentzian function 

given by 
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(S.8) 

where Γ  (in s-1) is the damping constant described as the half width at half-maximum 

(HWHM) of the final excited state line-width. To simulate the 2PA spectra, in this report it 

was adopted  Γ = 0.2 eV (~ 0.5 x 1014 s-1 or ~ 0.75 x 10-2 atomic units) for all 2PA electronic 

transitions playing along the spectral UV-Vis region. This specific value was estimated from 

the experimental 2PA spectra. To obtain the 2PA cross-sections in Göppert–Mayer units, in 

Eq. (S.7) one has to use a0 = 5.291772108×10-9 cm, c = 2.99792458×1010cm/s and the values 

of 2gfE ω= ℏ , Γ and ( )2PA
gf gfδ ω  in atomic units. 

 

Table S.1 – Summary of the theoretical results provided by the quadratic response function calculations 

performed within the DFT framework (B3LYP/6-31+G(d)). n is the excited state number; ( ) ( ) a.u.gfA ω  

and ( ) ( ) a.u.gfB ω  are molecular parameters; ( ) ( )2
,  GMPA

gf LP gfσ ω  and ( ) ( )2
,  GMPA

gf CP gfσ ω  are the 2PA cross-sections for 

LP and CP, respectively and ( ) ( )2 2 2
, ,

PA PA PA
CLD gf CP gf gf LP gfσ ω σ ωΩ =  is the ratio between the 2PA cross-sections 

obtained using CP and LP.  

n λλλλ (nm) ( ) ( ) a.u.gfA ω  ( ) ( ) a.u.gfB ω  ( ) ( )2
, 0  GMPA

gf LP fσ ω  ( ) ( )2
,  GMPA

gf CP gfσ ω  2PA
CLDΩ

 
FD43 

S1 379 12100 12300 144 97 0.676 

S5 286 11000 9980 213 130 0.612 

S8 275 7070 7470 164 114 0.697 

       
FD48 

n λλλλ (nm) ( ) ( ) a.u.gfA ω  ( ) ( ) a.u.gfB ω  ( ) ( )2
, 0  GMPA

gf LP fσ ω  ( ) ( )2
,  GMPA

gf CP gfσ ω  2PA
CLDΩ

 
S2 384 6510 10100 102 91 0.891 
S3 361 11200 7110 110 44 0.399 

S16 280 9350 12900 253 211 0.835 

S19 274 19500 14000 357 169 0.474 

  

By merging the 2PA-CLD definition with Eqs. (S.6) and (S.7), one can obtain the 

following simple expression for the theoretical 2PA-CLD spectra written in terms of ( )gfA ω  

and ( )gfB ω , 12-15 
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(S.9) 

 To simulate the CD spectra, the same linewidths used to simulate the 2PA spectra 

were also adopted for the transitions playing along the investigated spectral region. The 

simulated CD spectra are presented in Fig. SI.4 

 

Figure SI.4 – (a) Simulated CD spectrum of FD43 (top) and FD48 (bottom) molecules.  

 

 From a comparison between experimental and simulated CD spectra (Figs. SI.2 and 

SI.4) one can note that the CD calculations provided results consistent with the experimental 

data. For both molecules the simulated CD spectra reproduce the shape of the experimental 

spectra. The good agreement between simulated and experimental CD spectra evidences that 

the equilibrium molecular geometries determined through DFT calculations assuming FD43 

and FD48 in vacuo are adequate to study their spectroscopic properties in solvents with low 

dielectric constant, such as chloroform. The theoretical values for CDε∆  and fR are certainly 

overestimated, nevertheless from a comparison between the theoretical values determined for 

FD43 and FD48 becomes evident the larger chirality of FD48 molecule, as it was 

experimentally verified.  
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SI.3 – Sum-over-essential states approach: Two-photon circular-

linear dichroism 

 

Two-photon circular-linear dichroism (2PA-CLD) is a nonlinear optical effect 

governed by the electric transition dipole moment. Consequently, 2PA-CLD is a third-order 

nonlinear optical effect governed by the electric dipole moment, therefore much more intense 

than the 2PA-CD, opening access to the determination of the angle between electric transition 

dipole moments and the symmetry of excited states of achiral samples. Moreover, since right 

and left circular polarization are identical within the electric dipole approximation, one can 

use either one in non-optically active samples. 2PA-CLD was firstly proposed by Wanapun 

et. al. 15 in 2006 and can be expressed as: 

( ) ( )
( )

2
2

2

1
,

1

PA
CLDPA

CLD PA
CLD

ω
σ ω

ω
Ω −

∆ =
Ω +

  (S.10) 

where ( ) ( ) ( )2 2 2ω σ ω σ ωΩ = CP
PA PA PA

CLD LP  is the ratio between the 2PA cross-section obtained using 

circularly ( )(2 ωσ PA
CP ) and linearly ( ( )2σ ωLP

PA ) polarized light. 

According to the second order time-dependent perturbation theory the 2PA cross-

section can be evaluated, in the cgs system of units, as 16: 

( ) ( )
( )

( )
5

22 4
2 2

2
2 2  (2 , , ),gf

PA gf gfL S g
nhc

αβ
αβ

π
σ ω ω ω ω ω= Γ∑  (S.11) 

where h is Planck’s constant, c is the speed of light, ω  is the excitation laser frequency, 

( )2 23 / 2 1L n n= +  is the Onsager local field factor introduced to take into account the effect 

media 2 with n=1.49 for chloroform and ( )2g ω  represents the linewidth function. ( )gfSαβ ω  is 

the 2PA transition matrix elements given by: 

( ) ( ) ( )0,1,2,...

ˆ ˆ
gf

k N gk gk

f e k k e g
S

i
αβ αβ

αβ
µ µ

ω
ω ω ω=

=
− − Γ∑

� �
i i

 (S.12) 

where µ
�

 is the dipole moment vector, gkΓ is the damping constant describing HWHM of the 

final state linewidth (assuming Lorentzian line-shape), gfω is the transition frequency,ê is the 

versor that describes the light polarization state and the subscripts α and β represent the 
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Cartesian indices. The summation represents the sum-over-all real electronic states, i.e., the 

initial ( g ), intermediate (m ) and final ( f ) states. 

Many molecules, including those studied here, do not present a center of inversion 

and, therefore, initial and final states have permanent dipole moment.  In addition, in non-

centrosymmetric molecules the electric dipole selection rule are most likely relaxed 17 and, 

therefore, one- and two-photon transitions are allowed between any electronic states. For a 

non-centrosymmetric molecule as the FD43 the 2PA cross-section can be estimated by using 

a two-level system model (Fig. SI.5 (a)) and taking into account the average over all possible 

molecular orientations in an isotropic medium, as:  

( ) ( )
( )

( )( )
( )

2
5

01 012 2 4
01 012

ˆ ˆ2 2
2 2 ,PA

e e
L g

nhc

αβ αβ

αβ

µ µπ
σ ω ω ω

ω

 ∆
 =
 
 
∑

� �
i i

    (S.13) 

As it can be observed in Eq. S.13 the 2PA cross-section depends on the light 

polarization state. In an anisotropic medium like a solution, where the molecule is randomly 

oriented with respect to polarization of the excitation beam, it is necessary to take into 

account the orientational average on all the possible directions of the molecular dipole 

moment. For this, it is necessary to employ the Euler Integral 18 having as integrand the 2PA 

transition matrix element. Proceeding in this way, we have: 

( ) ( ) ( )
( )

( ) ( ) ( )

( )
( )

( ) ( ) ( )( ) ( )( )

5
2

2 24
0101 012

5 2 2
4

01 01 01 01 012 2
0 0 0

2 2
, , 2 , ,

2 2 1
ˆ ˆ ˆ ˆ2

8

PA PAL g S
nhc

L g d d sen e e e e d
nhc

π π π
αβ αβ αβ αβ

αβ

π
σ θ ψ φ ω θ ψ φ

π
ω φ ψ θ µ µ µ µ θ

π
∗ ∗

= =

∆ ∆∑∫ ∫ ∫
� � � �
i i i i

 

(S.14) 

where ( ), ,θ ψ φ are the Euler angles. 

Considering the linearly and circularly polarized beam and the methodology described 

by Andrews and Thirunamachandran 19,20, the Eq. (S.14) provides the following equation in a 

two-energy level model in non-centrosymmetric molecules 21: 

( ) ( ) ( )
( )

( ) ( )
01 01

5
2 2 24

01 01 012

22
2

30
PA

g f L P g
nhc

µ µ
π

σ ω θ µ µ ω∆→ = ∆� �
� �

 
  (S.15) 

In Eq. (S.15), ( )P θ  describes the polarization light state, being  
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( ) ( )( )01 01 01 01

22 2cos 1 ,LP µ µ µ µη θ θ∆ ∆= = +� � � �  (S.16) 

for linear polarization and 

( ) ( )( )01 01 01 01

2cos 3 ,CP µ µ µ µτ θ θ∆ ∆= = +� � � �

 

(S.17) 

for circular polarization. θ  is the angle between the dipole moments 01µ�  and 01µ∆ � . 

Therefore, according to this approach, circular-linear ration can be written as: 21,22 

( )
( )

01 01

01 01

2
2

2

cos 3
.

2 2cos 1CLD

PA µ µ

µ µ

θ

θ

∆

∆

 + Ω =  
 +   

� �

� �

 

 (S.18) 

 

Figure SI.5 – (a) 2PA transition in a two-level system with a permanent dipole moment difference between 

ground and final excited state ( 0 0fµ∆ ≠�
). (b) 2PA transitions in a three-energy level system. There are two 

distinct transition pathways for 2PA in this system. The first path involves the permanent dipole moment 

difference between ground and final excited state (0 0fµ∆ ≠�
), while the second involves the same initial and 

final states but with an intermediate one-photon resonance (blue arrows) due to the detuning between the photon 

energy and the first excited state allowed by 1PA. (c) 2PA transition in a 2 + 3 level system. Such system is a 

linear combination of the two diagrams previously described.  

It is observed that in a two-level system the 2
CLD

PAΩ  signal varies between 0.667 and 1.5 

for any value of angle between the dipole moments and does not depend on the wavelength. 

Therefore, using the 2PA cross-section obtained from the Z-scan technique it is possible to 

determine the angle between the dipole moments. Moreover, according to theoretical results 

reported by Nascimento, [22] on the polarization dependence of 2PA rates for randomly 

oriented molecules, 20 1≤ Ω <PA
CLD  

for 
01 01

0 54.7o o
µ µθ ∆≤ <� � , 21 1.5≤ Ω <PA

CLD  for 

01 01
54.7 90o o

µ µθ ∆≤ <� � , and 2 1.5PA
CLDΩ =  for 

01 01

090µ µθ ∆ =� � . Nascimento also showed that 
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01 1
90

fi

o
µ µθ =� �

 
corresponds to transitions between states of different symmetry, while 

01 1
90

fi

o
µ µθ <� �  corresponds to transitions between states of the same symmetry. 

The dash line in Fig. SI.6 (a) shows the fit obtained employing the Eq. (S.18) with 

01 01
8 4µ µθ ∆ = ±� � o o . Such result is in good agreement with one obtained by using the theoretical 

results of response function calculations (
01 01

11.5µ µθ ∆ =� � o , solid line in Fig. SI.6 (a)). 

 

Figure SI.6 – Experimental (diamonds) and simulated (solid lines) 2PA-CLD spectra of (a) FD43 and (b) 

FD48. Dashed lines show the fit employing the SOS approach. In Fig. SI.6 (c) and (d), the solid 

lines along the circles and squares correspond to simulated 2PA spectra based on the 

theoretical results and in Fig. 3 (c) and (d) on the SOS approach. 

 

 

Following in the same way, the 2PA cross-section for non-centrosymmetric molecules 

considering a three-energy level system (Fig. SI.6 (b)), can be written as:  
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0 2 022
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e e e e
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αβ αβ αβ αβ

αβ

µ µ µ µπ
σ ω ω ω

ω ω ω ω→
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i i i i
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Calculating the square modules, we obtained: 
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where 12µ�  is the transition dipole moment between the two 2PA allowed excited states 

(S1→S2) and ( ) ( ) ( )22 2
01 01R ω ω ω ω ω = − + Γ  

 is the resonance enhancement factor. Using the 

Euler integral the 2PA cross-section is given by: 
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Considering the linearly and circularly polarized beams and the orientational average 

methodology described by Andrews and Thirunamachandran 19, the Eq. (S.21) provides the 

following equation in a three-energy level system for non-centrosymmetric molecules 21:  
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The polarization parameters (( )P θ ) are given by: 

( ) ( )01 12 01 12

22 2cos 1LP µ µ µ µκ θ θ = = +
 

� � � �  (S.23) 
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for linear polarization  and  

( ) ( )01 12 01 12

2cos 3CP µ µ µ µψ θ θ = = +
 

� � � �  (S.26) 
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( ) ( )02 02 02 02
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for circular polarization . 

The Eq. (S.22) describes the 2PA cross-section from ground to the second excited 

state ( ( ) ( )2
02

PAσ ω ) with an intermediate energy level (S1). Therefore, in a three-energy level 

system (Fig. SI.5 (b)), the 2PA cross-section is governed by three contributions: the first 

corresponds to a 2PA transition in a two-level system with a change of permanent dipole 

moment ( 02 0µ∆ ≠�
), while the second contribution corresponds to transitions in a three-

energy level system with one final excited state (S2) and one intermediate real excited state 

(S1) which is responsible by the resonance enhancement of the nonlinearity. The last 

contribution corresponds to interference between the two excitation pathways previously 

described. However, if the excitation photon energy is very close to the intermediate real state 

( 01ω ω→ ), the contribution of the interference term to the total 2PA cross-section is very 

small. Otherwise, if the two excited states are very close the interference term can strongly 

increase or decrease the 2PA cross-section, depending on the relative phase between the 

dipole moments. 

Since, according to the theoretical calculations, the FD48 molecule presents two 2PA 

allowed transitions very close in energy and with similar 2PA probabilities (

0 1

2 53500 a.u.δ → =PA
S S  and 

0 2

2 50800 a.u.δ → =PA
S S ), it is necessary to consider a two plus three-

energy level diagram in this case. The diagram shown in Fig. SI.5 (c) refers to the two plus 

three-energy level diagram which is a linear combination of the two diagrams previously 

reported. In this system the 2
CLD

PAΩ  signal can be written as 
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with 
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01 12 02 02 ,BCγ µ µ µ µ= ∆ =� � � �

 

(S.33) 

where ( )→ε ωg f  is the peak molar absorptivity corresponding at maximum transition 

frequency →ωg f  and AN  is the Avogadro’s number. υ υ υ= −ɶ ɶ ɶabs em is the difference between 

the wavenumber of the fluorescence and absorption spectrum maxima (in cm-1). 

( ) ( ) ( ) ( ) ( )2 2, 2 1 2 1 2 1 2 1F n n nξ ξ ξ= − + − − +  is the Onsager polarity function with ξ
 

being the dielectric constant of the solvent. a is the radius of the molecular cavity, assumed as 

spherical. The parameters α , β , χ  and γ  can be obtained through of solvatochromic shift 

measurements as reported in Ref. 1. The other parameters (, , , , , ,η κ ρ ς τ ψ ζ and ϑ ) are given 

by the Eqs. (S.16-17) and (S.23-28). To obtain the angle between the dipole moments from 

experimental data we modeled the experimental 2PA-CLD spectrum (dash line in Fig. SI.6 

(b)) using the least square-based finite difference method 23 taken as initial values those 

obtained through the theoretical calculations.  

It is important to mention that the angles set used to model the 2PA-CLD spectrum 

should necessarily fit the 2PA spectra obtained using both linearly and circularly polarized 

light (solid lines in Figs. SI.6 (c) and SI.6 (d)). It is observed that, in general, there is good 

agreement between the experimental data and theoretical results. The values estimated for the 

parameter B and the angle between the dipole moments 01µ�  and 01µ∆ �  are the only 

exceptions, in those cases a considerable difference is observed. These parameters, to some 

extent, may explain the difference between the experimental and theoretical data verified in 

Fig. SI.6 (b) for the spectral region below 360 nm. 
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Table SI.2 – Estimates of the angles between the dipole moments of FD48 molecule. The estimates were made 

based on the theoretical results (DFT) and by modeling the experimental 2PA-CLD spectrum using 

the sum-over-essential states (SOS) approach. 

Dipole angles DFT SOS 

01 01µ µθ ∆� �  18o 45o 

02 02µ µθ ∆� �  172o 180o 

01 02µ µθ � �  101o 91o 

01 12µ µθ � �  151o 155o 

01 02µ µθ ∆� �  87o 85o 

02 12µ µθ � �  64o 80o 

12 02µ µθ ∆� �  108o 118o 

 

 

  



S.18 
 

SI.4 Sum-over-essential states approach: Two-photon circular 

dichroism  

 

Two-photon circular dichroism (2PA-CD) is a specific nonlinear optical property for 

optically active samples because it depends directly on the magnetic transition dipole moment 

and the electric transition quadrupole moment 20,24. Basically, the 2PA-CD is defined 

analogously to the electronic CD widely employed to investigate the secondary structure of 

proteins, i.e.: 

( ) ( ) ( )2 2
2 ,   σ ω σ ω σ ω∆ = −CD PA PA

PA L R  (S.34) 

where ( )2σ ωPA
L  and ( )2σ ωPA

R  are the 2PA cross-sections for left and right circularly 

polarized light. 

Normally, the electric dipole terms dominate the nonlinear optical effects, and the 

magnetic dipole and electric quadrupole contributions may only be measured/identified if the 

effects of the electric dipole term vanish or they cancel, as is the case in nonlinear circular 

dichroism.  

We performed measurements of the 2PA-CD for both molecules and the results are 

shown in Fig. SI.7. However, we did not observe, within our experimental error, differences 

between 2PA using right and left circularly polarized light. 

 

Figure SI.7 – Z-scan curves to the molecules FD43 and FD48 employing linearly and circularly polarization 

light. The solid lines represent the fitting. The Z-scan curves (right and left circular polarization) 

were shifted from the focal position for a better comparison between them.  

 

To obtain an estimative about the magnetic dipole and electric quadrupole 

contributions to the total 2PA cross-section, we used the differential two-photon absorption 
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model proposed by Meath 25. According this model, considering a two- level system, the two-

photon circular dichroism can be expressed by:  

( ) ( ) ( ) ( ) ( )2 2 2 2
2 ,   σ ω σ ω σ ω σ ω σ ω∆ = − = +� �
CD PA PA PA PA
PA L R m Q  (S.35) 

where 

( ) ( )
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5
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and  
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2 4
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22
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π ωσ ω µ µ µ  = ∆ × ∆   
�
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i

PA
Q

L Q
cnhc

 (S.37) 

( )2σ ω�PA
m  and ( )2σ ω�

PA
Q

 are the magnetic and electric quadrupole contributions, respectively. 

As it can be seen in Eqs. (S.36) and (S.37) the 2PA-CD signal, in a two-level system, depends 

on the transition dipole moment (01µ� ), the permanent dipole moment change (01µ∆ � ), the 

magnetic dipole moment (01
�
m ) and the electric quadrupole moment (01

�
Q ). The two first can 

be obtained from solvatochromic measurements as previously mentioned. The magnetic 

dipole moment can be estimated from the conventional CD measurements as reported in the 

section SI.1. The magnitude of the electric quadrupole moment were estimated through DFT 

calculations (B3LYP/6-31+G(d)) carried out using the Gaussian 03 package.7 In this context, 

we used these parameters and, considering the maximum values from Eqs. (S.36) and (S.37), 

estimated the 2PA-CD for both molecules. Table SI.3 shows the results obtained to the dipole 

and quadrupole moments as well as the 2PA-CD signal.    

The 2PA-CD signal presented by the FD43 and FD48 molecules are 1000 times 

smaller than their 2PA-CLD signal. Therefore, the 2PA cross-section reported here to the 

2PA-CD signal corresponds to a normalized transmittance difference of c.a. 0.001, which 

limited our experimental measurements. It is important to mention that the results presented 

here to the 2PA-CD based on Meath’s Theory are in good agreement with those obtained by 

Rizzo et. al. 26-30 for molecules with different types of chirality using modern analytical 

function, within the TD-DFT framework. 
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Table SI.3 – Magnitude of the dipole and quadrupole moments, as well as the 2PA-CD signal, as determined 

from the experimental measurements and theoretical calculations.  

Molecules 01  µ�  01  µ∆ �  01  
�
m   01

�
Q  2σ∆ CD

PA 

FD43 8.5 13.0 1.8x10-3 240 0.014 

FD48 8.5 14.5 3.3x10-3 410 0.060 

Obs: 01  µ� and 01  µ∆ � are given in Debye; 01  
�
m is given in Bohr magneton units ( / 2µ = ℏB e mc),  01

�
Q is 

given in Debye Å× and 2σ∆ CD
PA  in GM. 
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