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ABSTRACT 

Herein we report on the theoretical-experimental analysis of the one- and two-photon absorption 

and circular dichroism spectra of two intrinsically chiral aromatic molecules - hexahelicene 

derivatives - with helical chirality and intramolecular charge transfer (ICT). The primary 

outcomes of our investigation demonstrate that the TPA cross-section and the amplitude of the 

TPCD signal of this type of helicenes are strongly affected by the strength of the ICT and the 

nature of the extension of the electronic delocalization, i.e. beyond (EXO-ICT) or within 

(ENDO-ICT) the helicene core. These results were corroborated through the comparative 

theoretical analysis of the corresponding contributions of the magnetic dipole transition moment 

and the electric quadrupole transition moment to the TPA rotatory strength on a series of five 

similar helicene derivatives with different molecular electron delocalization disposition. 

Two-photon absorption (TPA) and two-photon circular dichroism (TPCD) spectra were 

obtained using the double L-scan technique over a broad spectral range (400 nm - 900 nm) using 

90 fs pulses at a low repetition rate (2-50 Hz) produced by an amplified femtosecond system. 

The theoretical simulations were performed using modern analytical response theory within the 

Time-Dependent Density Functional Theory (TD-DFT) approach using B3LYP and CAM-

B3LYP, and the aug-cc-pVDZ and 6-311++G(d,p) basis sets.  

 

 

 

 

KEYWORDS: Two-Photon Absorption, Nonlinear Circular Dichroism, Intramolecular Charge 

Transfer, Helical Chirality, Circular Polarization. 
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INTRODUCTION 

The fundamental activity of chiral molecules in biological processes 
1 and the many applications 

optically active molecules have found in asymmetric catalysis, 2 pharmacy industry, 3 and in the 

world of photonics and nanotechnology, 4, 5 have motivated scientists to deepen the 

understanding of chiral systems during the last twenty years. Efforts have been mainly driven by 

the development of two complementary techniques, i.e. circular dichroism (CD) and optical 

rotatory dispersion (ORD). 6 The former, when associated to transitions between electronic 

states, is called electronic circular dichroism (ECD) and is defined as the difference in one-

photon absorption (OPA) between right (RCPL) and left (LCPL) circularly polarized light. 7, 8  

During the last two decades ECD has been a standard technique for the study of the 

conformational and physical-chemical properties of optically active molecules. 6 However, this 

method presents important intrinsic limitations for the study of optically active molecules in 

solution and in inhomogeneous media in the UV region. 9 The OPA of standard aqueous buffer 

solutions and common solvents in the same spectral region can mask the ECD signal of chiral 

molecules and, the scattering present in inhomogeneous samples can become critical at shorter 

wavelengths. 

 With the aim of surmounting the existent barriers in ECD, alternative approaches have 

been proposed; these include vibrational circular dichroism (VCD), 10 and Raman optical activity 

(ROA), 11 magnetic circular dichroism (MCD), 12 and synchrotron radiation circular dichroism 

(SRCD). 13 Likewise, nonlinear optics has opened a new way in this direction by the application 

of second harmonic generation (SHG), 14, 15 sum-frequency generation (SFG), 15, 16 multiphoton 

optical rotation, 17 nonlinear optical activity, 18 and two-photon circular dichroism (TPCD). 19 

The latter is the nonlinear analogue of ECD, which is defined, in the degenerate case, as 
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( ) ( ) ( )TPCD TPA TPA

L Rδ λ δ λ δ λ∆ = − , where ( )TPA

Lδ λ  and ( )TPA

Rδ λ  are the two-photon absorption 

(TPA) cross-sections for LCPL and RPCL, respectively, measured at a specific wavelength λ. 20-

22 TPA is particularly advantageous over OPA in many applications because the typical 

excitation wavelength for this nonlinear absorption process is approximately two folds longer 

(degenerate case) than that necessary for OPA. Therefore, the linear absorption in the two-

photon excitation region is negligible and scattering can be minimized. 23, 24 Furthermore, it 

presents a high intrinsic spatial resolution and penetration depth due to the confinement of the 

excitation to the focal volume, 24 and it exhibits better background discrimination and reduced 

photodamage. 23 Moreover, since experimental measurements of TPA in solution commonly 

require a relatively high concentration of the solute (typically between 10-3 and 10-2 M), and 

because the magnitude of the TPCD signal is just a small percentage (1-3%) of ( )TPAδ λ , 

measurements of TPCD on one specific enantiomer are practically unaffected by the presence of 

small amounts of the other one. In addition to all the advantages mentioned above for TPA, 

TPCD is also a very sensitive spectroscopic technique to small structural distortions and with 

unique access into the far-UV, 25 i.e. a spectral region that is filled with important 

structural/conformational information but typically obscure to ECD. Therefore, the application of 

TPCD for the structural and conformational study of chiral molecules in this spectral region is 

virtually imminent. However, before reaching the full potential of this unique approach, more 

fundamental theoretical-experimental studies on TPCD are required. 

Since the development of the double L-scan technique, 26 the study of optically active 

molecules in the near to far UV region using TPCD became an open possibility for the structural 

study and conformational understanding of chiral systems. It should be mentioned that the first 

step towards the experimental measurement of TPCD was made by Richardson and co-workers 
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in 1995 27 using fluorescence-detected two-photon circular dichroism (FD-TPCD), an approach 

that inspired Finazzi and co-workers to develop more recently a FD-TPCD based microscopy 

technique. 28 

 Seeking for a better understanding of TPCD and its structure-property relationship we 

have been working on the theoretical-experimental analysis of the TPCD response of several 

systems. 19, 25, 29-33 Although all these studies have contributed to the expanded knowledge of 

TPCD in organic molecules, more molecular systems need to be studied to better understand this 

nonlinear optical property and its potential applications. To help accomplish this goal, herein we 

present the results from our most recent work which was primarily focused on the first 

theoretical-experimental analysis of the TPA and TPCD spectra of two interesting aromatic 

molecules - hexahelicene derivatives - with helical chirality and intramolecular charge transfer 

(ICT) (see Figure 1.a for their chemical structures). One should remark that helicenes are very 

popular chiral systems employed in applications involving chirooptical photoswitches, 34 

enantioselective fluorescence detectors, 35 circularly polarized luminescence for back-lighting in 

liquid crystals displays, 36, 37 and nonlinear optical (NLO) devices. 38, 39  

Next, we present evidence that show that the TPA cross-section and the amplitude of the 

TPCD signal in helicenes are strongly affected by the strength and nature of the ICT. We 

demonstrate that the extension of the electronic delocalization beyond the helicene core (EXO-

ICT) has a stronger effect of the nonlinear optical responses of this family of molecules than the 

extension of the electronic delocalization within the aromatic cluster (ENDO-ICT). This effect is 

directly correlated, as shown below in a series of helicene derivatives with different electron 

delocalization disposition (Figure 1.b), with the contributions of the magnetic dipole transition 

Page 5 of 32 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



6 
 

moment and the electric quadrupole transition moment to the TPCD rotatory strength of the 

molecules.  

 

EXPERIMENTAL DETAILS 

P-(+)-1-aza[6]helicene (hereafter A6 - Figure 1.a) was synthesized as previously reported 

by Stará and co-workers. 40 Briefly, A6 (Figure 1.a) was prepared by using the cobalt-catalyzed 

intramolecular [2+2+2] cycloaddition of a pyridine-linked triyne followed by dehydrogenation 

with MnO2. 
40
  

M-(-) and P-(+)-2-[4-(cyanophenyl)-1-ethynyl]carbo[6]helicene (Figure 1.b) were 

obtained from racemic 2-ethynyl-[6]carbohelicene and commercially available 4-

bromobenzonitrile through a Sonogashira coupling reaction followed by chiral HPLC separation. 

41 Although both the P and M enantiomers were obtained for this derivative, only the M 

enantiomer (henceforth CN6) was used for the spectroscopic measurements due to impurities 

that could not be removed from the solution containing the P enantiomer. 

OPA measurements were performed using a single-beam spectrophotometer (Agilent 

8453 Diode Array Uv-Vis) from 190 to 600 nm in a 0.1 cm quartz cell in 0.2×10-4 - 2.0×10-4 M 

solutions in THF. ECD spectra were completed on a J-815 CD spectropolarimeter (Jasco Corp., 

Tokyo, Japan) following these conditions: concentration 1.0 x 10-5 M in THF; temperature 25 ºC; 

quartz cuvette length 4 mm; wavelength range 190-600 nm; 1 nm step and scan speed 50 

nm/min.  

TPA and TPCD measurements were carried out in solutions with concentrations ranging 

from 3.0×10-2 M to 5.3×10-2 M, employing the double-L scan technique. 26 All samples were 

dissolved in THF. Two-photon excitation was induced with a computer-controlled femtosecond 
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optical parametric amplifier (OPerA Solo) pumped by an amplified laser system from 

COHERENT. The whole system is capable of generating 90 fs (FWHM) pulses over a 

wavelength range spanning from 240 nm to 2.6 µm, and with pulse energies of up to 350  µJ. 

Experiments were performed at a repetition rate between 2 and 50 Hz to avoid any contribution 

from cumulative effects. The pulse width was measured using a single-shot autocorrelator from 

Coherent Inc. and a frequency-resolved optical gaiting (FROG) from Swamp Optics LLC. 

 

THEORETICAL AND COMPUTATIONAL APPROACH 

Although, the theoretical approach employed in this work has been extensively addressed 

elsewhere 22, 33, 42-45 (see also Supporting Information, SI), below we briefly describe the 

fundamental aspects of the theoretical and computational calculations.  

 The molecular structures of A6 and CN6  (see Figure 1.a), as well as those of five CN6-

like helicenes (#CN) (see Figure 1.b), i.e. C6–CN, C6–≡–CN, C6–≡–≡–CN, C7–CN and C8–CN, 

were optimized using Density Functional Theory (DFT), 46 employing the Becke’s three-

parameter exchange, Lee, Yang and Parr correlation (B3LYP) hybrid functional 47-49 in 

combination with the 6-311++G(d,p) basis set, 50, 51 employing Gaussian 09. 52 Solvent effects 

(THF) were considered as implemented in the polarizable continuum model (PCM). 53  

Calculations of excited states of all helicenes, in the linear (OPA and ECD) and nonlinear (TPA 

and TPCD) instance, were performed employing Time-Dependent DFT (TD-DFT), 46 with two 

different exchange correlation functionals (XCF), i.e. B3LYP and the Coulomb attenuating 

method-B3LYP (CAM-B3LYP) 54. Because it is well-known that the latter is a more reliable 

XCF than the former in molecules with ICT, 29, 44, 54 in the manuscript we only present results 
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obtained with CAM-B3LYP – results from theoretical calculations using B3LYP are available in 

SI.  

At this point, we would like to comment on the limitations of an inherently single-

excitation based model as TD-DFT when dealing with electronic excited states dominated by 

double excitations. 55, 56 It is well known that in some cases, for example for polyenes or 

polyacenes, the TPA response can be particular intense for states with this character. 56, 57  

Although, we recognize the challenges present when resorting to the computational protocol 

employed in this study for the study of linear and, in particular, nonlinear spectroscopies, this 

subject has been the theme of detailed studies within our group, cf. for instance Ref. 33. Double 

excitations, in the definition given usually in ab initio quantum chemistry, are somehow taken 

care even within standard adiabatic TDDFT approaches using approximate functional. 56, 58 

Nevertheless, it is a fact that, when double or higher excitation character of the excited state is 

dominant, this model is bound to fail. Although alternative approaches to adiabatic TD-DFT, 

able in principle to deal with double excitations, have been proposed and developed (as the use 

of frequency dependent or non adibatic kernels), 55 the debate and the current development has 

been mostly concerned with excitation energies and linear response properties, and we are not 

aware of extensions to analytical nonlinear response. On the other hand the importance of 

multiple excitations for two-photon spectra, has been discussed also within the ab initio quantum 

chemistry community, 57 and besides the well-known multiconfigurational time dependent 

Hartree-Fock approaches to nonlinear response 59 available in DALTON 60 now for decades -but 

not suitable in its current status, for the treatment of molecules of the size of those studied here - 

the algebraic-diagrammatic construction polarization propagator approach developed within the 

group of Drew and applied to octatetraene in Refs. 59, 61and 62,5 9, 61,  62appears to be a particularly 
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promising suitable tool to treat non-linear absorption when multiple excitation are of particular 

importance for sizeable molecules. 

Next, we computed the oscillator strengths ( 0 ff ) and velocity rotatory strengths ( 0
ECD

fR ) 

for the first 60 electronic excited states for all the helicene derivatives using TD-DFT at the 

CAM-B3LYP/6-31G(d) 63 level of theory including solvent effects (THF) via PCM, in Gaussian 

09. 52 The convoluted theoretical UV-vis and ECD spectra were obtained by Lorentzian 

broadening from 0 ff  and 0
ECD

fR  of the calculated electronic transitions employing equations (1) 

and (2). Note: In order to certify the reliability of the selected basis set, we performed additional 

TD-DFT calculations over a smaller number of excited states (first 30 electronic excited states) 

using a larger basis set, i.e. 6-311++G(d,p). No significant differences, compared to the linear 

spectra computed with 6-31G(d) were obtained. 

 TPA probabilities ( )( )0 0

TPA

f fδ ω  and TPCD rotatory strength ( )( )0 0
TPCD

f fR ω  for all the 

helicene derivatives were calculated employing TD-DFT in DALTON 2011, 60 using CAM-

B3LYP/aug-cc-pVDZ 64 for A6, and employing CAM-B3LYP/6-311++G(d,p) for the rest of the 

helicene derivatives. For TPA and TPCD, the number of electronic excited states selected for A6 

(60 & 48) and CN6 (60 & 40), were determined by the experimental spectral range (200 nm – 

450 nm) covered during the measurements. In #CN derivatives the number of electronic excited 

states to be considered in the calculations were established by the measured experimental 

spectral range for CN6 (see captions for Figures 4 and 5 for the accurate number of electronic 

excited states employed for each derivative). No solvent effects were considered in the nonlinear 

calculations due to the high computational costs. The convoluted theoretical TPA and TPCD 
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spectra were obtained by Lorentzian broadening from ( )0 0

TPA

f fδ ω  and ( )0 0
TPCD

f fR ω  of the 

calculated electronic transitions employing equations (3) and (4). This step was completed using 

Lorentzian lineshape functions ( )0, ,fg ω ω Γ  and ( )02 , ,fg ω ω Γ  for the one- and two-photon 

cases, respectively, with half width at half maximum (FWHM) Γ , and centered on the computed 

excitation circular frequency 0 fω  for a 0 f→  transition. All the OPA and ECD spectra were 

obtained using a linewidth ( Γ ) of 0.5 eV (FWHM). For the TPA and TPCD spectra a value of 

Γ = 0.15 eV (FWHM) was used.  

OPA spectra are reported in molar absorptivity (ε ),45, 65 

 

( ) ( ) 03
0

0

1.05495 10 , , ,fOPA

f

f f

f
gε ω ω ω ω

ω
≈ × × Γ∑  (1) 

where ω  is the circular frequency of the incident light. 

ECD spectra were computed from 0
ECD

fR , and they are reported as molar absorptivity 

difference ( ε∆ ),45, 65, 66 

 

( ) ( )1
0 02.73719 10 , ,ECD ECD

f f

f

g Rε ω ω ω ω∆ ≈ × × Γ ⋅∑ , (2) 

OPA and ECD spectra have units of 1 1mol cm l− − , as long as all the elements in Equations 

(1) and (2) are introduced in atomic units. 

TPA spectra were obtained from 65, 67 
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( ) ( ) ( )2
0 0 0

48.35150 1 2 ,0 , ,TPA TPA

f f f

f

gδ ω ω ω ω δ ω−≈ × ⋅× Γ∑  (3) 

where ( )0 0
TPA

f fδ ω  is the orientationally averaged two-photon probability for the degenerate case. 

 

TPCD spectra were simulated according to, 20, 42, 65 

 

( ) ( ) ( )5 2
0 0 04.87555 10 2 , , .TPCD TPCD

f f f

f

x g Rδ ω ω ω ω ω−∆ ≈ × Γ ⋅∑  
(4) 

TPA and TPCD spectra obtained from Equations (3) and (4) are given in Göppert-Mayer units 

(GM), i.e., 10−50 cm4·s·molecule−1·photon−1, as long as all the equation elements are introduced 

in atomic units.  

  

RESULTS AND DISCUSSION 

In order to start with the analysis, in Figure 2 we present the experimental OPA and ECD spectra 

of A6 (Top) and CN6 (Bottom) in THF solution, and their corresponding convoluted CAM-

B3LYP stick spectra, calculated in THF using PCM and basis set 6-31G(d) (Assignment of 

theoretical excited states to experimental bands can be found in Tables 1.a and 1.b in SI.). To 

obtain a better match with the experiment, the theoretical spectra were spectrally shifted by an 

amount reported in the caption of the figure (this is common practice in theoretical-experimental 

works). 19, 29, 30, 32, 33 One should mention that the theoretical curves are consistently blue shifted 

with respect to the experimental. This result is not surprising since, as it has been previously 

reported,19, 33, 45, 68 in all calculations most of the depicted states are basically valence states with 

a significant contribution form π→π*, and because CAM-B3LYP tends to overestimate the 

excitation energies. 33 
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  The primary observation in Figure 2 is the noteworthy theoretical reproduction of the 

experimental OPA and ECD spectra (spectral shape, position of the bands, and the fano-type 

shape profile) of A6 and CN6 using CAM-B3LYP. The remarkably good performance of this 

particular XCF is attributed to the existent intramolecular charge transfer (ICT) in both 

molecules, being ICT unequivocally stronger in CN6. In this particular molecule, the cyano 

(−C≡N) group, a well-known moderate electron-withdrawing group, located beyond the helicene 

core on one extreme of the molecule, causes not only a strong ICT effect but it increases the 

range of the electronic delocalization beyond the helicene core. This point can be confirmed even 

further by the analysis presented in Figure 3, which show the molecular orbitals involved in the 

transitions to excited state #3 and #2 for A6 and CN6, respectively, i.e. the most important 

excitations on the red side of the OPA and ECD theoretical spectra calculated with CAM-B3LYP 

(see Figure 2 and Tables 1.a and 1.b in SI). The observed ICT in all three excitations involved in 

the CN6 transition is indeed extremely important. Similar evidences have already been reported 

by Rizzo and co-workers in other molecular systems 
29, 33, 45, 68 and, are in accordance with 

previous calculations performed in CN6. 41  

Next, one should highlight the fact that the amplitudes of the OPA and ECD signals in 

both molecules are virtually identical, though there is an obvious difference in ICT between the 

two. This observation shall be explained more in detail after completing the theoretical-

experimental analysis of the nonlinear spectra of A6 and CN6 presented next.    

In Figures 4 we show the TPA and TPCD spectra (theoretical and experimental), 

respectively, plotted at half the excitation wavelengths, i.e. in the OPA scale. The spectra of both 

compounds were taken in THF solution. The theoretical spectra of A6 were obtained with the 

CAM-B3LYP/aug-cc-pVDZ computed profiles obtained by convoluting the stick spectra (The 
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latter simulates isolated non interacting molecules). To optimize the balance between accuracy 

and computational cost, calculations in CN6 were performed using the 6-311++G(d,p) basis set, 

which is a slightly smaller basis set than aug-cc-pVDZ. As for the one-photon spectra a shift has 

been applied to the computed TPA and TPCD spectra (see figure caption of Figure 4). Since the 

spectroscopic region of relevance is different when comparing one- and two-photon absorption 

profiles, the shifts applied in Figures 4, chosen to improve the comparison between theory and 

experiment, are different from those applied in Figures 2 (assignment of theoretical CAM-

B3LYP excited states to experimental bands of A6 and CN6 can be found in Tables 1.a and 1.b 

in SI). Also, because strong two-photon absorber states are in most cases weak one-photon 

absorber, the differences in spectral shift obtained for OPA and TPA are easily explained by 

considering that OPA and TPA are dominated (see Figure 2 and 4) by different molecular states. 

69, 70  

First, it can be noticed that the theoretical calculations reproduce remarkably the main 

TPA spectral features of both helicene derivatives. However, the predicted TPA cross-sections 

are, in most cases, larger than the experimental. It is hard to explain this difference in amplitude 

considering that all experiments were performed in the femtosecond regime where excited state 

absorption is negligible. 71, 72 Nevertheless, the chosen XCF reproduces very well the relative 

intensities between the main TPA bands, and it yields a suitable bandwidth and separation 

between the peaks.  

Second, the intense peak observed at 215 nm in the TPA experimental spectrum of A6, 

that lead to a strong increasing band in the blue side of the TPA spectrum of this molecule is not 

well reproduced by the theory. This outcome could be a consequence of the limited number of 

electronic excited states included in the theoretical calculation of the TPA spectrum or, even 
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more probable, due to the presence of strong TPA resonance enhancement effect found when the 

measurements are performed in the close vicinity of linear absorption states (see Figure 2). 73, 74 

In any case, this region would be better analysed with the damped approach to TPA discussed in 

references 67 and 68.75z 

Next, moving onto TPCD, in Figure 4 we display the experimental (in THF solution) and 

theoretical (isolated molecules) spectra of A6 and CN6, obtained using CAM-B3LYP. One can 

notice that the theoretical TPCD spectra of A6 and CN6 reproduces notably the shape, sign, and 

relative intensities of the main three bands in A6 (one positive at 240 nm and two negative at 250 

and 290 nm) and the three positive bands in CN6 (280, 300 and 330 nm) - see Tables 1.a and 1.b 

in SI. 

Finally and perhaps the most interesting outcome of the nonlinear characterization of 

these two molecules is the obviously larger TPA cross-section (approximately ten times) and 

TPCD signal (ca. two-fold) of CN6 compared to that of A6 (see Figure 4). This interesting result 

can be explained by considering two cooperative effects: a) the strong ICT character of a well-

known moderate electron-withdrawing group (−C≡N) on one end of CN6, and b) the extended 

electron delocalization over the (4-Cyanophenyl)-1-ethynyl substituent outside the helical core in 

this helicene derivative. In A6, however, a relatively mild ICT is effective only within the 

hexahelicene core due to the presence of the aza (−N=) group at one end of the molecule. 

Although, the difference in ICT between A6 and CN6 was discussed earlier in the linear 

characterization of these two molecules (see Figure 4), the actual implications were not 

elucidated.  

In order to gain more insight about the two effects mentioned above, we performed 

calculations of OPA, ECD, TPA and TPCD on five #CN molecules (see Figure 1.b) exhibiting  
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different ICT conjugation length outside the [6]carbohelicene core (EXO-ICT), i.e. C6–CN, C6–

≡–CN and C6–≡–≡–CN, and within the aromatic cluster (ENDO-ICT), i.e. carbohelicene 

derivatives with six (C6–CN), seven (C7–CN) and eight (C8–CN) aromatic rings extending the 

helical arrangement. 

In Figure 5 we show the comparative plot of the OPA and ECD, and the TPA and TPCD 

theoretical spectra of all five #CN. As expected from the linear analysis of A6 and CN6, the 

OPA and ECD signals are not strongly affected by the nature of ICT, i.e. EXO-ICT vs. ENDO-

ICT. In this figure one can only observe a small increase in the amplitude of the ECD signal and 

a consistent red shift of the position of the fano-type bands of #CN as the conjugation length of 

the aromatic cluster increases from C6 � C8. However, EXO-ICT seems to have no significant 

effect on the linear spectra of these molecules. This interesting result suggests the generation of 

stronger molecular circular currents as the spiral length of the ENDO-ICT increase in helical 

molecules. These currents can in turn generate molecular magnetic fields that couple with the 

magnetic dipole transition moment of #CN, 32, 76, 77 thus increasing the ECD response as follow: 

C6–CN < C7–CN < C8–CN. 

In the nonlinear optical response instance it is obvious that the effect of EXO-ICT is 

much stronger than ENDO-ICT. In Figure 5, one can notice that while the maximum TPA cross-

sections of C6–≡–CN and C6–≡–≡–CN are approximately 2.4 and 4.9 times that of C6–CN, 

respectively, the difference in TPA between C6–CN, C7–CN and C8–CN is nearly negligible - 

the small difference noticed between C6–CN, C7–CN and C8–CN, on the blue side of the 

spectra, is mainly attributed to the limitations of our computational resources to calculate the 

required number of excited states in the larger molecules (C7–CN and C8–CN) to cover the same 

spectral region obtained for C6–CN. In TPCD one can also remark a stronger EXO-ICT effect, 

Page 15 of 32 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



16 
 

i.e. the integrated area of the TPCD spectra of C6–≡–CN and C6–≡–≡–CN are approximately 2.5 

and 7.9 folds that of C6–CN, respectively. The difference in TPCD between C7–CN and C8–CN, 

and C6–CN is ca. 1.7 and 2.2, respectively, i.e. less significant than in the previous series of #CN 

but comparable to the small differences observed in ECD. This results strongly suggest that: (1) 

the electric dipole transition moment, which directly affect the TPA response of conjugated 

molecules,  78, 79  is enhanced by increasing the electronic conjugation length beyond the helicene 

core, (2) the magnetic dipole transition moment could enhance the TPCD response of helical 

molecules via its coupling with the induced molecular magnetic field resultant from the 

generation of molecular circular currents within the helical core, 32, 76, 77 and (3) the contribution 

of the electric quadrupole transition moment to the TPCD signal of helical molecules with strong 

EXO-ICT - the extended electronic conjugation beyond the helicene core significantly enhances 

the nonlinear response of this type of molecular structures. While points (2) and (3) are crucial 

for TPCD in the series of molecules with greater EXO-ICT (C6–CN, C6–≡–CN and C6–≡–≡–

CN), in the other series of molecules (C6–CN, and C7–CN and C8–CN) point (2) becomes more 

critical. 

With the intention of supporting even further these results, in Figure 6 we present the 

integrated TPCD spectra, and the sum of the absolute values of molecular parameters B1+B3 and 

B2 that define the contributions of the magnetic dipole transition moment and the electric 

quadrupole transition moment, respectively, to the TPCD rotatory strength 20, 22, 42 (See SI for 

further detail on molecular parameters Bi). The clear tendencies observed in this plot, viz. i) 

Σ|B1+B3| (Figure 6.b) following the same trend observed in TPCD (Figure 6.a) within the whole 

series of #CN, and ii) Σ|B2| (Figure 6.c) matching only the EXO-ICT series (C6–CN, C6–≡–CN 

and C6–≡–≡–CN) confirm our initial thoughts.  
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CONCLUSIONS 

In summary, we have demonstrated that the TPA cross-section and the amplitude of the TPCD 

signal in helicenes are strongly affected not only by the strength of the ICT but by its nature. The 

molecular orbital analysis of A6 and CN6, and the theoretical analysis of these effects on a series 

of CN6-like helicenes validated our hypothesis. Through this research we were able to show that 

while the extension of the electronic delocalization beyond the helicene core (EXO-ICT) 

enhances the contribution of the electric quadrupole and magnetic transition moments to the 

TPCD rotatory strength ( ( )0 0
TPCD

f fR ω ), the electronic delocalization within the arrangement of 

aromatic rings (ENDO-ICT) primarily increases the contribution of the magnetic dipole 

transition moment to ( )0 0
TPCD

f fR ω .   
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Figure Captions 

Figure 1. (a) Chemical structures of P-(+)-1-aza[6]helicene (A6), and M-(-)-2-[(4-cyanophenyl)-

1-ethynyl]carbo[6]helicene (CN6). (b)  Chemical structures of CN6-like helicenes (#CN). C6–

CN is the base #CN. Derivatives with increasing EXO-ICT and ENDO-ICT are in the upper row 

and are in the lower row, respectively.  

 

Figure 2. Experimental (black solid line) and theoretical (colored dotted lines) UV-vis (left 

column) and ECD (right column) spectra of A6 and CN6. Colored empty symbols display the 

oscillator strengths for each molecule. OPA for the lowest 60 electronic excited states were 

computed at the CAM-B3LYP/6-31G(d) level of theory using Gaussian 09 in THF and 

employing PCM. The theoretical spectra are only shown within the measurable spectral range 

(200 nm through 450 nm) with spectral shifts: A6 (+20 nm) and CN6 (0 nm). Γ = 0.5 eV 

(FWHM) was used for all the spectra. Excited states contributing to 20 % or more of the total 

intensity of prominent spectral features observed in the theory and the experiment are 

highlighted. All the experimental spectra were taken in THF solutions.  

 

Figure 3. Molecular orbitals (MOs) involved in the 3rd and 2nd electronic excited state of A6 and 

CN6, respectively. The MOs were obtained from CAM-B3LYP/6-31G* TD-DFT calculations in 

THF using PCM in Gaussian 09. The percent contribution from single excitations ([HOMO – x] 

→ [LUMO + y]) to the excited state is indicated in parenthesis for each case. 

 

Figure 4. Experimental (black scattered squares) and theoretical TPA (left column) and TPCD 

(right column) spectra of A6 and CN6 calculated in vacuo using Dalton 2011. TPA was 
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computed for the first 60 electronic excited states (colored scattered symbols) for both 

molecules. TPCD was computed for the first 48 and 40 electronic excited states (colored 

scattered symbols) for A6 and CN6, respectively. The Lorentzian convolution (colored dotted 

lines) was obtained using a linewidth Γ = 0.15 eV (FWHM). The theoretical spectra were 

calculated with CAM-B3LYP/ aug-cc-pVDZ for A6, and CAM-B3LYP/ 6-311++G(d,p) for 

CN6. The theoretical spectral shifts are: A6 (+22 nm) and CN6 (+26 nm). Excited states 

contributing to 20 % or more of the total intensity of prominent spectral features observed in the 

theory and the experiment are highlighted. All the experimental spectra were taken in THF 

solutions. 

 

Figure 5.  OPA, ECD, TPA and TPCD theoretical spectra of all five #CN.  OPA and ECD 

spectra were obtained from the Lorentzian convolution (Γ = 0.5 eV FWHM) of the first 60 

excited states excited states of the optimized structures of all five #CN calculated at the CAM-

B3LYP/6-31G(d) level of theory in THF using PCM and employing Gaussian 09. TPA spectra 

of the optimized structures of all five #CN derivatives were obtained from the Lorentzian 

convolution (Γ = 0.15 eV FWHM) of the first 60 excited states excited states except for C7–CN 

(67 states) and C8–CN (73 states). TPCD spectra of the optimized structures of all five #CN 

derivatives were obtained from the Lorentzian convolution (Γ = 0.15 eV FWHM) of the first 40 

excited states except for C7–CN (45 states). TPA and TPCD calculations were performed at the 

CAM-B3LYP/ 6-311++G(d,p) level of theory in vacuo using Dalton 2011. 

 

Figure 6.  Comparative bar graph of a) integrated TPCD spectra, b) Σ|B1+B3| and c) Σ|B2|, for all 

five #CN. 
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