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Abstract 

 Two photon absorption (2PA) spectra of liquid cyclohexane and hexanes are reported for 

the energy range 7-8.5 eV (177-145nm), providing detailed information on their electronic 

structures in bulk liquid. Using a broadband pump-probe fashion, the continuous 2PA spectra are 

measured by simultaneous absorption of a 266 nm (4.6 eV) pump photon and one UV-visible probe 

photon from the white-light continuum (1.8-3.9 eV). Theoretical one photon absorption (1PA) and 

2PA cross sections of isolated gas phase molecules are computed by the equation of motion 

coupled-cluster method with single and double substitutions (EOM-CCSD) to substantiate the 

assignment of the experimental spectra, and the natural transition orbital (NTO) analysis provides 

visualization of the participating orbitals in a transition. Our analysis suggests that, upon solvation, 

transitions at the lowest excitation energy involving promotion of electron to the 3s Rydberg 

orbitals are blue-shifted (~0.55 eV for cyclohexane and ~ 0.18 eV for hexanes) to a greater extent 

as compared to those involving other Rydberg orbitals, that is similar to the behavior observed for 

water and alcohols.  All other transitions experience negligible gas to liquid shift for cyclohexane, 

whereas these are red-shifted by ~0.15-0.2 eV upon solvation in hexanes. In both alkanes, the 

spectra are entirely dominated by Rydberg transitions: the most intense bands in 1PA and 2PA 

spectra are due to the excitation of electrons to the Rydberg ‘p’ and ‘d’ type orbitals, respectively, 

although one transition terminating in the 3s Rydberg has significant 2PA strength. This work 

demonstrates that the gas phase electronic transition properties in alkanes are not significantly 

altered upon solvation. In addition, electronic structure calculations using an isolated-molecule 

framework appear to provide a reasonable starting point for a semi-quantitative picture for spectral 

assignment and also to analyze the solvatochromic shifts for liquid phase absorption spectra.  

 

 

 

 

 
1 Current address: Department of Chemistry and Biochemistry, The Ohio State University, 100 West 18th Ave. 

 Columbus OH 43210 
2 Current address: Department of Chemistry, University of Kansas, 1567 Irving Hill Road, Lawrence KS 66045 

* Corresponding author: stephen.bradforth@usc.edu 



 2 

 

I. Introduction 

Understanding the fate of optically bright Rydberg states in the condensed phase has been 

a persistent challenge in electronic spectroscopy. Even for an isolated molecule, accurately 

predicting the shape of the potential energy surface (PES) and the transition dipole moment from 

electronic structure calculation requires quantifying the coupling between a Rydberg state with 

other Rydberg or valence states.1-7 Pioneering work has been carried out by Chergui and coworkers 

to study Rydberg orbitals in condensed environments. By trapping nitric oxide (NO) molecule in 

molecular matrices8-9 and rare gas matrices,10-11 they showed that optical excitation to a Rydberg 

state leads to an increase in the spatial distribution of the electrons, giving rise to a large change in 

the molecule−matrix interaction. The gas-to-matrix shift of transition energies and the broadening 

of absorption bands depend on the size of the matrix cage and the nature of the Rydberg orbital (s, 

p, or d type).12 The dominance of Rydberg excitations was also confirmed in neat benzene and 

benzene in hexane solution via two-photon fluorescence excitation spectroscopy by Albrecht and 

coworkers.13 The local solvation environment has considerable influence on the Rydberg transition 

properties. For example, the fluorescence lifetime of a molecular Rydberg state in NO is 

lengthened when going from gas to condensed phase.14 Furthermore, because of mixing of 

Rydberg orbitals with the solvent continuum, the characterization of these orbitals below the 

vertical ionization energy (VIE) provides invaluable information on the competing ionization and 

dissociation channels.15-18  

Simple saturated sigma-bonded molecular liquids like alkanes and cycloalkanes are ideal 

systems to investigate the fate of Rydberg transitions in the condensed phase. Since they lack any 

 electron and low-lying valence excitations, transitions in these molecules are mostly of Rydberg 
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type. Electronic structure and spectroscopy of these molecules are less explored than their 

conjugated or aromatic counterparts. For gas phase 1PA spectra of linear alkanes, the Rydberg 

transitions are not well resolved, even for small chain molecules.19-21 Cyclic alkanes, on the 

contrary, show distinct Rydberg transitions, as previously demonstrated for adamantane, 

cyclopropane, cyclobutane, cyclohexane, bicyclo[2.2.2]octane etc.22-24 These sharp Rydberg 

transitions usually rest upon broad featureless continuum, which arises due to the σ→ σ* type 

valence transitions.25 The vibronic features associated with these Rydberg transitions are difficult 

to interpret and there are only a few examples in the literature that address this issue.22, 25-26  

Raymonda and Simpson adopted independent-systems theory to predict the energy levels 

of the lower electronic states of an isolated alkane molecule in 1PA.21 In this method, the C-C 

bonds are treated separately from the C-H bonds. Starting from the excitation band (σC-C→ σ*C-C) 

of an ethane monomer unit, the energy levels of higher alkanes can be calculated by introducing 

the nearest neighbor interactions and breaking the degeneracy. Although this exciton model works 

surprisingly well for substituted/unsubstituted alkanes and cycloalkanes, it falls short in explaining 

a weak 1PA band observed in most of the alkanes and specially in branched alkanes in the region 

between 7-8 eV. Raymonda et al. assigned this band to intramolecular charge transfer between 

adjacent C-C segments, but this assignment was later refuted by Lombos et. al20 and Robin25, 27 

who suggested this transition involves electron promotion to Rydberg 3s orbital. One factor that 

often complicates the analysis of the alkane spectra is the presence of several equilibrium 

conformations at room temperature. Although the absorption frequencies of different conformers 

are not expected to deviate much from one another, the oscillator strengths may vary drastically 

due to the change in molecular point group symmetry that directly determines the transition 

selection rule.  
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Spectral analysis becomes further complicated in going from gas to liquid phase, as sharp 

Rydberg transitions are broadened and overlap with neighboring transitions, giving rise to a 

featureless spectrum. Just as in the gas phase, alkane and cycloalkanes can exist in several 

conformations in liquid state. For example, cyclohexane has chair and boat conformations. 

Molecular dynamics (MD) simulation studies predicted that cyclohexane mainly exists in ‘chair’ 

conformation in liquid phase at room temperature.28 The situation is markedly more complicated 

for n-hexane, which in principle, can adopt twelve different conformations. Ab-initio and density 

functional calculations suggest that the lowest energy conformer is all-trans (TTT), which is 

followed by nearly isoenergetic trans-gauche-trans (TGT) and gauche-trans-trans (GTT) 

conformers.29 Further up in energy is trans-gauche-gauche (TGG) conformer.29 At room 

temperature, in deuterated liquid hexane, there is almost an equal distribution of all-trans and all-

gauche conformations present, as predicted by MD simulation and neutron diffraction studies.30 

On the other hand, low frequency isotropic Raman studies predict that ~20% of the conformers 

are present in all-trans form, whereas ~50% conformers have at least one gauche C-C bond in it.31 

Clearly, the literature reports on the relative population of different conformers of n-hexane in the 

liquid phase are in conflict, which further complicate the analysis of its electronic spectra.  

To obtain a comprehensive picture of the electronic structure of hexane and cyclohexane 

in liquid phase, two photon absorption (2PA) spectroscopy is used in our current study. With the 

help of ab-initio calculation, 2PA spectroscopy allows us to identify the nature of the electronic 

transitions in the energy range between 7-8.5 eV and to predict the extent of spectral shift and 

broadening upon solvation, especially the fate of the optically bright Rydberg transitions.  
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Figure 1: Experimental gas phase 1PA spectra of (a) cyclohexane and (b) n-hexane reproduced from 

Ref27 and Ref21, respectively. The gas phase ionization energies are indicated by the green arrows. The 

important transitions, as per literature, are also marked in the Figure. 

 

 

II. Background: Gas phase 1PA spectra of cyclohexane and hexane 

 The gas phase 1PA spectra of cyclohexane (Figure 1a) shows two or more transitions in 

the region between 6.7 to 7.7 eV.22 The lowest transition has a maximum at 7.13 eV and is 

associated with electron promotion from HOMO to Rydberg 3s orbital (LUMO).22 Note that the 

HOMO and LUMO of cyclohexane in the chair conformation (D3d point group) are of eg and a1g 

symmetries, respectively. According to Laporte selection rule, a1g ← eg electron promotion is one-

photon forbidden, but is two-photon allowed. Excitation involving promotion from HOMO to 3s 

Rydberg orbital appears in the 1PA spectrum via vibronic coupling with an a2u mode which has a 

ground state vibrational frequency of 522 cm-1.24, 32-33 The cluster of sharp peaks following the first 

transition are due to excitation to Rydberg 3p orbitals with a maximum at ~7.55 eV. The n=4 

Rydberg transitions appear above 8.7 eV. The sharp peak ~ 9 eV can be assigned to the transition 
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associated with promotion of electron to 4p Rydberg orbital. This 4p transition and other higher 

energy transitions show a vibronic progression of 1076 cm-1, which can be associated with a 

combination mode of C-C breathing vibration and C-C-C torsional mode with the frequency of 

802 cm-1 and 386 cm-1 respectively.22 The frequency of vibronic progression matches well with 

that observed in the photoelectron spectrum, 0.14 eV ≈ 1100 cm-1.22 Other lower frequency 

progressions observed in the 1PA spectrum of cyclohexane show irregular spacing, which is a 

consequence of Jahn Teller splitting of the excited electronic states arising from the doubly 

degenerate σ bonding orbitals (HOMO) and the overtone/combination splitting due to 

anharmonicity of the potential energy surface.25  

 In contrast to the 1PA spectrum of cyclohexane in the gas phase, the hexane spectrum does 

not show any sharp features in the 7.0 – 10.0 eV region (Fig. 1(b)).27 Starting with the 9.3 eV band 

in ethane and applying independent system theory (bond additivity model) as mentioned above, 

Raymonda et al.21 predicted the excitation energy in higher homologs of the alkane series. The 

calculated transition energies at 8.28 eV, 8.86 eV and 9.79 eV correlate well with the observed 

transitions at 8.37 eV, 8.99 eV and 9.55 eV that were extracted by fitting the gas phase 1PA spectra 

of n-hexane. They assigned these transitions to σC-C→ σ*C-C type, involving mainly C-C bonds of 

the molecule.21 A shoulder at a lower energy ~7.5 eV was assigned to the charge transfer transition 

between adjacent C-C segments.21 Later, Au et al.34 noticed the presence of this shoulder in the 

1PA spectrum of ethane as well, which has only one C-C bond and consequently cannot have any 

charge transfer transition of this type. As a result, they argue that this transition involves 

HOMO→3s electron promotion.27, 34 Using the similarity of the transitions in the n-alkanes (n=3-

8) and performing a term-value analysis, Au et al.34 proposed that the 8.2 eV transition involves 
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combination of HOMO → 3p and HOMO-1 → 3s electron promotion, and the 8.8 eV transition 

involves the HOMO-1→ 3p promotion. 

III.  Methods 

To better understand the electronic structures of alkanes and cycloalkanes in the liquid 

phase, in this work, we used two photon absorption (2PA) spectroscopy, which is guided by 

entirely different selection rules, and therefore, for a highly symmetric molecule like cyclohexane, 

may excite electronic states that are not symmetry allowed in conventional one photon absorption 

(1PA). Liquid cyclohexane was purchased from OmniSolv, 99.99%, spectrophotometric grade, lot 

# 40285; and liquid hexanes from Liquid cyclohexane was purchased from OmniSolv, 99.99%, 

spectrophotometric grade, lot # 40285; and liquid hexanes from EMD Chemicals Inc., 99.7%, lot 

# 46317. It is to be noted that liquid hexanes used in this study consist of different lower symmetry 

hexane isomers (2- and 3-methylpentanes) and methyl cyclopentane, with n-hexane present 

predominantly, ~61%. The continuous 2PA spectra in the energy range between 7-8.5 eV were 

measured by simultaneous absorption of a 266 nm (4.6 eV) pump photon and one UV-visible probe 

photon from the white-light continuum (1.8-3.9 eV). The pump and probe beams were overlapped 

spatially and temporally on the liquid sample delivered by a wire-guided gravity jet,35 The 2PA 

spectra were recorded at both parallel and perpendicular polarization between the pump and probe 

photons. The details of the experimental set-up are described in a previous publication.18  

 To assign the character of transitions in gas phase cyclohexane and n-hexane and to predict 

the fate of these transitions upon solvation, ab-initio calculations were performed for the isolated 

molecules. The geometries were optimized at RI-MP2/cc-PVTZ level of theory. The excited 

electronic states were calculated for the optimized geometry using the equation-of-motion couple 

cluster (EOM-CC) method.36-37 The transition energies, 1PA and 2PA cross sections were 
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calculated using the excitation energy method (EOM-EE-CCSD), with d-aug-cc-PVDZ basis set. 

The chair conformer of cyclohexane was used for the calculation. For n-hexane, two different 

conformers, all-trans (TTT) and trans-gauche-trans (TGT), were calculated. The rotationally 

averaged 2PA coefficient is calculated as: 

𝛽2𝑃𝐴 =
𝐹

30
∑ 𝑆𝑎𝑎,𝑏𝑏

𝑎,𝑏

+
𝐺

30
∑ 𝑆𝑎𝑏,𝑎𝑏

𝑎,𝑏

+
𝐻

30
∑ 𝑆𝑎𝑏,𝑏𝑎

𝑎,𝑏

 

Where 𝑆 is transition strength matrix18 and F, G, and H are integer constants that depend on the 

relative polarization of the two photons. For parallel linearly polarized light, F = G = H = 2; for 

perpendicular linearly polarized light, F = −1, G = 4, and H = −1.38 The macroscopic 2PA cross 

section σ2PA (in GM) was calculated from the orientationally averaged 2PA coefficient (β2PA) using 

the following equation:18, 39  

𝜎2𝑃𝐴 =
2𝜋2𝛼𝑎0

5(𝜔1 + 𝜔2)2𝛽2𝑃𝐴

𝑐 ∗ Г ∗ 10−50 ∗ 27.2107
 

where 𝛼 is the fine structure constant, 𝑎0 is the Bohr radius (in cm), Г is lifetime broadening (0.1 

eV), 𝜔1 and 𝜔2 are the energies of the two photons in eV (𝜔1 = 4.6 eV in our experiments) and 𝑐 

is the speed of light (in cm/s). McClain and co-workers40-42 have identified two important 

symmetry rules pertaining to 𝜎2𝑃𝐴 values. (i) for transitions that lower the symmetry of the 

electronic wavefunction, ∑ 𝑆𝑎𝑎,𝑏𝑏𝑎,𝑏 = 0; for those preserving electronic symmetry, ∑ 𝑆𝑎𝑎,𝑏𝑏𝑎,𝑏 >

0; and (ii) for transitions preserving electronic wavefunction symmetry or in cases where the two 

photons have the same frequency (degenerate) regardless of symmetries involved in the transition, 

∑ 𝑆𝑎𝑏,𝑎𝑏𝑎,𝑏 = ∑ 𝑆𝑎𝑏,𝑏𝑎𝑎,𝑏 . Using these rules, one can conclude that for any given point group, in 

degenerate experiments, the polarization ratio (𝜎||/𝜎⏊) for non-totally symmetric transitions 

(assuming the ground state is totally symmetric) is always 4/3, but totally symmetric transitions 
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can have any value greater than 4/3. Moreover, in the case where one of the photons has energy 

very close to that of a molecular eigenstate (near resonance), ∑ 𝑆𝑎𝑎,𝑏𝑏𝑎,𝑏 = ∑ 𝑆𝑎𝑏,𝑎𝑏𝑎,𝑏 ; leading to 

𝜎||/𝜎⏊ equal to ½ for a non-totally symmetric transition, whereas that for a totally symmetric 

transition is always 3.43 Thus, under some special circumstances, the totally symmetric transition 

can be distinguished from the non-totally symmetric cases from symmetry considerations alone, 

without the need to perform extensive quantum mechanical calculations. 

IV. Results 

All calculated transition energies and 1PA and 2PA cross sections are tabulated in Table 

S1-S3 of the Supporting Information and are shown as the stick spectra in Figure 2. Important 

transitions in 1PA and 2PA for cyclohexane and the TTT conformer of n-hexane are tabulated in 

Tables 1-2. 

 

Figure 2: Calculated 1PA and 2PA transitions for cyclohexane, hexane-all-trans (TTT) and hexane-trans-

gauche-trans (TGT) at EOM-CCSD/d-aug-cc-PVDZ level of theory. 2PA cross sections are calculated 

using 4.6 eV pump energy. For the strongest 1PA and 2PA transitions, the sticks are labeled with the upper 

state character. 
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The point group symmetries of the chair conformation of cyclohexane and the TTT 

conformer of n-hexane are D3d and C2h respectively. For cyclohexane, the excited state symmetry 

labels reported in Table 1 correspond to one of the Abelian subgroups (C2h) of D3d. To allow ready 

correspondence with the spectroscopic existing literature on cyclohexane that follows the D3d point 

group notation, we show the mapping between the spectroscopic term labels of D3d and C2h groups 

in Table S4 of the Supporting Information.44 Because of the presence of inversion symmetry in 

cyclohexane, 1PA active transitions are inactive in 2PA and vice versa. The symmetry of the 

ground electronic state is 1Ag, hence transitions to electronic states of ‘gerade’ and ‘ungerade’ 

symmetries are expected to be 2PA and 1PA allowed, respectively. For example, in cyclohexane, 

the 5Ag ←1Ag transition is most intense in 2PA, whereas the 5Bu ←1Ag transition is strongest in 

1PA. The TGT conformer of n-hexane, on the other hand, has a C2 point group symmetry. The 

lack of inversion symmetry in this point group allows all the excited electronic states of A and B 

character to be both 1PA and 2PA active (Table S3). Although these two alkane molecules only 

have six C atoms, the density of states is already very high, as evident from the number of 

calculated electronic states within ~9.5 eV (Table S1-S3, Figure 2). Due to such high electronic 

density of states, several transitions with different symmetries (e.g., 5Ag ←1Ag and 5Bu ←1Ag) 

have almost the same energy (Figure 2). 

Natural transition orbital (NTO) analysis is performed to characterize the excited states and 

to visualize the nature of the participating orbitals in a particular transition. To readily identify a 

transition as Rydberg transition or valence transition or mixed, the relative change in the size of 

the wavefunction following an excitation (𝛥 < 𝑅2 >, Å2) is calculated. For transitions to valence 

states, 𝛥 < 𝑅2 > should be small, but a large value is expected for transitions to Rydberg states. 
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Taking trans-stilbene as an example, the lowest energy excitation has a pure valence character with 

a 𝛥 < 𝑅2 > value of 0.1 Å2.45 On the other hand, we see that the calculated 𝛥 < 𝑅2 > values for 

all the strong 1PA and 2PA active transitions in cyclohexane (Table 1) and both conformers of n-

hexane (Table 2 & S3), are much larger; it is clear that all these transitions are of predominantly 

Rydberg character for these molecules at least when isolated in vacuum.    

Table 1. Selected calculated electronic transition energies (Eex) and their properties for cyclohexane (EOM-CCSD/d-

aug-cc-PVDZ). Two-photon strengths assume a 4.6 eV fixed photon energy. Most intense transitions in bold. 

State Eex (eV) f1PA  

( 10-3) 

β2PA 

(atomic 

units) 

σ2PA (GM)  2PA 

polarization 

ratio (ρ)  

𝛥 < 𝑅2 > 

(Å2) 

Transition 

assignment 

2Ag 7.83  18.6 0.8 1.3 14.3 HOMO→R3s 

1Bg 7.83  18.7 0.8 1.3 14.3 HOMO→R3s 

3Ag 8.54  221 11.9 3.3 13.9 HOMO-1→R3s 

4Ag 8.87  21.3 1.2 1.3 25.9 HOMO→R3d 

2Bg 8.87  21.3 1.2 1.3 25.9 HOMO→R3d 

5Ag 8.92  489 28.6 22.6 28.0 HOMO→R3d 

2Au 8.32 28    19.5 HOMO→R3p 

3Bu 8.32 28    19.5 HOMO→R3p 

5Bu 8.89 235    14.4 HOMO-1→R3p 

 

 

Table 2. Selected calculated electronic transitions energies (Eex) and their properties for hexane-TTT (EOM-CCSD/d-

aug-cc-PVDZ). Two-photon strengths assume a 4.6 eV fixed photon energy. Most intense transitions in bold. 

State Eex (eV) f1PA ( 

10-3) 

β2PA 

(atomic 

unit)  

σ2PA 

(GM)  

2PA 

Polarization 

ratio (ρ)  

𝛥 < 𝑅2

>, (Å2) 

Transition assignment 

2Ag 8.12  23.0 1.1 2.0 10.4 HOMO→R3s 

1Bg 8.64  104 5.7 1.3 10.0 HOMO-1→R3s 

3Ag 8.78  369 20.9 21.3 11.7 HOMO-2→R3s 

4Ag 9.03  383 22.9 5.5 27.9 
HOMO→R3d +  

HOMO-1→R3d 

2Bu 8.57 36.9    17.5 HOMO→R3p 

3Bu 9.05 19.6    15.4 HOMO-2→R3p 

3Au 9.13 195    14.1 
HOMO-1→R3p + 

HOMO-2→R3p 

4Bu 9.17 296    15.1 
HOMO-1→R3p + 

HOMO-2→R3p 
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 Turning to the experimental spectra now, we will first discuss the 1PA spectra of hexane 

and cyclohexane in the liquid phase. Liquid alkanes and cycloalkanes generally have very strong 

absorption in the VUV region, making it difficult to measure the transmission spectra due to rapid 

attenuation of the incident photon beam. A light source with high photon-flux, a short optical 

pathlength along with highly sensitive photon detection are required to measure the transmission 

spectra of these molecular liquids. The most difficult task is to make very thin liquid films that can 

be kept under constant vapor pressure to avoid evaporation and maintain a constant thickness 

during data acquisition. Using a synchrotron beam source and an optical pathlength of 1 ± 0.5 μm, 

Jung and Gress46 measured the transmission 1PA spectrum of liquid cyclohexane, as reproduced 

in Figure 3(a). Costner et. al.47 measured the transmission spectra of liquid alkanes in the far-

ultraviolet (FUV) region. The liquid alkane spectra are relatively simple with a single broad 

transition in the FUV region. But, due to very strong absorbance of this band, they could not 

capture where this transition actually comes to a peak using their transmission set-up (Figure 3b, 

inset). To overcome this problem, Ozaki and coworkers48 introduced attenuated total reflection 

(ATR)  technique in the FUV region, and measured a spectrum of liquid n-hexane up to 8.6 eV 

(Figure 3b), allowing one to clearly identify the peak of this broad transition. However, one should 

keep in mind that the ATR-FUV spectrum is not identical with the corresponding transmission 

spectrum. In the transmission experiment, the pathlength is defined by the thickness of the sample 

and is therefore constant across the spectrum. On the other hand, in the ATR experiment, the depth 

to which the sample is penetrated by the light beam is a function of wavelength of light, and 

wavelength-dependent refractive indices of the ATR crystal and the sample. The refractive index 

of the sample changes sharply around absorption bands and thus the wavelength dependent 

penetration depth is further modified distorting the relative peak intensities, as well as a slight 
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change in the peak positions. Moreover, the ATR spectra of liquid alkanes by Ozaki and coworkers 

are reported without any ATR correction or Kramers-Kronig transformation, as the cut-off region 

at ~8.5 eV is so flat that extrapolation to zero intensity becomes difficult.49 Nevertheless, the 

reported ATR spectrum gives us an approximate idea of where the transition in liquid n-hexane 

peaks in the FUV region, that would otherwise difficult to measure using conventional 

transmission experiments.  

 

Figure 3: (a) Liquid 1PA spectrum of cyclohexane, by transmission method, digitized from Ref46 and 

converted to ε using the A = εcl equation, where the path length l is 1 μm. (b) Liquid 1PA spectrum of n-

hexane, by ATR-FUV method; digitized from Ref48. Here the y-axis has not been converted to ε, as light 

penetration inside the liquid phase in an ATR-FUV experiment is wavelength dependent. A VUV 

transmission spectrum (in ε unit) of liquid hexane is shown in the inset, and digitized from Ref47. Liquid 

2PA spectra of (c) cyclohexane and (d) n-hexane (this work). The 2PA cross sections are measured with 

both parallel and perpendicular polarizations of the pump and probe beams. The pump photon energy is 4.6 

eV for our experiment.  

 

In contrast to gas-phase 1PA cross-section (Figure 1), absolute 2PA cross section (σ2PA) of 

cyclohexane in liquid phase (Figure 3c) is twice as large as compared to n-hexane (Figure 3d), 

pointing to the fact that 1PA and 2PA spectra are dominated by different sets of excitations in these 
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molecules. The 2PA spectra are reported for both parallel and perpendicular polarization of the 

pump and probe photons, where the energy of the pump pulse is 4.6 eV. For both the molecules, 

parallel polarization of the two photons give rise to a higher cross section as compared to that of 

perpendicular polarization. It is also apparent from these spectra that cyclohexane has a lower 

energy 1PA and 2PA threshold as compared to n-hexane. This is consistent with our ab initio 

calculation where the lowest excited state of cyclohexane appears at 7.8 eV and the first strong 1P 

and 2P transitions are at 8.3 and 8.5 eV respectively, whereas in hexane-TTT the lowest excited 

state is at 8.1 eV, with the first strong 1P and 2P transitions are at 8.6 and 8.9 eV, respectively. For 

hexane-TGT conformer, the first strong transitions are also higher but now inverted at 8.7 and 8.4 

eV.  

Another interesting difference is observed in the polarization ratio plots of these molecules, 

as shown in Figure 4. In case of cyclohexane, the polarization ratio increases almost linearly from 

~1.7 at 7.0 eV to ~4 at 8.5 eV. A polarization ratio > 4/3 in the entire spectral region suggests that 

transitions in cyclohexane are dominated by totally-symmetric type excitations, particularly the 

brightest transitions that have very high polarization ratio (see Table 1).42 The decrease in 

polarization ratio in the lower energy region is presumably a consequence of the contributions 

from the lower polarization ratio 2Ag ←1Ag and 1Bg ←1Ag transitions, which involve promotion 

of electrons from doubly degenerate HOMO to the 3s Rydberg orbital (eg → 3s) of cyclohexane 

(shown in Figure 5). The polarization ratio of hexane, on the other hand, rises instead (and more 

quickly) from a value near ~1.0 reaching only ~2.5 in the 7-8 eV region; it maintains an almost 

constant value in the higher energy region. It is worth pointing out that, in case of both liquid 

cyclohexane and hexanes, trace amounts of 2-photon pump photoionization products (e.g., 
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solvated electrons) could also contribute (as a transient absorption signal) to the low polarization 

ratio in the lower energy part of the spectra.50-52  

 

Figure 4: 2PA polarization ratio plot of (a) cyclohexane and (b) n-hexane (this work). The pump photon 

energy used in our experiment is 4.6 eV. 

 

V. Analysis 

 V.A. Liquid cyclohexane.  

We will first compare the assigned gas-phase one-photon transitions in cyclohexane with 

the excited energy levels obtained by our ab initio calculation of a single cyclohexane molecule. 

A transition associated with electron promotion from HOMO to Rydberg 3s orbital appears at 

~7.13 eV in the gas phase spectrum of cyclohexane.  This transition is electronically forbidden but 

only vibronically allowed in 1PA.  Our ab initio calculation for cyclohexane indeed predicts that 

the first two transitions at 7.83 eV (2Ag ←1Ag and 1Bg ←1Ag) consistent with this assignment; the 

transition degeneracy comes from the doubly degenerate HOMO (eg symmetry). According to 
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Raymonda et al.,22 the first symmetry-allowed Rydberg transition associated with HOMO→3p 

electron promotion appears at 7.77 eV in the gas phase spectrum of cyclohexane. The energy of 

this transition is predicted to be at 8.3 eV according to our calculation. The error in calculating 

excited state energies by EOM-EE-CCSD method is typically 0.1-0.3 eV for excitations associated 

with a single electron promotion.53-55 Calculated transition energies which have substantial double 

excitation character, as in case of cyclohexane due to the degeneracy in its bonding molecular 

orbitals, may lead to an error up to ~ 1 eV.56  

Natural transition orbitals (NTO) analysis reveals that 1PA and 2PA allowed transitions 

are dominated by electron promotion to ‘p’ and ‘d’ type Rydberg orbitals, respectively, except for 

the first three 2PA allowed transitions: the degenerate transitions 2Ag ←1Ag and 1Bg ←1Ag just 

discussed and the 3Ag ←1Ag transition, which has reasonable 2P cross section and is due to 

HOMO-1 → 3s electron promotion. The NTO plots corresponding to the strong transitions in 

cyclohexane 1PA and 2PA are shown in Figure 5.  
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Figure 5: NTO plots corresponding to the strong transitions of cyclohexane in 1PA and 2PA. 

  Jung et. al46 reported the 1PA spectrum of liquid cyclohexane (Figure 3a; the full 

spectrum is in Figure S1 of the Supporting Information) in the range between 6-11 eV. The 

absorption threshold was estimated to be 7.0 ± 0.1 eV. Gaussian fitting of the liquid 1PA spectra 

revealed a first peak at ~7.8 eV with the FWHM of ~0.8 eV and a second peak ~8.7 eV with ~1.4 

eV FWHM.46 Comparing with the gas phase spectra of cyclohexane, they assigned the first and 

second peaks in the liquid phase spectrum to the transitions involving 3p and 3d Rydberg orbitals. 

They did not however assign any transition to 3s Rydberg states in the liquid phase based on their 

spectrum; such transitions (like those to the 3d) are strictly parity forbidden.  Jung et al.’s46 analysis 

of the liquid 1PA spectrum of cyclohexane predicts a larger Gaussian width for transitions at higher 

energy, which interestingly matches our observation for liquid water43 and alcohols.18 

The approach adopted by Jung et. al46 to fit the liquid 1PA spectra with multiple Gaussians 

and use these Gaussian peaks to assign transitions in liquid phase is somewhat arbitrary. In 

contrast, we simulate the liquid 1PA and 2PA spectra as well as the polarization ratio spectrum 

using results obtained for the appropriate isolated molecule from in vacuuo quantum chemistry 

calculation. We incorporate all excited state transitions that have impact on the experimental 

energy range, along with their respective transition strengths.  

Prior to performing the spectral simulations, we perform a correction to address the known 

deficiency in the calculated gas-phase transition energies.56 We red-shift all transitions by ~0.6 eV 

in order to approximately match with the experimental gas phase transitions described above. The 

common sets of parameters that simultaneously reproduce all the spectra are reported here: the 

transitions up to ~8 eV are broadened by ~0.7 eV, and above that, a FWHM of ~1.1 eV is used. 

Excitations involving ‘3s’ type upper Rydberg orbitals (2Ag ←1Ag, 1Bg ←1Ag and 3Ag ←1Ag) 
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require blue-shifting by 0.55 eV to account for the effect of the solvent environment; all other 

transitions experience negligible solvatochromic shift.  The oscillator strengths for each transition 

are used directly from the calculation; a single overall scaling is used to best agree with 

experimental extinction coefficient. We acknowledge the entirely empirical gas-to-liquid phase 

energy shifting employed; an accurate first principles description of the electronic structure of a 

repeating molecular liquid with delocalized excited states is still a frontier research problem for 

theory.   

As shown in Table 1 and Figure 2, the 1PA transitions in cyclohexane involve the excited 

states of 'ungerade' symmetry and thereby, are comprised of a completely different sets of 

excitations than the 2PA spectrum. Despite the mutually exclusive transitions in 1PA and 2PA, the 

liquid 1PA spectrum can be reproduced by allowing similar shifts and broadening to the 1PA active 

transitions as done for the 2PA active transitions during 2PA simulation. The simulated plots are 

shown in Figure 6. 
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Figure 6: (a) Simulation of 1PA spectrum of liquid cyclohexane. The raw data (black dots) is digitized 

from Ref46 and the red line stands for the simulated plot. Simulation of (b) 2PA spectra of cyclohexane for 

parallel (red) and perpendicular (blue) polarization combinations, and (c) the polarization ratio. The 

calculated transition energies are all red-shifted by ~0.6 eV to compensate for the systematic error of the 

EOM-CCSD calculation. The transitions up to ~8 eV are broadened by ~0.7 eV, and above that, a FWHM 

of ~1.1 eV is used. Excitations involving ‘3s’ type upper Rydberg orbitals (2Ag ←1Ag, 1Bg ←1Ag and 3Ag 

←1Ag) only are given an additional blue-shift of ~0.55 eV; all the other transitions do not require further 

shifting. 

 

The ~0.55 eV gas to liquid blueshift of the Rydberg transitions involving the 3s orbital in 

cyclohexane is similar to our previous findings for electronic spectra of water43 and alcohols.18 

The transition in cyclohexane involving promoting the HOMO → 3s is parity forbidden and 

therefore extremely weak in 1PA and thus Jung et al.46 could not assign this transition when fitting 

the liquid 1PA spectrum. However, in 2PA, this transition is now symmetry allowed and appears 

as a clear shoulder at ~7.6 eV in the 2PA spectra. To accurately reproduce this shoulder, a ~0.55 
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eV blue shift for the lowest calculated transition (appearing at ~7.1 eV in gas phase spectrum) is 

necessary.  

We have also previously seen that the polarization ratio spectrum is an extremely sensitive 

tool in 2PA spectroscopy. Any change in the polarization ratio reflects the contribution from 

multiple excited states.  The polarization ratio provides a discerning constraint during the 

simulation of the 1PA and 2PA spectra. Therefore, the good match between the experimental and 

the simulated polarization ratio for cyclohexane, using a common set of parameters in simulating 

the 1PA and 2PA spectra, is encouraging. We re-emphasize that, except for shifting transitions 

ending in the 3s Rydberg state, the calculated gas phase transition energies (after correction) and 

relative oscillator strengths are used unaltered in our simulation of the liquid phase spectra. Our 

approach thus emphasizes the usefulness of the isolated-molecule electronic structure calculation 

as a reasonable starting point to investigate the fate of electronic transitions in the condensed phase, 

particularly for molecules with no low lying valence excitations.57  

V.B. Liquid Hexane.   

Simulation of liquid hexanes spectrum is more challenging as there are several 

conformations of the n-hexane molecule present at room temperature and  no consensus on the 

relative populations of these conformers in the literature reports.30-31 It is also noteworthy that the 

sample used in our experiment was ~61.2% pure in n-hexane, with impurity due to branched (2- 

and 3-methylpentanes) and cyclic alkanes (methyl cyclopentane). Despite this, it will be interesting 

to observe how the electronic structure of six-carbon lower symmetry acyclic conformers develop 

compared to their highly symmetric cyclic counterpart, cyclohexane. We have performed EOM-

CCSD calculations to obtain the excited state energies and 1PA and 2PA cross sections for two 
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different representative conformers of n-hexane, all-trans (TTT) and trans-gauche-trans (TGT), as 

shown in Figure 2. The calculated transition energies differ by ~0.1-0.3 eV between these two 

conformers (contrast Table S2 & S3). The all-trans conformer (TTT) has inversion symmetry 

resulting in the 1PA active transitions to be 2PA inactive and vice versa. The lack of inversion 

symmetry in the TGT conformer allows all the excited electronic states to be both 1PA and 2PA 

active. The different point group symmetries of these two conformers therefore directly influence 

the transition strengths as evident from our calculated 1PA and 2PA cross sections.  

As discussed above, Au et al.34 assigned the 8.2 eV band (Figure 1b) of an isolated hexane 

molecule to the transition associated with combination of HOMO → 3p and HOMO-1 → 3s 

electron promotion and the 8.8 eV band to a transition involving HOMO-1→ 3p electron 

promotion. Our theoretical calculation also predicts similar transitions (as evident from the NTO 

analysis, Figure 7) but are typically overestimated by 0.3-0.4 eV for both conformers, similar to 

the case of cyclohexane. To gain a crude approximation about the shifts and broadening of the 

excited states upon solvation, we first start with simulating the liquid phase 1PA spectra of n-

hexane using the theoretically calculated results for the isolated molecule. The experimental 

spectra can be fit based on the gas phase calculation with transitions red-shifted by 0.78 eV and 

0.65 eV for the TTT and the TGT conformers, with a broadening of 0.76 eV and 0.66 eV, 

respectively. Such red-shift of the calculated transitions required to simulate the liquid 1PA spectra 

include both the solvatochromic shift and the systematic error of the EOM-CCSD approach due to 

its intrinsic limitation of not including higher order excitations (triples and above).45, 53-55, 58 The 

simulated plots are shown in Figure S2 of the Supporting Information.  
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Figure 7: NTO plots corresponding to the strong transitions of the TTT and the TGT conformers of n-

hexane in 1PA and 2PA. 

 

As discussed above, the experimental liquid 1PA spectrum of n-hexane (figure 3b) shown 

here is measured using an ATR-FUV spectrometer,48 which is known to cause a shift in the peak 

position as well as the peak intensity. As a result, simulation of the liquid 1PA spectra of n-hexane 

gives us only a rough estimate of shifting and broadening of electronic states upon solvation. To 

be more quantitative, we simulate our measured 2PA spectra using the theoretically calculated 

transition energies and the 2PA cross sections as tabulated in Table S2-S3. The general parameters 

that simultaneously reproduce the 2PA spectra for both parallel and perpendicular polarization 

combinations, along with the polarization ratio are as follows.  First, all calculated transitions are 

red-shifted by 0.35 eV (for TTT) and 0.4 eV (for TGT) to account for the intrinsic computational 

error of the EOM-CCSD method. Then, an additional solvatochromic red-shift of ~0.15-0.2 eV is 

given to each energy level except for the transition associated with HOMO→3s electron promotion 

(2Ag←1Ag in TTT and 2A←1A in TGT conformer), which is instead blue-shifted by~0.18 eV. As 
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we allow the bandwidth of each transition float freely during our simulation, they adopt a value of 

0.9 eV and 0.65 eV for the TTT and the TGT conformers, respectively. The simulated plots for 

are shown in Figure 8. Although both simulations capture the experimental trend of increase in 

2PA cross section with increasing energy, the experimental spectrum is reproduced more closely 

using the electronic structure of the TGT conformer, reflecting the presence of considerable 

amount of lower symmetry isomers in the liquid phase. None of these conformers alone can fully 

reproduce the experimental polarization ratio. As shown by Costner et al.,47 cyclic impurities like 

methylcyclopentane are expected to have a slightly lower-energy absorption onset as compared to 

that of linear-chain hexanes. The concentration of these cyclic isomers is relatively low in liquid 

hexanes; therefore, their contribution towards the 2PA spectra would only be apparent in the red 

tail of the absorption band, where no other hexane isomer absorbs. As a result, such impurities 

may have an out-sized impact in the region of the absorption onset of liquid hexanes, resulting to 

an abrupt drop in polarization ratio below ~7.5. This reinforces the idea that the polarization ratio 

is an extremely sensitive quantity in capturing the character of the electronic transitions in the 2PA 

spectra. Our analysis, using two representative isomers of n-hexane, thus casts light on the general 

solvatochromic shifts and broadening of lower symmetry acyclic conformers of a hexane molecule 

and enables us to compare these results with its cyclic counterpart. Below we discuss the results 

of our analysis for these two representative alkanes. 
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Figure 8: Simulation of the parallel and perpendicular 2PA spectra of n-hexane using theoretical calculated 

results for (a) TTT and (b) TGT conformers. The simulation of the polarization ratio is obtained using 

theoretical calculated results for (c) TTT and (d) TGT conformers. The green dots and the black lines 

represent the raw data and the simulated plots respectively. The parameters of these simulations are 

mentioned in the text.  

 

VI. Discussion 

 The first absorption band of cyclohexane in liquid phase appears at a lower energy 

compared to that of liquid n-hexane, which, interestingly, coincides well with the lower ionization 

energy of cyclohexane vs n-hexane in the gas phase (9.9 eV vs. 10.2 eV).47 Typically, the smaller 

ionization energies of cycloalkanes as compared to their linear alkane homologues are attributed 

to the destabilization of the HOMO in the former due to ring strain. However, cyclohexane has 

negligible ring strain because of the puckering of its backbone. Instead, Costner et al.47 showed 

that the absorption spectra of linear alkanes and cycloalkanes shift to the lower energy with the 

increase in the number of carbon atoms in the alkyl or cycloalkyl chain. By performing term value 

analysis, they concluded that the addition of carbon atoms destabilizes the HOMO while the energy 

of Rydberg LUMO orbital is not affected, resulting in a redshift of the absorption spectra as well 
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as the ionization potential. Using this argument, cyclohexane contains an extra C-C bond compared 

to n-hexane, causing destabilization of its HOMO and thereby results to a redshift of the first 

absorption band and ionization potential. This is consistent with our gas phase ab initio calculation, 

where the first absorption band of cyclohexane is predicted to be ~0.3 eV lower in energy than that 

of the all-trans (TTT) conformer of n-hexane.  

 As in 1PA, liquid cyclohexane has a lower 2PA threshold (~7.3 eV) compared to that of n-

hexane (~7.6 eV). A small shoulder, corresponding to the lowest energy transition associated with 

HOMO → Rydberg 3s type electron promotion, is observed at ~7.6 eV in cyclohexane 2PA 

spectrum, bringing the 2PA threshold down. The 2PA threshold of both alkanes are higher than 

that of alcohols (~7.2 eV), but lower than that of water (~8.2 eV).   This can be important in choice 

of solvent for femtosecond pump probe spectroscopy where ultraviolet pump pulses are being used 

to study the solute's behavior, but the signal can be dominated by two-photon induced process 

from the large excess of solvent.  

 For cyclohexane, the transitions that involve the promotion of electrons to the Rydberg 3s 

orbital are 2Ag ←1Ag and 1Bg ←1Ag (degenerate, HOMO → 3s) and 3Ag ←1Ag (HOMO-1 → 3s). 

From our analysis, these transitions experience a gas to liquid blue-shift of ~0.55 eV. In 

comparison, the 4a1←1b1 and the 1A′′←1A′ transitions, respectively in water and alcohols, are also 

associated with 2pz → 3s electron promotion and are similarly blue-shifted by ~0.9 eV upon 

solvation.18, 43 It is reasonable to assign these blueshifts as a result of the Pauli repulsion 

experienced by the upper orbital due to the confinement by the surrounding solvent molecules.43 

In case of water and alcohols, the orbitals that participate in the 2pz → 3s type electron promotion 

are mainly centered on the oxygen atom where the hydrogen bonding takes place. As a result, 

promotion of electron from an out of plane 2pz orbital to a spherically distributed 3s orbital 
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increases electron density in the direction of the hydrogen bonding18 and thereby is subject to 

greater Pauli repulsion resulting to a larger blueshift.  

There are three factors that can be expected to determine the energetic shifting of a 

transition in going from gas to liquid phase: 1. Pauli repulsion in the excited electron experienced 

by the diffuse promoted electron with the surrounding solvent molecules, which destabilizes the 

excited state; 2. Stabilization of the excited state cationic core via instantaneous polarization of the 

surrounding solvent molecules, causing a red-shift relative to the gas phase transitions.12 This can 

be assessed from the change in overall ionization potential in the two phases 3. Possible 

delocalization of the promoted electron over orbitals of multiple alkane molecules. Along with 

above factors, the vVan der Waals interaction particularly with diffuse Rydberg electron clouds 

between diffuse electron clouds may also play an important role in energetic shifting of the excited 

states upon solvation. Using a solvation model with state-specific polarizability (SMSSP), 

Marenich et al.59 showed that the dispersion contribution depends on the spherically averaged 

molecular polarizability of the solute molecule (either in its ground or excited electronic state), 

and the refractive index of the solvent. The solvatochromic shifts due to dispersion are usually 

red,60 as polarizability of the excited-states (𝛼𝐸𝑆) are generally larger than that of ground stats 

(𝛼𝐺𝑆); however, the extent of shift will be dependent on the polarizability of the excited orbitals 

(s, p or d type).  A blueshift of ~0.55 eV for the transition associated with HOMO/HOMO-1 → 3s 

electron promotion in cyclohexane suggests that Pauli repulsion plays the dominant role for the 3s 

orbital. Similar character transitions in n-hexane (2Ag ←1Ag in TTT and 2A ←1A in TGT) also 

experience a solvatochromic blue-shift, but of smaller magnitude, ~0.18 eV.  This difference may 

be traceable to difference in solvent packing. The density of all hexane isomers are approximately 

equal, ranging between 0.645-0.657 g/cm3 at room temperature.28 The density of liquid 
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cyclohexane is 0.774 g/cm3, however, a value ~20% higher than that of liquid hexane.61 In 

addition, the calculated 𝛥 < 𝑅2 > value (isolated-molecule) for transitions to 3s Rydberg orbitals 

in cyclohexane (14.3 Å2, Table1) is higher than that of the TTT (10.4 Å2, Table2) and TGT (12.2 

Å2, Table S3) conformers of n-hexane. This points to the fact that the relative change in the size 

of the wavefunction following promotion of electron to 3s Rydberg orbital is greater in case of 

cyclohexane. The larger spatial size of the 3s Rydberg orbital of a central cyclohexane molecule, 

coupled with its higher density in the molecular liquid, results in it experiencing greater Pauli 

repulsion from the neighboring solvent molecules, leading to a larger blue-shift as compared to 

that for straight chain hexanes. Moreover, unlike cyclohexane, the '3s' orbital of n-hexane are not 

of pure Rydberg type; instead, it is mixed with valence antibonding 𝜎𝐶−𝐻
∗ , as shown in Figure 7. 

Such valence-Rydberg mixing distorts the spherical symmetry of the Rydberg 3s orbital, resulting 

in a dumbbell-shaped electronic distribution, which, because of its smaller surface area, potentially 

experiences lesser Pauli repulsion from surrounding molecules in the solvation shell compared to 

that in cyclohexane. 

From our analysis, the remaining transitions in cyclohexane can be fit assuming zero 

solvatochromic shift, whereas for n-hexane, the transitions are red-shifted by ~0.15-0.2 eV. For 

transitions involving higher level Rydberg orbitals, the excited electrons are more spread out in 

space, leaving the cationic core more poorly screened and therefore allowing greater polarization 

stabilization for the excited electronic state. Consequently, we might infer that for the higher 

energy Rydberg transitions in cyclohexane at least, the Pauli repulsion and the cationic 

stabilization nearly cancel each other. In case of liquid n-hexane, the higher Rydberg excitations 

experience lesser Pauli repulsion (due to smaller liquid density than that of cyclohexane) and the 

polarization stabilization of the cationic core is even more facile due to higher polarizability of n-
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hexane (11.94 Å3) as compared to that of cyclohexane (11.04 Å3).62 These two factors combined 

result in a general redshift of the higher energy Rydberg transitions in going from the gas to liquid 

phase of n-hexane. 

In the case of cyclohexane, the most intense bands in 1PA and 2PA spectra in the studied 

energy range are dominated by the transitions involving promotion of electrons to the Rydberg ‘p’ 

and ‘d’ type orbitals, respectively; for example, the 5Ag ←1Ag transition (electron promotion to 

Rydberg 3d) is the most intense in 2PA, whereas the 5Bu ←1Ag transition (electron promotion to 

Rydberg 3p) is strongest in 1PA. The 5Ag ←1Ag transition also shows the highest polarization 

ratio. The experimental 2PA spectra is mainly dominated by this transition as evident from the 

steady increase in the 2PA cross section and an almost linear increase in the polarization ratio in 

our experimental spectral range. The decrease in polarization ratio in the lower energy region is 

likely a consequence of contributions from the 2Ag ←1Ag and 1Bg ←1Ag transitions arising due to 

the promotion of electron from the doubly degenerate HOMO to the 3s Rydberg orbital (eg → 3s) 

of cyclohexane (shown in Figure 5). The eg → 3s type electron promotion is allowed in 2PA, but 

is extremely weak in 1PA, formally allowed only by vibronic coupling. This is consistent with the 

presence of a shoulder in the 2PA spectra at ~7.6 eV, while such a shoulder is not observed in the 

liquid 1PA spectra (Figure 3).   

Natural transition orbital analysis reveals that, just like for cyclohexane, the strongest 2PA 

transitions for the TTT (4Ag ←1Ag) and TGT (8A ←1A) conformers of n-hexane also result from 

the electron promotion to the Rydberg 3d orbital. Similarly, the strongest transitions in 1PA are 

associated with electron promotion to the Rydberg 3p orbital: 4Bu ←1Ag for TTT and 6B ←1A for 

TGT conformer of n-hexane. It is interesting to note that the nature of the transition with the highest 

cross section in both 1PA and 2PA does not change between the highly symmetric cyclohexane 
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molecule (D3d point group) and the TTT (C2h) and the TGT (C2) conformers of n-hexane which 

have lower symmetry. The change in molecular point group symmetry, however, impacts the 

transition strengths, as evident from the experimental 1PA and 2PA cross-sections and backed up 

by our EOM-CCSD calculations performed for both hexane isomers and cyclohexane. 

VII. Conclusion 

  

 In this work, the broadband 2PA spectra of liquid cyclohexane and n-hexane have been 

reported for the first time. The experimental 2PA spectra are assigned and simulated using the 

transition energies and cross sections calculated for isolated cyclohexane and n-haxane molecules 

at EOM-CCSD/d-aug-cc-PVDZ level of theory. Simulation of liquid hexane spectra are performed 

for two different conformers of n-hexane (TTT and TGT) separately. To reproduce the general 

features of the experimental spectra, only minor modifications of the computed properties are 

necessary; our approach, while by necessity incomplete as to the condensed phase electronic 

structure, provide a reasonable starting point to assign the relatively featureless 2PA spectra and 

most importantly, the polarization ratio and suggest electron delocalization effects in the electronic 

structure must be small.   

 Cyclohexane is present predominantly in the chair conformation in the liquid phase at room 

temperature, and it belongs to highly symmetric D3d point group with a center of inversion. The 

gas phase selection rule for this molecule dictates that the 1PA and 2PA active transitions are 

mutually exclusive. We find that the liquid phase 1PA and 2PA spectra can be reproduced 

surprisingly well by taking the gas phase 1PA and 2PA active transitions respectively as a basis 

and making relatively modest modifications to transition energies, but not transition strengths of 

the computed in vacuo properties. This emphasizes the fact that the gas phase selection rules are 
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still essentially valid in the liquid phase, and that electronic structure calculations for the isolated 

molecule form provide a reasonable starting point to analyze the liquid phase spectra.  

For cyclohexane, transitions involving promotion of electrons to the 3s Rydberg orbitals 

are blueshifted by ~0.55 eV, while all other transitions appear to be less sensitive to the condensed 

environment. In n-hexane, the transitions involving the Rydberg 3s orbital are blue-shifted by 

~0.18 eV while the remaining transitions are red-shifted by ~0.15-0.2 eV upon solvation. The 

smaller gas to liquid blueshift of the transitions to Rydberg 3s orbitals in n-hexane is attributed to 

lesser Pauli repulsion due to smaller size of the excited orbital and lower density of liquid hexane 

compared to that of liquid cyclohexane. The general red-shift of the higher order Rydberg 

transitions of n-hexane upon solvation is due to the greater stabilization of the cationic core. 

 The simulation of the liquid n-hexane spectra is difficult in comparison, since there are 

multiple conformers present in the liquid phase. Nevertheless, we simulated the hexane spectra 

using the theoretically computed properties for the TTT and TGT conformers. The TTT conformer 

has a center of inversion, but the TGT conformer does not. Therefore, all electronic states in the 

TGT conformer are active in both 1PA and 2PA spectroscopy. The simulation using ab initio 

results of the TGT conformer is in better accord with the experimental 2PA spectra compared to 

the TTT conformer, reflecting the presence of considerable amount of lower symmetry conformer 

in the liquid phase. Neither conformer alone can fully reproduce the experimental polarization 

ratio, although the presence of structural isomers in the experimental hexanes sample that 

including include methylcyclopentane may explain the discrepancy. These observations reinforce 

the idea that the polarization ratio is an extremely sensitive quantity in capturing the character of 

the electronic transitions in the 2PA spectra.  
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 Our ab initio calculations and the NTO analysis reveal that the gas phase 1PA and 2PA 

transitions in hexane and cyclohexane are dominated by Rydberg excitations, even in the lowest 

energy region. These Rydberg transitions, understood and well-studied in the gas phase, are 

preserved in the liquid phase below the liquid phase ionization energy; the experimental 2PA 

spectra and the polarization ratio cannot be reproduced by removing these transitions from the 

simulation or assuming they are moved to much higher energy; likewise, no modifications to the 

oscillator strengths are required. These conclusions are similar to those made about the Rydberg 

spectrum for water and alcohols and reinforces the idea that electronic transitions in liquid phase 

can still be envisioned from a single-molecule framework and the gas phase transition properties 

are not substantially altered upon condensation. 

 

Supporting Information: 

1PA cross sections, 2PA cross sections, and polarization ratios of all calculated excited transitions 

for cyclohexane, TTT and TGT conformers of n-hexane are tabulated. The entire range of liquid 

1PA spectrum of cyclohexane is shown. The sSimulation of the liquid 1PA spectrum of n-hexane 

is shown as well as simulations that do not include the imposition of solvent shifts discussed in the 

manuscripts and a deconstruction of the final Gaussian fit to the cyclohexane 2PA spectrum..   
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