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Abstract 

Considering their remarkable chemical stability, the precursors of cyclo[18]carbon 

(C18), C18-(CO)n (n = 2, 4, and 6), have more practical significance than the elusive 

C18 ring. In the present paper, the electronic spectrum and (hyper)polarizability of the 

C18-(CO)n (n = 2, 4, and 6) are studied by theoretical calculations and analyses for 

revealing the utility of introduction of carbonyl (-CO) groups on molecular optical 

properties. The analysis results show that the successive introduction of -CO groups 

leads to red-shift of the absorption spectrum, but maximum absorption of all 

molecules is mainly due to the charge redistribution caused by electron transition 

within C18 ring. Except for the vanishing first hyperpolarizability of C18-(CO)6 results 

from its octupolar character, the (hyper)polarizabilities of the precursors present an 

ascending trend with the increase of -CO groups in the molecule, and the higher-order 

response properties are more sensitive to the number of -CO groups. By means of 

(hyper)polarizability density analysis and (hyper)polarizability contribution 

decomposition, the fundamental reasons for the difference of (hyper)polarizability of 

different molecules were systematically discussed from the perspectives of physical 

and structural origins, respectively. As to the frequency dispersions under the incident 

light, the significant optical resonances were found on the hyperpolarizability of 

molecules C18-(CO)n (n = 2, 4, and 6), which contrast with the fact that it has 

inconspicuous influences on molecular polarizability. 
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1. Introduction 

Since Hoffmann first proposed the idea of cyclocarbons in 1966 [1], people have 

been exploring how to obtain an all-carboatomic ring with sp-hybridization [2-6]. 

After successfully induced skeleton rearrangement through atom manipulation to 

generate linear carbon chains with terminated benzene rings in 2018 [7], Kaiser and 

co-workers realized, for the first time, the gen and characterization of the cyclocarbon 

consisting of 18 doubly coordinated carbon atoms, known as cyclo[18]carbon (C18), 

using the similar technology [8]. Due to its novel geometric configuration and special 

electronic structure, large numbers of theoretical studies on this allotropic carbon have 

been reported successively since it was prepared experimentally [9-23]. However, the 

high activity makes C18 molecule has not been stably isolated so far [2,8,24], which 

becomes an unavoidable obstacle for its practical application in functional materials. 

The organic precursor of the seminal experiment for the generation of C18 is the 

cyclocarbon oxide molecule C18-(CO)6, and the preparation process is to remove the 

masking carbonyl groups (-CO) from it sequentially [8]. Two other novel carbon-rich 

molecules with cyclic skeleton, C18-(CO)4 and C18-(CO)2, are usually emerged as 

chemical intermediates, and the final all-carboatomic C18 ring can be formed in one or 

more steps. It was found from some experimental explorations that C18-(CO)6 is an 

easily synthesized and relatively stable species under ambient conditions [25,26], and 

researchers even determined its crystal structure by X-ray diffraction very early [26]. 

Modifying the molecular skeleton with different numbers and/or varieties of 

substituents has been proved to be a very effective way to change the electronic 

structure of a system [27]. For a series of cyclocarbon oxides C18-(CO)n (n = 2, 4, and 

6), it is just equivalent to introducing several electron-accepting -CO groups with 

strong electron-withdrawing ability into the carbon ring, so their multiple properties 

are expected to be fundamentally distinct from those of the C18. Although the 

theoretical studies on various physicochemical properties and behaviors of C18 ring 

and its analogues have been quite extensive [9-23], the research on the precursors 

C18-(CO)n (n = 2, 4, and 6) for manufacturing C18 has not been fully carried out. As 
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far as we know, only our latest work has systematically studied and comparatively 

analyzed bonding character, electron delocalization, and aromaticity of relevant 

systems up to now [28]. The results show that C18-(CO)n (n = 2, 4, and 6) possess two 

perpendicular π-conjugated electron systems, in-plane and out-of-plane π molecular 

orbitals (MOs), similar to the C18 ring. Importantly, the number of -CO groups is 

closely related to π conjugation in the molecule, and therefore affects their overall 

aromaticity. Our another theoretical research has revealed that C18 ring shows strong 

absorption spectrum and significant optical nonlinearity, indicating its potential as an 

advanced optical material [11]. Given these facts, a question naturally arises as to how 

do the sequential grafting of -CO groups change the optical properties of C18? This is 

the very focus of the current paper. 

In this work, the electronic absorption spectrum and nonlinear optical (NLO) 

properties of the cyclocarbon oxide precursors of C18, C18-(CO)n (n = 2, 4, and 6), are 

explored in depth by employing density functional theory (DFT) calculations and 

wavefunction analysis methods. The influence and regulation of the number of -CO 

groups on the optical properties of the molecule are focused on, and the essential 

reason for the significant difference in related properties is unveiled. 

 

2. Computational Details 

The geometric structures and excitation characteristics of the C18-(CO)n (n = 2, 4, 

and 6) were respectively obtained by DFT and time-dependent DFT (TD-DFT) 

calculations at ωB97XD [29]/def2-TZVP [30] level in the gas phase. Our recent 

theoretical work has demonstrated that this computational strategy can reproduce the 

crystal structure of C18-(CO)6 well, so it is considered to be competent to describe the 

present systems [28]. The molecular (hyper)polarizabilities were calculated by both 

analytic derivatives of the system energy [namely, coupled-perturbed Kohn-Sham 

(CPKS)] and finite field (FF) methods at the ωB97XD/aug-cc-pVTZ(-f,-d) level, 

where aug-cc-pVTZ(-f,-d) is a reduced version of the aug-cc-pVTZ basis set [31] with 

the removal of f-type polarization functions of non-hydrogen atoms and d-type 
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polarization functions of hydrogen atoms. The (hyper)polarizability densities were 

evaluated at the same level. For detailed formulas for calculating molecular response 

properties, please refer to Ref. [10,11]. 

Gaussian 16 (A.03) program package was utilized for all quantum chemistry 

calculations [32]. Multiwfn 3.8(dev) code was employed to perform the electronic 

structure analyses and plot charge-transfer spectrum (CTS) based on the output and 

formatted check point files of Gaussian 16 [33,34]. The unit sphere representation and 

local contribution map of (hyper)polarizabilities were rendered by means of Visual 

Molecular Dynamics (VMD) software [35] based on the files exported from Multiwfn 

3.8(dev). The colored contour maps of local contribution of (hyper)polarizabilities 

were plotted directly via Multiwfn 3.8(dev). 

 

3. Results and Discussion 

The geometric structures of the precursors C18-(CO)n (n = 2, 4, and 6) without 

imaginary frequency are shown in Fig. 1. For corresponding Cartesian coordinates, 

please refer to the supplementary material of Ref. [28]. All precursors are observed to 

be strictly planar, and molecules with n = 2, 4, and 6 belong to C2v, C2v, and D3h point 

groups, respectively. 

 

Fig. 1. Geometric structure of C18-(CO)n (n = 2, 4, and 6) studied in the present work. 

C atoms are in gray and O atoms are in red. Also shown is the Cartesian axis used for 

defining the component of molecular response properties. 

3.1 Photophysical Property: Electronic Absorption Spectrum 
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The absorption spectrum can reflect the structure and motion of molecules in the 

system, as well as their electronic transition behavior under the action of 

electromagnetic field [36-38]. As readily observed from Fig. 2, there exists significant 

difference in the absorption band of the three precursors C18-(CO)n (n = 2, 4, and 6). 

The C18-(CO)2 shows only one absorption peak of 225.0 nm in ultraviolet-visible 

(UV-Vis) region. In contrast, the absorption peak of C18-(CO)4 blue-shifted to 215.9 

nm, and there appears a new weak absorption at 294.5 nm. For molecule C18-(CO)6, 

compared with the other two precursors, its strong absorption continues to move 

toward short wavelength to 209.0 nm, accompanied by the enhancement of the weak 

absorption and red-shift to 344.0 nm. 

 

Fig. 2. Simulated absorption spectrum and CTS of C18-(CO)n (n = 2, 4, and 6). A 

Gaussian function with a full width at half-maximum (FWHM) of 3500 cm-1 was 

employed for broadening the theoretically calculated data as spectrum curve. 

In order to understand the essence of electron excitation from the perspective of 

charge transfer, CTS is employed to graphically present the contribution of charge 

redistribution within fragment (intrafragment local excitation) and charge transfer 

between fragments to the absorption spectrum of the C18-(CO)n systems [34,39]. We 

divided the C18-(CO)n (n = 2, 4, and 6) into two fragments, the C18 moiety and the 

-(CO)n (n = 2, 4, and 6) group, and the corresponding CTSs were drawn into the 

colored curves in Fig. 2. As one can see, the electron redistribution inside the C18 ring 

comprises a decisive proportion of optically active electron excitations, while the 

electron redistribution inside the -(CO)n (n = 2, 4, and 6) group is almost negligible. 

The contributions of electron transitions within and between the fragments of three 

molecules to the overall absorption spectrum generally show the following trend: 
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electron redistribution inside the C18 ring > electron transfer from the -(CO)n group to 

the C18 ring > electron transfer from the C18 ring to the -(CO)n group > electron 

redistribution inside the -(CO)n group. The prominent interfragment transition 

character implies strong coupling between the C18 ring and the -(CO)n group. 

3.2 Optical Nonlinearity: Static and Dynamic (Hyper)Polarizabilities 

Molecular (hyper)polarizabilities are response properties of a molecule to an 

external electric field, which determine the NLO performance of molecular materials. 

The polarizability reflects the change in molecular dipole moment caused by applying 

unit electric field, while the molecular hyperpolarizability represents its nonlinear 

polarization effect. The calculated (hyper)polarizabilities of C18-(CO)n (n = 2, 4, and 6) 

including the isotropic average polarizability [αiso(λ)], the projection of first 

hyperpolarizability on molecular dipole [βvec(λ)], and the average of second 

hyperpolarizability [γ||(λ)] in zero-frequency limit (λ = ∞ nm) and under 

frequency-dependent fields (λ = 1907, 1460, 1340, 1180, and 1064 nm), which can be 

compared with experimental observations or deductions, will be comprehensively 

discussed in the following sections. Their axial tensorial components are given in 

Tables S1 and S2. 

3.2.1 Static (Hyper)Polarizabilities 

It can be seen from Fig. 3 that except for the first hyperpolarizability [βvec(∞)] of 

the C18-(CO)6 molecule, the values of static (hyper)polarizabilities present an 

ascending trend with the increase of the number of -CO groups in the molecule. The 

C18-(CO)6 exhibits the first hyperpolarizability [βvec(∞)] of zero because it is a 

standard octupolar molecule with D3h symmetry. The higher-order response properties 

of molecules are more susceptible by the number of -CO groups than the lower-order 

ones. Specifically, the second hyperpolarizability [γ||(∞)] of the precursors increases 

significantly with the number of -CO groups, while the change in molecular 

polarizability [αiso(∞)] is relatively less obvious. 
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Fig. 3. Isotropic average polarizability [αiso(∞)], projection of first hyperpolarizability 

on molecular dipole [βvec(∞)], and average of second hyperpolarizability [γ||(∞)] of 

C18-(CO)n (n = 2, 4, and 6) in zero-frequency limit (λ = ∞ nm). The 

(hyper)polarizabilities are given in au. 

Generally, the polarizability of homologous molecules is positively correlated with 

the molecular volume [40], so the electronic spatial extent (<R2>) which usually used 

to represent the electron density volume of a molecule can provide a reasonable 

explanation for the magnitude of the molecular polarizability. The electronic spatial 

extent (<R2>) and polarizabilities [αiso(∞)] of the C18-(CO)n (n = 2, 4, and 6) are 

collectively plotted in Fig. S1, from which it can be seen that the polarizabilities of 

the molecules are almost linearly related to their volumes. Similar conclusion has 

been found in our recent study on the relationship between the polarizability and 

molecular volume of various all-carboatomic rings [10]. 

It should be noted that the calculated polarizability [αiso(∞)] of the C18-(CO)n for n 

= 2, 4, and 6 are 1.1, 1.3, and 1.4 times, respectively, that of the free C18 ring (293.9 

au), and the values are observed to be 1.5, 1.9, and 2.5 times for the second 

hyperpolarizability [γ||(∞), 140909 au for C18] [9,10], which show that these 

precursors are better candidates for high-performance optical materials than the C18 

molecule, and moreover, the number of -CO groups in them plays a crucial role in 
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determining their (hyper)polarizability. 

The unit sphere representation method of (hyper)polarizabilities, which can visually 

exhibit the characteristics of molecular response properties in terms of 

(hyper)polarizability tensors, is a powerful means for comprehensive characterization 

of molecular (hyper)polarizabilities [41]. The unit sphere representation of the 

(hyper)polarizabilities of C18-(CO)n (n = 2, 4, and 6) in the static field are depicted in 

Fig. 4. It can be seen that the (hyper)polarizability tensorial components of C18-(CO)n 

(n = 2, 4, and 6) are mainly distributed in the molecular plane (XY-plane), while the 

component perpendicular to the molecular plane (Z-axis) is insignificant, which is 

reflected by the difference in length and color of vector arrows in each direction. 

More detailed analysis indicates C18-(CO)2 and C18-(CO)4 exhibit strong polarization 

and second polarization responses in the directions of their respective molecular 

long-axis [X-axis of C18-(CO)2 and Y-axis of C18-(CO)4], as shown in Figs. 4(a), 4(b), 

4(g), and 4(h), indicating that the molecular long-axis is the most polarizable direction. 

However, due to the octupolar molecular nature of the C18-(CO)6, its polarizability 

and second hyperpolarizability in Figs. 4(c) and 4(i) display the same magnitude in all 

directions on the molecular plane. As can be seen by comparing Figs. 4(d), 4(e), and 

4(f), for the molecular first hyperpolarizability, the different geometry of the three 

molecules leads to obviously diverse but highly regular distribution of 

hyperpolarizability tensor. The molecules C18-(CO)n (n = 2, 4, and 6) are found to 

have n pairs of characteristic induced second-harmonic-generation (SHG) regions 

under induction of external electric fields. We highlighted all these important areas 

with thick arrows in Fig. 4. When two external electric fields (EEFs) are applied 

along one of the thick cyan arrows, a significant induced dipole moment will appear 

in the opposite direction, while an induced dipole in the same direction is expected to 

occur if two EEFs are exerted simultaneously along one thick purple arrow. The 

length of the arrow perpendicular to each other in the center of the unit sphere 

representation exhibit the component of the (hyper)polarizability in Cartesian axis, 

which clearly show the relative overall magnitudes of (hyper)polarizability along 
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different axes. 

 
Fig. 4. Unit sphere representation of (hyper)polarizabilities for C18-(CO)n (n = 2, 4, 

and 6) in static electric field. Longer and redder radial arrow indicates a larger tensor 

value in corresponding direction (see main text for the meaning of the thick arrows). 

As shown in Tables S1 and S2, with regard to molecular polarizability and second 

hyperpolarizability, the X-axis tensorial components of C18-(CO)2 and the Y-axis 

tensorial components of C18-(CO)4 account for the main contribution to the response 

properties. However, the tensorial components of the polarizability and second 

hyperpolarizability of molecule C18-(CO)6 are exactly equal for X- and Y-axes. Since 

their molecular orientation is set to be symmetrical about the X-axis as shown in Fig. 

1, the three molecules only have a nonvanishing first hyperpolarizability component 

along the X-axis, while the components in directions of other two axes (Y- and Z-axes) 

are zero. The (hyper)polarizability tensorial components listed in Tables S1 and S2 

mutually confirm the correctness of the conclusion drawn from the molecular 

(hyper)polarizability tensor map in Fig. 4. Therefore, we will focus on those tensorial 

components that contribute most to the overall (hyper)polarizabilities of the molecules 
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in the following discussion. 

The axial tensorial components of the (hyper)polarizability of C18-(CO)n (n = 2, 4, 

and 6) obtained by the FF method are listed in Table S3. An intuitive comparison of 

them with the values derived analytically by CPKS method in Tables S1 and S2 is 

drawn in Fig. 5. It can be seen that there is almost no distinction in the calculated 

values of (hyper)polarizabilities between the two methods. Therefore, the reliability of 

the (hyper)polarizability density analysis and the decomposition of 

(hyper)polarizabilities to fragment contributions based on the FF method is fully 

guaranteed. 

 

Fig. 5. The tensorial component of (a) polarizability, (b) first hyperpolarizability, and 

(c) second hyperpolarizability  for C18-(CO)n (n = 2, 4, and 6) calculated by the 

CPKS and FF (with step size of 0.0001 au) methods, respectively. The 

(hyper)polarizabilities are given in au. 

The (hyper)polarizability density exhibits local contributions of different spatial 

regions to (hyper)polarizability, which is helpful in understanding the physical 

essence of molecular response properties [11,36-39,42]. The local contributions to the 

(hyper)polarizability of the C18-(CO)n (n = 2, 4, and 6) in direction with their largest 

tensorial component under zero-frequency field are rendered in Fig. 6. These 

isosurface maps clearly display the regions having positive or negative contribution to 

molecular (hyper)polarizabilities. For polarizability and second hyperpolarizability 

densities of C18-(CO)n (n = 2, 4, and 6), as shown in Figs. 6(a)-6(c) and 6(g)-6(i), the 

positive contribution regions (blue isosurfaces) occupy evidently wider spatial range 

relative to the negative regions (red isosurfaces). This explains why the calculated 
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major (hyper)polarizability tensorial components given in Tables S1 and S2 are very 

large positive values. In contrast, the isosurfaces of the first hyperpolarizability 

density of all the three precursors in Figs. 6(d)-6(f) are visually scattered, and the 

positive and negative contribution regions do not show a distinct difference. The 

color-filled contour maps on molecular plane (XY-plane) of these local contribution 

maps of (hyper)polarizability in Fig. S2 provide supplementary information on the 

intrinsic details of the (hyper)polarizabilities. 

 
Fig. 6. Local contribution map of (hyper)polarizabilities of C18-(CO)n (n = 2, 4, and 6) 

in direction with their largest tensorial component in static electric field. Blue and red 

isosurfaces represent positive and negative contribution regions, respectively. The 

isovalues of polarizability, first hyperpolarizability, and second hyperpolarizability 

are set to be 0.2, 2.5, and 200.0 au, respectively. 

The local contributions of the (hyper)polarizability of the C18-(CO)n (n = 2, 4, and 6) 
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in two axes except the direction with their largest tensorial component in static 

electric field were also studied, see Figs. S3 and S4, respectively, for comparison. It 

can be observed that the (hyper)polarizability density isosurfaces of these two 

tensorial components are obviously narrow, especially for the first and second 

hyperpolarizabilities. And even more, under the same isovalue, the isosurfaces of 

Z-tensorial component are not even visible at all. A good correspondence is found 

between the isosurface features and the response values on these two axes, as in the 

case of the major tensorial components of (hyper)polarizability discussed above. 

We also integrated the (hyper)polarizability densities illustrated in Fig. 6 in the 

space of every atom based on the Becke’s partition to quantitatively study the 

contribution of fragments to the major (hyper)polarizability tensorial components 

[43,44]. Each molecule is divided into two substructures, C18 moiety and -(CO)n 

group, and the corresponding results are plotted in Fig. 7. 

 

Fig. 7. Decomposition of the major tensorial components of (hyper)polarizabilities of 

C18-(CO)n (n = 2, 4, and 6) into contributions from C18 moiety and -(CO)n group. The 

(hyper)polarizabilities are given in au. 

According to Fig. 7, from the perspective of fragment contribution, the two 

fragments of the precursors C18-(CO)n (n = 2, 4, and 6) all make significant 

contributions to the major tensorial components of (hyper)polarizability of the 
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molecule. Moreover, with the increasing number of the -CO groups in molecule, the 

contribution of the -(CO)n group to the molecular (hyper)polarizability increases, 

while the contribution of the C18 moiety gradually decreases. These results show once 

again that the introduction of -CO groups in the carbon ring can not only change the 

optical nonlinearity of the system, but also, more importantly, the 

(hyper)polarizability of the molecule can be regulated by controlling the number of 

-CO groups. 

3.2.2 Dynamic (Hyper)Polarizability 

Since the response properties of direct experimental observation are usually the 

frequency-dependent (hyper)polarizabilities measured in an external electric field at a 

certain frequency, we also calculated the dynamic (hyper)polarizabilities under the 

incident lights most commonly used in experiments. The values under the external 

fields of λ = 1907, 1460, 1340, 1180, and 1064 nm are given in Tables S1 and S2, 

where the isotropic average polarizability [αiso(λ)], the projection of first 

hyperpolarizability on molecular dipole [βvec(λ)], and the average of second 

hyperpolarizability [γ||(λ)] correspond to αiso(-ω,ω), βvec(-2ω;ω,ω), and γ||(-2ω;ω,ω,0), 

respectively. The αiso(λ), βvec(λ), and γ||(λ) at various frequencies are collectively 

plotted in Fig. 8. It is found that for molecules C18-(CO)n (n = 2, 4, and 6) with 

different numbers of -CO groups, their dynamic (hyper)polarizabilities show a 

completely consistent trend with the static cases. It can also be seen that the 

hyperpolarizabilities of C18-(CO)n (n = 2, 4, and 6) show strong polarization 

resonance effect in the dynamic fields, as the hyperpolarizabilities increase markedly 

with the frequency of the external field. While by comparison, the polarizabilities of 

these molecules are quite insensitive to the external field frequency. It is noted that 

the dispersion of the optical nonlinearity reaches the maximum at 1064 nm in the 

current study. 
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Fig. 8. (a) Isotropic average polarizability [αiso(λ)], (b) projection of first 

hyperpolarizability on molecule dipole [βvec(λ)], and (c) average of second 

hyperpolarizability [γ||(λ)] of C18-(CO)n (n = 2, 4, and 6) in zero-frequency limit (λ = ∞ 

nm) and under frequency-dependent fields (λ = 1907, 1460, 1340, 1180, and 1064 nm). 

The (hyper)polarizabilities are given in au. 

 

4. Conclusions 

The photophysical property and optical nonlinearity of C18 precursors, C18-(CO)n (n 

= 2, 4, and 6), were assessed comprehensively by combining quantum chemistry 

calculations and wavefunction analyses. The results revealed that the red-shift of the 

absorption spectrum occurs with the increase of the number of -CO groups in the 

molecules, and the intrinsic contribution to the overall absorption spectrum is as 

follows: electronic local excitation within the C18 ring > electron transfer from the 

-(CO)n group to the C18 ring > electron transfer from the C18 ring to the -(CO)n group > 

electronic local excitation within the -(CO)n group. Due the planar configuration of 
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the studied precursors, their (hyper)polarizabilities show significant anisotropy, 

reflecting in the observation that the tensorial components in a specific axis of the 

molecule are more dominant than those along the other directions. The first and 

second hyperpolarizabilities of the molecules show obvious polarization resonance 

effect under the frequency-dependent external electric fields, but insignificant effect 

of molecular polarizability by external field frequencies was observed. Changing the 

number of -CO groups in molecules not only affects the (hyper)polarizability of 

C18-(CO)n (n = 2, 4, and 6), but also changes the contribution source of molecular 

nonlinear responses, which demonstrates that the optical nonlinearity of the molecules 

can be regulated by introducing different number of -CO groups. The reason for the 

discrepancy of (hyper)polarizability of different molecules studied are clarified from 

the perspectives of the physical and structural origins by means of 

(hyper)polarizability density analysis and (hyper)polarizability contribution 

decomposition, respectively. 

This work provides some physical perspectives for understanding the essence of 

optical properties of C18-(CO)n (n = 2, 4, and 6), which will be conducive to rationally 

design advanced functional molecules with high performance based on sp-hybridized 

carbon-rich rings and further exploring their potential applications in optical 

materials. 
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