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There is growing evidence that the molecules necessary for the evolution of life on 

earth arrived from the interstellar medium.  The study of these molecules is therefore of 

great current interest.  Two major types of signals from interstellar space, so-called 

unidentified interstellar infrared emission bands and the diffuse interstellar absorption 

bands, have intrigued and puzzled astrochemists for decades.  This work has been 

concentrated on how to contribute to an understanding of the origins of these perplexing 

signals from space and help identify other molecules that may exist in outer space.  

Matrix isolation spectroscopy (infrared and ultraviolet-visible) combined with theoretical 

calculations has been employed throughout this research. 

Fourier transform infrared absorption spectroscopic measurements, aided by 

theoretical calculations and 13C-isotope shifts, have led to the identification of eight 

heretofore unknown CnSm clusters: C2S, C6S, C7S, C7S2, C9S2, C11S2, C13S2, and C15S2.  

Infrared absorption studies of xenon polycarbon clusters aid in understanding the special 

electronic structure and reactivity of carbon clusters, which might be associated with the 



xviii 

formation mechanism of Buckyball (C60).  Reaction of C3 with benzene and ammonia 

might be involved in the formation of more complex molecular structures, including 

polycyclic aromatic hydrocarbons (PAHs) and biomolecules such as the amino acids. 

High resolution vibrational and electronic spectra of neutral dibenzo[b,def]chrysene 

and its ions in 12 K argon matrices have been recorded.  Spectral assignments were 

supported by high level theoretical calculations.  A mixture of the neutral and ionic 

infrared spectra of dibenzo[b,def]chrysene resembles the unidentified IR bands in the 

reflection nebula NGC 7023.  Anharmonic frequency calculations for neutral and cationic 

naphthalene, phenanthrene and anthracene using density functional theory have been 

carried out for the first time, and the results reveal that anharmonic analysis is significant 

for the C–H stretching modes of neutral PAHs, but harmonic computation is precise 

enough for the infrared active vibrational analysis of PAH cations. Anharmonic 

computation might be important for the Raman active vibrational modes. 
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CHAPTER 1 
ASTROPHYSICAL BACKGROUND 

With the advance of modern science and technology over the last decades, we have 

learned more about space. Determination of the chemical composition of space, 

especially the so-called interstellar medium, is a highlight of astrochemistry and is still 

far from complete. Most species existing in the interstellar medium are usually 

determined via radioastronomy, infrared and ultraviolet/visible spectroscopy.1 There is 

growing evidence that these interstellar molecules have contributed to the evolution of 

our Universe, galaxy and life.2 Two types of signals from space, the unidentified 

interstellar infrared (UIR) emission bands and the diffuse interstellar absorption bands 

(DIBs), have challenged astrochemists for many years.3-6 The main goal of this 

dissertation is to study possible carriers for these bands and their formation in space. 

The Interstellar Medium 

The material in space found between the stars in a galaxy is defined as the 

interstellar medium (ISM). The ISM is mainly made up of gas and some dust grains that 

are immersed in radiation, magnetic fields and cosmic ray particles. The ISM gas is 

mostly hydrogen (90%) and helium (10%) with small amounts of heavier elements, such 

as carbon, sulfur, and iron.7 The elemental composition of the solar system is shown in 

Figure 1-1, in which the abundance of hydrogen atoms is arbitrarily set to 1012.8 The 

density of interstellar gas is extremely low. For example, the density of the interstellar 

medium near the Sun is around 1.7 hydrogen atoms per cubic centimeter.7 Even with 

such a low density, the ISM still accounts for 20–30% of the mass of our galaxy.2 The 
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density and composition vary from place to place. Table 1-1 is a short list of the average 

number of atoms for different elements per trillion atoms in several places of the 

universe.9 It can be seen that our solar system has a smaller number of helium atoms but a 

higher concentration of hydrogen and heavier elements compared to the average 

composition of the interstellar gas. Also, the interstellar medium has a completely 

different elemental distribution pattern from the earth’s crust and our human body. 

 

 
Figure 1-1. The elemental composition of the solar system. The abundance of hydrogen is 

arbitrarily set to 1012 so that the smallest abundance in the graph is about 1.8 

 
Table 1-1. List of average chemical abundances per trillion atoms in several places of the 

Universe. 
Element a Interstellar Gas Sun Earth’s Crust Human Body 
Hydrogen (H) 9.00×1011 9.27×1011 2.88×1010 6.06×1011 
Helium (He) 1.00×1011 7.20×1010   
Carbon (C) 1.48×108 3.45×108 5.60×108 1.07×1011 
Nitrogen (N) 6.70×107 1.07×108 7.00×107 2.44×1010 
Oxygen (O) 4.63×108 6.27×108 6.04×1011 2.57×1011 
Sodium (Na) 1.90×105 1.61×106 2.55×1010 7.50×108 
Magnesium (Mg) 9.30×105 3.20×107 1.76×1010 1.10×108 
Aluminum (Al) 1.20×103 2.30×106 6.25×1010  
Silicon (Si) 7.60×105 3.20×107 2.05×1011  
Phosphorus (P) 1.90×104 2.50×105 7.90×108 1.30×109 
Sulfur (S) 7.60×106 1.50×107 3.30×108 1.30×109 
Calcium (Ca) 4.20×102 1.80×106 1.88×1010 2.30×109 
Iron (Fe) 2.50×105 2.30×107 1.86×1010  
a Reference 9 
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Table 1-2. List of identified interstellar molecules. 
Number of atomsa 
2 3 4 5 6 7 8 9 ≥ 10 
AlCl AlNC C2CN C4H C2H4 C6H C2H6 (CH3)2O (CH3)2CO 
AlF C2H C2H2 C4S C5H c-C2H4O C6H2 C2H5CN C6H6 
C C2O C3O C4Si C5N CH2CHCN C7H C2H5OH HC10CN 
CH C2S C3S C5 C5O CH2CHOH CH3COOH C8H HC9CN 
CH+ C2Si C3Si c-C3H2 C5S CH3NH2 H3C-CC-CN CH3C4H HOCH2CH2OH 
CN C3 c-C3H CH2CN CH3CN HC4-CN HCOOCH3 HC6CN  
CO CH2 CH2D+ CH2CO CH3NC HCC-CH3 HOCH2COH   
CO+ CO2 CH3 CH2NH CH3OH HCOCH3    
CP H2O H2CN CH4 CH3SH     
CS H2S H2CO H2COH+ HC4H     
CSi H3

+ H2CO+ HC2-CN HC3OH     
FeO H-CN H2CS HC2-NC HCONH2     
H2 HCO H3O+ HCOOH      
HCl HCO+ HC-CN HNCCC      
HF HCS+ HCNH+ l-C3H2      
KCl HNC HNCO NH2CN      
LiH HNO HNCS SiH4      
NaCl HOC+ HOCO+       
NH MgCN l-C3H       
NO MgNC ND3       
NS N2H+, NH3       
OH N2O        
PN NaCN        
SH NH2        
SiN OCS        
SiO SiCN        
SiS SO2        
SO         
SO+         
a Reference 1 
 

The ISM is composed of three types of clouds, classified according to their 

temperature: cold (10’s K), warm (100 to 1000’s K) and hot (millions K).10 It is clear that 

the composition of the ISM is dependent on the temperature. Cold temperatures are better 

suited for the formation and stabilization of molecules and radicals. So some cold clouds 

(for example, the Sagittarius giant molecular cloud, Sgr B2(M)) consist of a relatively 

high concentration of molecules and are distinct from molecular clouds that have much 

higher densities (~ 102–106 atoms/cm3) with temperatures around 10–30 K.10 Although 

molecular clouds occupy less than one percent of space, they contribute almost half the 

mass of the ISM. To date, more than 120 different chemical compounds have been 
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identified in the ISM. Table 1-2 lists the interstellar molecules identified thus far.1 Most 

of these have been detected by radio or microwave methods, although some of them like 

C3, C5 and C6H6 have been identified by infrared (IR), visible (Vis) and ultraviolet (UV) 

spectroscopy.1 They range in complexity from the simplest diatomic, H2, through familiar 

ones like water and acetylene to carbynes (long carbon chains) like HC11N. Interestingly, 

more than 75% of interstellar molecules are carbon-bearing species. Moreover, it has 

been accepted that polycyclic aromatic hydrocarbons may exist in space, but there are 

still no specific assignments.11,12 

Unidentified Interstellar Infrared Emission Bands 

The unidentified interstellar infrared emission (UIR) bands, discovered in 1973, are 

a series of emission bands within the wavelength region 3–15 µm.5 Dominant features are 

seen at 3.3, 6.2, 7.7, 8.6, and 11.2 µm with several underlying continua.5,6 UIR spectra 

from different interstellar environments are distinguishable by the intensity distribution of 

individual bands, but the general features, like band positions, are basically similar to one 

another. Possible carriers for these perplexing signals have intrigued astrochemists since 

1973. Heretofore, no specific carrier of UIR bands has been assigned but two models 

have been proposed to interpret these emissions. 

Vibrational emission of polycyclic aromatic hydrocarbons (PAHs) was first 

suggested by Leger and Puget to explain the UIR bands.11 Since then, the study of the 

structure and spectra of PAHs has become a vigorous field in astrochemistry.11-14 This 

hypothesis has been widely accepted and PAHs are now commonly thought to be the 

carriers of the UIR bands, although the mechanism of formation of the PAHs remains 

unsolved. PAHs are regarded as the most abundant free organic molecules in space. 

Neutral, dehydrogenated and ionized species, including their coordination compounds, 
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may be present in space.13 Recently, it has been recommended that ionic PAHs or a 

mixture of neutral and ionic PAHs contribute to the dominant features of the UIR 

bands.14 Figure 1-2 is an example of using PAHs to explain the UIR signals.14 From the 

comparison, it can be seen that the UIR bands match well with the laboratory observation 

when a rational PAH mixture is applied. 

 
Figure 1-2. PAH model for UIR bands. Top: (a) emission spectrum from the proto–

planetary nebula IRAS 22272+5435 compared with the (b) absorption 
spectrum produced from a mixture of neutral and cationic PAHs. Bottom: the 
(c) emission spectrum from the Orion ionization ridge compared with the (d) 
absorption spectrum produced from a mixture of fully ionized PAHs.14 

Another possible UIR carrier is long chain carbon clusters, which is shown in 

Figure 1-3.15 It is clear that specific lengths of carbon chains might contribute to 

individual UIR bands. Besides, heteroatom-doped carbon clusters possess similar 

electronic transition wavelengths with a certain red or blue shift. This type of carbon 

cluster has been observed in space; for instance, HC11N has been identified in the cold 
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dust cloud TMC-1.16 Therefore, carbon clusters and their derivatives should be 

considered as one of the possible candidates for the UIR bands, despite many arguments 

in this field. 

 
Figure 1-3. Carbon cluster model for UIR bands. The electronic transition wavelength for 

even-numbered carbon cluster anions observed in an Ar matrix at 36 K versus 
the number of carbon atoms in the cluster chain.15 

Diffuse Interstellar Absorption Bands 

The diffuse interstellar absorption bands (DIBs) were first recorded by Merrill 

many decades ago.3,4 They are a series of absorption bands occurring in the wavelength 

range from 400 to 1300 nm. The DIBs are notable due to their weak, broad and shallow 

spectral features. The full bandwidth at half-maximum (FWHM) of DIBs can vary from 

0.06 to 4 nm.17 To date, over 200 DIBs have been identified. It is obvious that more than 

one carrier is probably present. Recent research supports the idea that PAHs and carbon 

clusters, especially their ionic forms, might also contribute to the DIBs.18-22 Table 1-3 

shows the comparison between the absorption of some PAH cations and several DIBs.23 

It is clear that the electronic transitions of specific PAH cations might correspond to 

individual interstellar diffuse bands. 
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Table 1-3. Comparison of the electronic transitions of PAH cations with DIBs. Electronic 
transition of PAH cations were measured in neon matrices. 

PAH+ a λpeak (nm) DIBs (nm) 
Pyrene (C16H10

+) 439.5 442.9 
1-Methylpyrene (CH3-C16H9

+) 444.2 442.9 
4-Methylpyrene (CH3-C16H9

+) (457.7) 
482.8 
757.5 

 
482.4 
758.1 

Naphthalene (C10H8
+) 652.0 

674.2 
652.0 
674.1 

Phenanthrene (C14H10
+) 856.8 

898.3 
857.2 

Tetracene (C18H12
+) 864.7 864.8 

Benzo[ghf]perylene (C22H12
+) 502.2 

755.2 
758.4 
794.3 

503.9 
755.8; 756.2 
758.1; 758.6 
793.5 

Coronene (C24H12
+) 459.0 

946.5 
459.5 
946.6 

a Reference 23 
 

In this dissertation, matrix-isolation spectroscopy and theoretical modeling are 

employed to study chemical and physical properties of existing or possible astrophysical 

species. The aims are to discover possible carriers of the UIR and DIB bands, to interpret 

the formation mechanism of those carriers, and to provide reference spectra for future 

astrophysical observations. This dissertation consists of eight chapters. Experimental and 

theoretical methods are described in Chapter 2. The identification of carbon sulfur 

clusters is detailed in Chapter 3. Chapters 4 and 5 are concerned with the reactions 

between small carbon clusters and xenon, ammonia, and benzene. Vibrational and 

electronic spectra of dibenzo[b,def]chrysene are reported in Chapter 6. Chapter 7 

attempts to determine theoretically the anharmonicity of PAHs. A brief conclusion and 

future prospects are included in Chapter 8. 
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CHAPTER 2 
THEORETICAL AND EXPERIMENTAL METHODS 

Since potential applications of outer space, like extraterrestrial mining, are 

approaching the realm of possibility, astrochemistry is becoming more and more 

attractive but still undergoing challenge because of technical obstacles. Thus far, 

astrochemistry cannot be done. It can only be observed and simulated. Matrix isolation 

spectroscopy (infrared and ultraviolet-visible) and theoretical calculations are two of the 

most popular and feasible tools to predict and interpret astrophysical phenomena. This 

chapter will discuss the details of these methods as employed in the research. 

Computation Details 

Most calculations were carried out using the Gaussian 98 or Gaussian 03 suite of 

programs.24,25 Specific computational problems using ACES II and NWCHEM software 

suites were performed as well.26,27 The geometry optimization, vibrational frequencies 

and energetics were calculated for all species of interest. Vertical excitation energies for 

PAHs and transition states for the reaction of tri-carbon with ammonia and benzene are 

also reported. 

Geometry Optimization and Vibrational Frequencies 

The geometry for each molecule was optimized to obtain the minimum potential 

energy. The initial structure for individual molecules was constructed based on previous 

results or widely-accepted assumptions. For example, carbon sulfur clusters possess a 

linear structure and benzene has D6h symmetry. The geometry optimization was carried 

out both with symmetry restraint and without, followed by a vibrational frequency 
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calculation. Non-negative frequencies obtained during the vibration analysis could certify 

a local minimum for the corresponding structure. Anharmonic frequencies for PAHs can 

be only predicted using a Gaussian 03 protocol.25 

Most of calculations were computed using density functional theory (DFT), like 

B3LYP theory (Becke’s three-parameter hybrid functional combined with Lee-Yang-Parr 

correlation functional),28,29 with various basis sets, such as Dunning’s correlation 

consistent double ξ (cc-pVDZ),30 6-31G(d,p), 6-311G(d), and 6-311++G(d,p) basis set. In 

order to judge computational accuracy, ab initio calculation results for some molecules 

were also obtained and compared with DFT. For instance, the energies and equilibrium 

geometries of C2S, C6S and SC7S were also calculated at the MP2/cc-pVDZ and CCSD 

(T)/cc-pVDZ levels. The choice of theory level and basis set to be used considered both 

reliability and computational cost. For example, either the 6-31G(d,p) or 6-311+G(d,p) 

basis sets were applied to neutral dibenzo[b,def]chrysene (DBC) using B3LYP theory, 

while only the 6-31G(d,p) basis set was employed for the DBC ions. It should be 

mentioned that due to the electronic structure of carbon xenon complexes, geometries and 

vibrational frequencies for C2Xe or C3Xe were optimized using ab initio MP2 theory with 

a LJ18 basis set for Xe31 and a 6-311++G (2d, 2p) basis set for carbon. Finally, for some 

organic exotic compounds, Wiberg Bond Indices (WBI) were predicted by adding the 

BNDIDX subroutine to the natural bond orbital (NBO) analysis.32,33 

Transition State Structure 

 The transition states connecting the stable minima in the reaction and photolysis of C3 

with ammonia and benzene were also investigated using the Gaussian 98 or Gaussian 03 

protocol. The synchronous transit-guided quasi Newton (STQN) method implemented in 

the Gaussian suites is a precise approach for locating transition structures.34,35 This 
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method is able to converge efficiently when provided with an empirical estimate of the 

Hessian and suitable starting structures. Three step calculations were carried out to search 

for appropriate transition structures. The initial transition structure was generated and 

optimized by running the QST2 (and/or QST3) computation followed by the harmonic 

frequency calculation. An imaginary frequency was expected for a possible transition 

structure that was then confirmed by the intrinsic reaction coordinate (IRC) 

calculation.36,37 

Vertical Excitation Energies for PAHs 

Vertical excitation energies and oscillator strengths of neutral DBC and its ions 

were computed by the TDDFT method using the B3LYP functional with the 6-31G(d,p) 

basis set. In order to monitor the accuracy of the vertical excitation energies using the 

Gaussian 98 platform, all excited-state calculations were also carried out with massively 

parallel DFT and TDDFT implementations of the NWCHEM quantum chemistry 

software suite,27 now widely used in modeling the excited states of PAHs.38 Vertical 

excitation energies and oscillator strengths of the neutral, cationic, and anionic species of 

DBC were computed by TDDFT using the Becke-Lee-Yang-Parr (BLYP) and 

asymptotically-corrected Becke3-Lee-Yang-Parr [B3LYP(AC)] functionals in 

conjunction with the 6-31G(d,p) basis set. Geometries were optimized in the ground 

states using the B3LYP functional and the 6-31G(d,p) basis set (for the neutral and 

cation) and the 6-31++G(d,p) basis set (for the anion). Generally, TDDFT is capable of 

reproducing the excitation energies of low-lying valence excited states of closed- and 

open-shell PAHs within 0.3 eV and the corresponding oscillator strengths only 

qualitatively.38 The asymptotic correction algorithm39 employed in this work 

automatically adjusts the depth of the exchange-correlation potentials in the valence 
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region before splicing a –1/r asymptotic tail to it, relying on a phenomenological linear 

relationship between the ionization potential and highest occupied orbital energies of 

B3LYP DFT calculations.40 Excited-state roots were sought in each calculation using the 

Davidson trial vector algorithm. Twenty roots were obtained for neutral DBC and only 

ten roots for its cation and anion. 

Experimental Details 

Matrix isolation spectroscopy (infrared and ultraviolet-visible) has been widely 

used in the study of astrophysical species. Coupled with theoretical calculation, it is an 

efficient tool for the study of radicals which may not be stable under “normal” conditions 

but may exist in extraterrestrial space. The experimental setup is shown in Figure 2-1. 

The details of the experimental apparatus are described in previous studies from the Vala 

group.41 Briefly, the species of concern in this research were produced using different 

techniques, such as laser ablation, electrical discharge and electron ionization. The 

reaction products were trapped with different isolant gases on a CsI or BaF2 (used for 

PAH samples only) window cooled to 12 K by a closed-cycle helium cryostat (ADP 

Displex). The selection of isolant gases that could be Ar or Kr or Ar mixed with other 

gases (Xe: 0.5–4%; NH3 or ND3: 0.1–1%; C6H6 or C6D6: 0.5–1%; CCl4: 0.3%) was 

dependent on the experimental interest. After ~ 2–5 hour deposition, infrared absorption 

spectra were recorded with a NICOLET Magna 560 (used for carbon sulfur clusters and 

reaction of carbon clusters with xenon, ammonia, and benzene) or MIDAC M2000 (used 

for PAH samples) Fourier transform infrared (FT-IR) spectrometer in the 700–4000 cm−1 

region at 0.25 cm−1 or 1.0 cm−1 resolution, respectively. Thereafter, the electronic 

absorption spectrum (900–200 nm) of the same matrix (only for PAH samples) was 

collected with an IBM 9420 UV-visible spectrophotometer at 0.28 nm resolution. A 
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correlation between the resulting IR and UV-visible spectral band intensities was used to 

confirm the identity of cations and anions. Secondary reactions were noted after 

annealing (to 35 K) or photolysis of the matrix. Photolysis was accomplished with the use 

of an ultraviolet/visible medium pressure 100W Hg lamp. For the reaction of C3 with 

ammonia and benzene, different filters (Veb-Jena) were used to determine the 

photodissociation threshold of the complex. In case of the C3 / benzene complex it was 

necessary to block the 532 nm radiation used in ablation since it was found to effectively 

destroy the complex. 

Laser Ablation 

Laser ablation was usually employed to generate carbon and carbon sulfur clusters. 

A pulsed Nd:YAG laser (1064 and 532 nm) was used to vaporize pressed pellet samples 

which may contain 12C, 13C, and S or their mixture. Standard carbon and sulfur samples 

were used as received: 12C (powdered graphite, natural abundance 12C (98.9%) and 13C 

(1.1%)); 13C (99%, Cambridge Isotope Laboratories, Inc.)), and S (natural abundance 32S 

(96%) and 34S (4%)). 

Electrical Discharge 

The electrical discharge device was the same as described previously by the 

Bondybey group.42 The gas mixture (~1 atm, 800 µs) exited the pulsed valve into a 1400 

V discharge channel consisting of two Al disks separated by a 2 mm teflon disk, through 

which a 2 mm diameter hole was drilled. The plasma products were trapped on a cryostat 

window (12 K). Different gas mixtures were used to generate different species. Carbon 

sulfur species were generated in a pulsed-jet discharge (1.2−1.7 kV) of 12C2H2, (or 

13C2H2) (0.1−0.3%)/CS2 (0.1−0.3%)/Ar and 12C4H2 (0.25%)/12CS2 (0.25%)/Ar mixtures. 

Carbon disulfide (Fisher Co.), acetylene (purified, Matheson, Inc.), and 13C2H2 (99%, 
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Cambridge Isotope Laboratories, Inc) were used as received. The CnXe species were 

produced in a pulsed-jet discharge of argon seeded with a mixture of 12C2H2 (0.02–0.5%), 

13C2H2 (0.02–0.5%), and Xe (0.5–3%). 

 
Figure 2-1. Matrix isolation spectroscopy instrumental setup. 

Electron Ionization of Dibenzo[b,def]chrysene 

Solid neutral DBC powder was vaporized from a quartz oven heated to around 

300°C. Using a homemade electron gun located ca. 3 cm from the BaF2 sample window, 
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DBC ions were generated and deposited with the neutral species in an argon matrix. The 

electrons were accelerated toward the deposition region by a +90 V O-ring electrode 

located 5 mm in front of the cryostat window. The electron beam current (ca. 50–70 µA) 

was monitored using a microammeter connected in series with the ring electrode. Cation 

formation proceeds via Penning ionization with Ar* metastable species and Ar+−DBC 

charge transfer complexes, while the high electron affinity of DBC makes anion 

formation possible. To obtain the highest possible ratio of cations to neutral species, an 

electron scavenger, carbon tetrachloride CCl4 (Kodak, Spectrograde), was seeded into the 

argon gas (99.7% Ar, 0.3% CCl4). A lengthy deposition (typically 4–5 hrs) was required 

to achieve comparable concentrations of ions and neutrals. Thereafter, the electronic 

absorption spectrum (900–200 nm) of the same matrix was collected with an IBM 9420 

UV-visible spectrophotometer at 0.28 nm resolution. 
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CHAPTER 3 
INFRARED ABSORPTION SPECTROSCOPY OF CARBON SULFUR CLUSTERS 

Introduction 

During the past decade, the polycarbon sulfides have been studied extensively, both 

theoretically and experimentally, primarily because of their importance as components of 

the interstellar medium (ISM) and building blocks in material sciences. Some carbon-

sulfur clusters exhibit unusual electrical properties in amorphous organic semiconductor 

films.43 Small CnS (n = 1–3, 5) species have been observed in the envelopes of several 

stars.44-47 Absence of an electric dipole precludes the interstellar detection of the 

symmetric SCnS species via microwave detection methods, but they may be observable 

by their IR absorption. 

A number of sulfur-containing carbon clusters have been produced in the 

laboratory. C2S and C3S were initially detected in the laboratory by millimeter and 

submillimeter spectroscopy45,46 and then observed by radio frequency spectroscopy in the 

dark molecular cloud, TMC-1,44 and in the circumstellar envelope of the carbon star, IRC 

+10216.47-50 Using radioastronomy, both of these species have been observed in the 

vicinity of various ISM objects.47 Using infrared measurements, Maier and coworkers 

observed CnS (n = 1, 3) and CnS2 (n = 2–5) clusters in Ar matrices.51-54 Later, C2S2 and 

C3S2 clusters were observed by Andrews and coworkers using a discharge through a CS2 

/ Ar mixture.55 Recently, Vala’s group generated CnS and CnS2 (n = 3–5) clusters by laser 

ablation of C / S pellets and identified them by Fourier transform infrared (FT-IR) 

spectroscopy, supported by density functional theory calculations.56 Rotational constants 
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for the linear clusters CnS (n = 1–9) have been determined by Fourier transform 

microwave spectroscopy.45,46,57-59 In addition, electronic absorption spectra of small C2S, 

C2S−, C4S− C5S, C6S and C6S− clusters have been reported.60,61 Finally, CnS+ and CnS2
+ 

clusters up to C27S2
+ were determined using mass spectrometry.62,63 

Early theoretical work was focused on small CnS species with n = 2–9.64-71 Later 

computational results on the geometries of CnS clusters, with n up to 20, were presented 

by Pascoli’s group.72 Except for C18S, which was predicted to have a monocyclic S-

capped structure, the CnS species (n = 1–20) were found to be linear with the S atom 

terminating the carbon chain.72 Recently, other calculations on CnS and CnS2 clusters 

supported their linear structures.60,73,74 

Although Cn, CnS, and SCnS (n = 1–9) clusters are generally linear in their 

electronic ground states, non-linear species do exist. From theoretical predictions, Cn 

clusters with n ≥ 10 appear to prefer bent, cyclic or spherical structures, but mostly linear 

isomers have been detected in the gas phase and solid rare gas matrices.75-78 Electronic 

absorption spectra of linear Cn clusters (n = 3–15, 17, 19 and 21) have been recorded 

recently.78-82 In addition, resonance Raman spectrometry has proven the existence of odd 

linear Cn isomers up to C29 in Ar matrices.15 Given the numerous large, linear, pure 

carbon clusters known, the generation of large linear CnS and SCnS clusters should be 

possible, either by laser ablation of carbon / sulfur mixtures, or by the reaction of linear 

Cn (n ≤ 29) carbon clusters with S and / or CS species, with trapping in solid Ar matrices. 

In this chapter, observation of C7S species in argon matrices is reported. Unknown 

carriers of some bands shown in the spectra which were recorded from the experiments to 

identify the C7S cluster led to the theoretical computation for CnSm clusters (n = 1–29, m 
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= 1–2) to explore their energies, structural parameters, and vibrational frequencies. 

Sequentially, the infrared bands were assigned to specific CnSm clusters with the aid of 

the theoretical results. 

The Linear C7S Carbon-Sulfur Cluster 

The linear C7S carbon-sulfur cluster was produced by the vaporization of a carbon 

and sulfur mixture, and studied via FT-IR spectroscopic methods in argon matrices. 

Isotope shifts were also investigated. DFT and ab initio calculations were used to identify 

three new vibrational modes. 

Theoretical Predictions 

In its 1Σ+ ground state linear C7S has 34 valence electrons, 16 of which are 

distributed in 8 doubly degenerate π orbitals. Table 3-1 lists the C7S state energies, dipole 

moment, bond lengths, rotational constant and vibrational frequencies, obtained at 

various levels of theory. Although primarily cumulenic in bonding, C7S still shows a 

small alternation in its C−C bond lengths, a fact previously noted for smaller CnS (n = 1–

5) clusters.56 For example, the C4−C5 bond length in C7S is shorter than the C3−C4 bond 

length (by ca. 0.016 Å). Different methods and basis sets predict similar carbon-carbon 

bond lengths and show the same alternation. The average C−C bond length is about 1.28 

Å, which is close to the experimental value and also close to other theoretical results. The 

calculated C−S bond length, however, appears to vary with theoretical approach. In C5S, 

this bond length is about 1.547(6) Å.59 Because of the similarities with other CnS clusters, 

it is expected that in C7S it should be close to 1.55 Å.65 Determining the C−S bond length 

through the effect of isotopic substitution on the rotational constant is model dependent 

(cf., Table 3-1). 
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Table 3-1. Energies E (Hartrees), zero point energies ZPE (kcal/mol), dipole moments µe 
(Debyes), bond lengths (Å), rotational constants Be (GHz), harmonic 
vibrational frequencies ω (unscaled, cm−1) and integral IR intensities (km/mol, 
in parentheses) calculated for linear C7S at various levels of theory. 

C7S B3LYP 
/6-311G* 

B3LYP 
/cc-pVDZ 

B3LYP 
/aug-cc-pVTZ 

CASSCF(4,6) 
/cc-pVDZ 

E −664.7483 −664.6965 −664.7887 −662.3804 
ZPE 20.3672 21.7178 20.9487 22.3260 
µe 5.7301 5.7005 6.1616 5.8285 
S−C1 1.5579 1.5668 1.5542 1.5454 
C1−C2 1.2779 1.2875 1.2764 1.2780 
C2−C3 1.2699 1.2799 1.2675 1.2635 
C3−C4 1.2811 1.2905 1.2795 1.2894 
C4−C5 1.2656 1.2755 1.2625 1.2680 
C5−C6 1.2929 1.3022 1.2915 1.2989 
C6−C7 1.2817 1.2911 1.2763 1.2658 
Be

a 0.4141 0.4081 0.4156 0.4149 
Be

b 0.4042 0.3984 0.4057 0.4050 
ω1(σ) 2229.8(231) 2238.6(799) 2218.9(339) 2339.0 
ω2(σ) 2209.2(5750) 2223.3(5089) 2191.2(5956) 2295.5 
ω3(σ) 2009.8(2859) 2018.5(2607) 2003.8(3107) 2054.5 
ω4(σ) 1712.4(139) 1719.2(93) 1710.5(141) 1811.7 
ω5(σ) 1284.8(284) 1289.7(236) 1284.5(259) 1368.6 
ω6(σ) 854.9(86) 858.3(75) 855.7(90) 901.5 
ω7(σ) 431.9(3) 433.7(3) 432.5(3) 458.0 
ω8(π)c 615.2(6) 700.3(6) 573.1(5) 669.7 
ω9(π)c 449.7(1) 577.2(0) 522.7(0) 591.6 
ω10(π)c 308.4(4) 453.5(1) 445.7(0) 500.3 
ω11(π)c 233.2(0) 268.7(3) 246.4(2) 240.0 
ω12(π)c 118.7(8) 150.5(4) 138.9(4) 140.3 
ω13(π)c 31.5(0) 55.0(2) 51.4(2) 52.2 
a Rotational constant for C7

32S; experimental constant is 0.4144 GHz (Reference 59). 
b Rotational constant for C7

34S; experimental constant is 0.4045 GHz (Reference 59). 
c Doubly degenerate bending (π) modes. 
 

Although both B3LYP and CASSCF (4, 6) methods predict the structure of C7S 

reliably, it was also studied by the CCSD(T) and MP2 methods. The theoretical state 

energies, zero point energies (ZPEs), bond lengths and rotational constants are listed in 

Table 3-2. The rotation constants obtained by CCSD(T) calculations are worse than those 

using DFT, despite the fact that it provides for precise electronic correlation. 
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Table 3-2. Energies E (Hartrees), dipole moments µe (Debyes), bond lengths (Å), and 
rotational constants Be (GHz), calculated for linear C7S at various levels of 
theory, all with a cc-pVDZ basis set. 

C7S(1Σ+) MP2 CCSD(Full) QCISD(T) CCSD(T) CCSD(T)(Full) 
E −663.3229 −663.3265 −663.3863 −663.3829 −663.4050 
µe 5.0215 5.4842 4.4692 4.6856 4.7090 
S−C1 1.5701 1.5622 1.5806 1.5776 1.5758 
C1−C2 1.3041 1.2982 1.3009 1.3018 1.3006 
C2−C3 1.2904 1.2818 1.2958 1.2938 1.2927 
C3−C4 1.3045 1.3013 1.3031 1.3042 1.3029 
C4−C5 1.2882 1.2789 1.2926 1.2908 1.2897 
C5−C6 1.3162 1.3130 1.3156 1.3165 1.3152 
C6−C7 1.3104 1.2964 1.3138 1.3118 1.3107 
Be

a 0.4005 0.4050 0.3990 0.3995 0.4005 
a Experimental rotational constant for C7

32S is 0.4144 GHZ (reference 59). Note that the 
predicted Be values are in poorer agreement with experiment than the Be values calculated 
at the B3LYP and CASSCF(4,6) levels listed in Table 3-1. 
 

As a test of the stability of the ground state wavefunction an EOM-CCSD (ACES 

II)26 calculation was performed on C7S with the same basis set and geometry as in the 

B3LYP calculations. Since only positive excitation energies were found, it was 

concluded that the predicted structural and spectroscopic constants found at the 

B3LYP/cc-pVDZ level should be reliable. 

Theoretical vibrational frequencies can often be used to identify new molecular 

species. Table 3-3 presents the results of the B3LYP/cc-pVDZ level calculations on two 

carbon-sulfur cluster series, some members of which have not yet been observed. For 

clusters that have been observed, comparison of the calculated frequencies (with 

appropriate scaling factors, cf. Table 3-3) with the predicted vibrational frequencies 

shows reasonably good agreement. The maximum discrepancy in the CnS series was 

found for the ν5 mode of C7S (ca. 30 cm−1), while the worst discrepancy in the SCnS 

series was found for the ν5 mode of SC5S (ca. 27 cm−1). These discrepancies arise either 

from mixing of similar modes not explicitly considered or from the uniform scaling used 
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for all C−C and C−S vibrational frequencies. For instance, the ν5 mode of C7S is 

primarily a C−C stretching mode, but the C−S vibration also contributes to this mode. 

Since the common scaling factor used for these modes does not account for this mixing, 

the scaled ν5 frequency does not match the experimental value very well. 

Table 3-3. Comparison of experimental (Ar matrix) and most intense calculated 
(B3LYP/cc-pVDZ) IR mode frequencies (cm−1) for linear CnS (n = 1–9) and 
SCnS (n = 1–9) carbon-sulfur clusters in their electronic ground states. 
Relative intensities are given in parentheses. 

CnS Mode νexp (cm−1) νcal
a (cm−1) SCnS Mode νexp (cm−1) νcal

a (cm−1) 
CS(1Σ+) ν1(σ); C–S 1275.1(1.0)c,d 1275.1(1.0) SCS(1Σg

+) ν2(σu); C–S 1528.2(1.0)c,d 1533.9(1.0) 
C2S(3Σ−) ν1(σ); C–C  1636.2(1.0) SC2S(3Σg

−) ν3(σu); C–S 1179.7(1.0)d 1159.3(1.0) 

C3S(1Σ+) 
ν1(σ); C–C 
ν2(σ); C–S 
ν3(σ); C–S 

2047.6(1.0)c,d 
1533.2(0.1)d 
725.6(0.009)d 

2047.6(1.0) 
1540.8(0.04) 
726.6(0.009) 

SC3S(1Σg
+) ν3(σu); C–C 

ν4(σu); C–S 
2078.5(1.0)c,d 
1024.6(0.18)c,d 

2081.5(1.0) 
1022.7(0.11) 

C4S(3Σ−) ν2(σ); C–C 1746.8(1.0)c 1727.3(1.0) SC4S(3Σg
−) 

ν4(σu); C–C 
ν5(σu); C–S 
 

1872.1(1.0)d 
897.7(0.117)d 
843.7(0.056)d 

1855.0(1.0) 
870.3(0.18) 
 

C5S(1Σ+) ν1(σ); C–C 
ν3(σ); C–C 

2124.5(1.0)c 
 

2140.0(1.0) 
1580.0(0.15) SC5S(1Σg

+) 
ν4(σu); C–C 
ν5(σu); C–C 
ν6(σu); C–S 

2104.7(1.0)d 
1687.9(0.36)d 
783.5(0.04)d 

2118.5(1.0) 
1661.2(0.24) 
796.4(0.04) 

C6S(3Σ−) ν2(σ); C–C 
ν4(σ); C–C  1995.4(1.0) 

1344.8(0.18) SC6S(3Σg
−) ν5(σu); C–C 

ν6(σu); C–C  2031.5(1.0) 
1458.4(0.29) 

C7S(1Σ+) 
ν2(σ); C–C 
ν3(σ); C–C 
ν5(σ); C–C 

2088.1(0.67)b, e 
1913.6(1.0)b 
1256.1(0.07)b 

2114.5(1.0) 
1919.7(0.51) 
1226.6(0.05) 

SC7S(1Σg
+) 

ν5(σu); C–C 
ν6(σu); C–C 
ν7(σu); C–C 

 
2088.5(1.0) 
1952.7(0.88) 
1341.4(0.14) 

C8S(3Σ−) 
ν1(σ); C–C 
ν4(σ); C–C 
ν6(σ); C–C 

 
2072.2(1.0) 
1760.6(0.43) 
1092.9(0.06) 

SC8S(3Σg
−) 

ν6(σu); C–C 
ν7(σu); C–C 
ν8(σu); C–C 

 
2073.8(1.0) 
1822.6(0.48) 
1211.5(0.16) 

C9S(1Σ+) 
ν2(σ); C–C 
ν3(σ); C–C 
ν5(σ); C–C 

 
2099.1(0.09) 
2019.5(1.0) 
1658.3(0.095) 

SC9S(1Σg
+) 

ν7(σu); C–C 
ν8(σu); C–C 
ν9(σu); C–C 

 
1994.3(1.0) 
1697.5(0.14) 
1127.8(0.04) 

a Scaled uniformly by 0.9510 factor for modes with primarily C–C character and by 
0.9824 factor for modes with primarily C–S character. 
b This work.  
c Reference 56.  
d References 51, 53-55. 
e Tentative assignment. 
 

Since no imaginary frequencies were found for C7S (cf. Table 3-1), its linear 

geometry is associated with a local minimum on the potential energy surface. 

Calculations at different levels all predict similar vibrational frequencies for C7S. Its 

seven stretching (σ) modes and six doubly degenerate bending (π) modes are all infrared 

active. Generally σ modes exhibit high intensities while π modes possess relatively low 

intensities. Since the values of ω1 and ω2 are very close, a mixture of these two modes via 
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Fermi resonance is possible. Isotopic shift calculations reveal that the intensity of the ω2 

mode is redistributed into the ω1 mode, which makes it difficult to predict the integral 

intensity of the ω2 mode solely from theoretical calculations. 

Mode mixing could explain the fact that although the most intense mode calculated 

for C7S is ν2, the ν3 mode is the strongest observed. The ratio of experimental integral 

intensities for the ν3 and ν5 modes is ca. 14.3, of the same order of magnitude as the 

computed values of 10.0 (B3LYP/6-311G(d)), 11.0 (B3LYP/cc-pVDZ) and 12.0 

(B3LYP/aug-cc-pVTZ), cf. Table 3-1. But, the analogous ratio for the ν2 and ν3 modes is 

0.67, much smaller than the calculated ratios of 2.01, 1.95, and 1.92, respectively (cf., 

Table 3-1). 

Experimental Results 

Three new bands were observed at 2088.1, 1913.6 and 1256.1 cm−1, and assigned 

here to the ν2, ν3 and ν5 stretching modes of linear C7S, respectively, cf., Figure 3-1. 

Figure 3-2 shows the infrared spectrum of the ν2 mode for neutral C7S and its 13C isotopic 

partners (from a S / 13C mixture). Two other spectra for 12C / 32S and 12C / 13C mixtures, 

under the same experimental conditions, are also included and confirm these 

assignments. Trapping the products (in solid Ar, ca. 12 K) and annealing (to 35 K), leads 

to the IR spectra (in Figure 3-3) of the C7S ν2 mode and its 13C isotopomeric bands. The 

corresponding spectra for the ν3 and ν5 modes are presented in Figure 3-4, Figure 3-5 and 

Figure 3-6, Figure 3-7, respectively, where band assignments to pure carbon or other 

small carbon sulfur clusters are indicated.56, 83-85 For example, the 1244.0 cm−1 band (cf. 

Figure 3-6c) is due to the ν10 (σu) mode of 12C12 (X3Σg), based on recent work.85 Each 

new assignment is discussed in turn below. 
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Figure 3-1. Schematic representation of the atomic motion in the ν2(σ), ν3(σ), and ν5(σ) 

fundamental vibrational modes of linear C7S. 

Band assignment for the ν2(σ) vibration 

Frequency calculations for the ν2 mode of C7S give 2114.5 cm−1 (cf., Table 3-3). 

With an assumed calculation error of ±50 cm−1, an observed band at 2088.1 cm−1 has 

been assigned tentatively to this mode. Several reasons lie behind this attribution. First, 

experiments under different conditions (such as matrix temperature and/or laser photon 

flux) showed that this band tracks the intensities of the two bands (1913.6 and 1256.1 

cm−1) also assigned to linear C7S (vide infra). Second, of the small and mid-sized CnS 

and SCnS clusters given in Table 3-3, the 2088.1, 1913.6 and 1256.1 cm−1 bands fit only 

the frequency pattern predicted for C7S. However, as stated earlier, the mixing of ν1 and 

ν2 modes can lead to uncertainties in the predicted intensities and frequencies of the all-

12C and its single 13C substituted isotopomers. In fact, in the 13-12-12-12-12-12-12-32, 

12-12-12-12-12-13-12-32 and 12-12-12-12-12-12-13-32 isotopomers, which show the 

largest deviations in difference frequency values (i.e., νexp – νcal), there is a very large 

intensity flow from the ν2 to the ν1 mode. Therefore, the 2085.6 and 2063.6 cm−1 band 

assignments for the ν2 mode in these isotopomers (in Figure 3-2 and Figure 3-3 and Table 

3-4) are considered tentative. The annealing spectra of Figure 3-3 support this statement.  
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Table 3-4. Comparison of observed (Ar matrix, 35 K) and calculated (B3LYP/6-311G* 
and B3LYP/cc-pVDZ) isotopomer frequencies (cm−1) of ν2 mode for all-12C, 
singly-13C and all-13C substituted 12/13C7S linear carbon-sulfur clusters. 

Isotopomer νexp
a ν6-311G*

b νcc-pVDZ
c νexp−ν6-311G* νexp−νcc-pVDZ 

12-12-12-12-12-12-12-32 2088.1 2088.1 2088.1 0.0 0.0 
13-12-12-12-12-12-12-32 2088.1 2088.1 2087.8 0.0 0.3 
12-13-12-12-12-12-12-32 2085.6 2087.4 2085.1 −1.8 0.5 
12-12-13-12-12-12-12-32 2068.0 2067.3 2067.2 0.7 0.8 
12-12-12-13-12-12-12-32 2060.5 2058.7 2060.2 1.8 0.3 
12-12-12-12-13-12-12-32 2056.5 2056.5 2055.7 0.0 0.8 
12-12-12-12-12-13-12-32 2063.6 2067.4 2063.7 −3.8 −0.1 
12-12-12-12-12-12-13-32 2085.6 2087.0 2085.5 −1.4 0.1 
a Tentative assignment. 
b Scaled by 0.9392 factor. 
c Scaled by 0.9452 factor. 
 

 
Figure 3-2. IR absorption spectrum of the ν2(σ) mode region of neutral C7S and its 13C 

isotopic partners produced by laser ablation of a 1.0:0.15:1.0 mixture of 12C : 
13C : 32S isolated in an Ar matrix at 35 K. Two other spectra for 12C/32S and 
12C/13C mixtures under the same experimental conditions are included to 
confirm the band assignments. All-12C and singly-13C substituted 
isotopomeric bands are marked with dots. Overlapped bands are marked with 
two dots. Bands marked by empty triangles and circles are assigned to 12/13C9 
and 12Cn clusters, respectively. 
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Figure 3-3. IR absorption spectra of the ν2(σ) mode region of neutral C7S and its 13C 

isotopic partners recorded after trapping the products in Ar at ca.12 K, 
followed by annealing at 35 K. 

An analysis of the spectra in Figure 3-2 and Figure3-3 raises the question: why is 

the intensity of the 2085.6 cm−1 band as intense as it is relative to the 2088.1 cm−1 band? 

The carrier of this band could be a singly 13C substituted isotopomer of 12/13CnS, a 

12/13CnS2 cluster or a doubly 13C substituted group of similar clusters, all of which might 

have a frequency close to 2085 cm−1. If only cluster sizes with n < 10 are considered, 

calculations show none of these possibilities are tenable. One further possibility is some 

band intensity comes from the ν1 mode of some singly 13C substituted isotopomers of 

12/13C7S. The B3LYP/cc-pVDZ (unscaled) frequencies (with intensities in parentheses) of 

the 13-12-12-12-12-12-12-32, 12-12-12-12-12-13-12-32 and 12-12-12-12-12-12-13-32 

isotopomers are 2235.7 (900), 2234.2 (3400) and 2234.1 cm−1 (2220 km/mol). When 

grouped together, these bands have a total integral intensity comparable to the ν2 mode of 
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12C7S (cf. Table 3-1). A 0.9335 scaling factor fits these calculated frequencies to the 

2085.6 cm−1 experimental band well (cf., Figure 3-2). 

Considering all the above difficulties in determining the singly 13C substituted 

isotopomer frequencies and intensities, the assignment of the 2088.1 cm−1 band to the ν2 

mode of C7S must be considered tentative. 

Isotopomer band assignments for the ν3(σ) vibration 

In the past the absorption at 1913.6 cm−1 has been assigned to the ν4 mode of the 

12-13-13-12-12-12 isotopomer of C6 (Figure 3-4(c)). There are, however, several reasons 

that it could alternatively be attributed to the ν3 stretching mode of linear C7S. First, as 

shown in Figure 3-4(b), this peak, whose intensity is much larger than that of the ν4 mode 

of the 12-13-13-12-12-12 C6 isotopomer, appears among the products from an ablated 12C 

/ 32S mixture. Second, if this band were only produced by the ν4 mode of a 12/13C 

isotopomer, its intensity should be similar under the same experimental conditions. 

However, even though the same 12C / 13C ratio was used in the mixture, the intensity of 

the 1913.6 cm−1 band is dramatically higher (cf. Figure 3-4a). Therefore, the 1913.6 cm−1 

band is assigned to the ν3 stretching mode of linear C7S. 

Comparisons of observed and calculated isotopomer frequencies of the ν3 mode for 

all-12C, singly-13C substituted and all-13C substituted 12/13C7S linear carbon-sulfur clusters 

are shown in Table 3-5. The deviation of calculated and experimental values varies only 

from −1.4 to 1.3 cm−1, which indicates the reliability of these new assignments. This is 

confirmed by the good agreement of the isotopic shifts computed at different 

computational levels. 
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Table 3-5. Comparison of observed (Ar matrix, 35 K) and calculated (B3LYP/6-311G* 
and B3LYP/cc-pVDZ) isotopomer frequencies (cm−1) of ν3 mode for all-12C, 
singly-13C and all-13C substituted 12/13C7S linear carbon-sulfur clusters. 

Isotopomer νexp ν6-311G*
a νcc-pVDZ

b νexp−ν6-311G* νexp−νcc-pVDZ 
12-12-12-12-12-12-12-32 1913.6 1913.6 1913.6 0.0 0.0 
13-12-12-12-12-12-12-32 1904.7 1904.5 1904.7 0.2 0.0 
12-13-12-12-12-12-12-32 1884.4 1885.5 1885.8 −1.1 −1.4 
12-12-13-12-12-12-12-32 1913.6 1912.9 1913.0 0.7 0.6 
12-12-12-13-12-12-12-32 1902.2 1901.9 1901.8 0.3 0.4 
12-12-12-12-13-12-12-32 1911.7 1912.8 1912.8 −1.1 −1.1 
12-12-12-12-12-13-12-32 1895.9 1896.5 1896.9 −0.6 −1.0 
12-12-12-12-12-12-13-32 1902.2 1901.3 1901.3 0.9 0.9 
13-13-13-13-13-13-13-32 1840.1 1838.8 1838.8 1.3 1.3 
a Scaled by 0.9521 factor. 
b Scaled by 0.9480 factor. 
 

 
Figure 3-4. IR absorption spectrum of the ν3(σ) mode region of neutral C7S and its 13C 

isotopic partners produced by laser ablation of a 1:0.15:1 mixture of 12C: 13C: 
32S in an Ar matrix at 35 K. Two other spectra for 12C/32S and 12C/13C 
mixtures under the same experimental conditions are shown to confirm the 
band assignments. All-12C and singly-13C substituted isotopomeric bands are 
marked with dots, and overlapped bands are marked by two dots. Peaks with 
filled squares are due to all-12C and singly-13C substituted of linear C7. Bands 
marked by an empty square, black pentagon, empty star, plus sign and black 
triangle are assigned to 12-13-13-12-12-12 (12/13C6), 12CnSm, 13Cn, 12CnSm, and 
13Cn clusters, respectively. 
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Figure 3-5. IR absorption spectra of the ν3(σ) mode region of neutral C7S and its 13C 

isotopic partners recorded after trapping the products in Ar at ca. 12 K, 
followed by annealing at 35 K. 

Although it is easy in theory to distinguish between two close-lying vibrational 

frequencies, this is usually difficult in practice. In some cases more than one isotopomer 

may contribute to a band envelope. For example, the 12-12-13-12-12-12-12-32 

isotopomer (1913.0 cm−1, cf., Table 3-5) is predicted to lie within the envelope of the 

total 12C isotopomer observed at 1913.6 cm−1. Furthermore, the net absorption of the 

singly-13C-substituted isotopomer is usually larger than that of a doubly-13C-substituted 

peak. Figure 3-5 makes clear that, after annealing, not only does the signal for the singly-

13C-substituted isotopomer get stronger, but the intensities for the doubly-13C-substituted 

species are barely visible above the baseline. Since the calculated energy band 

separations for many doubly-13C-substituted C7S isotopomers are smaller than the νexp – 

νcal energy differences, a reliable assignment of these bands becomes problematic. 
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Interestingly, the intensities of the 12/13C7 isotopomer bands do not change during 

annealing. In previous work on pure carbon clusters, 36 it was found that the C7 IR band 

also does not change upon annealing. This was interpreted to mean that the formation of 

C7 from smaller carbon clusters and the reaction of C7 to form larger clusters occur with 

about equal rates. In the present case, if C7S were formed from C7 and S, it would be 

expected that the C7 peaks would decrease due to this new reaction channel. Since no 

band intensity decrease was observed, it can be concluded that C7S probably forms from 

smaller clusters such as CnS and C7-nS; n = 1–6, vide infra. 

Isotopomer band assignments for the ν5(σ) vibration 

Ablation and trapping of a 12C / 13C mixture leads to only a single band in 1235–

1260 cm−1 region, and this has been assigned to 12C12 (cf. Figure 3-6c).35 For a 12C / 32S 

mixture, only one peak at 1256.1 cm−1 is observed (cf. Figure 3-6b), which is here 

assigned to the ν5 stretching mode of C7S. With a mixture of 12C / 13C / 32S, a number of 

bands between 1245 and 1250 cm−1 are seen in addition to the strong band at 1256.1 cm−1 

and another due to13CS. Assignments for these new peaks emerge from theoretical 

predictions of the isotopic shifts of linear C7S. Table 3-6 lists all the observed and 

calculated isotopomer ν5 mode frequencies of all-12C, singly-13C, and all-13C substituted 

linear 12/13C7S clusters. The experimental frequencies are consistent with the predicted 

ones from different theoretical levels, with discrepancies of not more than 0.6 cm−1. The 

ν5 frequencies of the 12-13-12-12-12-12-12-32 and 12-12-12-12-13-12-12-32 

isotopomers are exactly the same as that of the all-12C isotopomer observed at 1256.1 

cm−1. As can be seen in Figure 3-1, this result is due to the fact that this vibrational mode 

has a node at the position of the 13C substitutional site in these two isotopomers. 
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Table 3-6. Comparison of observed (Ar matrix, 35 K) and calculated (B3LYP/6-311G* 
and B3LYP/cc-pVDZ) isotopomer frequencies (cm−1) of ν5 mode for all-12C, 
singly-13C and all-13C substituted 12/13C7S linear carbon-sulfur clusters. 

Isotopomer νexp ν6-311G*
a νcc-pVDZ

b νexp−ν6-311G* νexp−νcc-pVDZ 
12-12-12-12-12-12-12-32 1256.1 1256.1 1256.1 0.0 0.0 
13-12-12-12-12-12-12-32 1246.9 1246.8 1246.8 0.1 0.1 
12-13-12-12-12-12-12-32 1256.1 1256.1 1256.1 0.0 0.0 
12-12-13-12-12-12-12-32 1246.3 1245.8 1245.8 0.5 0.5 
12-12-12-13-12-12-12-32 1246.9 1246.5 1246.5 0.4 0.4 
12-12-12-12-13-12-12-32 1256.1 1256.1 1256.1 0.0 0.0 
12-12-12-12-12-13-12-32 1248.5 1248.3 1248.3 0.2 0.2 
12-12-12-12-12-12-13-32 1245.0 1244.7 1244.6 0.3 0.4 
13-13-13-13-13-13-13-32 1210.7 1210.2 1210.1 0.5 0.6 
a Scaled by 0.9777 factor. 
b Scaled by 0.9739 factor. 
 

 
Figure 3-6. IR absorption spectrum of the ν5(σ) mode region of neutral C7S and its 13C 

isotopic partners produced by laser ablation of a 1.0:0.15:1.0 mixture of 12C : 
13C : 32S isolated in an Ar matrix at 35 K. Two other spectra for 12C/32S and 
12C/13C mixtures under the same experimental conditions are included to 
confirm the band assignments. All-12C and singly-13C substituted 
isotopomeric bands are marked with dots, and overlapped bands are marked 
with two dots. 
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Figure 3-7. IR absorption spectra of the ν5(σ) mode region of neutral C7S and its 13C 

isotopic partners recorded after trapping the products in Ar at ca.12 K, 
followed by annealing at 35 K. 

Figure 3-7 shows that the absorbance of the ν5 mode (for all-12C and singly-13C 

substituted isotopomers) increases with temperature during annealing. The simultaneous 

decrease in the 13CS absorption peak may be associated with the formation of C7S. 

Although (cf. Figure 3-11) there is no direct information on how C7S forms in the matrix, 

B3LYP/cc-pVDZ calculations show that the lowest energy pathway to C7S occurs via 

reaction of C6 and CS. Since (CS)2 dimers have been reported in Ar matrices,
55 the CS 

moiety is probably mobile in solid Ar. The CS fragment is known to take part in the 

production of some CnS clusters,56 so it is reasonable to assume that CS may be a 

precursor for linear C7S. Other formation channels are, however, also possible, and could 

involve the mobile C and S species. 
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Theoretical Calculations for Carbon-Sulfur Clusters CnS and SCnS (n ≤ 29) 

Energies and Structures 

Table 3-7 shows the calculated total energies (En), zero point vibrational energies 

(ZPEn), spin expectation values <S2
 >, and rotational constants (Be) for neutral linear CnS, 

and SCnS clusters in their electronic ground states. Dipole moments (µe) for the CnS 

clusters are also presented. Experimental rotational constants for CnS (n = 1–9) are also 

given for comparison.45,46,57-59 

Table 3-7. Energies En (Hartrees), zero point energies ZPEn (kcal/mol), spin 
contamination <S2> and rotational constants Be (GHz) for CnS and CnS2 
clusters, plus dipole moments µe (Debyes) for CnS clusters, calculated at the 
B3LYP/6-311G(d) level. 

CnS  SCnS n En ZPEn <S2> Be
a µe  En ZPEn <S2> Be 

1 −436.24615 1.86030 0.00000 24.39410 1.8395  −834.55047 4.30747 0.00000 3.24669 
2 −474.27265 4.45174 2.01558 6.42558 2.8779  −872.59243 6.94178 2.01177 1.55975 
3 −512.40260 8.18942 0.00000 2.87986 3.4971  −910.71833 10.36653 0.00000 0.91329 
4 −550.45638 10.64824 2.02801 1.51406 4.0314  −948.77566 13.24851 2.02049 0.57648 
5 −588.57426 14.29799 0.00000 0.92092 4.6446  −986.89099 16.97687 0.00000 0.39575 
6 −626.63787 16.62491 2.04042 0.59618 5.0346  −1024.95655 19.29428 2.03023 0.28171 
7 −664.74829 20.36717 0.00000 0.41406 5.7301  −1063.06561 23.06634 0.00000 0.21017 
8 −702.81776 22.29385 2.05281 0.29738 6.0300  −1101.13601 25.44852 2.04056 0.16023 
9 −740.92341 27.16976 0.00000 0.22267 6.8011  −1139.24105 29.08632 0.00000 0.12590 
10 −778.99664 29.66980 2.06535 0.17029 7.0051  −1177.31491 31.37436 2.05139 0.10038 
11 −817.09915 33.68150 0.00000 0.13391 7.8332  −1215.41698 35.10090 0.00000 0.08173 
12 −855.17537 35.97567 2.07821 0.10683 8.0112  −1253.49330 37.70984 2.06274 0.06725 
13 −893.27545 39.75851 0.00000 0.08693 8.8789  −1291.59319 41.31972 0.00000 0.05621 
14 −931.35356 42.16937 2.09147 0.07152 8.9766  −1329.67152 43.83912 2.07454 0.04735 
15 −969.45181 45.68840 0.00000 0.05972 9.9490  −1367.76969 47.51548 0.00000 0.04038 
16 −1007.53180 48.42325 2.10506 0.05027 9.9864  −1405.84956 49.96121 2.08682 0.03465 
17 −1045.62861 52.22259 0.00000 0.04281 10.9889  −1443.94619 53.75679 0.00000 0.03002 
18 −1083.70965 54.57750 2.11923 0.03670 10.9623  −1482.02740 55.60133 2.09955 0.02614 
19 −1121.80534 57.88523 0.00000 0.03176 12.0738  −1520.12279 59.62620 0.00000 0.02295 
20 −1159.88746 60.19595 2.13375 0.02762 11.9707  −1558.20510 61.98519 2.11270 0.02022 
21 −1197.98232 64.62252 0.00000 0.02421 13.2798  −1596.29931 67.05173 0.00000 0.01794 
22 −1236.06540 66.24455 2.14860 0.02132 13.0325  −1634.38215 69.14877 2.12636 0.01597 
23 −1274.15909 70.12173 0.00000 0.01889 14.4010  −1672.47637 73.90505 0.00000 0.01430 
24 −1312.24307 72.37502 2.16418 0.01680 14.0322  −1710.56047 74.01673 2.14057 0.01284 
25 −1350.33626 76.18697 0.00000 0.01502 15.6000  −1748.65276 78.91588 0.00000 0.01159 
26 −1388.42076 79.19313 2.17987 0.01348 15.1178  −1786.73826 79.84397 2.15526 0.01048 
27 −1426.51329 82.32376 0.00000 0.01215 16.7954  −1824.83021 84.90048 0.00000 0.00952 
28 −1464.59848 84.41037 2.19686 0.01098 16.1545  −1862.91590 85.96655 2.17036 0.00867 
29 −1502.69034 88.36385 0.00000 0.00996 18.0414  −1901.00738 91.21811 0.00000 0.00792 
a B0, experimental rotational constants for CnS (n = 1–9) are 24.49550, 6.47775, 2.89038, 
1.51916, 0.92270, 0.58251, 0.41443, 0.29781, and 0.22272GHz, respectively.45,46,57-59 
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The predicted electronic spin expectation values show that the ground states of 

these two cluster series alternate between singlets (1Σ+) and triplets (3Σ−), as expected. 

Odd n clusters have fully-occupied π orbitals, while the highest-lying π orbital in even n 

clusters is half-occupied. The calculated electronic spins for the triplet ground states 

show only a very small degree of contamination. 

Energies of the geometry-optimized CnS and SCnS clusters are linearly dependent 

on chain length. The difference between the energy gap of CnS and Cn+1S clusters and 

SCnS and SCn+1S clusters is small, and close to the value of E [Cn] − E [Cn+1], indicating 

that the sulfur atom does not dramatically change the properties of the Cn chains. This 

reflects the similar ionization energies and electronegativities of carbon and sulfur.86 

To test the reliability of the geometries predicted at the B3LYP/6-311G(d) level, 

bond lengths and rotational constants were also calculated at the B3LYP/cc-pVDZ, 

B3LYP/aug-cc-pVTZ, MP2, and CCSD(T)/cc-pVDZ levels for C2S, C6S and C7S2 (cf., 

Table 3-8). The predicted Be values for C2S at the MP2 and CCSD(T) levels are in poorer 

agreement with experiment than the ones calculated at the B3LYP level (cf., Table 3-8). 

On the other hand, the CCSD(T) Be value for C6S differs more from the experimental B0 

value than the B3LYP and MP2 values do. It is interesting to note that B3LYP/aug-cc-

pVTZ predicts the best Be value for C2S, while MP2 gives the best values for C6S. 

However, the B3LYP/6-311G(d) predicted Be values for C2S and C6S, i.e., 6.42558 GHz 

and 0.59618 GHz, respectively, (cf., Table 3-7) differ from the best predicted Be values 

(cf., Table 3-8) by only 0.6% and 2.6%. 

Table 3-8 shows that the S–C1 and Ci–Cj bond lengths computed using DFT theory 

are always shorter than those obtained with ab initio theory. Furthermore, the DFT Ci–Cj 
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bond lengths in C6S show a noticeable alternation, indicating a slight bond conjugation. 

However, MP2 and CCSD(T) results show that the Ci–Cj bond lengths in C6S are almost 

identical, corresponding to a cumulenic structure. 

Table 3-8. Energies E (Hartrees), dipole moments µe (Debyes), bond lengths (Å), and 
rotational constants Be (GHz), calculated for linear C2S, C6S, and C7S2 
clusters at B3LYP/6-311G(d), B3LYP/cc-pVDZ, B3LYP/aug-cc-pVTZ, 
MP2/cc-pVDZ and CCSD(T)/cc-pVDZ levels of theory. 

CnSm Theory E µe S−C1 C1−C2 C2−C3 C3−C4 C4−C5 C5−C6 Be
a 

C2S B3LYPb −474.2727 2.8779 1.5752 1.3137     6.4256 
 B3LYPc −474.2552 2.8350 1.5840 1.3244     6.3417 
 B3LYPd −474.2920 3.0645 1.5711 1.3086     6.4655 
 MP2 −473.4542 2.9619 1.5863 1.3361     6.2872 
 CCSD(T) −473.5035 2.9434 1.5930 1.3400     6.2407 
           
C6S B3LYPb −626.6379 5.0346 1.5667 1.2747 1.2811 1.2717 1.2908 1.2938 0.5962 
 B3LYPc −626.5936 5.0279 1.5756 1.2844 1.2908 1.2815 1.3002 1.3032 0.5877 
 B3LYPd −626.6743 5.3880 1.5632 1.2728 1.2791 1.2691 1.2889 1.2884 0.5986 
 MP2 −625.2895 6.3227 1.5850 1.2951 1.2971 1.2893 1.3073 1.3057 0.5810 
 CCSD(T) −625.3825 6.3808 1.5840 1.2983 1.3028 1.2949 1.3141 1.3187 0.5768 
           
C7S2 B3LYPb −1063.0656 0 1.5661 1.2731 1.2768 1.2748   0.2102 
 B3LYPc −1063.0057 0 1.5741 1.2832 1.2867 1.2844   0.2072 
 B3LYPd −1063.1144 0 1.5627 1.2713 1.2750 1.2726   0.2109 
 MP2 −1061.0898 0 1.5789 1.2991 1.2980 1.2981   0.2036 
 CCSD(T) −1061.1483 0 1.5851 1.2976 1.3003 1.2987   0.2031 
a B0, experimental rotational constants for C2

32S and C6
32S are 6.4778 and 0.5825 GHZ, 

respectively.45,59 Note that the predicted Be values at MP2 and CCSD(T) levels for C2S 
are in poorer agreement with experiment than the Be values calculated at the B3LYP 
level. Also, the Be (CCSD(T)) value in C6S departs more from the experimental value 
than the Be (B3LYP) and Be (MP2) values. 
b Calculated at B3LYP/6-311G(d) level. 
c Calculated at B3LYP/cc-pVDZ level. 
d Calculated at B3LYP/aug-cc-pVTZ level. 
 

The dipole moments of C2S and C6S from MP2 computations are similar to those 

from CCSD(T); both are larger than the values obtained from DFT at different levels, 

except for C2S from B3LYP/aug-cc-pVDZ. 

Since theoretical rotational constants are in good agreement with experiment, the 

structural parameters computed by DFT are appropriate for sulfur-doped carbon clusters. 

As chain length increases, rotational constants decrease almost exponentially, especially 

for clusters with larger n. As n increases, the differences in Be,n decrease dramatically. 

Dipole moments for the CnS clusters increase almost linearly with increasing chain 



34 

 

length, but for the larger clusters, small fluctuations with an odd/even alternation appear. 

The dipole moments for SiCn (n = 2–10) clusters also show a similar fluctuating 

behavior.87 This is probably related to the singlet and triplet alternation of heteroatom-

containing carbon clusters. 

The sulfur atoms in both CnS and SCnS clusters bear a positive charge, varying 

from 0.25 e to 0.14 e, while the adjacent C atom possesses a small negative charge. For 

CnS clusters, the charge on the terminal carbon atom is always close to –0.1 e, while the 

next-closest carbon bears the highest absolute negative charge. In SCnS species, most of 

the charge is located at the center of the chain, especially for the longer chains. All S–C 

and C–C bonds are weakly polarized, which is attributable to the small electronegativity 

differences between C and S. 

Figure 3-8 shows the S0–C1, C1–C2, and C2–C3 bond lengths for the CnS and SCnS 

clusters as a function of number of carbon atoms. The S0–C1 bond lengths for CnS and 

SCnS clusters exhibit the same odd/even alternation. With increasing number of carbons, 

the S0–C1 bond length increases monotonically for odd n, while decreasing for even n. 

The odd/even difference gets smaller as the chain length increases. The S0–C1 lengths in 

CnS are much smaller than in SCnS for the same n, indicating that the introduction of one 

more sulfur atom decreases the S0–C1 bond strength. This is also reflected in the lowering 

of the S0–C1 bonding strengths and stretching frequencies in SCnS vs. CnS clusters (vide 

infra). 

No appreciable variation in the C–C bond lengths is seen along the carbon chain, 

which suggests mostly cumulenic bonding in CnS and SCnS. However, the bond lengths 

are affected by the multiplicity of the ground state. As Figure 3-9B shows, C–C bond 
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Figure 3-8. The S0–C1 (A), C1–C2 (B), and C2–C3 (B) bond lengths for linear CnS and 

SCnS clusters as a function of number of carbon atoms, calculated at the 
B3LYP/6-311G(d) level. 

lengths show a strong odd/even alternation with n as S0–C1 bond lengthens. But the 

lengths of the C1–C2 bond adjacent to S exhibit a smaller odd/even effect. Also, the odd-

even bond lengths differences are smaller for two sulfurs in the chain than for one. 

Interestingly, for the SCnS clusters with odd n, the C1–C2 bond lengths are almost 
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identical, while for even n clusters the bond lengths increase a little with increasing n. 

But for CnS clusters, the odd-even C1–C2 length variation is reversed. The C1–C2 bond 

lengths in even clusters have similar values, while odd clusters display a decreasing 

pattern. When observing the C2–C3 bond lengths, a similar variation can be seen for CnS 

and SCnS clusters. Therefore, it appears that the addition of a sulfur atom decreases and 

reverses the variation of the adjacent C–C bond lengths in the carbon chain. 

Vibrational Properties 

No imaginary frequencies were found for any of the molecules studied, indicating 

that the linear geometries are indeed at local potential energy minima. Figure 3-9 shows 

the vibrational frequencies of the highest intensity mode for the Cn, CnS and SCnS 

clusters, as a function of n, while Figure 3-10A and Figure 3-10B present all the infrared-

active stretching frequencies for the CnS and SCnS clusters (n = 1–29). 

Figure 3-9 illustrates that the frequencies of the most intense modes of the Cn, CnS, 

and SCnS clusters with odd n reach a maximum at n = 5 and then decrease with 

increasing numbers of carbon atoms. For clusters with the same number of carbons (with 

n > 5), band frequencies decrease in order Cn > CnS > SCnS. Even n clusters also obey the 

same trend, but the frequencies reach a maximum at n = 10, and then decrease. Although 

the intensities of these modes generally increase as the carbon chain increases, the pattern 

is not a simple one. Some bands have, however, very large computed intensities. For 

example, the C29S band at 1535.82 cm−1 has an intensity of 1.9×105 km/mol, while the 

SC29S band at 1495.31 cm−1 has a slightly larger intensity, 2.2×105 km/mol. Although the 

absorption intensity increases as a function of the size of the linear chain, such large 

intensities are probably not physically reasonable and may be due to wave function 

instabilities. However, it is still clear that observation of these species should be possible, 
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but may be difficult due to unknown cluster abundances in any IR measurements, 

terrestrial or celestial. 

 
Figure 3-9. Vibrational frequencies of the most intense (C–C) mode for linear Cn, CnS 

and SCnS clusters computed at B3LYP/6-311G(d) level. 

Table 3-9 and Table 3-10 present the calculated infrared-active stretching 

frequencies for the CnS and SCnS clusters in their ground states. In both tables, the lowest 

frequencies represent the C–S stretching modes, while all the others are the various C–C 

chain stretching modes. It can be seen that the C–S vibrational frequencies decrease 

almost exponentially as the number of carbon atoms increases. Absolute intensities are 

also included in the tables, although they are notoriously difficult to measure 

experimentally. 

All the vibrational stretching frequencies, obtained at the B3LYP/6-311G(d) level, 

are plotted as a function of the number of carbon atoms in Figure 3-10. More vibrational 

fundamentals are squeezed into the high-energy region as the number of carbon atoms 
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Table 3-9. Calculated (B3LYP/6-311G(d)) vibrational frequencies (cm−1, unscaled) for 
linear CnS (σ modes; n = 1–29) carbon-sulfur clusters in their electronic 
ground states. Absolute integral IR intensities (km/mol) for predicted 
frequencies are in parentheses. 

n σ Vibrational Frequencies & Integral Intensities 
1 1301 (87) 
2 860 (14), 1724 (43) 
3 738 (13), 1566 (66), 2145 (1528) 
4 612 (7), 1223 (5), 1810 (530), 2117 (33) 
5 543 (7), 1091 (80), 1655 (623), 2088 (0), 2239 (4003) 
6 476 (4), 938 (32), 1409 (275), 1837 (8), 2090 (1498), 2133 (38) 
7 432 (3), 855 (86), 1285 (284), 1712 (139), 2010 (2859), 22091 (5750), 2230 (231) 
8 390 (3), 765 (51), 1145 (171), 1517 (28), 1843.72 (1150), 2041 (15), 2097 (1), 2170 (2665) 
9 359 (2), 708 (94), 1058 (172), 1406 (146), 1735 (1375), 1994 (9), 2109 (13747), 2197 (904), 2261 (48) 
10 330 (1), 648 (61), 966 (120), 1281 (66), 1580 (667), 1851 (0), 1995 (15), 2029 (2971), 2170 (215), 2177 (3256) 
11 307 (1), 606 (94), 903 (122), 1199 (168), 1484 (720), 1759 (312), 1956 (6652), 2074 (16949), 2129 (126), 2233 (504), 

2250 (119) 
12 286 (1), 563 (64), 837 (89), 1110 (99), 1375 (465), 1627 (73), 1851 (1855), 1917 (4), 2019 (3), 2114 (8294), 2169 (841), 

2204 (35) 
13 268 (0), 530 (93), 789 (92), 1046 (188), 1298 (507), 1540 (248), 1767 (2874), 1953 (140), 1990 (31509), 2103 (93), 

2192 (3), 2224 (2), 2246 (1933) 
14 252 (1), 497 (67), 739 (68), 979 (123), 1216 (354), 1444 (108), 1657 (1124), 1836 (8), 1867 (0), 1989 (5061), 2105 

(9156), 2117 (629), 2195 (863), 2207 (59) 
15 238 (0), 471 (94), 702 (71), 930 (203), 1155 (393), 1374 (263), 1580 (1470), 1782 (894), 1908 (33271), 1965 (11982), 

2067 (22), 2169 (1143), 2182 (81), 2234 (396), 2242 (2532) 
16 225 (0), 445 (69), 663 (54), 877 (141), 1090 (284), 1297 (143), 1495 (842), 1682 (138), 1774 (11), 1855 (2934), 1983 

(2), 2047 (17828), 2105 (164), 2168 (14), 2199 (5), 2211 (2350) 
17 214 (0), 424 (92), 632 (57), 837 (213), 1040 (313), 1239 (288), 1430 (1059), 1612 (482), 1783 (9677), 1875 (51406), 

1931 (85), 2049 (237), 2127 (0), 2158 (0), 2204 (5169), 2228 (1303), 2245 (205) 
18 203 (0), 403 (70), 600 (43), 795 (154), 987 (234), 1177 (175), 1360 (671), 1535 (168), 1697 (1409), 1707 (349), 1859 

(17), 1959 (11254), 2023 (13984), 2073 (58), 2153 (2006), 2168 (48), 2208 (41), 2214 (3115) 
19 194 (0), 386 (92), 575 (45), 761 (219), 946 (260), 1128 (312), 1305 (832), 1476 (455), 1635 (3438), 1791 (20859), 1816 

(54674), 1927 (93), 2027 (3), 2101 (66), 2119 (2289), 2191 (1334), 2197 (6403), 2234 (460), 2242 (311) 
20 186 (0), 368 (70), 5496 (35), 726 (163), 903 (198), 1077 (203), 1246 (560), 1411 (201), 1566 (1339), 1636 (18), 1717 

(222), 1854 (5309), 1959 (1267), 1967 (26602), 2059 (489), 2123 (0), 2153 (6), 2184 (6183), 2209 (1560), 2219 (110) 
21 178 (0), 353 (92), 527 (36), 698 (222), 868 (220), 1036 (333), 1200 (686), 1359 (461), 1511 (2276), 1656 (1748), 1748 

(90369), 1808 (5292), 1917 (18), 2014 (1068), 2056 (0), 2105 (8), 2154 (10837), 2184 (1742), 2216 (13), 2232 (13), 
2240 (2101) 

22 171 (0), 339 (71), 505 (28), 669 (168), 832 (170), 993 (225), 1150 (480), 1304 (234), 1452 (1094), 1569 (91), 1595 
(184), 1726 (2755), 1859 (134), 1913 (36790), 1960 (1385), 2039 (10), 2111 (673), 2116 (3022), 2177 (142), 2186 
(8672), 2214 (429), 2221 (195) 

23 164 (0), 326 (94), 487 (29), 645 (225), 802 (189), 957 (352), 1110 (585), 1259 (480), 1403 (1728), 1542 (1125), 1665 
(33331), 1705 (86984), 1806 (164), 1913 (390), 1995 (2), 2026 (11), 2079 (4513), 2140 (12268), 2151 (602), 2203 
(828), 2214 (509), 2233 (240), 2239 (2730) 

24 158 (0), 314 (72), 468 (23), 620 (170), 771 (149), 921 (243), 1068 (418), 1212 (265), 1351 (927), 1485 (318), 1507 (8), 
1614 (2010), 1737 (483), 1849 (21483), 1887 (25505), 1943 (42), 20288 (2013), 2074 (2), 2108 (1), 2149 (11635), 2177 
(3004), 2199 (46), 2217 (31), 2221 (2183) 

25 152 (0), 303 (96), 452 (24), 599 (226), 746 (166), 890 (369), 1033 (510), 1173 (509), 1309 (1416), 1441 (970), 1564 
(10017), 1644 (135298), 1688 (2483), 1810 (18), 1906 (16), 1980 (203), 1990 (2072), 2069 (72), 2103 (19856), 2140 
(231), 2180 (5), 2200 (3), 2219 (4022), 2231 (1597), 2239 (542) 

26 147 (0), 292 (74), 436 (18), 578 (173), 719 (129), 859 (259), 996 (371), 1132 (292), 1264 (807), 1392 (332), 1443 (52), 
1515 (1634), 1633 (392), 1743 (5660), 1835 (51322), 1860 (391), 1938 (735), 2012 (0), 2052 (49), 2083 (6228), 2143 
(5726), 2147 (8797), 2190 (1039), 2203 (38.0), 2218 (24), 2223 (3126) 

27 142 (1), 283 (99), 422 (20), 560 (229), 697 (145), 832 (384), 965 (454), 1097 (538), 1226 (1214), 1351 (924), 1471 
(5630), 1581 (87161), 1596 (85055), 1700 (299), 1811 (32), 1904 (1256), 1939 (7), 1984 (2), 2047 (10847), 2084 
(15389), 2117 (70), 2169 (1367), 2174 (320), 2210 (225), 2218 (6433), 2233 (432), 2239 (615) 

28 137 (0), 273 (76), 408 (13), 541 (172), 673 (110), 804 (265), 934 (346), 1061 (336), 1186 (703), 1308 (3586), 1380 (65), 
1426 (1385), 1540 (393), 1647 (3539), 1752 (2384), 1791 (61936), 1861 (16), 1930 (14), 2005 (3868), 2016 (24), 2075 
(9), 2112 (21361), 2140 (1301), 2172 (15), 2194 (17), 2205 (4969), 2220 (1979), 2224 (278) 

29 133 (1), 265 (102), 396 (17), 525 (229), 654 (129), 781 (396), 906 (409), 1031 (570), 1152 (1066), 1272 (927), 1386 
(4026), 1498 (10990), 1536 (194838), 1608 (2290), 1708 (2), 1814 (637), 1893 (6), 1912 (43), 1971 (4443), 2042 
(3255), 2048 (25298), 2106 (196), 2143 (0), 2163 (0), 2191 (7219), 2208 (2889), 2224 (26), 2232 (53), 2237 (2423) 
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Table 3-10. Calculated (B3LYP/6-311G(d)) vibrational frequencies (cm−1, unscaled) for 
linear SCnS (σu modes; n = 1–29) clusters in their electronic ground states. 
Absolute integral IR intensities (km/mol) for predicted frequencies in 
parentheses. 

n σu Vibrational Frequencies & Integral Intensities 
1 1555 (736) 
2 1179 (150) 
3 1037 (386), 2177 (3288) 
4 882 (173), 1943 (925) 
5 808 (295), 1737 (1742), 2213 (6280) 
6 721 (175), 1527 (700), 2128 (2188) 
7 671 (251), 1403 (1190), 2041 (7096), 2182 (7561) 
8 615 (168), 1269 (665), 1908 (1855), 2170 (3514) 
9 577 (2290), 1181 (975), 1775 (3251), 2077 (19808), 2202 (8) 
10 537 (156), 1089 (625), 1641 (1355), 2063 (5014), 2166 (5529) 
11 508 (196), 1023 (854), 1548 (2315), 1967 (20561), 2052 (21132), 2233 (1082) 
12 477 (147), 955 (591), 1446 (1274), 1891 (3055), 2107 (11506), 2174 (0) 
13 453 (178), 906 (774), 1371 (1925), 1789 (7258), 1953 (38344), 2121 (138), 2238 (2381) 
14 429 (137), 854 (559), 1291 (1193), 1694 (2158), 2013 (10369), 2089 (10820), 2200 (1451) 
15 410 (165), 815 (713), 1229 (1705), 1621 (4554), 1879 (55330), 1977 (1422), 2177 (2491), 2229 (2761) 
16 390 (129), 773 (530), 1165 (1128), 1542 (2025), 1880 (5150), 2027 (212700), 2120 (293), 2210 (2747) 
17 374 (159), 740 (673), 1114 (1598), 1478 (3632), 1785 (37987), 1847 (38548), 2067 (937), 2195 (7802), 2224 (78) 
18 357 (123), 707 (503), 1063 (1078), 1411 (1891), 1725 (3331), 1965 (27269), 2017 (3784), 2163 (3415), 2209 (2937) 
19 343 (147), 680 (623), 1021 (1471), 1357 (3103), 1662 (14157), 1773 (84030), 1946 (73), 2128 (4898), 2182 (7000), 

2233 (926) 
20 329 (118), 652 (4766), 977 (1041), 1300 (1797), 1600 (3081), 1871 (11820), 1945 (28606), 2077 (1521), 2183 (8568), 

2208 (279) 
21 318 (140), 630 (592), 943 (1390), 1254 (2844), 1546 (8704), 1710 (113144), 1819 (868), 2031 (2244), 2143 (14271), 

2185 (11), 2236 (2014) 
22 306 (114), 605 (451), 906 (1004), 1205 (1723), 1490 (2837), 1744 (5648), 1893 (45411), 1978 (62), 2126 (6151), 2178 

(8053), 2216 (900) 
23 296 (136), 586 (560), 876 (1344), 1165 (2638), 1441 (6833), 1647 (131889), 1709 (11809), 1928 (932), 2086 (10854), 

2128 (9235), 2206 (1939), 2232 (2307) 
24 285 (111), 565 (429), 844 (967), 1122 (1656), 1392 (2659), 1639 (4820), 1842 (51977), 1885 (4856), 2045 (3429), 2146 

(16168), 2177 (250), 2220 (2354) 
25 276 (133), 548 (536), 818 (1293), 1087 (2535), 1349 (5786), 1577 (97331), 1621 (78972), 1819 (269), 2004 (4342), 

2087 (21882), 2147 (152), 2215 (6086), 2230 (221) 
26 267 (109), 530 (411), 790 (9358), 1051 (1608), 1305 (2531), 1544 (4287), 1755 (15898), 1814 (53366), 1957 (1722), 

2092 (11348), 2136 (12204), 2194 (2208), 2220 (2737) 
27 259 (132), 514 (517), 767 (1248), 1020 (2477), 1267 (5292), 1496 (46420), 1554 (165507), 1721 (1), 1915 (2313), 2046 

(25565), 2079 (4145), 2175 (3230), 2209 (6054), 2233 (746) 
28 251 (108), 499 (394), 743 (905), 988 (1569), 1229 (2438), 1459 (3936), 1667 (9679), 1769 (73017), 1873 (458), 2020 

(6222), 2104 (25112), 2146 (21), 2205 (6943), 2220 (619) 
29 244 (131), 485 (503), 723 (1226), 961 (2416), 1195 (4971), 1416 (28353), 14951 (222506), 1633 (244), 1821 (1252), 

1982 (10672), 2031 (27039), 2114 (1091), 2186 (10788), 2206 (256), 2234 (1901) 
 
increases. With an additional sulfur atom, the SCnS species have (n + 1) stretching 

fundamentals. But, because of their high molecular symmetry, only a portion of these 

frequencies are infrared active, cf., Figure 3-10B. For SCnS with even n, the number of σu 

vibrational frequencies is equal to n/2, while the number of infrared-active stretching 

fundamentals for odd SCnS is (n + 1)/2. In Figure 3-10, each line corresponds to a 

particular vibrational mode. In the low-energy region, these lines are well separated. 



40 

 

Although carbon-sulfur clusters exhibit strong odd / even parity, vibrational lines for odd 

and even clusters fall on the same smooth exponential curves, similar to those expected 

from the harmonic oscillator model. When observing the relatively high-energy region 

(higher than 1900 cm−1), the situation becomes more complicated. The trend lines cross, 

and the vibrational fundamentals are denser, making experimental assignments more 

difficult. 

Table 3-11. Comparison of experimental (Ar matrix) and calculated (B3LYP/6-311G(d)) 
most intense IR mode frequencies (cm−1) for linear CnS (σ modes; n = 1–7) 
and SCnS (σu modes; n = 1–7) carbon-sulfur clusters in their electronic ground 
states. Relative IR intensities for predicted and experimental frequencies in 
parentheses. 

CnS     SCnS    
n Mode ωcal

a / cm−1 νexp / cm−1  n Mode ωcal
a / cm−1 νexp / cm−1 

1 (1Σ+) ω1; C–S 1284 (1.0) 1275.1 (1.0)b,c  1 (1Σg
+) ω2; C–S 1534 (1.0) 1528.2 (1.0)b,c 

2 (3Σ−) ω1; C–C 
ω2; C–S 
ω3 

1647 (1.0)e 
848 (0.33)e 
254 (0.16)d,e 

  2 (3Σg
−) ω3; C–S 1163 (1.0) 1179.7 (1.0)c 

3 (1Σ+) ω1; C–C 
ω2; C–C 
ω3; C–S 

2050 (1.0) 
1497 (0.043) 
729 (0.0085) 

2047.6 (1.0)b,c 
1533.2 (0.1)c 
725.6 (0.009)c 

 3 (1Σg
+) ω3; C–C 

ω4; C–S 
 

2080 (1.0) 
1023 (0.12) 
 

2078.5 (1.0)b,c 
1024.6 (0.18)b,c 
 

4 (3Σ−) ω1; C–C 
ω2; C–C 
ω4; C–S 

2023 (0.062) 
1729 (1.0) 
603 (0.013) 

 
1746.8 (1.0)b 
 

 4 (3Σg
−) ω4; C–C 

ω5; C–S 
 

1856 (1.0) 
870 (0.19) 
 

1872.1 (1.0)c 
897.7 (0.117)c 
843.7 (0.056)c 

5 (1Σ+) ω1; C–C 
ω3; C–C 
ω4; C–S 

2140 (1.0) 
1581 (0.16) 
1076 (0.020) 

2124.5 (1.0)b 
 
 

 5 (1Σg
+) ω4; C–C 

ω5; C–C 
ω6; C–S 

2115 (1.0) 
1660 (0.28) 
797 (0.047) 

2104.7 (1.0)c 
1687.9 (0.36)c 
783.5 (0.04)c 

6 (3Σ−) ω1; C–C 
ω2; C–C 
ω4; C–C 

2039 (0.025) 
1998 (1.0) 
1346 (0.18) 

 
 

 6 (3Σg
−) ω5; C–C 

ω6; C–C 
ω7; C–S 

2034 (1.0) 
1459 (0.32) 
712 (0.080) 

 

7 (1Σ+) ω2; C–C 
ω3; C–C 
ω5; C–C 

2111 (1.0) 
1921 (0.50) 
1228 (0.049) 

2088.1 (0.67)c,f 
1913.6 (1.0)c 
1256.1 (0.07)c 

 7 (1Σg
+) ω5; C–C 

ω6; C–C 
ω7; C–C 

2085 (1.0) 
1951 (0.94) 
1341 (0.16) 

 

a Scaled uniformly by 0.9556 for modes with primarily C−C character and by 0.9866 for 
modes with primarily C−S character. 
b Reference 56. c References 51-54, 88. d CCS π bending vibration mode. 
e Harmonic frequencies for C2S in gas phase are 1708.2 (40), 862.5 (19), and 269.3 (13) 
cm−1 for ν1, ν2, and ν3, respectively.89 
f Tentative assignment. 
 

To test the reliability of the harmonic frequency calculations at the B3LYP/6-

311G(d) level in CnS and SCnS clusters, the predicted and observed vibrational 

frequencies are compared in Table 3-11. Computed relative absorption intensities can be 
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Figure 3-10. Number of carbon atoms n is plotted as a function of stretching frequencies 

of σ and σu mode for CnS (A) and SCnS (B) clusters calculated at B3LYP/6-
311G(d) level, respectively. Frequencies are scaled uniformly by an optimum 
scaling factor of λ = 0.9556 (see text) for modes with primarily C−C stretch 
character and by λ = 0.9866 for modes with primarily C−S stretch character. 
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seen to match experimental values well, except for the high-energy modes. All available 

experimental data up to C7S are included.51-54,56,88,89  Harmonic frequencies (B3LYP/6-

311G(d)) were scaled uniformly by a factor of λ = 0.9556 for C−C stretching modes and 

by λ = 0.9866 for C−S stretching modes (cf., Figure 3-10). The optimum scaling factors, 

λ, were generated by minimizing the residuals ( )
2

exp∑ −
n

i
i

theo
i νλω for all known linear 

carbon-sulfur clusters. Here ωi
theo and exp

iν  are the theoretical (B3LYP/6-311G(d)) and 

experimental (Ar matrix) ith fundamental mode frequencies, respectively. This procedure 

is similar to one described by Scott and Radom.90 A standard deviation of only σ = 

17 cm−1 between calculated and experimental C−C stretches was found (cf., Table 3-11). 

Based on the above discussion, it is concluded that pure carbon and sulfur-doped 

carbon clusters not only possess similar structures and odd-even alternation effects, but 

also have similar vibrational properties. This finding may be important in a comparison 

of predicted and observed vibrational frequencies of longer carbon-sulfur clusters, when 

more experimental results become available. 

Dissociation Channels 

The relative stabilities and/or reactivities of carbon-sulfur clusters can be evaluated 

from the associated dissociation energies from the generalized reaction: 

CnSm  CiSj + Cn–iSm–j (n = 1–29; m = 0–2; i = 0–2; j = 0–1) 

With a sulfur atom at the end of the carbon chain, the possible dissociation 

pathways for CnS and SCnS clusters are more complex than for Cn clusters. In matrix 

isolation experiments, it is well known that small species like C, S and CS are relatively 
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mobile during the annealing process. For example, C7S can be formed from the reaction 

of C6 with CS.88 

 
(A) 

 
(B) 

Figure 3-11. Dissociation energies of CnS (A) and SCnS (B) clusters computed at 
B3LYP/6-311G(d) level for the loss of S, CS, C2S, C, and C2 units. 
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Figure 3-11 presents the computed dissociation energies of CnS and SCnS clusters 

for five dissociation channels. These channels can be divided into two groups: 1) losing C 

or CS, and 2) losing S, C2, or C2S fragments. Figure 3-11 shows that the dissociation 

energies for the first two channels alternate strongly with n, with the alternation 

decreasing as the number of carbon atoms increases. While for the latter pathways, the 

dissociation energies are not much different from each other, particularly in the medium 

to longer chains. Other dissociation pathways have also been calculated, but their 

dissociation energies are always greater than the loss of CS. For example, carbon-sulfur 

clusters losing a C3 unit exhibit the same trend as the loss of a single carbon. 

Both CnS and SCnS species favor the loss of CS, probably because of the special 

stability of CS. A similar dissociation pattern was found for CnSe− clusters observed in 

tandem time-of-flight mass spectrometry (TOF-MS) studies.91 It is concluded that the 

carbon chain is the origin of the odd-even alternation effect seen here. The added sulfur 

atom(s) increase the complexity of the dissociation process by weakening the bond 

strength between its neighboring carbon atom and other carbon atoms. The dissociation 

energies of the CnS and SCnS clusters with odd n are always larger those of even n 

clusters. Odd clusters are thus much more stable than even ones. This is consistent with 

the fact that odd clusters are easier to obtain experimentally. Interestingly, odd n CnP− 

clusters, isoelectronic with the CnS clusters, have been found experimentally and 

theoretically to possess higher structural stability than similar even n species.92-94 
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The Linear CnS (n = 2, 6) and CnS2 (n = 7, 9, 11, 13, 15) Carbon-Sulfur Clusters 

Infrared absorption spectrometric study was carried out for carbon-sulfur clusters 

isolated in argon matrices at cryogenic temperatures. Density functional theory 

calculations, reported in the previous section, complement the experimental observations 

and allow the identification of the C2S, C6S, C7S2, C9S2, C11S2, C13S2, and C15S2 clusters 

and ascribe certain vibrational frequencies to them. Several new bands observed at 

1662.6, 857.2, 1377.9, 1368.8, 1832.4 and 1796.7 cm−1 were assigned below to the linear 

C2S (ν1, C–C stretch), C2S (ν2, C–S stretch), C6S (ν4, C–C stretch), C7S2 (ν7, C–C 

stretch), C13S2 (ν10, C–C stretch) and C15S2 (ν12, C–C stretch) carbon-sulfur clusters, 

respectively. The fundamental modes are displayed in Figure 3-12. Other bands at 

2017.8, 2056.7, 1938.2, 1962.1, 1678.7, 1903.2, 1832.4 and 1504.5 cm−1 were tentatively 

assigned to the linear C6S (ν2, C–C stretch), C7S2 (ν5, C–C stretch), C7S2 (ν6, C–C 

stretch), C9S2 (ν7, C–C stretch), C9S2 (ν8, C–C stretch), C11S2 (ν9, C–C stretch), C13S2 

(ν10, C–C stretch) and C15S2 (ν13, C–C stretch) carbon-sulfur clusters, respectively. 

 
Figure 3-12. Schematic of the atomic motion in the C2S, C6S, C7S2, C13S2, and C15S2 

linear carbon-sulfur clusters. The observed (13C isotopomer proved) 
vibrational modes are displayed, only. 
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CnS and CnS2 Vibrational Frequency Coincidence Plots 

Figure 3-13 (A-C) shows the infrared absorption spectra for pure carbon clusters 

(reference spectrum a) and for carbon and carbon-sulfur clusters (spectra b and c) in the 

1970−1200 cm−1 region. Spectrum c was recorded after annealing the matrix originally 

characterized by spectrum b. Since both a and c were recorded on annealed matrices (35 

K), the new bands in c are most probably due to CnS and CnS2 clusters. Figure 3-14 (A-B) 

spectra are generated by electrical discharge through mixtures of C4H2/Ar (spectrum a) 

and C4H2/CS2/Ar (spectrum b and c). The new bands are marked by black dots and listed 

in Figure 3-15 (right column). This figure is an important aid in finding coincidences 

between predicted mode frequencies in CnS and CnS2 and any new bands. (Hereafter this 

figure is referred to as the “coincidence plot”.) Calculated (and scaled) harmonic 

frequencies (cf. Figure 3-10) are marked by filled dots (for n odd) and by empty dots (for 

n even). The error bars represent 2σ, the variance. The standard deviation (σ) was 

calculated for all known experimental C−C stretching frequencies for CnS and CnS2 

clusters (Ar matrices, cf., Table 3-12) and the corresponding calculated (and scaled) 

frequencies (cf., Table 3-11), and found to equal 17 cm−1. 

The dashed vertical lines in Figure 3-15 are the frequency positions of all new 

bands observed (They are also listed in the right hand column of the figure). The analysis 

below excludes the 2170−1970 cm−1 region, because as Figure 3-10 shows, reliable mode 

assignments are very difficult in this range due to the high density of vibrational modes 

from different clusters. In this region, many clusters have similar frequencies and 

attribution of a particular band to a specific cluster is problematic. Some modes (of a 

specific cluster) in this region may also mix since they are symmetry allowed, resulting in 
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unpredictable intensity changes. In addition, this region also includes many modes for 

pure carbon clusters and they frequently overlap bands of CnS or CnS2 clusters, also 

making band assignments difficult. 

 
Figure 3-13. Part of infrared absorption spectra (displayed in A, B and C energy regions) 

of laser ablated graphite products trapped in solid Ar at 35 K (spectrum a) and 
products of laser ablated mixture of graphite/sulfur (4/1 molecular ratio) 
isolated in Ar at 12 K (spectrum b). Spectrum c was recorded after matrix 
(spectrum b) annealing up to 35 K and recooling to 12 K. Newly observed 
bands due to carbon-sulfur clusters are marked by solid circles with their 
proposed assignments. Other known bands at 1952.0 cm−1 (C6),83 1945.7 cm−1 
(C11),95 1915.6 cm−1 (C10),85 1913.6 cm−1 (C7S),88 1894.3 cm−1 (C7),84 1856.6 
cm−1 (C11),95 1844.2 cm−1 (C8cyc),96,97 1818.0 cm−1 (C12),98 1710.5 cm−1 
(C8),99,100 1746.8 cm−1 (C4S),56 1695.0 (C6cyc),101,102 1688.8 cm−1 (C5S2),56 
1446.5 cm−1 (C5),103,104 1275.2 cm−1 (CS),55 1316.8 cm−1 (C7S)88 and 1197.3 
cm−1 (C6)83 are marked as well. The starred bands are due to singly 13C-
substituted isotopomers of 12/13C6.83 
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Figure 3-13. Continued 
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Table 3-12. Comparison of experimental (Ar matrix) and calculated (B3LYP/6-311G(d)) 
most intense IR mode frequencies (cm−1) for linear CnS (σ modes; n = 1–17) 
and SCnS (σu modes; n = 1–17) carbon-sulfur clusters in their electronic 
ground state. Relative IR intensities for predicted and experimental 
frequencies are given in parentheses. 

CnS Mode ωcal
a / cm−1 νexp / cm−1 SCnS Mode ωcal

a / cm−1 νexp / cm−1 
1 (1Σ+) ω1; C–S 1284 (1.0) 1275.1 (1.0)c,d 1 (1Σg

+) ω2; C–S 1534 (1.0) 1528.2 (1.0)c,d 
2 (3Σ−) ω1; C–C 

ω2; C–S 
ω3 

1647 (1.0)g 
848 (0.33)g 
254 (0.16)f,g 

1662.6 (1.0)b 
857.2 (0.28)b 
 

2 (3Σg
−) ω3; C–S 1163 (1.0) 1179.7 (1.0)d 

3 (1Σ+) ω1; C–C 
ω2; C–C 
ω3; C–S 

2050 (1.0) 
1497 (0.043) 
729 (0.0085) 

2047.6 (1.0)c,d 
1533.2 (0.1)d 
725.6 (0.009)d 

3 (1Σg
+) ω3; C–C 

ω4; C–S 
 

2080 (1.0) 
1023 (0.12) 
 

2078.5 (1.0)c,d 
1024.6 (0.18)c,d 
 

4 (3Σ−) ω1; C–C 
ω2; C–C 
ω4; C–S 

2023 (0.062) 
1729 (1.0) 
603 (0.013) 

 
1746.8 (1.0)c 
 

4 (3Σg
−) ω4; C–C 

ω5; C–S 
 

1856 (1.0) 
870 (0.19) 
 

1872.1 (1.0)d 
897.7 (0.117)d 
843.7 (0.056)d 

5 (1Σ+) ω1; C–C 
ω3; C–C 
ω4; C–S 

2140 (1.0) 
1581 (0.16) 
1076 (0.020) 

2124.5 (1.0)c 
 
 

5 (1Σg
+) ω4; C–C 

ω5; C–C 
ω6; C–S 

2115 (1.0) 
1660 (0.28) 
797 (0.047) 

2104.7 (1.0)d 
1687.9 (0.36)d 
783.5 (0.04)d 

6 (3Σ−) ω1; C–C 
ω2; C–C 
ω4; C–C 

2039 (0.025) 
1998 (1.0) 
1346 (0.17) 

 
2017.8 (1.0) b,e 
1377.9 (0.25)b 

6 (3Σg
−) ω5; C–C 

ω6; C–C 
ω7; C–S 

2034 (1.0) 
1459 (0.32) 
712 (0.080) 

 

7 (1Σ+) ω2; C–C 
ω3; C–C 
ω5; C–C 

2111 (1.0) 
1921 (0.50) 
1228 (0.049) 

2088.1 (0.67)d,e 
1913.6 (1.0)d 
1256.1 (0.07)d 

7 (1Σg
+) ω5; C–C 

ω6; C–C 
ω7; C–C 

2085 (1.0) 
1951 (0.94) 
1341 (0.16) 

2056.7 (0.26)b,e 
1938.2 (1.0)b,e 
1368.8 (0.15)b 

8 (3Σ−) ω1; C–C 
ω4; C–C 
ω6; C–C 

2073 (1.0) 
1762 (0.43) 
1094 (0.064) 

 8 (3Σg
−) ω6; C–C 

ω7; C–C 
ω8; C–C 

2074 (1.0) 
1823 (0.53) 
1213 (0.19) 

 

9 (1Σ+) ω2; C–C 
ω3; C–C 
ω5; C–C 

2099 (0.066) 
2015 (1.0) 
1658 (0.10) 

 9 (1Σg
+) ω7; C–C 

ω8; C–C 
ω9; C–C 

1985 (1.0) 
1696 (0.16) 
1128 (0.049) 

1962.1 (1.0)b,e 
1678.7 (0.11)b,e 

10 (3Σ−) ω1; C–C 
ω3; C–C 
ω6; C–C 

2080 (1.0) 
1939 (0.91) 
1510 (0.20) 

 10 (3Σg
−) ω7; C–C 

ω8; C–C 
ω9; C–C 

2070 (1.0) 
1972 (0.91) 
1569 (0.25) 

 

11 (1Σ+) ω4; C–C 
ω5; C–C 
ω7; C–C 

1982 (1.0) 
1869 (0.39) 
1418 (0.043) 

 11 (1Σg
+) ω8; C–C 

ω9; C–C 
ω10; C–C 

1961 (1.0) 
1879 (0.97) 
1479 (0.11) 

 
1903.2 (1.0)b,e 

12 (3Σ−) ω2; C–C 
ω3; C–C 
ω6; C–C 

2073 (0.10) 
2020 (1.0) 
1769 (0.22) 

 12 (3Σg
−) ω9; C–C 

ω10; C–C 
ω11; C–C 

2013 (1.0) 
1807 (0.27) 
1382 (0.11) 

 

13 (1Σ+) ω1; C–C 
ω5; C–C 
ω7; C–C 

2146 (0.061) 
1902 (1.0) 
1689 (0.091) 

 13 (1Σg
+) ω8; C–C 

ω10; C–C 
ω11; C–C 

2138 (0.062) 
1867 (1.0) 
1710 (0.19) 

 
1832.4 (1.0)b,e 

14 (3Σ−) ω4; C–C 
ω5; C–C 
ω8; C–C 

2011 (1.0) 
1900 (0.55) 
1583 (0.12) 

 14 (3Σg
−) ω10; C–C 

ω11; C–C 
ω12; C–C 

1996 (1.0) 
1924 (0.96) 
1619 (0.20) 

 

15 (1Σ+) ω1; C–C 
ω6; C–C 
ω7; C–C 

2142 (0.076) 
1877 (0.36) 
1824 (1.0) 

 15 (1Σg
+) ω9; C–C 

ω12; C–C 
ω13; C–C 

2130 (0.050) 
1795 (1.0) 
1549 (0.082) 

 
1796.9 (1.0)b 
1504.5 (0.11)b,e 

16 (3Σ−) ω1; C–C 
ω5; C–C 
ω7; C–C 

2113 (0.13) 
1956 (1.0) 
1773 (0.16) 

 16 (3Σg
−) ω10; C–C 

ω12; C–C 
ω13; C–C 

2112 (0.13) 
1937 (1.0) 
1797 (0.24) 

 

17 (1Σ+) ω3; C–C 
ω8; C–C 
ω9; C–C 

2106 (0.10) 
1792 (1.0) 
1704 (0.19) 

 17 (1Σg
+) ω10; C–C 

ω12; C–C 
ω13; C–C 

2097 (0.20) 
1765 (1.0) 
1706 (0.99) 

 

a Scaled uniformly by 0.9556 for modes with primarily C−C character and by 0.9866 
factor for modes with primarily C−S character. 
b This work. c Reference 56. d References 51, 53-55, 88. e Tentative assignment. 
f CCS π bending vibration mode. 
g Harmonic frequencies for C2S in gas phase are 1708.2 (40), 862.5 (19), and 269.3 (13) 
cm−1 for ν1, ν2, and ν3, respectively.89 
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Figure 3-14. Part of infrared absorption spectra (displayed in A, and B energy regions) of 

diacetylene (C4H2) (0.25%)/ Ar electrical discharge products trapped in solid 
Ar at 35 K and annealed up to 35 K (bottom spectrum a) and products of C4H2 
(0.25%)/CS2 (0.3%)/Ar electrical discharge isolated in Ar at 12 K (middle 
spectrum b). Top spectrum c was recorded after matrix (spectrum b) 
annealing up to 35 K and recooling to 12 K. Newly observed bands due to 
carbon-sulfur clusters are marked by solid circles with their proposed 
assignments. In addition to know bands observed in Figure 3-13 the following 
previously reported bands are observed at 1956.6 cm−1 (C6H),105 1936.5 cm−1 
(C6

−),106,107 1831.8 cm−1 (C5
−),107,108 1827.9 (1826.3) cm−1 (C4H2

+),109 1734.8 
cm−1 (C7

−),107,108 1721.8 cm−1 (C3
−),107,110 1699.9 cm−1 (C4

−),111 1686.7 cm−1 
(C9

−)107,108 and they are marked as well. 
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Figure 3-15. Coincidences of calculated (B3LYP/6-311G(d,p) scaled, solid and empty 

dotes) vibrational frequencies of fundamental modes with experimentally 
observed band frequencies (listed in the column in cm−1 and marked as 
vertical dashed lines) for CnS (A) and CnS2 (B) linear carbon-sulfur clusters. 
The σ standard deviation for previously reported experimental (cf., Table 3-
12) and predicted band frequencies is 17 cm−1, thus the bar error of 2σ is 
marked for each predicted mode frequencies. 
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The C2S Carbon-Sulfur Cluster 

A recent gas phase fluorescence spectral study of C2S reported three fundamental 

bands at 1708.2, 862.5 and 269.3 cm−1.89 Another report on the laser-induced photolysis 

of matrix-isolated C3S2 or C3OS produced infrared absorption bands in argon matrices at 

1666.6 and 862.7 cm−1 which were attributed to C2S.112 Both bands were supported by 

DFT theory calculations, but 13C-substituted species were not observed.112 

Although C2S is formed in secondary reactions after discharging CS2, its 

abundance is expected to be low. Furthermore, because the most intense calculated 

infrared vibration for C2S is only 43 km/mol (B3LYP/6-311G(d)), the likelihood of 

observing C2S is small. However, Figure 3-15 shows that two of the observed bands, at 

1650.6 and 1662.7 cm−1, could be candidates for one of the fundamental modes in C2S. 

But C7S and C9S clusters are also candidates. (No CnS2 clusters are expected to have 

bands in this region.) However, the previously-reported C7S bands at 1913.6 and 1256.1 

cm−1 show poor correlation with the 1650.6 and 1662.7 cm−1 bands. Thus, C7S can be 

eliminated as a potential carrier of either of these bands. 

13C-labeling is an important method of confirming band assignments for unknown, 

relatively small, carbon-containing clusters. 12/13C-substitution in C2S should yield four 

different isotopomers giving rise to four IR bands. Similar substitution in C9S should 

yield a large number of isotopomeric bands, making distinction between C2S and C9S 

straightforward. Figure 3-16 shows infrared spectra recorded on the trapped products of 

discharges through 12C2H2/12CS2/Ar (spectrum a) or 13C2H2/12CS2/Ar (spectrum b). The 

regions plotted are located where the ν1 and ν2 fundamental modes of C2S are expected 
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Figure 3-16. Infrared spectrum of the products of 12C2H2/12CS2/Ar (spectrum a) and the 

13C2H2/12CS2/Ar (spectrum b) discharges plotted in two energy regions of the 
ω1 and ω2 predicted fundamental modes frequencies. Spectrum c is recorded 
for matrix (b spectrum) UV photolyzed, annealed up to 35 K and recooled to 
12 K of matrix. The filled dot marked bands are assigned to the 12/13C2S 
isotopomers (cf., Table 3-13). The star marked bands are due to bending 
vibration in matrix isolated H2O, while empty circle, triangle and square 
marked bands are due to other carriers. 
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Table 3-13. Comparison of observed (Ar matrix, 35 K) and calculated (B3LYP/6-
311G(d) and B3LYP/cc-pVDZ) isotopomer frequencies (cm−1) of ν1, and ν2 
modes for all-12C, singly-13C and all-13C substituted 12/13C2S linear carbon-
sulfur clusters, as well as ν4, ν7, ν10, and ν12 modes for all-12C and singly-13C 
substituted 12/13C6S, 12/13C7S2, 12/13C13S2, and 12/13C15S2 clusters, respectively. 

Mode Isotopomer νexp ω1
a ω2

b νexp−ω1 νexp−ω2 
C2S 12−12−32 1662.6 1662.6 1662.6   0.0   0.0 
ω1 (C−C) 13−12−32 1644.1 1644.0 1644.1   0.2   0.1 
 12−13−32 1620.6 1618.8 1618.8   1.8   1.8 
 13−13−32 1602.0 1599.4 1599.4   2.6   2.6 
       
C2S 12−12−32 857.2 857.2 857.2   0.0   0.0 
ω2 (C−S) 13−12−32 840.7 840.1 840.1   0.6   0.6 
 12−13−32 852.4 853.2 853.2 −0.8 −0.8 
 13−13−32 836.5 837.0 836.9 −0.5 −0.4 
       
C6S 12−12−12−12−12−12−32 1377.9 1377.9 1377.9   0.0   0.0 
ω4 (C−C) 13−12−12−12−12−12−32 1367.8 1366.6 1366.9   1.2   0.9 
 12−13−12−12−12−12−32 1376.1 1376.0 1376.3   0.1 −0.2 
 12−12−13−12−12−12−32 1361.0 1362.3 1362.6 −1.3 −1.6 
 12−12−12−13−12−12−32 1374.2 1373.8 1374.1   0.4   0.1 
 12−12−12−12−13−12−32 1372.9 1372.5 1372.9   0.1 −0.5 
 12−12−12−12−12−13−32 1359.9 1360.4 1360.8 −0.5 −0.9 
       
C7S2 32−12−12−12−12−12−12−12−32 1368.8 1368.8 1368.8   0.0   0.0 
ω7 (C−C) 32−13−12−12−12−12−12−12−32 1355.2 1355.0 1355.2   0.2   0.0 
 32−12−13−12−12−12−12−12−32 1365.0 1364.9 1364.9   0.1   0.1 
 32−12−12−13−12−12−12−12−32 1367.8 1366.7 1366.7   1.1   1.1 
 32−12−12−12−13−12−12−12−32 1355.2 1355.5 1355.6 −0.3 −0.4 
       
C13S2 32−12−12−12−12−12−12−12−…−32 1832.4 1832.4    0.0  
ω10 (C−C) 32−13−12−12−12−12−12−12−…−32 1832.0 1832.2  −0.2  
 32−12−13−12−12−12−12−12−…−32 1826.8 1825.2    1.6  
 32−12−12−13−12−12−12−12−…−32 1824.8 1823.2    1.6  
 32−12−12−12−13−12−12−12−…−32 1828.0 1827.2    0.8  
 32−12−12−12−12−13−12−12−…−32 1829.5 1829.8  −0.3  
 32−12−12−12−12−12−13−12−…−32 1819.8 1819.8    0.0  
 32−12−12−12−12−12−12−13−…−32 1816.0 1816.4  −0.4  
       
C15S2 32−12−12−12−12−12−12−12−12−…−32 1796.9 1796.9    0.0  
ω12 (C−C) 32−13−12−12−12−12−12−12−12−…−32 1795.3 1795.4  −0.1  
 32−12−13−12−12−12−12−12−12−…−32 1787.2 1790.1  −2.9  
 32−12−12−13−12−12−12−12−12−…−32 1794.5 1794.8  −0.3  
 32−12−12−12−13−12−12−12−12−…−32 1795.3 1796.1  −0.8  
 32−12−12−12−12−13−12−12−12−…−32 1792.3 1791.9    0.4  
 32−12−12−12−12−12−13−12−12−…−32 1785.4 1783.4    2.0  
 32−12−12−12−12−12−12−13−12−…−32 1789.3 1790.9  −1.6  
 32−12−12−12−12−12−12−12−13−…−32 1793.3 1794.3  −1.0  
a Calculated at B3LYP/6-311G(d) and scaled by 0.9651, 0.9976, 0.9745, 0.9705, 0.9381, 
and 0.9566 factor for ω1 and ω2 modes of C2S, ω4 mode of C6S, ω7 mode of C7S2, ω10 
mode of C13S2, ω12 mode of C15S2, respectively. 
b Calculated at B3LYP/cc-PVDZ and Scaled by 0.9664, 0.9965, 0.9779, and 0.9753 
factor for ω1 and ω2 modes of C2S, ω4 mode of C6S, ω7 mode of C7S2, respectively. 
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(cf., Table 3-12). Spectrum c is recorded on a matrix originally characterized by spectrum 

b but subjected to UV photolysis, followed by annealing (to 35 K) and re-cooling (to 12 

K). Spectrum c shows bands (dotted) due to a common carrier. Two of the dotted bands, 

at 1662.6 cm−1 and 857.2 cm−1, arise from an isomer containing only 12C atoms. The 

presence of four 12C/13C isotopomer bands (cf., Figure 3-16) suggests strongly that the 

carrier of the 1662.6 cm−1 band is C2S, and not C9S. 

To support this conclusion, frequency shifts for the four 12/13C2S isotopomers were 

calculated (at B3LYP/6-311G(d) and B3LYP/cc-pVDZ levels) by adopting force 

constants from the 12C2S calculations (cf., Table 3-8). These results are compared in 

Table 3-13 to the observed frequencies (cf., Figure 3-16). The predicted isotopomer 

frequencies differ from the experimental ones by a maximum of 2.6 cm−1. This is 

acceptable agreement based on previous 13C isotopomer frequency studies of C3S, C4S, 

C5S and C7S.56,88 For the latter clusters, maximum isotopomer frequency deviations of ca. 

3 cm−1 were reported. In conclusion, isotopic substitution confirms the 1662.6 and 857.2 

cm−1 band assignments to the ν1 (C−C stretch) and ν2 (C−S stretch) modes in linear C2S. 

Some isotopomer bands attributed to the same species change relative intensities 

upon matrix photolysis/annealing (cf., Figure 3-16A and 3-16B, spectrum c). For 

example, during annealing the 1620.6 and 852.4 cm−1 bands (both assigned to the 

12−13−32 isotopomer) gain in intensity, while the 1644.2 and 840.7 cm−1 bands (both 

assigned to the 13−12−32 isotopomer) decrease. This interesting effect can be explained 

by the formation and depletion of these isotopomers as a result of exothermic reactions 

initiated by photolysis or variable diffusion of 12/13C, S, 12/13CS species upon annealing. 

Not only do the laser ablation and discharge experiments probably produce different 



56 

 

concentrations of the initial reactants (cf., Figure 3-13, Figure 3-14, and Figure 3-16), but 

different reaction pathways are expected to form and destroy C2S. Both of these can lead 

to varying yields of formation and destruction of the different isotopomers and thus 

different band intensities. 

The C6S and C7S2 Carbon-Sulfur Clusters 

The two most intense vibrational modes of C6S are predicted to fall at 1346 cm−1 

(ω4, 0.18), and 1998 cm−1 (ω2, 1.0)  (mode designation and relative computed intensities 

in parentheses, cf., Table 3-12). From the coincidence plot (Figure 3-15A), the 1346 cm−1 

ν4 mode might be ascribed to one of several experimental bands, either c (1316.8), d 

(1332.3), e (1368.8) or f (1377.9 cm−1). To determine which of these is the correct 

choice, use was made of 12C/13C isotopic substitution. Rather than try to observe all 62 

isotopomeric bands for C6S, the isotopic ratio [12C] / [13C] was chosen to be 6, so that 

only the all 12C and singly 13C-substituted isotopomer bands would be expected to appear. 

Figure 3-17 shows the spectra of laser-ablated mixtures of 12C/S (spectrum a) and 

12C/13C/S (spectrum b) in the 1350 − 1380 cm−1 region. Isotopomeric bands built on the 

weak 1377.9 cm−1 band (marked by triangles) and the 1368.8 cm−1 band (marked by dots) 

can be seen in spectrum a. By testing the isotopomeric band patterns expected for C6S, 

C7S2, and other possible clusters, the 1377.9 cm−1 band is here assigned to the ν4 mode of 

C6S. (The 1368.8 cm−1 band is discussed later). The calculated (B3LYP/6-311G(d) and 

B3LYP/cc-pVTZ) harmonic isotopomer frequencies for this mode are given in Table 3-

13 where they are compared to the observed frequencies. The maximum difference 

between prediction and observation is 1.6 cm−1, making this assignment quite reliable. 

The relative strength of the 1355.2 cm−1 band is consistent with the fact that the 



57 

 

calculation predicts two overlapping bands at this frequency. The 

32−13−12−12−12−12−12−12−32 and 32−12−12−12−13−12−12−12−32 isotopomers 

have predicted bands at 1355.0 and 1355.5 cm−1, respectively (cf., Table 3-13). Also, a 

small intensity contribution to the 1355.2 cm−1 band profile comes from an unknown 

12CnSm cluster, whose outline is apparent in the lower trace of Figure 3-17. 

 
Figure 3-17. Infrared spectra of the products of laser-ablated 12C2H2/12CS2/Ar (spectrum 

a) and the 13C2H2/12CS2/Ar (spectrum b) samples recorded after matrix 
annealing up to 35 K and re-cooling to 12 K. The triangle marked bands are 
assigned to the 12C-all and 13C-singly substituted isotopomers of linear 
12/13C6S, while the dot marked bands are assigned to the 12C-all and 13C-singly 
substituted isotopomers of linear 12/13C7S2 (cf., Table 3-13). 

For the C7S2 cluster, the three strongest vibrational bands are predicted to lie at 

2085 (ω5, 1.0), 1951 (ω6, 0.94), and 1341 (ω7, 0.16) cm−1 (cf., Table 3-12). Figure 3-15B 

shows that the experimental z (1938.2), α (1939.8), β (1960.5), and γ (1962.1) cm−1 

bands are possible candidates for the ν6 mode assignment and the c (1316.8), d (1332.3), 

and e (1368.8) cm−1 bands candidates for the ν7 assignment. Before any two bands can be 

assigned to the ν6 and ν7 modes, a sufficient condition must be fulfilled, i.e., that the 
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intensities of both bands correlate well under various different experimental conditions. 

After reviewing many spectra, taken with different ablation laser fluxes, discharge 

voltages, and sample-to-matrix gas ratios, only the 1938.2 and 1368.8 cm−1 band pair 

satisfies the correlation requirement. Thus, it is likely that these bands should be assigned 

to the ν6 and ν7 modes of the C7S2 cluster, respectively. The use of isotopic labeling 

confirms this conclusion. 

The 13C-labeled spectrum built on the 1938.2 cm−1 band is difficult to analyze since 

the region for singly 13C-substituted isotopomer bands is overlapped by at least eight 

different carbon and carbon-sulfur clusters (cf., Figure 3-13). However, the region 

predicted for the ν7 isotopomer bands is relatively clear, with only two bands appearing at 

1377.9 and 1368.8 cm−1. As detailed above, the former band has been ascribed to the ν4 

mode of C6S. The computed isotopomeric band pattern for C7S2 is given in Table 3-13 

and there compared to the observed bands from Figure 3-17. The maximum difference 

between calculated and experimental bands is just 1.1 cm−1. Thus the 1368.8 cm−1 band is 

here assigned to the ν7 mode of C7S2. 

It has become clear from comparison of the C−C stretching mode isotopomer 

frequency shifts for C6S, C7S2, and C7S88 that each pattern is different, and if the 

molecule giving rise to the pattern is chosen correctly, only small νexp − νtheo frequency 

differences are found. Thus, 13C-labeling in infrared spectra is a sensitive molecular 

“fingerprint” tool, enabling clear differentiation between different molecular clusters. 

The strongest band predicted for C6S is the ω2 mode at 1998 cm−1, while for C7S2, 

it is the ω5  mode at 2034 cm−1 (cf., Table 3-12). Searches in the region around 2000 cm−1 

show that the 2017.8 and 2056.7 cm−1 bands are possible candidates. Intensity correlation 
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with already-assigned bands showed that the 2017.8 cm−1 band tracks the 1377.9 cm−1 

(C6S) band, while the 2056.7 cm−1 closely follows the 1938.2 and 1368.8 cm−1 (C7S2) 

bands. Both sets were compared over many matrix spectra recorded under different 

experimental conditions. From this comparison, the 2017.8 and 2056.7 cm−1 bands are 

here tentatively assigned to the ν2 and ν5 modes of C6S and C7S2 linear clusters, 

respectively. The observed relative intensity of the high energy C−C stretching mode (≈ 

2000 cm−1) is much lower than predicted by DFT calculations, an observation also found 

previously for C9,82,100 C9Si,87 and C7S.88 However, the relative experimental intensities 

for other modes are generally consistent with the calculated values (cf., Table 3-12). 

The CnS2 (n > 7) Carbon-Sulfur Clusters 

A number of prominent bands in Figure 3-13 remain unassigned. To determine 

their origin, reference was again made to the coincidence plot of Figure 3-15. Despite the 

narrowing of choices that this plot provides, the number of possible cluster choices for 

each observed band is still too large to reliably choose one. Insight based on the 

probability of formation of certain clusters over others was therefore sought. 

Up to the present, only those carbon-sulfur CnSm clusters with n < 7 and m =1 and 2 

have been experimentally identified. While there are gaps in the knowledge even for this 

set of clusters, some vibrational frequencies for most of these species are now known (cf., 

Table 3-12). Therefore, the attention was turned to clusters with n ≥ 8. As found 

previously, the formation of Cn=oddSm=1,2 clusters is energetically preferred over 

Cn=evenSm=1,2, for reactions involving the addition of C or CS to a pure carbon chain. For 

instance, the C8S + C and C8 + CS reactions forming C9S are more exothermic by ca. 1 

eV than the C7S + C and C7 + CS reactions forming C8S (cf., Figure 3-11A). Larger 
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reactants, such as C2S and C2, might also form C9S or C8S, but are expected to have 

smaller mobilities in solid Ar and therefore contribute less to the total yield. Moreover, 

the C9S + C and C9S + CS reactions which deplete C9S are less exothermic by ca. 1 eV 

than the analogous reactions which deplete C8S. Thus, C9S is expected to form 

preferentially over C8S. A similar argument can be made for the preferential formation of 

C9S2 over C8S2 (cf., Figure 3-11A and Figure 3-11B). Furthermore, the predicted integral 

infrared intensities for Cn=oddSm=1,2 are substantially larger than for Cn=evenSm=1,2 clusters 

(see Table 3-9 and Table 3-10), making observation via IR also more probable for odd 

clusters. In fact, the strongest reported band for C4S2 (in Ar) at 1872.1 cm−1 (cf. Table 3-

12) can not be seen in Figure 3-13 or Figure 3-14. Furthermore, no experimental band 

could be found in Figure 3-13 that could be associated with the relatively strong bands 

predicted for C6S2. However, bands due to C2S (weak), C4S (relatively strong), and C6S 

(weak) are observed in Figure 3-13 and 3-14. Overall, the observed Cn=oddSm=1,2 cluster 

bands in Figure 3-14 are stronger than the Cn=evenSm=1,2 cluster bands appearing in the 

same figure, as predicted. 

At higher relative concentration of sulfur vs. carbon, laser ablation generates CnS2 

clusters in higher yields. In the IR spectrum obtained with S/C = 1 (before annealing, not 

displayed), the most prominent bands are 2078.5 (C3S2), 2104.7 (C5S2), 1962.1 (assigned 

here to C9S2, vide infra), 1938.2 (assigned in this work to C7S2), and the relatively strong 

1903.2 cm−1 band (assigned here to C11S2, vide infra). For example, in this spectrum the 

intensity ratio of the 1938.2 cm−1 (C7S2) band to the 1913.6 cm−1 (C7S) band is ca. 9, 

while in Figure 3-13A (where S/C = 0.25) the ratio is only ca. 0.25, using similar ablation 

laser settings. Thus, this strong variation in IR band intensities with S/C ratios is a helpful 
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method to differentiate CnS2 from CnS (same n) in Figure 3-13 and Figure 3-14. Because 

Cn=oddS2 clusters are preferred energetically over Cn=evenS2 clusters, and, because the 

predicted integral infrared intensities for the former clusters are substantially larger than 

for the latter, the most likely candidates for the as-yet unassigned strong bands in Figure 

3-13 and Figure 3-14 are Cn=oddS2 clusters. To assign the remaining dotted bands in 

Figure 3-13 and Figure 3-14 to larger carbon-sulfur clusters, the frequency coincidence 

plot of Figure 3-15 is used and, where possible, 13C-labeling. 

The C9S2 carbon-sulfur cluster 

Focusing on C9S2, the coincidence plot of Figure 3-15B shows that the strong γ 

(1962.1 cm−1) and weak β (1960.5 cm−1) experimental bands are possible candidates for 

the strongest ω7 vibrational mode of C9S2, predicted at 1985 cm−1, while the m (1678.7 

cm−1) and n (1691.7 cm−1) bands are in the proximity of the predicted 1696 cm−1 (ω8) 

mode. Only the 1962.1 cm−1 and 1678.7 cm−1 bands correlate well in numerous spectra 

taken under many different experimental conditions. Another factor favoring the 

assignment of these bands to C9S2 is their intensity ratio. The predicted integral intensity 

ratio [I(ν8) / I(ν7)] of C9S2 is 0.16 (i.e., 3205 km/mol / 19808 km/mol), whereas the 

experimental ratio is 0.11. For these reasons, the 1962.1 and 1678.7 cm−1 bands are 

tentatively assigned to the ν7 and ν8 C−C stretching modes of linear C9S2. 

The C11S2 carbon-sulfur cluster 

Laser ablation spectra (with C / S = 1) suggest that the 1903.2 cm−1 band is due to a 

CnS2 cluster, with n = odd, as discussed above.  From the coincidence plot, only the C11S2 

and C13S2 clusters are good candidates for this band assignment. Both have very strong 

bands predicted at this frequency and both have an odd number of carbons. Since 13C-
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labeling leads to the assignment of the 1832.4 cm−1 band to the C13S2 cluster (vide infra), 

the 1903.2 cm−1 band is thus tentatively assigned to the ν9 C−C stretch fundamental mode 

in C11S2. 

The C13S2 carbon-sulfur cluster 

The experimental u (1832.4 cm−1), v (1867.2 cm−1) and w (1903.2 cm−1) bands 

(Figure 3-15B) are possible choices for the predicted very strong 1953 cm−1 band of 

C13S2. 13C-labeling makes the correct choice simple. Single 13C-substitution yields a 

frequency pattern that is in agreement with only one experimental band, the 1832.4 cm−1. 

The spectrum which shows 8 isotopomeric bands is presented in Figure 3-18 and the 

band assignments given in Table 3-13. The very small differences between predicted and 

observed isotopomer frequencies (1.6 cm−1 maximum) indicate that the assignment of the 

1832.4 cm−1 band to the ν10 C−C stretching fundamental in C13S2 is quite definite. 

The C15S2 carbon-sulfur cluster 

The strongest IR vibrational mode (the ω12) in the C15S2 cluster, predicted via 

B3LYP/6-311G(d) to lie at 1795 cm−1 (after common scaling), possesses a huge 

computed intensity of 55,330 km/mol. In Figure 3-13 and Figure 3-14 the strongest band 

observed in this region is at 1796.9 cm−1. 13C isotopic labeling yields the spectrum 

displayed in Figure 3-18. The observed and predicted isotopomer bands are collected in 

Table 3-13. All 12/13C isotopomer bands are assignable to predicted bands with reasonable 

frequency differences (2.5 cm−1 maximum difference). The relatively large intensity of 

the observed 1795.3 cm−1 band is nicely explained by two overlapping isotopomeric 

bands. Two singly 13C-substituted isotopomers (32−13−12−12−12−…−12−32 and 

32−12−12−12−13−…−12−32) give rise to two bands at 1795.4 and 1796.1 cm−1, 

respectively, which are practically overlapped. In addition, the 1787.2 cm−1 isotopomer 
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band is partially overlapped by an unknown 12CnS or 12CnS2 cluster, which shows a small 

absorption in the lower 12C / S / Ar spectrum. 

 
Figure 3-18. Infrared absorption spectra of the laser ablation products of 12C/32S/Ar 

(spectrum a) and the 12/13C/12CS2/Ar (spectrum b) recorded after matrix 
annealing (to 35 K) and re-cooling (to 12 K). The all 12C and singly 13C-
substituted isotopomeric bands of linear C13S2 are marked by triangles and of 
C15S2 by solid circles, with assignments in Table 3-13. The bands marked by 
stars are assigned to linear 12/13C12 carbon clusters.98 

The 1796.9 cm−1 band correlates well intensity-wise with the experimental 1504.5 

cm−1 band. Furthermore, it falls well within the limits of the ν13 mode of C15S2 in the 

coincidence plot. Also, the predicted intensity ratio of 0.08 for these two bands is in 

concert with the observed ratio of 0.11. Thus, the 1796.9 cm−1 and 1504.5 cm−1 bands are 

assigned to the ν12 and ν13 C−C stretching vibrations, respectively, of the common 

carrier, C15S2. 
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Summary 

The following conclusions were reached: 

(1) 12/13C7S carbon-sulfur clusters have been produced by laser ablation of mixtures 

of graphite and sulfur, trapped in solid Ar at 12 K, and studied with FT-IR absorption 

spectroscopic methods. Theoretical calculations at different levels of theory show that 

C7S is linear in Ar matrices. Newly observed IR absorption bands at 2088.1, 1913.6 and 

1256.1 cm−1 have been assigned to ν2, ν3 and ν5 C−C stretching modes of linear C7S, 

respectively. The mechanism of formation of linear C7S is most likely a simple addition 

reaction of C, CS and S species to already-formed carbon-sulfur CnS and pure carbon Cn 

clusters in the matrix. 

(2) The equilibrium geometries of two series of linear carbon-sulfur clusters, CnSm 

(n = 1–29, m = 1–2), have been calculated at the B3LYP/6-311G(d) level. Their energies, 

structures, and vibrational fundamentals exhibit a strong odd/even parity. To verify the 

accuracy of the computational results, the C2S, C6S, and C7S2 clusters were recalculated 

at higher theoretical levels, such as B3LYP/aug-cc-pVTZ, CCSD(T)/cc-pVDZ, etc. 

Unfortunately, results at these levels are not helpful for the present purposes. Values of 

the rotational constant Be for the CnS (n < 9) clusters calculated at the B3LYP/6-311G(d) 

level differ from experimental ones by an average of only 0.5%. It is reasonable to 

conclude that this method could be used at a similar confidence level for the prediction of 

Be for longer carbon-sulfur clusters. Vibrational frequencies for the carbon-sulfur clusters 

are predicted within an acceptable error (σ = 17 cm−1) when compared to known IR band 

frequencies. Finally, reaction of the CS radical with already-formed Cn or CnS clusters is 
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predicted to be the dominant pathway in the secondary processes occurring during matrix 

annealing and / or photolysis experiments. 

(3) Carbon-sulfur clusters of varying compositions and sizes have been produced 

by the laser ablation of pressed carbon/sulfur pellets and by the gaseous discharge of 

mixtures of acetylene / carbon disulfide / argon or diacetylene / carbon disulfide / argon. 

In both approaches the products were trapped in argon matrices and studied via Fourier 

transform infrared absorption spectroscopy. Density functional theory calculations were 

performed to aid in the assignment of the spectra to specific clusters. A “coincidence 

plot”, in which all new bands observed in this study are plotted against the vibrational 

frequencies predicted for the CnSm clusters (with n < 17, m = 1, 2), was used to narrow 

the choices for possible assignments. Isotopic 13C substitution confirmed a number of 

these assignments. 

(4) New bands were observed at 1662.6, 857.2, 1377.9, 1368.8, 1832.4 and 1796.9 

cm−1 and assigned to the linear carbon-sulfur clusters C2S (ν1, C–C stretch), C2S (ν2, C–S 

stretch), C6S (ν4, C–C stretch), C7S2 (ν7, C–C stretch), C13S2 (ν10, C–C stretch) and C15S2 

(ν12, C–C stretch), respectively. These assignments were guided by B3LYP/6-311G(d) 

harmonic frequency predictions and supported by 13C-isotopomer band frequency shifts. 

(5) Assignments of additional bands at 2017.8 cm−1for C6S (ν2, C–C stretch); 

2056.7 cm−1 for C7S2 (ν5, C–C stretch); 1938.2 cm−1 for C7S2 (ν6, C–C stretch); 1962.1 

cm−1 for C9S2 (ν7, C–C stretch); 1678.7 cm−1 for C9S2 (ν8, C–C stretch); 1903.2 cm−1 for 

C11S2 (ν9, C–C stretch); and 1504.5 cm−1 for C15S2 (ν13, C–C stretch) are proposed, based 

on intensity correlations with bands assigned by 13C-labeling. These correlations were 

verified using three different, independent experiments: 1) laser ablation with variable S / 
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C ratios, 2) C2H2/CS2/Ar discharge, and 3) C4H2 / CS2 / Ar discharge, both with and 

without matrix annealing. Since no 13C-labeled spectra are presented for these latter 

bands, their assignments should be viewed as tentative. 

(6) Temperature-controlled diffusion reactions take place in solid Ar during matrix 

annealing. The addition of C, S and CS species to linear Cn and CnS clusters is proposed 

as the main mechanism of formation of the longer linear chains of Cn+1S and Cn (or n+1)S2. 

In such a mechanism, the formation of any large cyclic CnS or CnS2 structures is unlikely. 

The Cn=oddS2 X (1Σg
+) closed shell systems are observed here at preferential yields, as 

predicted. The C11S2, C13S2, C15S2 linear clusters reported in this work have predicted 

overall lengths (B3LYP/6-311G(d)) of 1.589 nm, 1.844 nm, 2.099 nm, respectively. They 

could be classified as nanowires based on these lengths and their expected high stability. 

These are attractive systems for further study because their potential unique properties as 

related to material science and because of their possible astrophysical importance. 
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CHAPTER 4 
INFRARED ABSORPTION SPECTROSCOPY OF THE XENON CARBON 

CLUSTERS 

Introduction 

Because their outermost electronic shells are filled, the noble gases had 

traditionally been portrayed as chemically inert.  But this view was shattered in 1962 

when Bartlett reported the first chemical species involving a noble gas atom, Xe·[PtF6].113 

Since then other rare gas-containing compounds have been reported. Most recent studies 

have focused on the reaction of noble gases with strongly electronegative atoms, such as 

F and O.113-116 Very recently, rare gas atoms in cryogenic matrices have been shown to 

insert in H–X bonds to form hydrides like HRgX, where X is O, H, or halogen or pseudo-

halogen (NCO, OH, CN, etc.) and Rg is Ar, Kr or Xe.117-138 

By photoexciting Xe with a UV laser via two-photon absorption, G. Maier and 

coworkers detected the formation of C2Xe in a solid xenon matrix.139 Recently, Xe-

inserted hydrocarbons (HXeCCH, HXeCC, etc.) have also been generated with 193 nm 

radiation or with fast electron dissociation in solid Xe.128,140 Xenon has also been shown 

to form weakly bound complexes in solid rare gases with other compounds, such as HCl, 

CN, dimethyl ether, benzene, oxirane, and difluorovinylidene.141-145 

Theoretical studies on xenon-containing compounds have been reported over the 

past decade. H-Xe-R (R = C6H5 or other hydrocarbons) was predicted to be a stable 

species.146 Calculations on other Xe-inserted molecules, such as HXeCN and HXeNC, 

support the experimental observations well.136 Following the observation of the C2Xe 
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species, high level ab initio calculations for C2Xe were reported and showed that C2Xe 

has a linear structure with a rather flat potential surface.147 This flatness causes an 

uncertainty in the length of the C–Xe bond. 

Considerable research has been devoted to carbon clusters since the discovery of 

buckminsterfullerene.148 Vibrational frequencies of carbon clusters have been 

investigated in solid matrices for a number of years.78,149 Therefore, as an extension of 

this work, it is of interest to investigate the vibrational properties of the CnXe (n ≥ 2) 

species. In this chapter, the detection and characterization of CnXe (n = 2, 3, 5, 7, 9) 

compounds will be discussed and possible mechanisms for their formation outlined. 

Theoretical Results  

The ground electronic state of the linear C2 and C3 is 1Σg
+. For linear C2Xe and 

C3Xe, it is 1Σ. Bent C3Xe has a 1A′ ground state. Figure 4-1 shows the ground state 

equilibrium geometries for C2Xe and C3Xe, optimized at the MP2/LJ18 (xenon)/6-

311++G (2d,2p) (carbon) level of theory. Table 4-1 lists the calculated rotational 

constants, dipole moments, harmonic vibrational frequencies, energies, zero point 

energies, and binding energies. The C–C and C–Xe bond lengths in C2Xe are both shorter 

than in C3Xe implying stronger binding in C2Xe. Other characteristics also indicate the 

greater stability of C2Xe. The binding energy of C2Xe is four times that of C3Xe (cf., 

Table 4-1). The dipole moment in C3Xe is much smaller than in C2Xe. Although bent 

C3Xe has a larger dipole moment, a shorter C–Xe bond length, and is a slightly more 

stable than linear C3Xe, their zero point-corrected binding energies differ by only 0.13 

kJ/mol. 
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At the MP2/6-311++G(2d, 2p) level, the C–C bond length is lengthened from 1.259 

Å in C2 to 1.265 Å in C2Xe. The corresponding C–C stretching frequency is 61.9 cm−1 

smaller in C2Xe, which is in concert with experiment.139 Therefore, it can be concluded 

that the C–C bond strength is weakened due to interaction with Xe. 

 
Figure 4-1. Ground state equilibrium geometries for the C2Xe and C3Xe species 

optimized at the MP2/LJ18 (xenon)/6-311++G (2d,2p) (carbon) level. 

However, in C3Xe, the interaction of C3 and Xe is weaker than C2 and Xe in C2Xe. 

The C–C bond lengths in C3 and C3Xe are all close to 1.299 Å. The most intense C–C 

stretching mode of C3 is predicted at 2121.4 cm−1, only ~ 1 cm−1 lower than in linear 

C3Xe and ~ 2 cm−1 higher than in bent C3Xe. The calculated electronic charge 

distribution on Xe also reflects the weaker binding in C3Xe. In C2Xe, xenon possesses a 

+0.105 e charge, but in linear C3Xe, it is only +0.014 e and in bent C3Xe, only +0.018 e. 

Figure 4-2A and Figure 4-2B show the computed potential energy of the linear 

C3Xe complex (MP2 level) as a function of the C–Xe bond length, R, and the C–C–Xe 

bond angle, α, respectively. Figure 4-2C represents the potential surface of linear C3Xe 
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Table 4-1. Rotational constants Be (GHz), dipole moments µe (Debyes), harmonic 
vibrational frequencies ω (unscaled, cm−1), integral IR intensities (km/mol, in 
parentheses), energies E (Hartrees), zero point energies ZPE (kcal/mol), and 
binding energies Eb (kJ/mol), calculated for CnXe (n = 2, 3) at MP2 level with 
LJ18-Xe/6-311++G (2d,2p)-C basis set. 

CnXe Parameters 
B 1.8413434 
µe 2.1801 

ω σ: 123.5 (1), 1807.1 (430) 
πd: 245.6 (110) 

E −201.9940455 
ZPE 3.46202 

C2Xe 
(linear) 
X1Σ 

Eb
a −12.58 

   
B 0.6132243 
µ 0.0255 
ω σ: 37. 5 (0), 1188.2 (0), 2122.2 (548) 

πd: 12.3 (0), 176.4 (26) 
E −240.0091962 
ZPE 5.32564 

C3Xe 
(linear) 
X1Σ 

Eb
a −3.21 

   
B 16.4473847 

0.9654028 
0.9118788 

µ 0.3476 
ω a': 20.9 (0), 41.0 (0), 180.8 (26), 1191.4 (0.0), 2119.3 (505) 

a": 202.85 (24.1) 
E −240.0093147 
ZPE 5.36973 

C3Xe 
(bent) 
X1A' 

Eb
a −3.34 

a Binding energy of CnXe is calculated by Eb(CnXe) = E(CnXe) + ZPE(CnXe) − E(Cn) − 
ZPE(Cn) − E(Xe) 
d Doubly degenerate bending (π) modes 
 
as a function of R and α. In plot Figure 4-2A, with the C–C–Xe bond angle (α) fixed at 

180°, the relative energy increases sharply when Xe approaches closer than 3.0 Å to the 

C2 fragment while it increases slowly and monotonically as the C–Xe bond elongates. 

C3Xe has a rather flat potential surface. For example, when the C–Xe bond length 

changes from 3.6 Å to 4.6 Å, the potential energy difference is less than 1 kJ/mol. As 

shown in Figure 4-2B, when the bond angle α varies (with R fixed), three local minima 
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are found, but their energy differences are very small. Tunneling between these three 

states is possible. The relative energies at α2 = 95° and α3 = 265° are slightly lower than 

at equilibrium (α1 = 180°), which is due to the similarity of these two states to bent C3Xe. 

In fact, optimization of C3Xe at the α2 and α3 angles results in localization to bent C3Xe. 

Therefore, C3Xe with an angle of α2 (or α3) is probably the transition state between linear 

and bent C3Xe. Figure 4-2C shows clearly the flat potential surface of C3Xe, and points 

out the difficulty in determining the structural parameters of C3Xe. 

(A) 
Figure 4-2. Plot of the ground state potential surface of linear C3Xe from MP2/LJ18 

(xenon)/6-311++G (2d,2p) (carbon) calculations with varying C–Xe bond 
length, R, (plot A) or C–C–Xe bond angle, α, (plot B). The equilibrium bond 
length R0 and the local minima at α1, α2, and α3 are marked. Plot C shows the 
ground state potential surface of linear C3Xe (MP2/LJ18 (xenon)/6-311++G 
(2d,2p) (carbon)) as a function of the C–Xe bond length (R) and C–C–Xe 
bond angle (α) . The isoenergetic lines are marked in kJ/mol. 
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(B) 

(C) 
 

Figure 4-2. Continued 
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(A) 

(B) 
Figure 4-3. Plot of the ground state potential surface of bent C3Xe from MP2/LJ18 

(xenon)/6-311++G (2d,2p) (carbon) calculations as a function of C–Xe bond 
length, R, (plot A) or C–C–Xe bond angle, α, (plot B). The equilibrium bond 
length R0 and the local minima at α1, α2, and α3 are marked. 
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Figure 4-3 presents the potential surface of bent C3Xe as a function of the C–Xe 

bond length R (A) or C–C–Xe bond angle α (B). Both plots show a similar trend to that 

seen in Figure 4-2. Although the potential surface for bent C3Xe as a function of R and α 

is not included in this work, its contours should be similar to those of linear C3Xe. 

Calculations at other levels of theory, such as density functional B3LYP/LJ18 

(xenon)/6-311++G (2d,2p) (carbon) were also carried out, but the results failed to predict 

the experimental observations on C2Xe. Compared to the more precise calculation of 

C2Xe,147 the calculation successfully predicts the vibrational frequency shift and binding 

energy rather well. 

Experimental Results 

Xenon-containing carbon clusters CnXe (n = 3, 5, 7, 9) have been generated using 

either laser ablation or electrical discharge. Laser ablation favors the production of larger 

sized complexes such as C3Xe, C5Xe, etc. C2Xe may be generated via laser ablation, but 

its signal is typically much smaller compared to other clusters. On the other hand, small 

xenon-carbon compounds are preferentially produced in the electrical discharge. C2Xe 

exhibits a large IR signal, while the C3Xe signal is moderate.  It was, however, difficult to 

observe C7Xe or larger carbon-xenon clusters in the discharge. Furthermore, matrices 

formed during laser ablation are cloudier than matrices formed during discharges, 

especially during isotopic 12/13CnXe experiments. As a result, isotopomeric frequencies 

for 12/13C2Xe were only investigated in the discharge experiments. 

Figure 4-4 shows the newly-observed isotopomer bands due to the 12C–13C 

stretching vibration in 12/13C2Xe clusters generated by an electrical discharge. Analogous 

isotopomer bands in 12/13C3Xe clusters from laser ablation are shown in Figure 4-5. 
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Comparison of observed and calculated isotopomer frequencies for both types of 

12/13CnXe complexes (n = 2, 3) are tabulated in Table 4-2. Finally, Figure 4-6 presents the 

infrared absorption spectra of Cn and CnXe (n = 3, 5, 7 and 9) species produced by laser 

ablation. The experimental frequency shifts for Cn clusters compared to CnXe (n = 3, 5, 7, 

9) are plotted as a function of the number of carbon atoms in Figure 4-7. 

Table 4-2. Comparison of observed (Ar matrix, 20K) and calculated (MP2//LJ18-Xe/6-
311++G (2d,2p)-C) isotopomer frequencies (cm–1) for all-12C and singly-13C 
substituted 12/13CnXe (n = 2, 3). 

 Isotopomer νexp νcal νcal
* νexp–νcal

* 
12-12-132 1774.2 1807.1 1774.2 0.0 
13-12-132 1739.3 1771.3 1739.1 0.2 
12-13-132 1740.8 1772.7 1740.4 0.4 Linear C2Xe 

13-13-132 1705.3 1736.2 1704.6 0.7 
 

12-12-12-132 ~ 2033.3 2122.2 2033.3 ~ 0.0 
13-12-12-132 ~ 2020.7 2108.8 2020.5 ~ 0.2 
12-13-12-132 ~ 1981.9 2067.1 1980.5 ~ 1.4 Linear C3Xe 

12-12-13-132 ~ 2020.7 2108.8 2020.4 ~ 0.3 
 

12-12-12-132 ~ 2033.3 2119.3 2033.3 ~ 0.0 
13-12-12-132 ~ 2020.7 2105.9 2020.4 ~ 0.3 
12-13-12-132 ~ 1981.9 2064.3 1980.5 ~ 1.4 Bent C3Xe 

12-12-13-132 ~ 2020.7 2105.9 2020.5 ~ 0.2 
*Scaling factors for linear C2Xe, linear C3Xe, and bent C3Xe are 0.9818, 0.9581, and 
0.9594, respectively. 
 
Infrared Absorption of 12/13C2Xe in Argon Matrices 

The infrared absorption spectra of 12C2Xe and 13C2Xe in xenon matrices measured 

previously showed peaks at 1767.0 cm−1 and 1698.6 cm−1, respectively.139 Bands from 

the singly-13C-substituted species have not yet been reported, so this assignment has not 

been fully confirmed. An electrical discharge of acetylene is known to produce a large 

concentration of C2 clusters.150 Therefore, if a small amount of Xe gas were seeded in 

argon gas along with 12C2H2 and 13C2H2, 12/13C2Xe might be produced as a discharge 

product of this mixture. Figure 4-4 shows the results of such an attempt. Four new bands 
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are generated at 1774.2, 1740.8, 1739.3, and 1705.3 cm−1. An Ar-to-Xe matrix shift of 

ca. 7 cm−1 is found for the 1774.2 cm−1 (12C2Xe) and 1705.3 cm−1 (13C2Xe) bands. 

Because all four bands increase in the same ratio upon photolysis (1/2 hr), they are most 

probably due to the same species. It can be concluded that these four bands arise from the 

12/13C2Xe isotopomers. This is supported by theoretical calculations. In Table 4-2, the 

deviation of computed and experimental values is less than 1 cm−1, which confirms the 

assignments. Finally, the possibility that hydrogen could be attached to the species can be 

ruled out because the 1774.2 cm−1 band is also observed in the laser ablation experiments. 

 
Figure 4-4. Part of the IR absorption spectra of discharge products of mixtures of 

12C2H2/13C2H2/Ar (spectrum A) and 12C2H2/13C2H2/Xe/Ar (0.15%/0.04%/1.5% 
in Ar) (spectrum B), all trapped in solid Ar at 12 K. Spectrum C was recorded 
after 0.5 hr UV photolysis of the matrix characterized by spectrum B. The 
newly observed isotopomer bands in spectrum B and C are due to the C–C 
stretching vibration in 12/13C2Xe clusters (marked by filled circles). Note that 
the C–C vibration in C2 is IR silent and does not appear in A spectrum. The 
other bands marked by an empty triangle, a filled triangle, an empty star and a 
filled star are assigned to 12/13C3H (ref. 153), 12/13C3

− (ref. 110), 13C2H (ref. 
152), and 12C2H− (ref. 154), respectively. 
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Interestingly, the IR band from the doubly-13C-substituted C2Xe at 1705.3 cm−1 is 

stronger than that of the singly-substituted species at 1740.8 or 1739.3 cm−1. This can be 

understood as follows. In order to form the 12C13CXe species, the CC triple bond in 

13C2H2 and 12C2H2 must be broken which requires much more energy than breaking the 

C–H bond. Thus, the production of the mixed isotopic species is less favorable. 

In the discharge experiment, C2H is another important product and may be 

associated with the formation of C2Xe. C2H could lose a hydrogen and bond to xenon, or 

Xe can attack C2H to form C2Xe. 

Infrared Absorption of 12/13C3Xe in Argon Matrix 

In the IR spectrum of the products from the laser ablation of a 12C / 13 C mixture in 

Ar seeded with a few percent Xe, there is always a small broad peak (at 2033.3 cm−1) on 

the low energy side of the C3 absorption. Moreover, this absorption band behaves 

differently from the absorption of C3 in a pure Xe matrix at 2023.0 cm−1.151 After 

annealing, all absorption bands of 12/13C3 decrease (Figure 4-5), while the bands (marked 

by dots) remain unchanged. These broad absorption peaks also diminish in pure solid 

argon. But their intensities rise as the xenon concentration (in argon) increases. For these 

reasons, these bands are assigned to the 12/13C3Xe species. In Table 4-2, it can be seen that 

singly 13C-substituted isotopomer frequencies of either linear C3Xe or bent C3Xe are 

consistent with the experimental data. The largest disparity is only ca.1.4 cm−1. In fact, 

the absorption of doubly 13C-substituted C3Xe and 13C3Xe can be also estimated. The 

observed isotopomer frequencies for 12/13C3Xe are 2008.1 (13-12-13-132), 1968.8 (13-13-

12-132), and 1955.5 (13-13-13-132) cm−1, and the difference between these values and 

the predicted ones is less than 2 cm−1. However, due to the weak binding of C3 to Xe in 
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C3Xe, 13C substitution in 12/13C3Xe generates isotopomer frequencies not much different 

for bent or linear structures (cf. Table 4-2). Thus, for larger CnXe complexes where the 

Cn–Xe binding energies expected are even smaller (based on the experimental C–C 

stretch vibrational frequency shifts of Figure 4-7) the 13C isotopomer frequencies are not 

likely to be sensitive to the geometry of the 12/13CnXe isomers either. Additionally, C3Xe 

has a rather flat potential surface with several local minima, which may account for the 

broad absorption of C3Xe. In other words, these minima could be accessible by the 

trapped C3Xe, since in the matrix the C3Xe·Ar potential cage is blended with the C3–Xe 

potential. 

 
Figure 4-5. Part of the IR absorption spectra of discharge products from mixtures of 

12C2H2/13C2H2/Xe/Ar (0.15%/0.04%/1.5% mixture), trapped in solid Ar at 12 
K. Spectrum b was recorded after annealing (to 35 K) the matrix which 
produced spectrum a. The newly observed isotopomer bands in spectra a and 
b are due to the C–C stretching vibration in 12/13C3Xe (marked by filled 
circles). 

The mechanism for the formation of C3Xe is more complicated than for C2Xe. As 

Figure 4-4 shows, C3H can be produced from an acetylene discharge. In analogy to the 
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above mechanism for the formation of C2Xe, C3H could be a possible intermediate in the 

generation of C3Xe. But collision between C atoms, C2, Xe, and C2Xe species are 

probably the preferred pathways to the formation of C3Xe in the laser ablation 

experiments. 

Generation of CnXe (n = 3, 5, 7, 9) Species 

The infrared spectra of Cn clusters, produced by laser ablation and trapped with 

pure Ar, are shown in Figure 4-6(a-c). It can be seen that each cluster gives rise to a 

single sharp band within its region. Upon annealing, the concentrations of C3 and C5 

decrease significantly, the signal for C7 remains unchanged, while the C9 signal increases 

(cf., Figure 4-6b). After photolysis (2 hrs), C7 and C9 are unaffected, C5 decreases 

slightly, and C3 decreases greatly. The C3 frequency also shifts to lower wavenumbers. 

This may be associated with the fact that long duration photolysis also warms the matrix, 

and smaller clusters may interact more strongly with the Ar cage after restabilization 

during annealing. After long duration irradiation and subsequent cooling, free cluster 

rotation in solid argon may be frozen in several local minima resulting in the broadening 

and shifting of the C3 band. 

When a small amount of xenon is seeded in the argon isolant gas, additional bands 

appear on the low energy side of the fundamental band of each Cn cluster (cf., Figure 4-6 

(A–C)). These new bands are assigned here to the CnXe species (n = 3, 5, 7, 9). Figure 4-

7 shows the IR frequency shifts for the Cn carbon clusters compared to the corresponding 

CnXe species. A smooth descending curve as a function of the number of carbon atoms 

can be seen. Unfortunately, because of the broadness of the CnXe bands, isotopomer 

frequencies for these species could not be observed. The assignment for the CnXe (n = 5, 

7, 9) species should therefore be regarded as tentative at this point. 
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Figure 4-6. Part of the infrared absorption spectrum of Cn and CnXe species (n = 3, 5, 7 

and 9) produced by laser ablation and isolated in solid Ar at 12 K (spectra a–c 
and A–C, respectively). Spectra b and B were scanned after matrix annealing 
up to 34 K and recooling to 12 K while spectra c and C were recorded after 2 
hrs photolysis of the matrix (characterized by spectrum b and B) using the full 
spectral output from a 100 W medium pressure Hg lamp. The bands marked 
by filled circles are due to the C–C stretching vibrations in CnXe (n = 3, 5, 7 
and 9) species while higher energy bands at 2164.5, 2128.0, 2038.9 and 
1998.0 cm−1 (not marked) are due to C–C stretches in C5, C7, C3 and C9 linear 
carbon clusters, respectively.47,100,155,156 

The spectra in Figure 4-6 (A–C) also show that carbon clusters exhibit the same 

annealing and photolysis behavior in the xenon-containing argon matrices as in pure 

argon matrices. But the CnXe bands show different behavior upon annealing and 

photolysis. First, the ratios of CnXe to Cn IR band intensities are different after warming 

and irradiating the matrices. After annealing, the ratio of C3Xe to C3 is greater than 1, 

C5Xe is comparable to C5, C7Xe to C7 is increased, and C9Xe has a larger absorbance 

than C9. After photolysis, the bands for C7Xe and C9Xe are unchanged from those 

observed after annealing. However, the bands for C3Xe and C5Xe decreased. 
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Figure 4-7. Experimental C–C asymmetric stretching frequency shifts for Cn clusters 

compared to CnXe complexes as a function of the number of carbon atoms. 

Finally, it should be reiterated that C2Xe undergoes a large frequency shift (~ 60 

cm−1) compared to C2, but the shift for the CnXe (n = 3, 5, 7, 9) species is below 10 cm−1. 

This difference in IR shifts is related to the fact that the Xe–C binding energy in C2Xe is 

much larger than for the CnXe (n = 3, 5, 7, 9) species. 

Summary 

CnXe (n = 2, 3, 5, 7, 9) clusters have been produced by laser ablation of 

compressed graphitic pellets and from a pulsed discharge through acetylene/Ar/Xe 

mixtures. The products have been trapped at 12 K in argon matrices and studied via FT-

IR absorption spectroscopic methods. Theoretical calculations at the MP2 level of theory 

show that C2Xe is linear in Ar matrices, while C3Xe probably exists as both linear and 

bent structures. Newly-observed IR absorption bands at 1774.2 and 2033.3 cm−1 have 

been assigned to the C–C stretching mode of C2Xe and C3Xe, respectively. This 
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assignment is confirmed by the excellent match between theoretically predicted 

frequencies for the C2Xe and C3Xe isotopomers and their corresponding experimental 

values. C2H and C3H radicals are possible precursors for the formation of C2Xe and 

C3Xe, but other pathways cannot be ruled out. Tentative assignment of three new IR 

bands at 2161.4, 2126.6 and 1997.2 cm–1 to the CnXe (n = 5, 7, 9) species is made here. 
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CHAPTER 5 
REACTION OF TRICARBON CLUSTER WITH BENZENE AND AMMONIA 

Introduction 

Carbon clusters are known to be reactive with a large number of heteroatoms (O, S, 

Se, N, H, Fe, Al, etc.). But the reaction between carbon clusters and other stable 

molecules has rarely been studied. Recently, complexation of carbon clusters with water 

at cryogenic temperature was observed in argon matrices.107 In this chapter, reactions of 

the C3 carbon cluster with benzene and ammonia are discussed. They were studied by 

FT-IR spectroscopy and substantial theoretical calculations. 

Polycyclic aromatic hydrocarbons (PAHs), thought to be important constituents of 

the interstellar medium (ISM),157-166 have been suggested as the carriers of the 

unidentified interstellar infrared emission bands11,12 and of some of the diffuse interstellar 

visible absorption bands.167-169 Despite the potential importance of these species in the 

ISM, relatively few studies have been reported on the mechanism of their formation 

under conditions that mimic interstellar environments, such as molecular clouds or the 

outflow of carbon stars. Several gas phase chemical reaction networks have been 

developed, all of which proceed via benzene or phenyl radical formation.170-173 Other 

schemes, originally from combustion studies, have been reported which suggest the 

reaction of two propargyl radicals or the reaction of acetylene with the C4H5 radical to 

form aromatic rings.174-176 The reaction of triplet diacetylene with 1,3-butadiene to form 

benzene and/or phenyl acetylene has also been proposed as a route to PAH formation in 

hydrocarbon-rich planetary environments.177 Finally, the synthesis of PAHs via solid-
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state reactions on carbon-rich grains or hydrocarbon ices by high-energy cosmic-ray ions 

has also been suggested.178 

Recently, in a crossed beam experiment, supported by theoretical investigation, 

Kaiser et al. showed that ground state carbon atoms react with benzene exothermically, 

with no entrance channel barrier.179-181 The reaction proceeds via formation of a complex 

and produces a cyclic C7H5 radical plus atomic hydrogen. In a second reaction channel 

the adduct product of C7H6 was observed as well. The authors conclude that because of 

the absence of an entrance barrier and because of the ubiquitous nature of the benzene 

unit in PAH-like materials, the gas phase reaction of carbon atoms with PAHs may be 

important in the formation of larger PAH species, both in carbon star outflows and in 

oxygen-poor combustion processes.181 This important conclusion suggests the possibility 

that other small carbon clusters, known to exist in the ISM,182,183 may also react with 

PAH-like materials. In this chapter, one such reaction is explored. Specifically, in solid 

Ar (a low temperature matrix) C3 reacts with benzene, apparently with no entrance 

barrier, to produce a weakly bonded complex. 

The presence in the interstellar medium (ISM) of nitrogen-containing carbon chain 

molecules, such as HC3N and its isomer, C3NH, has been known for many years. Their 

mechanisms of formation are, however, still not completely understood. A variety of ion-

molecule and neutral-neutral reactions have been proposed.49,184-186 In this chapter, 

another possibility is reported, the low temperature formation of a complex between a 

small carbon chain molecule (C3) and ammonia (NH3). It is shown that under stepwise 

photolysis the complex rearranges to first give C3NH and then its isomer, HC3N. Both the 

product molecules, C3NH (3-imino-1,2-propadienylidene) and HC3N (cyanoacetylene), 
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and the reactant molecules, C3 and NH3, have been detected in the vicinity of a number of 

interstellar clouds,49,185,187-192 such as the Taurus molecular cloud, TMC-1,185,193 the 

Sagittarius giant molecular cloud, Sgr B2(M),194 and in circumstellar envelope of the cool 

carbon rich red giant, IRC+10216.182,195-198 Such molecular sources are estimated to have 

temperatures as low as 10 − 100 K and are partially accessible to ultraviolet (UV)-visible 

and cosmic ray irradiation.199 

Reaction of C3 with Benzene 

Experimental IR Spectra 

Figure 5-1a shows a portion of the infrared (IR) spectrum of the benzene deposited 

in argon at 12 K while Figure 5-1b shows the IR spectrum of a mixture of 12C3 and 

benzene in argon at 12 K. Four of the five major bands observed in 1b are readily 

assigned to known carbon clusters or benzene: 2039.0 cm−1 (C3),149 1998.1 cm−1 (C9),78 

1956.6 cm−1 (C6H6),200 and 1952.5 cm−1 (C6).78 The fifth band at 2034.5 cm−1 is ascribed 

here to the asymmetric C−C stretch of 12C3, shifted to lower energy because of its 

complex formation with benzene. The 2034.5 cm−1 band is sensitive to benzene 

concentration: its relative intensity (vs. the C3 band) increasing with increased C6H6 

concentration. Isotopic studies (12C/13C), shown in Figure 5-2, confirm the assertion of 

complex formation. The six 12/13C3 isotopomeric peaks (marked with black triangles) are 

apparent. Another set of peaks, approximately 4.5 cm−1 to lower energy of each 12/13C3 

peak, can also be noted. An asymmetric C3•C6H6 complex (e.g. one end of 12/13C3 

complexed to C6H6) is expected to yield eight isotopomeric peaks, as observed previously 

for the C3•H2O complex.201 The six isotopomeric bands observed in Figure 5-2 suggest a 

symmetric orientation of C3 and benzene. 



86 

 

 
Figure 5-1. Part of infrared absorption spectrum of C6H6 isolated in solid Ar at 12 K 

(spectrum a) and the carbon clusters (Cn, n = 3, 6 and 9) deposited with the 
mixture of Ar/C6H6 (0.5%) at 12 K (spectra b-d). Spectrum c was recorded 
after 3 min. photolysis of the matrix (characterized by spectrum b) using full 
spectral output from a 100 W medium pressure Hg lamp, while spectrum d 
was scanned after matrix annealing up to 34 K and recooling to 12 K. The 
2034.5 cm−1 band (C3•C6H6 ) is also overlapped by the weak band of C3 
trapped in a minor site of Ar.151 Note a group of photoproduct bands in the 
1960 cm−1 energy region (marked p) as well as combination bands of C6H6 
(marked by single open circles) and (C6H6)n polymer benzene band (marked 
by double open circles). 

It was not possible to extract the benzene mode vibrations in the complex with C3  

(cf, spectrum in Figure 5-1b), even though the absorbance of the 2034.5 cm−1 band is ca. 

0.1. The predicted (B3LYP/6-31G(d,p)) integral intensity for the 2034.5 cm−1 band is ca. 

500 km/mol, but the predicted intensity for the most intense vibrational mode (ν4) in 

benzene complexed to C3 is only 90 km/mol. Moreover, theory predicts the frequency for 

this mode in the complex to lie at 680 cm−1 (scaled), on the low energy shoulder of the 

very strong, uncomplexed benzene band at 675.2 cm−1. The 680 cm−1 band also overlaps 

with polymeric benzene bands (with multiple sites) at 680.6 (photosensitive), 679, 677.8, 

677.1 (photosensitive) and 676.7 cm−1. 
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Figure 5-2. Infrared absorption spectrum of the 12/13C3 carbon cluster (isotopomeric bands 

marked by triangles) and 12/13C3 perturbed by benzene in the 12/13C3•
12C6H6 

complex (bands marked by circles) (spectrum a) and after 3 min. matrix 
photolysis using full spectral output of medium pressure Hg lamp (spectrum 
b) all isolated in solid Ar at 12 K and displayed in the C–C asymmetric stretch 
vibration energy region. The photoproduct bands in spectrum b are marked p. 
The frequencies and isotopomeric band assignments of 12C3 and 12/13C3•

12C6H6 
are listed in Table 5-1. The concentration of benzene in Ar was 1.0%. Note 
the small frequency band shift to lower energy compared to Figure 5-1 where 
a lower benzene concentration was used. 

Stable Structures 

Thirteen stable structures for the singlet C3 / C6H6 system were found using 

B3LYP/6-31G(d,p) and B3LYP/6-311+G(d,p) theory. These stable forms, displayed in 

Figure 5-3, correspond to the following five initial lines of approach: 1) out-of-plane 

approach of C3 along the benzene six-fold axis (A, B and F), 2) in-plane approach of C3 

perpendicular to a benzene C−C bond (C, D, E and I), 3) colinear approach of C3 with a 

benzene C−H bond (no stable structure found202), 4) end-on approach of C3 to a benzene 

carbon atom (L and M), and 5) in-plane approach of C3 parallel to a benzene C−C bond 

(initial structure switches to A). 
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Figure 5-3. Structures (A-N) of stable minima of the C6H6 (X1A1g) +C3(1Σg

+) reaction 
products found (B3LYP/6-31G(d,p) theory) on the singlet potential surface. 
The bond lengths are in Ǻ, while the zero point-corrected energies, with 
respect to the separated products, (in kJ/mol) are in parentheses. The Wiberg 
Bond Indices are given in bold type. Negative energies indicate that the 
energy of the product structure lies below the total energy of the separated 
reactants. 

The total energies of the fourteen A-N systems were minimized with all geometry 

optimizations permitted. Only singlet spin potential surfaces were considered since 

ground state C3 (1Σg
+) and C6H6 (1Ag) are both singlet. The triplets of the calculated 

systems lie at much higher energies. In matrix experiments, it is likely that the reaction 

between benzene and C3 occurs during landing of the reactants on the matrix surface. 

Both reactants are thus expected to be in their electronic ground states and to have low 

kinetic energies. It is conceivable that a small fraction of C3 species could be deposited in 



89 

 

the metastable 3Π state (at 2.10 eV) via intersystem crossing from the excited 1Σ state (at 

3.04 eV) if UV radiation from the vaporization plasma were present. But this is 

considered unlikely in the present experiments since no blue Ar/Cn plasma was observed 

during vaporization. 

Many interesting stable structures for the C3/C6H6 system are predicted. These 

include nonplanar I and C, in which C3 is bonded to two benzene C atoms, structure K 

with a C3H2 unit bonded in a similar way, the nine-membered J ring structure, and 

structure N with a five-membered ring fused to a benzene ring (an indene-like structure).  

I is reminiscent of the structure found by Hahndorf et al.181  from a similar calculation on 

the C6H6/C (3P) system, while D is structurally similar to the stable seven-membered ring 

of the C6H6/C system.181 

Wiberg Bond Indices (WBI) of ca.1.0 for a “pure” single bond (C−C in ethane), ca. 

2.0 for a double bond (C=C in ethylene) and ca. 3.0 for a triple bond (C≡C in acetylene) 

are useful in predicting the CC bond characters in unknown structures.203 The WBI and 

bond length values for the A–N structures were determined and are displayed in Figure 5-

3. The B3LYP/6-31G(d,p) ZPE corrected energies are collected in Table 5-1. 

A and B are very similar. In B, C3 is rotated a little relative to benzene (cf. Figure 

5-3). This small structural difference induces a small (ca. 0.05 kJ/mol) difference in the 

binding energy of the complex. C and I have similar bond lengths. However, in C the 

C−C−C (C3) −C (benzene) dihedral angle is 58°, while in I it is 92°. The WBI values of 

1.71 (2.13) for C (I) indicate that the CC bonds in the C3 unit are less cumulenic than 

they are in free C3 (1.95). Since the WBI values in the CCC-triangle of these structures 

are below one (0.86, 0.96), the structures should be considered to be complexes. 
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Table 5-1. Zero-point-corrected relative energies, Erel (kJ/mol) and zero point energies, 
ZPE (kJ/mol) of various minima and transition states found on the C3+C6H6 
singlet potential surface. The Erel and ZPE were calculated at B3LYP/6-
31G(d,p) (and/or 6-311+G(d,p)) levels of theory. 
B3LYP B3LYP 
6-31G(d,p) 6-311+G(d,p) 6-31G(d,p) Stable 

Structure Erel
a ZPE Erel

a ZPE 

Transition 
State Erel

a ZPE 
A −8.25 289.6 −4.4 287.6 TS1 −7.5 288.8 
B −8.20 289.5 −4.2 287.7 TS2   53.7 291.8 
C −51.7 295.7 −45.6 293.8 TS3 −47.7 293.0 
D −202.6 302.7 −199.4 301.0 TS4 −53.2 282.4 
E −277.5 298.9 −234.1 295.0 TS5   53.9 293.4 
F   25.0 296.2   29.6 295.4 TS6   53.9 293.4 
G −48.6 290.1 −46.1 288.3 TS7   53.75 291.8 
H −43.1 289.2 −39.9 287.5 TS8   54.0 282.1 
I −51.6 295.6 −45.7 293.8 TS9 −32.6 287.4 
J −100.6 293.1 −102.5 292.2 TS10   43.5 292.7 
K −234.0 295.9 −261.8 296.7 TS11 −2.2 291.4 
L −251.0 293.7 −249.3 293.0 TS12 −4.6 287.2 
M −281.3 295.6 −274.8 299.1 TS13 −29.6 289.7 
N −238.5 302.2 −228.8 301.2 TS14   83.9 282.8 
     TS15   85.8 274.6 
     TS16   48.1 289.1 
     TS17 −45.5 293.0 
a Negative energies are below the sum of zero-point-corrected energies of separated C3 
and C6H6. 
b Zero-point corrected energies for reactants (in Hartrees) are: C3; −114.037 45 
(B3LYP/6-31G(d,p)), −114.068 85 (B3LYP/6-311+G(d,p)) and C6H6; −232.157 59 
(B3LYP/6-31G(d,p)), −232.211 10 (B3LYP/6-311+G(d,p)). 
 

Another predicted complex, F, has an inter-moiety (C3-C6H6) WBI index of 0.89 

and a long “bond length” of 1.595 Å, but has a positive total energy and therefore is not a 

stable structure with respect to A or B. 

Of the seven-membered ring structures (D, E, G and H), E is the most stable with a 

stabilization energy of −277.5 kJ/mol. The rings in these structures are formed by the 

incorporation of one of the C3 carbons into the benzene ring and migration of one 

hydrogen along the C3 unit. The most stable structure is the one with hydrogen on the end 

carbon of C3 (i.e., E). 
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In the cyclic J structure, the carbon framework is almost planar and the hydrogens 

out-of-plane. In M, the most stable structure globally, the six-membered ring is predicted 

to form from L, via a H migration from one end of the C3 unit to the other, but this 

requires a calculated energy of 299 kJ/mol (vide infra). Finally, N, a relatively stable, 

closed shell indene-like structure, is a doubly dehydrogenated polycyclic aromatic 

hydrocarbon (PAH) containing fused five- and six-membered rings. A high WBI value of 

2.71 is calculated between the C atoms in the five-membered ring with no attached H’s 

indicating a triple bond between these atoms. 

Although structures D, E, K, L, M, and N would, at first glance, appear to be the 

most stable for the C3/C6H6 system, and therefore could be considered as likely products 

in these experiments, a comparison of the calculated and observed matrix CC asymmetric 

stretch frequencies indicates otherwise (vide infra). 

Predicted Infrared Frequencies 

Inspection of the computed infrared absorption spectra (B3LYP/6-31G(d,p)) for the 

A-N structures (cf. Figure 5-4) shows that the relatively strongly bonded systems such as 

C-N possess a C−C asymmetric stretch vibration shifted to lower frequencies by more 

than 100 cm−1. (The cyclic J structure shows a weak band shifted by only 63 cm−1). 

These shifts are too large compared to the observed 4.5 cm−1 shift of the 2034.2 cm−1 

band. Therefore, the C-N species are unlikely to be responsible for the 2034.2 cm−1 band. 

On other hand, the weakly bonded A and B structures have relatively small calculated 

frequency shifts (22 cm−1) and are the strongest candidates for this assignment. 
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Figure 5-4. Predicted (B3LYP/6-31G(d,p)) infrared absorption spectra of the products 

(whose structures are given in Figure 5-3) of the reaction of benzene with C3. 
The IR experimental spectrum of unperturbed C3 and C3•C6H6 clusters are also 
plotted. All band frequencies are scaled uniformly by 0.942. 

In the past, comparison of predicted and observed isotopomer frequencies has been 

used as a guide to the correct geometry of the system under study. Such a comparison for 
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Table 5-2. Comparison of observed (in solid Ar at 12 K) vibrational frequencies (in cm−1) 
of ν3 mode of 12/13C3 isotopomers and 12/13C3 isotopomers pertubated by 
benzene in the 12C6H6•12/13C3 complexes (structures A, I Both Formed in 
reactions with no entrance barrier predicted) and structure M (a most stable 
isomer found) of the complex from Figure 5-3) with the calculated harmonic 
frequencies at B3LYP/6-31G(d,p) Level. 

Isotopomer Observed 
/cm−1 

Calculated a 
/cm−1 

Scaled a 
/cm−1 

Difference 
/cm−1 

C3 Cluster      
12-12-12 2038.7 2164.3 2038.7 0.0 
13-12-12 2025.4 2150.5 2025.7 −0.3 
13-12-13 2012.6 2136.3 2012.3 0.3 
12-13-12 1987.2 2108.1 1985.8 1.4 
13-13-12 1974.1 2094.0 1972.5 1.6 
13-13-13 1960.1 2079.4 1958.7 1.4 
     
Structure A     
C6H6 • 12-12-12 2034.2 2140.4 2034.2 0.0 
C6H6 • 13-12-12 2021.5 2126.9 2021.4 0.1 
C6H6 • 13-12-13 2008.1 2112.7 2007.9 0.2 
C6H6 • 12-13-12 1982.5 2084.9 1981.5 1.0 
C6H6 • 12-13-13 1969.7 2071.0 1968.2 1.5 
C6H6 • 13-13-13 1956.1 2056.4 1954.4 1.7 
     
Structure I     
C6H6 • 12-12-12 2034.2 2061.4 2034.2 0.0 
C6H6 • 13-12-12 2021.5 2047.6 2020.6 0.9 
C6H6 • 12-12-13 2021.5 2047.3 2020.3 1.2 
C6H6 • 13-12-13 2008.1 2032.4 2005.6 2.5 
C6H6 • 12-13-12 1982.5 2011.1 1984.6 −2.1 
C6H6 • 13-13-12 1969.7 1996.4 1970.1 −0.4 
C6H6 • 12-13-13 1969.7 1996.9 1970.6 −0.9 
C6H6 • 13-13-13 1956.1 1981.0 1954.7 1.4 
     
Structure M      
C6H6 • 12-12-12 2034.2 2047.6 2034.2 0.0 
C6H6 • 13-12-12 2021.5 2039.9 2026.6 −4.1 
C6H6 • 12-12-13 2021.5 2028.7 2015.4 6.1 
C6H6 • 13-12-13 2008.1 2020.4 2007.2 0.9 
C6H6 • 12-13-12 1982.5 1995.8 1982.7 −0.2 
C6H6 • 13-13-12 1969.7 1987.9 1974.9 −5.2 
C6H6 • 12-13-13 1969.7 1976.4 1963.5 6.2 
C6H6 • 13-13-13 1956.1 1967.7 1954.8 1.3 
a Harmonic frequencies calculated at B3LYP/6-31G(d,p) and scaled uniformly by a factor 
of 0.9420 and (0.9504, 0.9868 and 0.9935) for 12/13C3 and 12C6H6•12/13C3 (structure A, I 
and M) isotopomers, respectively.  
b Isotopomer frequencies calculated for B isomer are very similar to those of isomer A 
with the maximum differences of 0.2 cm−1 and are not listed. Note the eight isotopomeric 
bands are predicted for I and M structures. 
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the present system is given in Table 5-2 for A, B, I (a moderately bonded system), and M 

(the most stable isomer). As a calibration of acceptable differences, non-complexed C3 

isotopomeric frequencies are also given. The table shows that only for structures A and B 

are the frequency differences in the acceptable range. Despite their greater overall 

stability, isomers I and M do not adequately account for the observed isotopomeric IR 

peaks, whereas isomers A and B do. Thus, only the A and B complexes are capable of 

predicting the pattern and spacing of the isotopic IR bands, as well as the small frequency 

shift observed in the C3 asymmetric stretch. 

Possible C3 + C6H6 Reaction Pathways 

The structures and energies of the transition states connecting the stable minima on 

the singlet potential surface are displayed in Figure 5-5. Figure 5-6 sketches part of the C3 

+ C6H6 singlet potential surface from B3LYP/6-31G(d,p) calculations. Three structures 

A, B and I are formed directly from adduct reactions of C3 + C6H6 with no entrance 

barriers. A and B are connected by the TS1 transition state at −7.5 kJ/mol. All reactions 

from A and B have energy barriers of ca. 54 kJ/mol above the total energy of the 

separated C3 + C6H6 reactants. Thus, C, D, E, and I are not likely to exist under the 

present experimental conditions from A and B reaction pathways, but may be accessible 

in reactions from I, as shown in Figure 5-6b. Computations also predict that F, G and H 

will not be produced from A or B. Therefore, observation of only A (and/or B) is also 

supported by the potential surface calculations which predict that the C3 + C6H6 → A 

(and/or B) reaction will stop if the reactants are in their ground electronic states. 

One of the more important predicted reaction pathways is the formation of indene-

like structure N. The C3 + C6H6 → I → TS12 → K → TS13 → N branch of this reaction 
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Figure 5-5. Structures of the first order transition states of the C6H6 (X1A1g) +C3 (1Σg

+) 
reaction products found on the singlet potential surface (B3LYP/6-31G(d,p)). 
Bond lengths are in Ǻ, while the zero point-corrected energies (in kJ/mol) are 
in parentheses. Negative energies indicate that the energy of the product lies 
below the total energy of the separated reactants. 

is a low energy pathway for which all the transition state energies lie below the sum of 

the reactant energies. Previous workers have reported the production of indene in a 600-

1000 V (100-200 mA) benzene/Ar gaseous discharge.204 Previous unpublished matrix 

experiments from Vala’s laboratory with a 1000 V (50 mA) benzene/Ar jet discharge 

revealed IR bands due to small carbon and hydrocarbon clusters with C3 most prominent. 

Thus, in the C6H6/Ar discharge of ref. 204, C3 and C6H6 in the plasma could react 

exothermically, following the reaction scheme of Figure 5-7, to form the indene-like N 

structure as well as indene itself in an exothermic double hydrogen addition reaction. 
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Figure 5-6. Schematic diagram of the singlet potential surface of reaction of C3 (X1Σg

+) 
carbon cluster with C6H6 (X1Ag) benzene showing stable minima (A-M) with 
the connected transition states (TSn, n = 1-17). The zero point-corrected 
energies are given in kJ/mol. The A, B and I are predicted to form 
exothermically with no entrance barriers. The reaction pathways starting from 
A (or B) and I are given in panels a and b, respectively. Negative energy 
values indicate that the energy of structure lies below the total energy of the 
separated reactants. 
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Figure 5-7. Formation mechanism for the PAH (indene-like form, Structure N) from the 

reaction of the ground state benzene and C3. The zero point-corrected energies 
(kJ/mol) are listed for the stable A, B, I, K and N structures and for the TS1, 
TS2, TS12 and TS13 transition states. 

This poses the question of why no evidence is seen for I or its products E, J and N 

in the matrix experiments? This could be explained by the fact that there is a significant 

Ar cage potential that was not considered in the calculations. Producing I requires 

significant changes in the bond distances and angles of the benzene unit but not for A or 

B. In fact, in I the benzene unit is highly nonplanar (cf. Figure 5-3). The two hydrogens 

closest to C3 are pushed drastically out-of-plane in the opposite direction from the C3 
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unit. The CC bond lengths in the C3 ring are long: 1.596 Å (vs. 1.396 Å for the bond 

originally in benzene) and 1.469 Å for the other two that connect benzene to the C3 chain. 

The CC bond lengths of the C3 moiety are close to the original lengths in free C3, 

with the outer one having contracted slightly to 1.287 Å and the inner one elongated 

slightly to 1.317 Å (from 1.297 Å in free C3). However, for the adduct forms of A and B, 

only marginal bond length changes vs. free benzene were calculated (cf. Figure 5-3). It is 

postulated, therefore, that isomer I is not observed and complexes A and B are, because 

the former has a non-negligible entrance barrier and the latter do not. 

Photolysis Experiments 

Matrix photolysis (medium pressure Hg lamp, full spectral output, hν < 5.2 eV, 3 

min.) destroys the 2034.5 cm−1 complex band almost completely (cf. Figure 5-1c and 

Figure 5-2b). Simultaneously with this decrease, several new IR bands grow in. They are 

located at 1963.4, 1961.2, 1959.2 and 1953.8 cm−1 (all displayed in Figure 5-1 and 

labelled by the letter p), 1515.7 (broad), doublet 1278.3, 1277 (not displayed) and doublet 

832.9, 832.2cm−1 (not displayed). Although the 1963.4 cm−1 band has been ascribed 

previously to propadienylidene (C3H2 isomer), with one-third the intensity of the 1952 

cm−1 band (also assigned to the same species),205 this attribution should be questionable. 

If the 1963.4 cm−1 band were also due to propadienylidene, the 1952.0 cm−1 band should 

be able to be seen, but it is not. Previously, only the 1952.0 cm−1 band had been observed 

in an Ar matrix in this region and was assigned to propadienylidene.206 The 1959.2 cm−1 

photoproduct band in Figure 5-1 can be tentatively assigned to the CC stretch in 

HCCH=C, another isomer of C3H2. A band at 1959.5 cm−1 band (with secondary trapping 

site bands at 1957.4 and 1960.5 cm−1) has previously been reported for this isomer.206 
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Small red shifts (several tenths of cm−1) were seen in the experiments when using a 

relatively high concentration of benzene in Ar (or Kr). The 1278.3 and 1277 cm−1 bands 

are likely due to C3H2 (cyclopropenylidene), based on proximity to the 1278.6 and 1277.7 

cm−1 bands already assigned to this molecule.206 

In Kr, photofragment bands are located at 1959.3, 1957.8, 1952.8, 1949.4, 1513.7 

and 1275.0 cm−1. The photodissociation experiments carried out for the 12/13C3•C6H6 

complexes show no change in these positions compared to the 12C3•C6H6 complexes (cf. 

Figure 5-1 and Figure 5-2). This implies that these photoproducts come from benzene and 

not from 13C-substituted C3. 

Upon benzene deuterium substitution, the complex C3 asymmetric stretching 

frequency shifts 0.3 cm−1 to lower frequency, compared to a 0.6 cm−1 shift predicted  by 

theory for the A structure. Photolysis experiments on the C6D6/12Cn/Ar system produced 

broad photoproduct bands centered at 1957.7 and 1501.7, and 1499.2 cm−1 (double site). 

These bands are likely associated with the respective 1959.2 and 1517.3, 1515.7 cm−1 

photoproduct bands observed from the C6H6/12Cn/Ar experiments. 

Longer photolysis (0.5 hr) generates additional weak bands at 743.4, 771, 926.8, 

1089.9, 1194.9, 1343.3, 1488.8, 1800.2, 1815.3, 1936.5, 2064.1, 2080.4, 2092.5, and 

2158.1 cm−1. To identify the bands associated with isomerization and/or 

photodissociation products of benzene, an independent C6H6/Ar matrix photolysis 

experiment was carried out. A short UV-visible photolysis (3min) generated no 

observable photoproducts. However, more extensive UV photolysis (1hr) produced low 

intensity product bands at 707, 736, 742.8, 771, 926.8, 1089.8, 1313, 1343.3, and 1488.8 

cm−1. The assignment of these bands, proposed in Table 5-3, is based on proximity to 
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literature energy values and supporting calculations. The photoisomerization of benzene 

to fulvene and benzvalene, observed here, is consistent with the observations of Johnston 

and Sodeau.207 

Table 5-3. Proposed assignment of the photoproduct IR absorption bands observed after 
UV-Visible photolysis (hν < 5.2 eV) of the C6H6/Ar and C6H6/Cn/Ar matrices. 

C6H6/Ar matrix, 12 Ka C6H6/Cn/Ar matrix, 12 Kb 
 νexp/cm−1 Assignment   νexp/cm−1 Assignment 
707 (7)  Phenyl, ref. 208   
736 (4)  Benzyne, ref. 209   
742.8 (12)  Benzvalene, ref. 207  743 (8) Benzvalene (calc. 766)209 
771 (25)  Fulvene, ref. 207   771 (6.5) Fulvene (calc. 801)206 
   833 (11)  
926.8 (15)  Fulvene, ref. 207   926.8 (2) Fulvene (calc. 961)32 
1089.8 (5.5)  Benzvalene, ref. 207  1089.9 (3.5) Benzvalene (calc. 1130)175 
  1194.9 (4)  

  1277 (6.1) 
1278.3 (1.3) 

Cyclopropenylidene 
(calc.1316)205,206 

1313 (2)  Benzvalene, ref. 207   
1343.3 (13)  Fulvene, ref. 207 1343.3 (3.8) Fulvene (calc. 1383)177 
1488.8 (5)  Fulvene, this work 1488.8 (2.0) Fulvene (calc. 1551)181 

  1515.7 (27) 
1517.3 (23)   

  1800.2 (2.4) C8 anion, T 
  1815.3 (5.1) C12 anion, T 
  1936.5 (9.3)  C6 anion, ref. 106 
  1953.8 (23)   

  1959.2 (79) 
1961.2(12) 

HCCH=C, ref. 206, T 
Secondary site 

  1963.4 (42)  
  2064.0 (4) C8 anion, ref. 106 
  2080.4 (3.4)  
  2092.5 (2) C10 anion, T 
  2158.1 (9.5)  
a One hour photolysis of the C6H6/Ar (1:400) matrix using a medium pressure Hg lamp 
(100 W) with full spectral output. 
b Half hour photolysis of the matrix containing small carbon clusters Cn and C6H6/Ar 
(1:200) using a medium pressure Hg lamp (100 W) with full spectral output. 
Band absorbances in experimental spectra are listed (in parentheses) in 10−3 units. 
B3LYP/6-31G(d,p) calculated (unscaled) frequencies and integral intensities (in km/mol, 
in brackets) of most intense modes of described molecules are listed in last column, this 
work. T, stands for tentative assignment. 
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In addition, the band at 1488.5 cm−1 is assigned to fulvene since its intensity 

correlates to other fulvene bands and theory (B3LYP/6-31G(d,p)) predicts a relatively 

strong vibration in this region (1551 cm−1, unscaled with 27 km/mol integral intensity). 

Observation of the Cn
− (n = 6, 8, 10 and 12) carbon cluster anions from photolysis 

of the C6H6/12Cn/Ar matrix (cf. Table 5-3) requires a few comments. First, these anions 

are generated from photolysis of the 12Cn/Ar matrix as well. During matrix photolysis, 

electrons are detached from the anions whose photodetachment energies are smaller than 

ca. 5.2 eV (accessible photon energy from Hg lamp) including Cn
− (n < 6 and nall odd ) 

carbon anions. The Cn (neven ≥ 6) possess large electron gas phase electron affinities (EA), 

ranging from ca. 4.2 eV for C6 to ca. 4.4 eV for C12.78 A stabilization energy ca. 1 eV 

should be added to the gas phase EA values to estimate the photodissociation energy 

threshold of anions in the matrix.203 Thus, for Cn
− (neven> 6) anions in Ar, the photo-

dissociation energy is just above 5.2 eV. Concentrations of these anions, therefore, are 

expected to build-up during Hg lamp photolysis, as observed (cf. Table 5-3). At the same 

time, intensities of the 1952.5 cm−1 (C6), 2071.5, 1710.4 cm−1 (C8), and 1915.7 cm−1 (C10) 

bands decrease by ca. 10, 27, and 35%, respectively. This observation supports the idea 

that the larger even carbon clusters are effective electron scavengers in solid Ar. For 

photolysis times longer than 0.5 h, the concentration of C6
− starts to decline, presumably 

because not many free electrons are left in the matrix and because photodissociation 

processes start to compete with electron attachment events for this cluster. 

Energy transfer from metastable 3Π state of C3 to the benzene unit may occur and 

could explain the large difference in photolysis time required to disrupt the benzene 

skeleton. From the photolysis products observed, it can be concluded that pumping either 
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the A and/or B system does not result in matrix reactions traversing the TS2 and TS5-

TS8 transition states (cf. Figure 5-6a). The geometries of A (B) and TS2 (TS5-TS8) (cf. 

Figure 5-5) show that large structural deformations, involving C3 rotation and benzene 

skeleton deformation, are required for such reactions. Presumably, such deformations are 

not allowed by the rigid matrix environment. 

The photon threshold necessary to initiate bleaching of the complexes was 

investigated using a set of optical filters with progressively higher cutoffs. It was found 

that a minimum energy of ca.1.77 eV (700 nm) is required to initiate bleaching in Ar. 

This value, of course, includes the stabilization energy of the complex in the Ar matrix 

cage. Although unknown for the C3•C6H6 /Ar system, for other molecular systems, even 

those isolated in a low perturbing matrix like Ne, matrix stabilization energies as high as 

ca. 1 eV have been found.203 

Formation of the 1:2 Complexes 

The band at 2036 cm−1 is photosensitive (cf., Figure 5-1) and grows during matrix 

annealing. It is arguable that this band could be due to the larger complexes C3•(C6H6)2, 

C6H6•C3•C6H6, or C3•C6H6•C3. 

The formation of polymeric benzene in Ar matrices has been observed earlier200 

and is indicated in the present work as well. Brown and Person200 have assigned the 

strong band at 675.2 cm−1 to the ν4 (a2u) strongest fundamental mode of monomeric 

benzene. IR spectra recorded for benzene deposited in Ar at concentration ratios of 1:200 

and 1:4000 indicate that the 679.0 and 680.6 cm−1 satellite bands of ν4 (a2u) grow with 

benzene concentration as well as during matrix annealing, while, at the same time, the 

monomer benzene bands decrease in intensity. From this picture it can be surmised that 
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benzene is mobile in the Ar matrix and forms benzene polymers. If so, it is also likely 

that mobile benzene may be reacting with already-formed C3•C6H6 complexes to generate 

1:2 complexes. The increased mobility of benzene during matrix annealing is also 

indicated by the growth of the 2034.5 cm−1 band (cf., Figure 5-1d), here assigned to the 

C3•C6H6 complex. 
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Figure 5-8. Structures of stable minima of the 1:2 C3/benzene (O, P) and 2:1 C3/benzene 

(R) complex found on the singlet potential surface (B3LYP/6-31G(d,p)). The 
zero point-corrected energies with respect to the separated products (in 
kJ/mol) are in parentheses. 
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Table 5-4. Zero-point-corrected relative energies, Erel (kJ/mol), zero point energies, ZPE 
(kJ/mol) and vibrational frequencies of CC asymmetric stretch vibration in C3 
unit calculated at B3LYP/6-31G(d,p) level of theory for various stable 
structures of the 1:2 C3/benzene and 2:1 C3/benzene complexes displayed in 
Figure 5-8. The observed IR frequencies for C3 carbon cluster and for C3•C6H6 
complex (structure A) are given for comparison. 

Frequencies/cm−1 
B3LYP/6-31G(d,p) Stable 

Structure Erel
a ZPE 

Unscaledb Scaledc 
Observed 
Ar Matrix, 12K 

C3   2163.6[770] 2039.0 2039.0 
A –8.25 289.6 2140.4[473] 2017.1 2034.5 
O –11.5 555.0 2140.4[347] 2017.1 
P –14.1 555.5 2138.0[555] 2014.9 

R –14.9 314.5 2142.5[400] 
2142.9[550] 

2019.1 
2019.5 

2036.0 

a Negative energies are below the sum of zero-point-corrected energies of separated C3 
and C6H6. Zero-point corrected energies for reactants (in Hartrees) are: C3; −114.037 45 
and C6H6; −232.157 59. 
b Calculated integral intensities in km/mol are in brackets. 
c Frequencies scaled uniformly by scaling factor of 0.9424. 
 

To aid in the prediction of the carrier of the 2036.0 cm−1 band, series of 

calculations (B3LYP/6-31G(d,p)) were performed on the singlet ground states of 

C6H6•C3•C6H6, C3•(C6H6)2 and C3•C6H6•C3 complexes. The stable structures of these 

systems are displayed in Figure 5-8, with energy and IR frequency properties listed in 

Table 5-4. Following previous work on the benzene,210 three stable geometries were 

considered for the dimer: sandwich, T-shaped and PD (parallel-displaced)-shaped 

structures. Assuming that the A type interaction between C3 and benzene was most likely, 

the out-of-plane approach of C3 along the six-fold axis of one benzene was considered in 

the initial search for the stable structures of 1:2 C3/C6H6 (or C6H6/C3) systems. The three 

stable structures (O, P and R) were found to have calculated stabilization energies of 

−11.5, −14.1 and −14.9 kJ/mol, respectively, lower than the sum of the reactant energies. 

The (unscaled) harmonic frequencies for the CC asymmetric stretch in the C3 unit are not 

very different from the computed frequency calculated for the structure A of the 1:1 
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complex. They are 2140.4 (O), 2138.0 (P) and a 2142.5, 2142.9 cm−1 doublet (R) 

compared to 2140.4 cm−1 in the 1:1 complex. In the experimental spectrum of Figure 5-1, 

the 2036 cm−1 band is shifted 1.5 cm−1 to higher energy of the A complexes’ band. While 

this higher energy shift mimics what is calculated for R, all the calculated frequencies for 

the1:2 complexes are so close that to make a decisive attribution to a particular structure 

appears impossible at the present. In conclusion, the calculated frequencies for the CC 

vibration in the C3 unit of O, P and R complexes are in accord (after scaling) with the 

experimental band at 2036 cm−1, but a specific assignment is not possible. 

Reaction of C3 with Ammonia 

Results and Discussion 

Ammonia readily forms complexes with many molecules, including such 

interstellar species as water,211 acetylene,212 and benzene.213 C3 has been observed to 

complex with water201 and benzene.214 In the reaction of C3 (X 1Σg
+) + NH3 (X 1A1) 

described here, three reaction steps have been identified. First, the C3•NH3 complex is 

formed in solid argon at 12 K. Second, HNC3 is formed by photolysis of the complex 

followed by loss of H2. Finally, a UV photo-initiated hydrogen atom migration occurs 

along the NC3 backbone to form cyanoacetylene, HC3N, a very stable interstellar 

molecule. From CEPA-1 calculations the HC3N is significant lower in energy (by 225 

kJ/mol) than its HNC3 isomer.215 For each reaction step, the reactants and products were 

identified by observation of their infrared spectra. In addition, support for the proposed 

mechanism comes from ab initio MP2/6-311++G(d,p) theoretical calculations. Infrared 

absorption spectra of selected energy regions are displayed in Figure 5-9. Newly 

observed bands at 3316.4, 1902.4 and 1326.4 cm−1 are assigned to the H−N symmetric 

stretch, C−C stretch and H−N−H umbrella mode vibrations, respectively, of the C3•NH3 
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complex. The weaker IR bands of the C3•NH3 complex observed in different energy 

regions (not displayed) are listed in Table 5-5 with their proposed assignments. Growth 

of these bands parallels the ammonia concentration in Ar matrices. The band assignments 

are supported by calculations of harmonic vibrational frequencies, including 13C isotope 

energy shifts. IR bands observed for the complex using 13C isotopically-labeled C3 agree 

well with predicted bands (cf. Figure 5-10 and Table 5-6). Generally, the 12/13C3 

isotopomer experimental frequency pattern for the C−C stretching mode is very sensitive 

to the geometry and bonding of any carbon molecular system, and is consistent with the 

predicted one only if the equilibrium geometry is correct. In the case of 12/13C3, the 

νexp−νcalc maximum deviation is only 1.6 cm−1. A similar 1.7 cm−1 value is found for the 

12/13C3•NH3 complexes (cf., Table 5-6), providing strong support for the calculated 

 
Figure 5-9. IR spectra of the C3 (X 1Σg

+) + NH3 (X 1A1) reaction products trapped in solid 
Ar at 12 K and displayed in selected energy regions: without UV-visible 
irradiation (upper spectrum), after 3 min. irradiation (middle spectrum) and 
after an additional 15 min. irradiation (lower spectrum). In the first step, the 
C3•NH3 complex is formed (the 3316.4, 1902.4 and 1326.4 cm−1 bands); in the 
second step, HNC3 is photogenerated from the complex (the (3563.6, 3562.4) 
and (2209.0, 2205.4) cm−1 doublet bands) and, in the third step, HC3N is 
photoproduced from HNC3 (the 3314.6 and 2268.6 cm−1 bands). Other 
unmarked bands are due to ammonia and carbon clusters. 
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Table 5-5. Experimental (in solid Ar, 12 K) and calculated (B3LYP/6-311++G(d,p), 
unscaled) vibrational frequencies for the C3•NH3 and C3•ND3 complexes. The 
relative integral intensities are in parentheses while absolute integral 
intensities (in km/mol) are in brackets. 

C3•NH3 C3•ND3 
νexp (cm−1) νcalc (cm−1) νexp (cm−1) νcalc (cm−1) 

 
Assignment 

3344.3 (0.29) 3523.1 [78] (0.20) 2496.3 (0.26) 2596.4 [37] (0.10) H−N asymm. stretch 
3316.4 (0.11) 3485.1 [72] (0.19) 2474.8 (0.23) 2561.0 [38] (0.10) H−N symm. stretch 
1902.4 (1.00) 1985.1 [387] (1.00) 1901.3 (1.00) 1984.8 [392] (1.00) C−C stretch 
1570.1 (0.28) 1633.1 [38] (0.10) 

1629.4 [39] (0.10) 
1147.7 (0.11) 1178.1 [17] (0.04) 

1179.3 [15] (0.04) 
H−N−H bend 
H−N−H bend 

1326.4 (0.44) 1361.6 [83] (0.21) 1011.9 (0.22) 1029.0 [56] (0.14) H−N−H umbrella 
 922.3 [29] (0.07) 756.0 (0.10) 764.4 [37] (0.09) C−N−H bend 
 

 
Figure 5-10. 13C-labelled IR spectra for the C-C stretching mode of the 12/13C3 carbon 

cluster (triangles) and the 12/13C3•NH3 complexes (dots) (cf. Table 5-6 for band 
assignments). Spectra were obtained after laser ablation of a [12C]/[13C] = 3 
sample (upper spectrum) and ca. [12C]/[13C]= 99 graphite sample (lower 
spectrum), mixed with NH3(0.4%)/Ar gas and trapped on a 12 K CsI cryostat 
window. The 1998.1 and 1894.4 cm−1 bands are due to the 12C9 and 12C7 
carbon clusters, respectively.78,84 

structure of the complex given in Figure 5-11. Moreover, each of the six isotopomers of 

12/13C3 is involved in formation of the 12/13C3•NH3 complexes. Eight total isotopomer 

complexes are expected, since the 12C−12C−13C and 13C−13C−12C isotopomers with NH3 

at both ends will generate four IR bands. 



108 

 

Table 5-6. Observed (in solid Ar at 12K) and calculated IR band energies for the 12/13C3 
and 12/13C3•NH3 complexes. 

Isotopomer νexp 
(cm−1) 

νcalc
a 

(cm−1) 
νexp−νcalc

a 

(cm−1) 
νcalc

b 

(cm−1) 
νexp−νcalc

b 

(cm−1) 
12C−12C−12C 2039.1 2039.1 0.0 2039.1 0.0 
12C−12C−13C 2026.3 2026.3 0.0 2026.2 0.1 
13C−12C−13C 2012.9 2012.8 0.1 2012.8 0.1 
12C−13C−12C 1987.6 1986.2 1.4 1986.1 1.4 
12C−13C−13C 1974.5 1972.9 1.6 1972.9 1.6 
13C−13C−13C 1960.7 1959.1 1.6 1959.1 1.6 
      
12C−12C−12C−NH3 1902.4 1902.4 0.0 1902.4 0.0 
12C−12C−13C−NH3 1896.1 1895.7 0.4 1895.8 0.3 
13C−12C−12C−NH3 1884.5 1884.7 −0.2 1884.4 −0.1 
13C−12C−13C−NH3 1877.5 1877.4 0.1 1877.4 0.1 
12C−13C−12C−NH3 1854.8 1853.5 1.3 1853.6 1.2 
12C−13C−13C−NH3 1848.4 1846.8 1.6 1846.9 1.5 
13C−13C−12C−NH3 1836.4 1835.1 1.3 1835.0 1.4 
13C−13C−13C−NH3 1829.5 1827.9 1.6 1827.8 1.7 
a B3LYP/6-311++G(d,p) harmonic band energies scaled uniformly by 0.950 58 and 0.958 
35 scaling factors for the 12/13C3 and 12/13C3•NH3 isotopomers, respectively. 
b MP2/6-311++G(d,p) harmonic band energies scaled uniformly by 0.950 85 and 0.943 
45 scaling factors for the 12/13C3 and 12/13C3•NH3 isotopomers, respectively. 
 

When comparing the 12/13C isotopomer intensity pattern in 12/13C3•NH3 vs. 12/13C3, 

the intensity of the 13C−12C−12C•NH3 (1884.5 cm−1) band should be added to the 

12C−12C−13C•NH3 (1896.1 cm−1) band and the 12C−13C−13C•NH3 (1848.4 cm−1) band 

should be combined with the 13C−13C−12C•NH3 (1836.4 cm−1) one. Doing so, the 12/13C 

isotopomer band intensity patterns in C3•NH3 and C3 become very similar. This is further 

confirmation that the carrier of the eight bands (between 1902.4 and 1829.5 cm−1, cf. 

Figure 5-10) is formed in an adduct reaction with 12/13C3. As a further test, deuterium-

substituted ammonia (ND3) was used to identify the carrier of the 3316.4, 1902.4 and 

1326.4 cm−1 bands of Figure 5-9 as well as other C3•NH3 bands collected in Table 5-5. 

Replacement of H by D led to a shift of the strongest 1902.4 cm−1 band to 1901.3 cm−1 

and the 1326.4 cm−1 band to 1011.9 cm−1. Acceptable agreement with the predicted 
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(B3LYP/6-311++G(d,p) values of 1901.5 cm−1 (C−C stretch) and 1002.4 cm−1 (H−N−H 

umbrella mode) for the C3•ND3 complex (scale factors transferred from C3•NH3) further 

confirm that the carrier is C3•NH3 and that its structure is as given in Figure 5-11. 

 
Figure 5-11. Fully optimized ground state equilibrium geometry for the singlet C3•NH3 

(X 1A’, Cs) complex as calculated at the MP2/6-311++G(d,p) level of theory. 
The bond lengths (in Ǻngstroms) are: R1(C1, C2) = 1.2882, R2(C2, C3) = 
1.3488, R3(C3, N4) = 1.5982, R4(N4, H5) = 1.0216, R5(N4, H6) = 1.0216, 
R6(N4, H7) = 1.0282. The angles (in degrees) are: α ∠(C1, C2, C3) = 174.2, β 
∠(C2, C3, N4) = 104.9, γ ∠(H7, N4, C3) = 113.9, ∠(H5, N4, H6) = 107.0, ∠(H6, 
N4, H7) = 109.9, ∠(H7, N4, H5) = 109.9, ∠(C2, C3, N4, H7) = 0.0, ∠(H5, N4, C3, 
C2) = 122.3, ∠(H6, N4, C3, C2)= −122.3. 

In Ar matrices, the C−C stretching vibration in non-complexed C3 is observed at 

2039.1 cm−1, while the H−N−H umbrella mode in free NH3 is located at 974 cm−1. Upon 

complexation, energy shifts of 136.7 and 352.4 cm−1 for the C−C stretch and H−N−H 

umbrella modes, respectively, indicate large force constant changes. This is reflected in 

the change in the calculated atomic charge distribution in the C3 and NH3 moieties when 

complexed. At equilibrium a portion of the 0.417 negative charge (at MP2/6-

311++G(d,p)) on the N atom flows to the C3 cluster , producing an electric dipole 

moment in C3•NH3 in such a way that the total charge for the ammonia unit is positive 

while the total charge of the C3 unit is negative. This charge redistribution accounts in 
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part for the binding of C3 to ammonia. The estimated zero point-corrected non-BSSE 

(non-basis set superposition error correction) binding energy of C3 to ammonia is ≈ 14.39 

kJ/mol (3.44 kcal/mol) at the equilibrium geometry for the C3•NH3 complex (displayed in 

Figure 5-11). 

Thus, in the first reaction step, the C3•NH3 complexes are formed on the cold 

surface of Ar/C3/NH3 film. At 12 K, the reactants are expected to be electronically 

relaxed and in their singlet electronic ground states. From the potential energy surface 

(PES) mapped via MP2/6-311++G (d,p) level calculations for the C3 (X 1Σg
+) + NH3 (X 

1A1) complex reaction (cf. Figure 5-12), it was found out that complexation proceeds 

exothermically (without an entrance barrier) to form C3•NH3. 

In the second reaction step, initiated by UV-visible irradiation, new bands 

(doublets) at (3563.6, 3562.4) and (2209.0, 2205.4) cm−1 appear (marked with squares in 

Figure 5-9). Simultaneously with the growth of these bands, the 3316.4, 1902.4 and 

1326.4 cm−1 C3•NH3 bands reduced in intensity (by ~ 57%). The four former bands are 

assigned to HNC3 based on similar band positions reported in Ar matrices (12 K).216 The 

observed doublet band structure may arise from trapping of HNC3 in two solid Ar sites. 

After matrix annealing (28 K) the higher energy bands in doublets vanished while their 

intensities are added to the 3562.4 and 2205.4 cm−1 band intensities.  The equilibrium 

geometry of HNC3 is bent with a predicted (CCSD(T)/cc-pVQZ) barrier height to 

linearity  of 331.6 cm−1 (3.97 kJ/mol).217 Formation of HNC3 from C3•NH3 requires the 

removal of H2 (or 2H) from the complex. The calculated potential energy surface for this 

reaction (cf. Figure 5-12) indicates that the TSAB transition state, connecting the C3•NH3 

complex with the (HNC3 + H2) products, requires 194.1 kJ/mol. Experimentally, the 
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barrier determined via various filters is 221.9 kJ/mol, and is readily surmounted 

photolytically. 

 
Figure 5-12. Sketch of the singlet potential energy surface for the C3 (X 1Σg

+) + NH3 (X 
1A1) reaction at the MP2/6-311++G(d,p) level. The stable structures (A−E), 
with connected transition state structures (TS), are displayed. The zero point-
corrected transition energies are in kJ/mol. The reaction mechanism proposed 
here is for the formation of the C3•NH3 complex (structure A), HNC3, 3-
imino-1,2-propadienylidene (structure B), and HC3N, cyanoacetylene 
(structure E), observed in Figure 5-9. 

After photogeneration of HNC3 , further UV-visible photolysis, in the third reaction 

step, yielded new bands at 3314.6 and 2268.6 cm−1 (marked by stars in Figure 5-9) which 

grew concurrently with the disappearance of the HNC3 bands. These new bands are 

assigned to HC3N (cyanoacetylene) based on proximity to literature values and 

supporting vibrational frequency calculations.215,217,218 Formation of HC3N from C3NH 

requires migration of the H atom to the opposite end of the C3N chain. The PES in Figure 

5-12 shows that HNC3 and its HC3N photoproduct are connected through three transition 

states, TSBC, TSCD and TSDE, and two stable structures, C and D. The predicted energy 

barrier from B to TSBC is 420.4 kJ/mol; using low pass filters it has been found that the 

barrier is between 435.1 and 531.6 kJ/mol. Upon reaching TSBC by irradiation, the 
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system can be expected to quickly drain its excess energy via the TSBC → C → TSCD → 

D → TSDE → E pathway. With only an activation barrier of 61.6 kJ/mol (from C to 

TSCD), a low yield for both the C and D isomers might be expected after such relatively 

high excitation energy. This is probably the reason why C and D were not detected in the 

experiments. The difference between the zero point-energy corrected minimum energies 

of HC3N (E) and HNC3 (B) is 233.7 kJ/mol (55.8 kcal/mol, at the MP2/6-311++G(d,p) 

level), which is good agreement with the 225.1 kJ/mol (53.8 kcal/mol) value from CEPA-

1 calculations.215 

Summary 

For the reaction between C3 and benzene, it can be conclude that: (1)The ground 

state of C3 has been shown to react in low temperature Ar and Kr matrices with ground 

state benzene (with no apparent entrance barrier) to yield a weakly bonded complex. (2) 

Good agreement was found between the IR absorption spectra predicted at the B3LYP/6-

31G(d,p) level for the complex in which the plane of the benzene ring and C3 lie parallel 

and atop each other and the experimental spectra using 13C-substitution in the C3 portion 

of the complex. (3) From theoretical calculations of the singlet potential surface of C3 + 

C6H6, it was found that the reaction likely ends at A and/or B, under the present 

experimental conditions. However, in gas phase molecular beam experiments, with 

selected reactant energies, the F, E and H stable structures may be generated from A 

and/or B. (4) In addition, isomers J, M and N are predicted to form from isomer I. One of 

these products, N, is a doubly dehydrogenated polycyclic aromatic hydrocarbon (PAH) 

with an indene-like framework. The present prediction of the formation of a PAH from 
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the C3•C6H6 complex, may be an important, though heretofore unexplored, route to PAHs 

in the interstellar medium using components already known to exist in space.182,219 

The reaction pathways for the formation of HNC3 and HC3N described here could 

be applicable to interstellar ices containing NH3 and C3 which are exposed to weak UV 

radiation.220 Both products could be partially released into the gas phase from hotter parts 

of the ice surface in desorption processes similar to that proposed for other interstellar 

ice-trapped molecules.199 Although other low temperature neutral-neutral reactions such 

as C2H2 + CN → HC3N + H have been proposed previously,184,186 the present proposal is 

an attractive alternative since both reactants and products have been observed in dark 

molecular clouds. 
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CHAPTER 6 
VIBRATIONAL AND ELECTRONIC ABSORPTION SPECTROSCOPY OF 

DIBENZO[B,DEF]CHRYSENE AND ITS IONS 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are stable compounds composed of six 

(and/or five)-membered carbon rings. Due to their adverse effects on human health, 

considerable effort has been devoted to studies of PAHs in the analytical, biological and 

medical sciences. Techniques for monitoring PAHs in the environment have been 

developed, and mechanisms for their influence on the human body have been 

proposed.221-224 

Recently, the spectra and structure of PAHs have undergone intense study because 

of their probable importance in the field of astrochemistry. This interest arose because of 

the suggestion by Leger and Puget, and Allamandola and coworkers, that PAHs might be 

responsible for the unidentified infrared (UIR) interstellar emission bands.11,225 This idea 

has now been widely accepted, although the mechanism of PAH formation in space 

remains uncertain. Indeed, PAHs are regarded as among the most abundant free organic 

molecules in space. They have also been proposed, together with unsaturated carbon 

chains and rings, as the carriers of the DIB bands. Neutral, dehydrogenated and ionized 

PAH species, including their coordination compounds, may also be present in space.225 

However, to date, no individual PAH species has been positively identified in space, 

except for the single ring species, benzene.226 Although spectral data are available only 

for a limited number of PAHs, it is generally believed that the UIR (and DIB) bands can 
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be attributed to emission (or absorption) of hydrocarbon compounds containing between 

20 and 100 (or more) carbon atoms.11,227 Constraints due to bandwidths, anharmonicities, 

and isotopic shifts from laboratory data hinder further astrophysical identification.226 

Current understanding holds that the UIR bands originate from a mixture of PAHs (a 

PAH “soup”), which makes their individual identification and/or simulation 

problematic.12 

Dibenzo[b,def]chrysene (DBC, Dibenzo[a,h]pyrene), the third most carcinogenic 

PAH, has been studied previously using a number of techniques.228-230 However, the 

vibrational and electronic spectra of neutral DBC and its ions, coupled with high level 

theoretical calculations, have not yet been reported. In this chapter, the infrared and 

electronic spectra of neutral, cationic, and anionic DBC trapped in solid argon at 12 K are 

reported. Spectral assignments are supported by DFT calculations of vibrational 

harmonic frequencies and time-dependent electronic transition energies. 

Structure and Energetics 

Figure 6-1 presents the optimized geometry found for neutral DBC (C2h symmetry) 

calculated at the B3LYP/6-31G(d,p) level. DBC ions still retain C2h symmetry, with 

similar bond lengths and angles. The C–C (C–H) bond length is ~ 1.4 (1.1) Ǻ, while the 

C–C–C and C–C–H bond angles are close to 120°, with deviations smaller than 5°. These 

parameters are typical of six-membered PAH rings. The values shown in the figure are 

C–H bond energies (eV) for DBC neutral [and the cation (in brackets)], calculated at the 

B3LYP/6-31G(d,p) level. The smallest C–H bond energy in neutral DBC is ~ 4.7 eV, 

which is only 0.1 eV lower than for the other C–H bonds. The C–H bond in the DBC 

cation is stronger, with energies ranging between 5.47 and 5.92 eV. The dehydrogenation 
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energies of neutral or cationic DBC are typical for the H atom loss from sp2 carbons, but 

much higher than from sp3 carbons.231 Thus, removal of hydrogens from neutral or 

cationic DBC is expected to be more difficult than from 2,3-benzofluorene or fluorene, 

where hydrogen atoms were relatively easily removed from the sp3 carbon.231 
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Figure 6-1. Equilibrium geometry of Dibenzo[b,def]chrysene (DBC) calculated at the 

B3LYP/6-31G(d,p) level. Dehydrogenation zero-point corrected energies (in 
eV, B3LYP/6-31G(d,p)) for the neutral DBC and its cation (in brackets) are 
displayed. 

Neutral DBC 

Infrared Absorption Spectra 

The experimental vibrational spectrum of neutral DBC isolated in Ar matrix at 12 

K is displayed in Figure 6-2. Calculated spectra are also included for comparison. 

Experimental and calculated band frequencies, relative intensities, and mode descriptions, 

are listed in Table 6-1. To account for vibrational anharmonicity and basis set 

deficiencies, the B3LYP frequencies were scaled by a factor of 0.978.232 Only those 

bands with relative intensities larger than 2% are tabulated. 
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Table 6-1. Comparison of the calculated and experimental (Ar matrix, 12 K) infrared 
absorption bands (in cm−1) of neutral Dibenzo[b,def]chrysene in the 1Ag 
electronic ground state. Relative IR intensities for predicted and experimental 
frequencies are given in parentheses. 

Symmetry  Mode Descriptiona  νcal
b  νcal

c  νexp 
bu  α(C-C-C)  162.3 (0.02)  162.1 (0.02)   
au  τ(C-C-C)  164.1 (0.05)  161.0 (0.08)   
bu  α(C-C-C)  471.4 (0.07)  470.1 (0.08)   
au  τ(C-C-C)  475.6 (0.13)  470.5 (0.23)   
bu  α(C-C-C)  512.5 (0.13)  512.4 (0.12)   
bu  α(C-C-C)  635.4 (0.31)  635.2 (0.25)   
au  ε(C-C-H) + τ(C-C-C)  675.3 (0.14)  667.6 (0.26)   
au  ε(C-C-H)  738.6 (0.97)  736.0 (1.57)  740.6 (1.31) 
au  ε(C-C-H)  751.5 (0.86)  748.1 (0.75)  756.4 (0.87) 
bu  α(C-C-C)  752.4 (0.06)  752.1 (0.04)   
bu  α(C-C-C)  803.5 (0.20)  802.0 (0.21)  809.6 (0.12) 
au  ε(C-C-H)  842.4 (0.25)  839.4 (0.24)  844.1 (0.32) 
au  ε(C-C-H)  873.4 (1.00)  873.4 (1.00)  878.8 (1.00) 
bu  α(C-C-C)  873.4 (0.07)  873.5 (0.06)   
au  ε(C-C-H)  927.1 (0.09)  945.4 (0.06)  947.9 (0.06) 
bu  R(C-C) + α(C-C-C)  1031.5 (0.17)  1023.7 (0.27)  1022.7 (0.09) 
bu  β(C-C-H)  1139.6 (0.03)  1133.3 (0.05)  1135.1 (0.03) 
bu  β(C-C-H)  1158.8 (0.04)  1150.0 (0.03)  1151.0 (0.03) 
bu  β(C-C-H)  1175.5 (0.06)  1170.0 (0.05)  1171.2 (0.05) 
bu  β(C-C-H)  1205.1 (0.23)  1198.6 (0.23)  1203.1 (0.17) 
bu  β(C-C-H) + R(C-C)  1240.3 (0.05)  1232.2 (0.03)  1234.7 (0.02) 
bu  β(C-C-H)  1272.0 (0.09)  1268.1 (0.08)  1273.7 (0.04) 
bu  β(C-C-H) + R(C-C)  1315.2 (0.18)  1305.9 (0.19)  1314.6 (0.09) 
bu  R(C-C) + β(C-C-H)  1368.0 (0.17)  1355.4 (0.15)  1365.0 (0.07) 
bu  β(C-C-H) + R(C-C)  1467.6 (0.17)  1455.1 (0.10)  1463.3 (0.13) 
bu  β(C-C-H) + R(C-C)  1490.6 (0.07)  1478.3 (0.04)   
bu  R(C-C) + β(C-C-H)  1538.4 (0.08)  1523.7 (0.10)  1524.1 (0.04) 
bu  R(C-C) + β(C-C-H)  1601.8 (0.06)  1587.0 (0.06)   
bu  R(C-C) + β(C-C-H)  1611.6 (0.05)  1595.0 (0.03)   
bu  R(C-C) + β(C-C-H)  1639.7 (0.25)  1622.4 (0.16)  d 

bu  r(C-H)  3103.7 (0.08)  3088.3 (0.06)  2861.5 (0.05) 
bu  r(C-H)  3108.4 (0.12)  3092.5 (0.07)   
bu  r(C-H)  3112.0 (0.44)  3096.1 (0.33)   
bu  r(C-H)  3118.3 (0.79)  3101.9 (0.63)   
bu  r(C-H)  3132.8 (1.54)  3116.2 (1.06)  2933.3 (1.08) 
bu  r(C-H)  3143.4 (0.34)  3127.9 (0.18)   
bu  r(C-H)  3158.1 (1.25)  3143.5 (0.77)  2966.1 (0.55) 
a Notation used: R and r are stretching modes, α and β are in-plane bending modes, and τ 
and ε are out-of-plane vibrations. 
b Calculation was carried out at B3LYP/6-31G(d,p) level, and all frequencies were scaled 
by factor of 0.978. Only bands with relative intensities equal to or higher than 0.02 are 
listed. The integral intensity predicted for the 873.4 cm−1 band is 49.55 km/mol. 
c Calculation were at the B3LYP/6-311+G(d,p) level, and all frequencies were scaled by 
a factor of 0.978. Only bands with relative intensities equal to or higher than 0.02 are 
listed. The integral intensity predicted for the 873.4 cm−1 band is 57.72 km/mol. 
d Overlapped with water bending vibration bands. 
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Figure 6-2. Experimental and calculated IR absorption spectra for neutral DBC. (a) IR 

absorption spectrum of DBC trapped in solid argon at 12 K. (b) IR spectrum 
calculated at the B3LYP/6-311+G(d,p) level (scaled by 0.978). (c) IR 
spectrum calculated at the B3LYP/6-31G(d,p) level (scaled by 0.978). 

All observed bands could be assigned to predicted frequencies, except for two, 

marked with stars (in Figure 6-2). In the 700–1400 cm−1 region, band positions predicted 

via B3LYP/6-311+G(d,p) calculations fit slightly better, with less than a 10 cm−1 

discrepancy. Although the predicted frequencies (using B3LYP/6-31G(d,p)) exhibit 

slightly larger differences, they are reliable and accurate enough to make assignments. In 

the C–H stretching region (2800–3100 cm−1), however, a discrepancy of ~ 190–250 cm−1 

is invariably seen. Because of the broadness of the band profiles in this region, these 

assignments should be considered tentative. As Table 6-1 shows, the C–C–H out-of-plane 

bending vibrations are stronger than other vibrational modes. The strongest experimental 

absorption is observed at 740.6 cm−1. Theoretically, the C–C–H out-of-plane bending 

vibration at 873.4 cm−1 is very close to the C–C–H in-plane bending vibration at 873.5 

cm−1. But the intensity of former is much stronger than the latter. On the other hand, 
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experimentally these two bands merge into the one. Two bands (1483.2 and 1040.7 cm−1, 

starred in Figure 6-2) probably arise from contaminants or thermal decomposition 

products since they do not track the DBC absorption band intensity in different 

experiments, and their intensities, relative to the DBC bands, depend on sample 

temperature. 

The IR spectrum of neutral DBC was previously recorded using a linear dichroism 

(LD) technique in a thick polyethylene sheet.230 Most bands observed in this work were 

reproduced in the matrix experiments, except for two, at 769 and 976 cm−1. Theoretical 

calculations predict no absorption close to these positions, casting doubt on the origin of 

these peaks. There are, of course, small frequency differences between the LD and matrix 

peaks. Some features could not be observed in the LD experiments because of substrate 

absorption, viz, the band at 1135.1 cm−1 and all higher bands (i.e., > 1250 cm−1). 

Electronic Absorption Spectra  

Neutral DBC has strong absorption bands in the UV-visible region (cf. Figure 6-3). 

The observed and theoretical vertical excitation energies and oscillator strengths of 

neutral DBC are compared in Table 6-2. The electronic transitions were assigned by 

comparing the observed absorption bands to TDDFT-calculated vertical excitation 

energies and oscillator strengths (cf. Table 6-2 and Figure 6-3). 

The observed energy for the S1 ← S0 transition is 2.83 eV (438.8 nm), which is 

close to the predicted value of 2.6–2.9 eV. Vibrational structure is observed on the first 

electronic absorption band (cf. the enlargement in Figure 6-3). The 433.7, 420.2, and 

414.1 nm bands are spaced 268, 1009, and 1359 cm−1 from the 438.8 nm (0−0) transition, 

respectively. Assuming no substantial conformational change in its S1 state, the above 

intervals are well-described by ground state Raman-active frequencies (scaled by 0.978). 
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Table 6-2. Calculated and observed vertical excitation energies, ω, and oscillator 
strengths, f, for neutral Dibenzo[b,def]chrysene. 

NWCHEMa Gaussian 98a 
B3LYP (AC) BLYP B3LYP Experiment State Transitionb 
ω/eV f  ω/eV f 

 
ω/eV f 

 
ω/eV f 

1Bu 
 

π–1 → π1* 
 

2.90 
 

0.3461 
 

2.61 
 

0.2358 
 

2.69 
 

0.2409 
 

2.83 (438.8)c 
2.77 (448)d 

0.16c 
[0.18]d 

1Bu π–1 → π2* 3.26 0.0050 2.94 0.0032 3.25 0.0018   
1Ag π–1 → π3* 3.62 inactive 3.02 inactive 3.61 inactive   
1Ag π–1 → π4* 3.97 inactive 3.50 inactive 3.89 inactive   
1Ag π–3 → π1* 4.15 inactive 3.69 inactive 4.06 inactive   
1Ag π–4 → π1* 4.31 inactive 3.88 inactive 4.22 inactive   
1Bu 
 

π–2 → π1* 
 

4.35 
 

1.4226 
 

3.89 
 

0.8626 
 

4.12 
 

1.1853 
 

4.06 (305.5)c 
4.03 (308)d 

0.54c 
[1.00]d 

1Ag π–2 → π3* 4.50 inactive 4.03 inactive 4.49 inactive   
1Bu π–5 → π1* 4.57 0.0071 3.92 0.0480 4.57 0.0011   
1Ag π–6 → π1* 4.81 inactive 4.10 inactive 4.81 inactive   
1Bu 
 

π–1 → π5* 
 

4.94 
 

0.4512 
 

4.22 
 

0.0361 
 

4.83 
 

0.6432 
 

4.68 (265.1)c 
4.66 (266)d 

0.029c 
[0.24]d 

1Ag π–1 → π6* 4.94 inactive 4.25 inactive 4.90 inactive   
1Bu 
 

π–2 → π2* 
 

5.00 
 

0.6111 
 

4.53 
 

1.0414 
 

4.88 
 

0.0337 
 

4.95 (250.6)c 
4.88 (254)d 

0.019c 
[0.26]d 

1Ag π–3 → π4* 5.21 inactive 4.62 inactive 5.20 inactive   
1Bu

 π–3 → π3* 5.31 0.4491 4.69 0.0113 5.21 0.3694 5.19 (239)d [0.22]d 
1Ag π–7→ π1* 5.43 inactive 4.75 inactive 5.41 inactive   
1Bu π–3→ π4* 5.45 0.3118 4.77 0.0607 5.41 0.0715   
1Bu π–5→ π2* 5.61 0.0086 5.00 0.0111 5.61 0.0039   
1Ag π–4→ π2* 5.67 inactive 5.00 inactive 5.50 inactive   
1Ag π–6→ π2* 5.91 inactive 

 

··· ··· 

 

··· ··· 

 

  
a All calculations were performed using 6-31G(d,p) standard basis set. The ground-state 
wave function transforms as the 1Ag irreducible representation of the C2h point group. 
b The orbitals are numbered in the order of increasing orbital energies with π–1 and π1* 
being the highest occupied and lowest unoccupied orbitals, respectively. 
c This work, wavelengths in nanometers are given in parentheses. 
d Reference 233, wavelengths in nanometers are given in parentheses, and the number 
listed in the oscillator strength column represents the relative UV absorption intensity. 
 
The 257 (56 Å4/amu), 1032 (61 Å4/amu) and 1365 cm−1 (522 Å4/amu) bands match well 

with the observed intervals in the S1 state and are thus considered part of the S1 ← S0 

electronic transition. The absorption peaks at 428.8 and 423.6 nm are separated by ~ 2 × 

268 (531) and ~ 3 × 268 (818) cm−1 from the 0-0 transition at 438.8 nm, and are taken as 

the 1st and 2nd overtones of the 268 cm−1 mode. Similarly, the 391.4 nm band is probably 

the 1st overtone of the 1359 cm−1 mode, since there is no corresponding Raman-active 

vibrational mode. The two remaining intervals associated with bands at 409.7 and 387.5 

are assigned as combination modes: 1619 ≈ 268 + 1359 cm−1 and 3017 ≈ 268 + 2 × 1359 
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cm−1. The strongest absorption at 305.5 nm (4.06 eV) is assigned to the S7 ← S0 

transition, and its two neighbor bands (293.1 nm and 281.6 nm), 1385 and 2778 (≈ 2 × 

1385) cm−1 from the 305.5 nm (0−0) band, can be ascribed to the predicted 1386 cm−1 

(2490 Å4/amu) Raman-active mode. The final two bands are close to the excitation 

energies of the S11 ← S0 and S13 ← S0 transitions. The transitions missing in the observed 

spectrum (e.g., S3 ← S0) are either due to symmetry restrictions or expected low 

oscillator strengths (cf. Table 6-2). 

 
Figure 6-3. Electronic absorption spectrum of neutral DBC (Ar, 12 K) with band 

positions marked in nm. Insert spectrum shows the S1 (1Bu) ← S0 (1Ag) 
transition. The band assignment is based on the 268, 1009 and 1359 cm-1 
fundamental mode energies in S1 state (see text). 

The calculated vertical excitation energies and oscillator strengths for the first ten 

excited states are independent of the protocol used, Gaussian or NWChem (cf. Table 6-2). 

However, for the higher excited states, the results differ. Assignments for S11 and higher 

transitions should thus be regarded as tentative. 

The oscillator strength (f) for an electronic transition can be calculated from the 

molar absorptivity ( UVε ) and the full width at half maximum absorption ( 21ν∆ ) for each 
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band: ( ) ( )∫ ∑ ∆×≈×= −−
21

99 1033.41033.4 ννεννε UVUV df . For the same 

sample/matrix, the molar absorptivity can be calculated from the relative IR and UV-

visible band absorbance (A) using ( ) IRIRUVUV AA εε = . The IR molar absorptivity ( IRε ) 

can be obtained from the theoretical integral intensity, 21303.2 νε ∆= IRabI . For example, 

the well-isolated band at 878.8 cm−1 has a predicted (B3LYP/6-31G(d,p)) integral 

intensity of 50 km/mol.  Since the observed bandwidth ( 21ν∆ ) is 2 cm−1, the estimated 

IRε  is 1086 M−1 cm−1. The measured absorbance of the 878.8 cm−1 IR band is 0.0043, 

while the measured absorbance of the 438.8 nm band in the same matrix is 0.41, and 

bandwidth is 105 cm−1. Therefore, the expected molar absorptivity, UVε , for the 438.8 nm 

band is found to be 103.5 × 103 M−1 cm−1. After summing the vibronic band contributions 

(cf. Figure 6-3), the oscillator strength (f) for the S1 ← S0 transition of neutral DBC is 

found to be 0.16. f values for other electronic transitions of neutral and ionic DBC were 

determined similarly. The error in the f values comes mainly from the accuracy of the 

calculated integral IR intensities. 

DBC Cation and Anion 

Infrared Absorption Spectra 

The infrared absorption spectra of neutral DBC, and its cations and anions, are 

given in Figure 6-4. Bands originating solely from neutral DBC are shown in the lower 

spectrum (c). The middle spectrum (b) shows the results after electron bombardment of 

the gas mixture (Ar / CCl4). Bands corresponding to CCl3, CCl3
+, HAr2

+, and the CCl3•Cl 

complex are assigned based on previous studies.234-237 The new bands are mostly due to 

DBC cations. Because of its high electron affinity (2.0 eV),238 CCl4 acts as an electron 

scavenger with the result that the electrons from ionized DBC are trapped by CCl4 and its 
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by-products, such as CCl3 (2.6 eV),239  CCl2 (2.5 eV),239 Cl (3.6 eV),240. All these 

byproducts have higher electron affinities than DBC (1.1 eV). Almost no DBC anion 

bands are observed in this spectrum. Without CCl4 in the gas mixture, absorption due to 

DBC anions (empty triangles), cations (filled triangles), and neutrals can be seen in the 

upper spectrum (a). The experimental frequencies and theoretical values for DBC cations 

and anions, computed at the B3LYP/6-31G(d,p) level (and scaled by 0.978), are 

compared in Tables 3 and 4, respectively. 

 
Figure 6-4. Observed IR absorption spectra of neutral and ionic DBC (Ar, 12 K). Bands 

marked with filled triangles are assigned to DBC cations, while DBC anions 
are labeled with empty triangles. (a) IR spectrum of DBC neutrals, cations and 
anions. (b) IR spectrum of DBC neutrals and cations. (c) IR spectrum of DBC 
neutrals. Bands marked with filled stars (1483.2, 1040.7 cm−1) are due to 
impurities. Bands marked by an empty star, empty circle, filled diamond, and 
empty diamond are attributed to CCl3

+ (1036.5 cm−1), CCl3•Cl (1019.3 cm−1, 
926.5 cm−1), CCl3 (898.0 cm−1), and HAr2

+ (903.3 cm−1) radicals, 
respectively.234-237 

Like other PAH ions,231,241,242 the intensities of the C–C stretching and C–C–H in-

plane bending modes in the 1000–1600 cm−1 region are stronger than other vibrational 
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modes. This is very different from neutral DBC whose most intense bands lie in the C–H 

wagging region. No band attributable to the DBC cation is observed in the C–H 

stretching region, because its strongest predicted relative intensity is only 0.02. On the 

other hand, DBC anions have two C–H stretching modes in this region with computed 

relative intensities of 0.31 and 0.25. But, because of the band overlap in this region, peaks 

attributable solely to the anion could not be extracted from the experimental spectrum. 

Table 6-3. Comparison of the calculated (B3LYP/6-31G(d,p)) and experimental (Ar 
matrix, 12 K) infrared absorption bands (in cm−1) of dibenzo[b,def]chrysene 
radical cation in the 2Bg electronic ground state. Relative IR intensities for 
predicted and experimental frequencies are given in parentheses. 

Symmetry  Mode Descriptiona  νcal
b  νexp 

au  ε(C-C-H) + τ(C-C-C)  467.2 (0.02)   
bu  α(C-C-C)  561.2 (0.03)   
au  ε(C-C-H)  757.1 (0.20)   
au  ε(C-C-H)  821.5 (0.02)   
au  ε(C-C-H)  863.3 (0.02)   
au  ε(C-C-H)  902.9 (0.07)  910.3 (0.13) 
bu  β(C-C-H)  1186.0 (0.34)  1178.9 (0.69) 
bu  β(C-C-H)  1207.9 (0.05)   
bu  β(C-C-H) + R(C-C)  1260.3 (0.03)   
bu  R(C-C) + β(C-C-H)  1304.6 (0.04)   
bu  R(C-C)  1352.9 (1.00)  1348.7 (1.00) 
bu  R(C-C)  1371.6 (0.14)  1364.9 (0.19) 
bu  β(C-C-H)  1428.1 (0.12)  1421.3 (0.28) 
bu  β(C-C-H) + R(C-C)  1434.4 (0.02)   
bu  R(C-C) + β(C-C-H)  1463.6 (0.04)  1451.8 (0.08) 
bu  R(C-C) + β(C-C-H)  1498.3 (0.34)  1496.4 (0.25) 
bu  R(C-C) + β(C-C-H)  1539.1 (0.11)  1529.9 (0.11) 
bu  R(C-C)  1563.0 (0.17)   
bu  R(C-C)  1565.9 (0.54)  1562.8 (0.47) 
bu  R(C-C)  1607.5 (0.20)   
bu  r(C-H)  3151.8 (0.02)   
bu  r(C-H)  3157.4 (0.02)   
bu  r(C-H)  3171.4 (0.02)   
a Notation used: R and r are stretching modes, α and β are in-plane bending modes, and τ 
and ε are out-of-plane vibrations. 
b Frequencies scaled by factor of 0.978. The bands with relative intensities equal to 0.02 
or higher are listed only. The integral intensity predicated for the 1352.9 cm−1 band is 
equal to 500.23 km/mol. 
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Table 6-4. Comparison of the calculated (B3LYP/6-31G(d,p)) and experimental (Ar 
matrix, 12 K) infrared absorption bands (in cm−1) of dibenzo[b,def]chrysene 
radical anion in the 2Au electronic ground state. Relative IR intensities for 
predicted and experimental frequencies are given in parentheses. 

Symmetry  Mode Descriptiona  νcal
b  νexp 

bu  α(C-C-C)  466.5 (0.06)   
au  ε(C-C-H)  709.8 (0.05)   
bu  α(C-C-C)  746.7 (0.04)   
au  ε(C-C-H)  752.6 (0.08)   
au  ε(C-C-H)  794.6 (0.07)   
au  ε(C-C-H)  824.2 (0.02)   
bu  R(C-C) + β(C-C-H)  986.1 (0.03)   
bu  R(C-C) + β(C-C-H)  1033.9 (0.05)   
bu  β(C-C-H)  1152.0 (0.03)   
bu  β(C-C-H)  1174.6 (0.22)  1161.6 (0.35) 
bu  β(C-C-H)  1187.8 (0.02)   
bu  β(C-C-H) + R(C-C)  1245.5 (0.02)   
bu  R(C-C) + β(C-C-H)  1289.2 (0.06)   
bu  R(C-C)  1323.1 (0.29)  1316.8 (0.32) 
bu  R(C-C)  1336.2 (1.00)  1327.8 (1.00) 
bu  R(C-C) + β(C-C-H)  1407.0 (0.12)  1398.0 (0.23) 
bu  R(C-C) + β(C-C-H)  1416.2 (0.02)   
bu  R(C-C) + β(C-C-H)  1450.7 (0.24)  1437.6 (0.42) 
bu  R(C-C) + β(C-C-H)  1488.4 (0.04)   
bu  R(C-C) + β(C-C-H)  1527.5 (0.04)   
bu  R(C-C)  1558.0 (0.54)   
bu  R(C-C)  1563.8 (0.03)   
bu  R(C-C)  1592.9 (0.08)   
bu  r(C-H)  3073.7 (0.02)   
bu  r(C-H)  3082.5 (0.10)   
bu  r(C-H)  3090.0 (0.19)   
bu  r(C-H)  3102.7 (0.31)   
bu  r(C-H)  3114.6 (0.06)   
bu  r(C-H)  3128.0 (0.25)   
a Notation used: R and r are stretching modes, α and β are in-plane bending modes, and τ 
and ε are out-of-plane vibrations. 
b Frequencies scaled by factor of 0.978. The bands with relative intensities equal to 0.02 
or higher are listed only. The integral intensity predicated for the 1336.2 cm−1 band is 
equal to 676.86 km/mol. 
 

To show clearly the correlation between experimental and theoretical bands of the 

DBC ions, synthetic “experimental” spectra were constructed. A synthetic band, with half 

Gaussian and half Lorentzian character and a 3 cm−1 bandwidth, was situated at every 
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Figure 6-5. Synthetic experimental and calculated IR absorption spectra for DBC cations 

and anions. Experimental IR spectra for ions were synthesized from 
frequencies and relative intensities observed in Ar matrix at 12 K of Figure 6-
4. The predicted IR spectra were computed at B3LYP/6-31G(d,p) level and 
scaled by 0.978. Strong water absorption region is marked by the horizontal 
solid line. 

frequency observed for a DBC ion. Theoretical spectra were generated in the same way, 

with a scaling factor of 0.978. As shown in Figure 6-5, the observed frequencies are in 

good overall agreement with predictions. The predicted strong anionic absorption at ~ 

1558 cm−1 is absent in the experimental spectrum, perhaps because of the overlap with 
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the strong water absorption in this range. In addition, some of the DBC anion bands are 

photosensitive, making DBC − band assignments in this region difficult. 

 
Figure 6-6. Experimental IR spectra for DBC species (Ar, 12 K) under different 

photolysis time. The DBC+ and DBC− bands are marked by filled and empty 
triangles, respectively. Notation for other bands is same as in Figure 6-4. 

It is well known that photolysis results in a decrease in ion absorption in matrices. 

The effects of photolysis on the DBC ions are shown in Figure 6-6. Before photolysis, the 

[DBC+] / [DBC−] ratio is about 1.2. After 1 min photolysis, the intensity ratio rises to ~ 2. 

On further photolysis (5 min) the ratio increases to 4. After still longer UV exposure (45 

min), the DBC anions have disappeared while the DBC cations remain at ~ 30% of their 

original intensity. Overall, DBC anions are more sensitive than cations to UV light. 

Electrons photodetached from DBC − are partially scavenged by cations in the matrix 

(DBC + and impurities such as HAr2
+) and by species with nonzero electron affinities 

(DBC and neutral impurities such as OH (EA = 1.8 eV)243). Only a portion of the 

electrons photodetached from DBC − are recaptured by DBC + radicals because of various 
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competitive electron capture processes. Overall, the photodissociation yield of DBC − is 

larger than for DBC +. 

Electronic Absorption Spectra 

Electronic and vibrational spectra were recorded on the same sample/matrices. 

Figure 6-7 shows the optical spectra and Figure 6-4 shows the corresponding infrared 

spectra. Calculated and observed electronic transition energies for DBC cations and 

anions are compared in Tables 5 and 6, respectively. The effect of UV photolysis on 

DBC ion concentrations is displayed in Figure 6-8. 

 
Figure 6-7. Observed optical absorption spectra of neutral and ionic DBC in Ar at 12 K. 

Bands marked with filled triangles are assigned to DBC cations, while DBC 
anions are labeled with empty triangles. (a) Optical spectrum of DBC neutrals, 
cations, and anions. (b) Optical spectrum of DBC neutrals and cations. (b) 
Optical spectrum of DBC neutrals. The carriers of the bands marked by stars 
are unknown. 

Electron bombardment of a DBC / CCl4 / Ar mixture produced several new 

electronic transitions (compare Figures 7b and 7c) at 805.0 nm (1.54 eV), 648.3 nm (1.91 

eV), 626.3 nm (1.98 eV), and 589.3 nm (2.10 eV), all of which are here assigned to DBC 
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cation transitions. The first band (1.54 eV), assigned to the D2 (2Au) ← D0 (2Bg) 

transition, is within 0.06 eV of the theoretical prediction (cf. Table 6-5). The strong 

progression starting at 648.3 nm (and including bands at 626.3 and 589.3 nm) is assigned 

to D3 (2Au) ← D0 (2Bg). A similar strong absorption was reported by the Shida228,244 

group for DBC + at 653 nm in t-butyl chloride. Ground state fundamental frequencies of 

544 cm−1 (231 Å4/amu) and 1564 cm−1 (1284 Å4/amu), calculated at the B3LYP/6-

31G(d,p) level, are close to the observed D3 state intervals of 542 and 1544 cm−1. 

 
Figure 6-8. Experimental optical spectra (corresponding to Figure 6-6 IR spectra)) for 

DBC species trapped in Ar at 12 K under different photolysis times. 

Comparison of Figure 6-7a and Figure 6-7b shows three new bands at 683.4 nm 

(1.81 eV), 506.8 nm (2.45 eV), and 499.1 nm (2.48 eV). The 683.4 nm band is assigned 

to the D4 (2Bg) ← D0 (2Au) transition of the DBC anion, while the origin of two other 

bands is unknown. The latter two bands (506.8 nm and 499.1 nm) show up only when 

DBC anions are created. They are not sensitive to the UV photolysis. Figure 6-8 shows 

that only after longtime UV matrix irradiation do the ratios of these two peaks vary 
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slightly. As shown in Figure 6-8, the intensities of the DBC ionic electronic absorption 

vary with the same pattern as the infrared intensities in Figure 6-6. As mentioned above, 

prolonged (i.e., 45 min) photolysis results in a DBC cation signal decrease of 70% and a 

complete disappearance of the DBC anion signal. This observation supports the 

vibrational band assignments to the two ions made from the analysis of the infrared 

spectra, and vice versa. 

Shida previously observed a band at 442 nm (2.81 eV) in solid 2-

methyltetrahydrofuran (at 77 K) and assigned it to the DBC anion. The intensity of this 

band was even greater than the transition at 690 nm.228,244 However, in the experiments, 

this band is overlapped by the strong absorption of neutral DBC. Although there is a 

predicted electronic transition [D8 (2Bg) ← D0 (2Au)] at ~ 2.8 eV, its oscillator strength is 

much smaller than for the D4 ← D0 transition. Thus, there is not enough information from 

these experiments to confirm this assignment. 

Astrochemistry Implications 

The formation yields of PAH ions are dependent on their ionization energies (IE) 

and electron affinities (EA). Experimentally, the IE of DBC lies between 6.8 eV and 7.4 

eV.245,246 An adiabatic IE of 6.19 eV and a vertical IE of 6.24 eV (B3LYP/6-31G(d,p) 

level) have been calculated. This IE is typical of many PAHs, and indicates the high 

probability of DBC ionization upon exposure to UV-visible [or cosmic ray radiation].  

The calculated adiabatic EA for DBC is 0.89 eV and the vertical EA is 0.79 eV 

(B3LYP/6-31G(d,p)). An experimental EA of 1.1 eV has been reported.247 The DFT 

approach usually gives computed electron affinities within 0.3 eV of the experimental 

value.248 Diffuse functions are not really important in improving estimated electron 

affinities for large PAH systems.249 With such a high electron affinity, DBC anions 
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should easily form in the electron-rich conditions of interstellar space, such as the 

envelope of stars. 

The Unidentified Infrared (UIR) Emission Bands 

Infrared absorption band energies and intensity distributions for DBC cations and 

anions are quite different from neutral DBC. Many of the infrared absorption bands 

observed for the DBC ions are in line with the unidentified interstellar infrared (UIR) 

emission features. Figure 6-9 shows that a mixture of DBC species (26% neutral, 7% 

anion and 67% cation) resembles reasonably well the UIR bands observed from the 

reflection nebula NGC 7023.250,251 The strongest absorption bands at 1348.7 cm−1 (7.4 

µm) and 1327.8 cm−1 (7.5 µm) for the DBC cation and anion, respectively, correlate 

reasonably well with the most intense UIR broad band at 7.7 µm. The, 910.3 cm−1 (11.0 

µm) DBC cation band is close to the 11.0 µm emission feature. The 1178.9 cm−1 (8.5 µm) 

peak may contribute to the 8.6 µm UIR band, while the 1562.8 cm−1 (6.4 µm) band may 

contribute to the 6.2 µm UIR peak.  

The DBC anion absorption at 1161.6 cm−1 (8.6 µm) may account for the 8.6 µm 

emission feature. The 1316 cm−1 (7.6 µm), 1398.0 cm−1 (7.2 µm), and 1437.6 cm−1 (7.0 

µm) bands fit within the broad UIR envelope between 6.2 µm and 7.6 µm. The predicted 

band at 1558.0 cm−1 (6.4 µm) may correspond to the 6.2 µm UIR feature.  

While the DBC IR bands fall in close proximity to the UIR bands, the values are, of 

course, from Ar matrices and thus subject to some shifts compared to gas phase values. 

What are the magnitudes of the expected shifts? Recently, IR spectra in the C−H 

stretching region were reported252 for a few small PAHs seeded into supersonically-

expanded carrier gases with low rotational (10 K) and vibrational (<50 K) temperatures. 

These results show that red shifts averaging 0.5–4.4 cm−1, going from the gas phase to 
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Figure 6-9. Comparison of UIR bands from the reflection nebula NGC 7023 with a 

mixture of DBC species (26% neutral, 7% anion and 67% cation). a) UIR 
bands from NGC 7023 (adapted, with permission, from refs. 250 and 251); b) 
Mixture of DBC species (i.e., sum of spectra c-e); c) DBC cation IR spectrum; 
d) DBC anion IR spectrum; e) neutral DBC IR spectrum. Spectra c-e were 
constructed from the experimental spectrum of each species (neutral, cation or 
anion) in the 600–2000 cm−1 range, by increasing every peak bandwidth 
(FWHM) to 75 cm−1. The latter value was chosen since it is the experimental 
bandwidth of the most intense UIR band at 7.7 µm (1298 cm−1). 

Ar matrices, can be expected. Based on Jacox’s compilation253 of gas-to-Ar matrix shifts 

for numerous neutral and ionic species, dramatic changes in the absorption energies of 

PAH ions in the mid-IR region are not expected with change of phase. Thus, the Ar 
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matrix-to-gas shifts are expected to be too small to affect the two significant digits quoted 

in the UIR band positions listed above.  

In summary, a mixture of DBC neutrals, cations, and anions does a passable job of 

mimicking the UIR features of NGC 7023, which lends credence to the conclusion that 

such a mixture may contribute to the UIR emission features of this and other UIR 

sources. 

The Diffuse Interstellar Bands (DIBs) 

PAHs and their ions have also been proposed as possible carriers of the visible 

diffuse interstellar absorption bands (DIBs).254 A number of large PAHs, such as 

dicoronylene (C48H20), have been studied and compared with the DIB spectra.254 

Although neutral DBC possesses no electronic transitions that match the DIB bands, its 

ions do. The most intense DCB cation electronic band at 648.3 nm (Ar/12K) and anion 

band at 683.4 nm (Ar/12K) are in close proximity to the DIB bands at 649.4 nm and 

683.4 nm, respectively, observed from HD 183143.17 Matrix-to-gas shifts must be 

considered. The electronic absorption bands of PAH cations usually red-shift in matrices, 

compared to the absorption in the gas phase. For example, the shift is 120 cm−1 for 

naphthalene,255 218 cm−1 for acenaphthene,255 393 cm−1 for pyrene,255 289 cm−1 for 

fluorene,256 and 266 cm−1 for anthracene.257 Adopting an average gas-to-Ar matrix shift 

of 250 cm−1, the electronic bands for DBC cations and anions should appear in the gas 

phase at 638.0 nm and 676.5 nm, respectively. Compared to the DIB bands measured in 

the interstellar source HD 183143,17 DBC cations may thus contribute to the diffuse 

bands at 636.7, 637.6, and 637.9 nm, while DBC anions could be the carrier of the DIB 

bands at 676.8, 676.9, 677.0, and 677.9 nm. Therefore, the DBC ions should be viewed as 

potential contributors to the DIB bands as well as the UIR bands. 
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Summary 

(1) The vibrational and electronic spectra of neutral DBC were recorded in argon 

matrices at 12 K. Band assignments were made by comparison with theoretical 

calculations. Out-of-plane C–C–H bending vibrations at 740.6 and 878.8 cm−1 were 

among the strongest modes observed. Five electronic transitions have been observed for 

neutral DBC, with the first [assigned to the S1 (1Bu) ← S0 (1Ag) transition] lying at 438.8 

nm, and the strongest [assigned to the S7 (1Bu) ← S0 (1Ag) transition] located at 305.5 nm. 

Vibrational structure for these two bands were also observed and assigned. 

(2) Infrared and optical spectra of the DBC cation and anion are reported for the 

first time. The electronic and vibrational spectra were recorded on the same matrix, 

allowing an estimate of the oscillator strengths of the observed electronic transitions. The 

IR band assignments were supported not only by theoretical predictions, but also by 

intensity correlation with visible band intensities. The strongest IR bands of the DBC 

cations and anions lie at 1348.7 cm−1 and 1327.8 cm−1, respectively. The electronic band 

at 648.3 nm has been assigned to the DBC cation D3 (2Au) ← D0 (2Bg) transition, and the 

band at 683.4 nm to the DBC anion D4 (2Bg) ← D0 (2Au) transition. The 

photodissociation rate for DBC anions is higher than for cations. 

(3) Comparison of the observed infrared and visible bands of the DBC cations and 

anions with the interstellar UIR and DIB bands reveals that DBC ions may be 

contributors to both sets of bands. 
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CHAPTER 7 
ANHARMONICITY OF POLYCYCLIC AROMATIC HYDROCARBONS 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs), as a group, are possible carriers of the 

UIR bands and the DIBs. They have been extensively studied both experimentally and 

theoretically.38,258-270 Specific assignments of particular PAHs have not been made for the 

UIR or DIB bands due to two limitations, that is, the limited data available for the PAHs 

and the constraint of anharmonicity from laboratory observations.226,258,259 The 

anharmonicity of the PAH vibrations is substantial, especially for the CH stretching 

modes, which broadens this absorption region and makes the assignment for these modes 

tentative.258,259 

No experimental method to date can be used to entirely evaluate the anharmonic 

effect. Recently, jet-cooled infrared cavity ringdown spectroscopy (CRDS)252 and 

infrared multiphoton dissociation (IRMPD)260 spectroscopy have been used to investigate 

this effect to some extent. On the other hand, theoretical calculations are an alternative 

way to study the anharmonicity without the influence of band overlapping that is 

common in spectral observation. However, anharmonic frequency calculations require 

complicated mathematical models and entail a high computational cost. 

Earlier trials to evaluate the anharmonic force field for naphthalene were based on a 

simple anharmonic local mode or tight-binding model, coupled with an adiabatic 

switching procedure, instead of ab initio or DFT calculations.261 The latest release of 

Gaussian 03 protocol not only improves the efficiency of all computations but it also 
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incorporates anharmonic frequency calculations without any limit on the number of 

atoms, a common defect for other computational programs.25 Recently, the DFT 

functionals in Gaussian 03 have been used to derive the anharmonic force field of uracil 

and 2-thiouracil. Satisfactory agreement has been observed between calculated and 

matrix experimental fundamentals using the B3LYP functional, but larger errors were 

observed using the BLYP method.262 The harmonic frequencies of numerous aromatic 

compounds like naphthalene, phenanthrene, and anthracene have also been calculated 

using B3LYP functional over the decades, and in all cases, they have been shown to be 

quite reliable in the 700–1600 cm−1 region.263 Therefore, it seems reasonable to expect 

that the B3LYP density functional should produce reliable results in the calculation of the 

vibrational anharmonicity of aromatic hydrocarbons. 

Anharmonicity of Naphthalene 

Harmonic and anharmonic vibrational frequencies for neutral and cationic 

naphthalene were computed at the B3LYP level of theory using 6-31G(d,p) and 6-

311G(d,p) basis sets. The geometry of naphthalene was restricted to D2h. Calculations 

using other basis sets, such as 4-31G, 6-31+G(d,p), 6-31G++G(d,p), 6-311+G(d,p), 6-

311++G(d,p) were carried out as well. The results using the 4-31G basis set are close to 

the experimental values, but worse than 6-31G(d,p) or higher basis sets. When diffuse 

functions (+ or ++) are used with 6-31G(d,p) and 6-311G(d,p) basis sets, harmonic 

frequencies can be predicted correctly, but several vibrational modes were predicted with 

negative anharmonic frequencies, which is nonphysical. The reason for this is due to the 

instability of perturbation of wavefunctions in Gaussian 03 that lead to a mistake in the 

optimization of the anharmonic potential surface. Fortunately, previous studies have 
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revealed that diffuse functions are not important for large size organic molecules like 

PAHs.249 Therefore, no diffuse functions were used in the present calculations. 

Harmonic (νh) and anharmonic (νa) vibrational frequencies and their relative 

intensities (IR) are reported and compared to experimental values (νe) in Table 7-1 

through Table 7-4. A severe limitation of Gaussian 03 is that absolute intensities of 

anharmonic frequencies can not be evaluated yet. So the intensities of the anharmonic 

frequencies were considered to be the same as harmonic ones. Harmonic frequencies at 

the 6-31G(d,p) and 6-311G(d,p) levels were scaled by 0.978 and 0.985 respectively, 

while there is no scaling for anharmonic frequencies. Table 7-1 lists all the infrared active 

frequencies of neutral naphthalene and should be compared to the experimental data 

observed by Hudgins et al. and Szczepanski et al.266,267 Anharmonic frequencies of 

naphthalene predicted by Parneix’s group (VPB) using a tight-binding molecular 

dynamics model are reported as well for comparison.261 Raman active vibrational 

frequencies are presented in Table 7-2 and compared to the Raman shift frequency 

standards by McCreery for naphthalene pellets.271 Predicted IR frequencies of 

naphthalene cation are compared to experimental values by Hudgins et al.267 and 

Szczepanski et al.264 in Table 7-3, while theoretical Raman frequencies are compared to 

results from Sheng et al.272 and Szczepanski et al.273 in Table 7-4. 

Infrared Active Vibrational Absorption 

From Table 7-1 and Table 7-3, it is clear that IR active vibrational fundamentals of 

neutral and cationic naphthalene can be divided into two regions. Region A, from 400 to 

1700 cm−1, is basically due to aromatic ring structure deformation, C–C stretching, and 

CH out-of-plane vibrations and region B, above 3000 cm−1, is normally due to C–H 

stretching. The scaling factor for harmonic frequencies of neutral and cationic 
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Table 7-1. Comparison of the calculated (B3LYP) and experimental infrared active 
absorption bands (in cm−1) including their relative IR intensities of neutral 
naphthalene in the 1Ag electronic ground state 

6-31G(d,p) 6-311G(d,p) Hudgins et al.267 Szczepanski et al.266 VPB261 irrep νh νa IR νh νa IR νe IR νe IR νa 
au 967.3 975.5 0.00 977.5 979.1 0.00      
au 834.8 838.2 0.00 836.5 829.6 0.00      
au 619.8 625.6 0.00 625.2 626.7 0.00      
au 185.4 184.5 0.00 182.9 180.2 0.00      
b1u 3122.7 3055.7 0.74 3128.7 3039.0 0.56 3050-3071 0.21 3028-3112 0.37 2976 
b1u 3105.2 3074.0 0.08 3111.3 3041.1 0.05     2960 
b1u 1619.7 1618.9 0.05 1617.5 1605.3 0.04 1599-1604 0.04 1601 0.05 1645 
b1u 1393.6 1397.0 0.04 1397.0 1390.0 0.04 1388-1395  1391, 1394 0.05 1532 
b1u 1263.3 1280.3 0.09 1268.2 1276.6 0.06 1267-1275 0.07 1269, 1272 0.05 1355 
b1u 1129.2 1138.8 0.04 1134.0 1134.8 0.04 1127-1142 0.07 1129, 1131 0.05 1202 
b1u 789.8 798.8 0.00 796.9 799.2 0.00     863 
b1u 356.1 364.4 0.01 360.1 365.6 0.01     379 
b2u 3134.3 3088.0 0.61 3140.0 3062.8 0.43 3071-3083 0.09 3028-3117 0.37 2984 
b2u 3107.0 3037.3 0.01 3113.6 3028.7 0.01     2976 
b2u 1528.0 1526.1 0.09 1526.4 1513.6 0.08 1506-1520 0.12 1513, 1515 0.07 1589 
b2u 1377.1 1379.8 0.01 1371.2 1365.1 0.01 1360-1363 0.02 1361 0.02 1371 
b2u 1213.6 1223.0 0.01 1214.6 1214.5 0.01 1209-1216 0.03 1212, 1214 0.02 1250 
b2u 1152.2 1161.4 0.01 1152.0 1152.1 0.01     1145 
b2u 1020.0 1025.9 0.06 1020.8 1018.7 0.06 1009-1018 0.07 1012, 1016 0.07 1108 
b2u 621.0 629.0 0.04 626.7 630.1 0.03 617-622 0.04 621 0.04 653 
b3u 947.1 960.0 0.04 959.6 965.2 0.03 956-963 0.02 958, 960 0.03 1057 
b3u 785.7 789.9 1.00 786.2 787.1 1.00 780-790 1.00 783, 788 1.00 823 
b3u 481.1 483.7 0.14 480.5 478.8 0.19 472-483 0.15 474 0.17 484 
b3u 172.5 173.5 0.02 170.2 171.3 0.02     169 
 
Table 7-2. Comparison of the calculated (B3LYP) and experimental Raman active 

absorption bands (in cm−1) including their relative Raman intensities of 
neutral naphthalene in the 1Ag electronic ground state 

6-31G(d,p) 6-311G(d,p) McCreery271 irrep νh νa IR νh νa IR νe IR 
ag 3135.4 3067.7 1.00 3141.2 3048.9 1.00 3056.4 0.32 
ag 3110.4 3046.3 0.42 3117.0 3029.5 0.42   
ag 1592.7 1591.7 0.06 1590.7 1577.1 0.05 1576.6 0.16 
ag 1469.5 1475.1 0.01 1468.6 1466.4 0.10 1464.5 0.12 
ag 1385.0 1382.5 0.24 1379.0 1366.3 0.25 1382.2 1.00 
ag 1163.1 1177.0 0.01 1167.5 1171.4 0.00   
ag 1030.4 1040.1 0.05 1031.2 1033.2 0.05 1021.6 0.11 
ag 759.1 764.7 0.06 762.1 761.7 0.06 763.8 0.30 
ag 509.1 516.2 0.03 512.4 515.7 0.03 513.8 0.29 
b1g  930.8 942.7 0.00 942.5 946.0 0.00   
b1g  718.7 723.0 0.01 717.9 716.4 0.00   
b1g  388.2 389.4 0.01 389.5 387.2 0.00   
b2g 975.1 979.5 0.00 984.7 980.9 0.00   
b2g 879.4 884.4 0.01 883.3 882.5 0.00   
b2g 767.1 774.2 0.01 774.9 773.7 0.00   
b2g 470.5 473.7 0.00 472.0 471.8 0.00   
b3g 3121.5 3054.3 0.30 3127.4 3044.5 0.29   
b3g 3103.5 2980.1 0.03 3109.5 2997.1 0.03   
b3g 1649.2 1644.0 0.02 1647.2 1630.1 0.01   
b3g 1468.5 1473.0 0.11 1469.8 1464.1 0.01   
b3g 1244.8 1252.5 0.01 1251.3 1247.3 0.01   
b3g 1151.4 1159.6 0.00 1154.5 1154.7 0.01 1147.2 0.06 
b3g 927.1 937.4 0.00 936.9 939.3 0.00   
b3g 506.4 512.6 0.01 511.3 513.2 0.01   
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Table 7-3. Comparison of the calculated (B3LYP) and experimental infrared active 
absorption bands (in cm−1) including their relative IR intensities of cationic 
naphthalene in the 2Au electronic ground state 

6-31G(d,p) 6-311G(d,p) Hudgins et al.267 Szczepanski et al.264 irrep νh νa IR νh νa IR νe IR νe IR 
au 1001.9 1008.1 0.00 1013.0 1014.3 0.00     
au 857.6 857.9 0.00 863.7 854.8 0.00     
au 550.5 550.5 0.00 553.2 551.2 0.00     
au 179.7 178.3 0.00 179.0 176.3 0.00     
b1u 3151.7 3099.8 0.00 3154.5 3081.4 0.00     
b1u 3136.9 3080.0 0.00 3141.4 3064.0 0.00     
b1u 1525.4 1531.7 0.41 1526.3 1522.4 0.40 1519 0.10 1519 0.08 
b1u 1405.6 1405.8 0.11 1411.6 1402.2 0.11 1401 0.04 1401 0.04 
b1u 1278.6 1287.0 0.05 1284.7 1283.4 0.04     
b1u 1102.0 1109.8 0.02 1107.3 1106.2 0.02     
b1u 790.2 797.4 0.00 797.4 798.4 0.00     
b1u 349.8 358.0 0.00 354.0 359.4 0.00     
b2u 3161.6 3116.7 0.01 3164.4 3097.3 0.01     
b2u 3137.4 3075.1 0.00 3142.2 3057.4 0.00     
b2u 1544.0 1540.4 0.12 1544.4 1530.9 0.11 1526 0.29 1525 0.16 
b2u 1398.0 1398.8 0.10 1393.0 1387.8 0.09     
b2u 
 

1214.5 
 

1221.0 
 

1.00 
 

1216.2 
 

1213.7 
 

1.00 
 

1215 
1218 

0.20 
1.00 1218 1.00 

b2u 1169.7 1181.1 0.08 1174.9 1176.7 0.07     
b2u 
 

1020.2 
 

1032.7 
 

0.07 
 

1022.0 
 

1027.2 
 

0.06 
 

1016 
1023 

 
0.05 

1016 
1023 

0.20 
0.06 

b2u 595.2 601.8 0.04 600.9 603.2 0.04     
b3u 980.1 985.1 0.01 989.5 985.5 0.01     
b3u 761.8 765.2 0.42 767.3 766.5 0.48 758.7 0.27   
b3u 419.0 420.6 0.08 420.3 417.8 0.11     
b3u 156.1 156.7 0.01 155.0 156.0 0.01     
 
Table 7-4. Comparison of the calculated (B3LYP) and experimental Raman active 

absorption bands (in cm−1) including their relative Raman intensities of 
cationic naphthalene in the 2Au electronic ground state 

6-31G(d,p) 6-311G(d,p) Sheng et al.272 Szczepanski et al.273 irrep νh νa IR νh νa IR νe νe 
ag 3161.7 3093.5 1.00 3164.5 3075.7 1.00   
ag 3139.4 3078.2 0.44 3144.2 3060.6 0.43   
ag 1598.6 1586.2 0.02 1599.2 1574.1 0.02   
ag 1475.8 1478.7 0.02 1477.5 1470.9 0.02   
ag 1388.9 1381.8 0.32 1384.4 1367.6 0.33 1398 1398 
ag 1180.7 1194.5 0.01 1187.2 1189.1 0.01   
ag 1048.1 1053.8 0.05 1050.0 1048.2 0.05   
ag 760.1 764.6 0.08 763.3 761.5 0.09 769 766 
ag 503.8 510.0 0.10 507.1 509.5 0.10 511 507 
b1g  957.7 964.2 0.01 969.1 964.7 0.00   
b1g  738.5 741.4 0.00 744.3 740.8 0.00   
b1g  369.2 367.7 0.00 370.0 365.8 0.00   
b2g 1005.7 1010.5 0.00 1014.3 1017.8 0.00   
b2g 918.8 924.8 0.00 922.7 930.1 0.00   
b2g 723.5 739.3 0.01 727.6 759.1 0.00   
b2g 430.7 431.7 0.00 431.6 431.2 0.00   
b3g 3151.5 3093.3 0.36 3154.3 3075.6 0.34   
b3g 3135.0 3079.2 0.00 3139.4 3062.4 0.00   
b3g 1484.1 1496.1 0.16 1484.6 1488.7 0.14   
b3g 1441.7 1447.5 0.12 1446.7 1443.2 0.11   
b3g 1234.8 1245.4 0.01 1241.2 1241.7 0.01   
b3g 1098.7 1110.6 0.04 1101.4 1101.7 0.05   
b3g 919.2 925.9 0.02 928.4 927.7 0.02   
b3g 462.2 467.7 0.00 465.9 468.1 0.00   
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Figure 7-1. Synthetic experimental and calculated IR absorption spectra for neutral 

naphthalene. Experimental IR spectrum was synthesized from frequencies and 
relative intensities observed by Szczepanski et al.266 The predicted 
anharmonic IR spectra were computed at B3LYP/6-31G(d,p) and B3LYP/6-
311G(d,p) level without scaling. 

 
Figure 7-2. Difference (νh − νa) of harmonic and anharmonic frequencies as a function of 

IR active vibrational modes of neutral naphthalene. Modes (a, b … x) refer to 
the fundamental bands listed in Table 7-1 from the first row to the last row 
respectively. 
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Figure 7-3. Synthetic experimental and calculated IR absorption spectra for cationic 

naphthalene. Experimental IR spectrum was synthesized from frequencies and 
relative intensities observed by Hudgins et al.267 The predicted anharmonic IR 
spectra were computed at B3LYP/6-31G(d,p) and B3LYP/6-311G(d,p) level 
without scaling. 

 
Figure 7-4. Difference (νh − νa) of harmonic and anharmonic frequencies as a function of 

IR active vibrational modes of cationic naphthalene. Modes (a, b … x) refer to 
the fundamental bands listed in Table 7-3 from the first row to the last row 
respectively. 
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naphthalene was chosen to obtain the best fit of theoretical harmonic frequencies to 

experimental values within region A. 

For neutral naphthalene, anharmonic frequencies without scaling in region A have a 

satisfactory agreement with experimental observation, which is shown in Figure 7-1. No 

matter which level of theory was performed, the predicted spectra matched well with 

experimental one. The deviation between theoretical and experimental frequencies is 

always below 15 cm−1. The higher 6-311G(d,p) basis set might yield slightly more 

accurate band positions and intensities, but the 6-31G(d,p) basis set is large enough to 

capture the spectroscopic features of neutral naphthalene, which is consistent with 

previous results.263 

From the comparison shown in Figure 7-2, it is clear that scaled harmonic 

frequencies in region A are similar to anharmonic frequencies without scaling, which 

indicates that anharmonicity for neutral naphthalene in region A is similar and harmonic 

frequencies can be easily calibrated by a uniform factor to offset the anharmonic effect. 

The scaling factor depends on the basis sets, for 6-31G(d,p), 0.978 factor was used for 

anharmonicity correction. When examining region B (modes e, f, m, and n) in Figure 7-2, 

harmonic frequencies still overestimate the vibrational energies even after scaling, 

indicating a much stronger anharmonic effect for these modes. Due to strong anharmonic 

interaction in region B, absorption bands are always broad and overlapped with each 

other, and thus difficult to make assignments. Since anharmonic calculations in region A 

matched well with experiments, agreement can be reasonably expected as well for region 

B. It can be seen in Figure 7-2 that basis sets also affect the difference between harmonic 

and anharmonic frequencies. For the 6-31G(d,p) basis set, the difference varies from 30 
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to 70 cm−1, while the difference is kept at around 75 cm−1 for 6-311G(d,p) basis set. 

Overall, a different scaling factor has to be considered for harmonic frequencies of C–H 

stretching modes. The anharmonicity for these modes is around 3.5–4.5% of their 

harmonic energy level, but is also associated with the level of theory. In addition, 

anharmonic analysis using DFT theory yields more precise results than using other 

theoretical models proposed by Parneix’s group (VPB).261 

Experimental observation for the naphthalene cation is more complicated than for 

neutral naphthalene, but the observed absorption band positions are still close to the 

computed anharmonic frequencies, as presented in Figure 7-3. Additionally, both levels 

of theory fail to predict their relative intensities. Some bands are missing in the 

experimental spectrum, which may be due to the instrumental detection limit and overlap 

of different bands. With an appropriate scaling factor, the harmonic frequencies are 

similar to the anharmonic ones in Region A (cf., Figure 7-4). The difference is always 

within ±20 cm−1, while a bigger gap still exists for region B. However, since the 

intensities for the absorption bands in region B are very low, it is not really critical to 

evaluate their anharmonicity for naphthalene cation. Therefore, for the naphthalene 

cation, a harmonic calculation with a proper scaling factor will be sufficient to investigate 

its spectroscopic properties, with moderate CPU time consumption compared to an 

anharmonic analysis with its much higher computer cost. 

Raman Active Vibrational Absorption 

Similar to infrared active vibrational frequencies, for vibrational modes below the 

1700 cm−1 region, both anharmonic frequencies and harmonic frequencies after scaling of 

neutral and cationic naphthalene match the experimental data well (cf., Table 7-2 and 

Table 7-4). Around the 3000 cm−1 region, anharmonic frequencies, but not harmonic 
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data, are in concert with the experimental band positions of neutral naphthalene. There 

are no data available for the naphthalene cation in this region. More Raman data will be 

necessary in order to evaluate the efficiency of the anharmonic computation. For both 

regions, the anharmonic frequencies for naphthalene differ from experimental values by 

less than 20 cm−1. However, harmonic calculations at both levels were unsuccessful in 

predicting the relative band intensities for three reasons. First, the experimental data were 

recorded in the solid phase, but theoretical values were calculated for the gas phase. 

Second, anharmonicity may have a strong effect on the band intensity distribution. 

Finally, there is the limitation of theoretical model, like the basis set and functional used. 

An anharmonic frequency calculation will improve the accuracy of the predicted Raman 

band positions, but more data are needed to test the reliability of the calculation. 

Anharmonicity of Phenanthrene and Anthracene 

A calculation of the anharmonic frequencies for phenanthrene and anthracene was 

carried out at the B3LYP/6-31G(d,p) level of theory. Since the computation for 

naphthalene revealed that B3LYP/6-31G(d,p) is large enough to predict the vibrational 

properties of PAHs, no attempt at using a higher level of theory for phenanthrene and 

anthracene was attempted. Harmonic (scaled by 0.978) and anharmonic frequencies of 

neutral and cationic phenanthrene together with relative intensities are tabulated and 

compared with the experimental data by Hudgins et al.268,270 in Table 7-5, while Table 7-

6 presents the corresponding values for anthracene neutral and cation. Neutral anthracene 

was observed in argon matrix by Szczepanski et al.,265 and anthracene cation was 

investigated by both Hudgins et al.269 and Szczepanski et al.265 

From Table 7-5 and Table 7-6, it can be concluded that: 1) the absorption band 

positions match well with the anharmonic vibrational frequencies; 2) the difference 
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Table 7-5. Comparison of the calculated (B3LYP/6-31G(d,p)) and experimental infrared 
active absorption bands (in cm−1) including their relative IR intensities of 
neutral and cationic phenanthrene in the electronic ground state 

Neutral Phenanthrene Cationic Phenanthrene 
B3LYP/6-31G(d,p) Hudgins et al.270 B3LYP/6-31G(d,p) Hudgins et al.268 
νh νa IR νe IR νh νe IR νe IR 
100.4 101.9 0.01   100.5 102.0 0.01   
228.2 229.3 0.04   211.9 212.9 0.03   
243.2 247.5 0.01   405.3 408.0 0.04   
402.7 409.3 0.01   482.0 491.2 0.01   
430.2 433.8 0.07   584.5 592.4 0.21 582.0 0.22 
436.7 443.8 0.03   688.4 702.7 0.13 694.5 0.09 
494.2 504.7 0.01 494.0 0.04 757.1 762.5 0.21 756.2 0.07 
498.3 502.7 0.05   836.3 841.0 0.19 836.0 0.06 
545.0 553.1 0.01   884.9 891.8 0.03   
617.6 624.7 0.09 617.5, 618.8 0.06 859.4 866.2 0.03   
709.4 720.2 0.03   965.8 975.9 0.01   
710.9 719.4 0.05 710.0, 714.5 0.04 981.8 990.1 0.11   
735.6 743.7 1.00 735.0 1.00 1039.9 1050.6 0.03   
813.7 822.5 0.78 812.8 0.69 1044.0 1049.2 0.02   
824.1 836.1 0.00 833.0 0.02 1135.3 1150.1 0.01   
865.0 873.0 0.16 864.9 0.12 1141.8 1153.9 0.01   
869.9 879.7 0.03 877.6 0.02 1144.4 1154.6 0.68   
934.4 952.4 0.05 948.2 0.03 1178.0 1193.0 0.01   
994.1 1005.6 0.02 1002.5, 1003.7 0.02 1219.1 1224.1 0.06   
1043.1 1051.7 0.08 1039.9, 1044.3 0.06 1226.1 1233.3 0.26 1258.7 0.06 
1046.2 1054.5 0.01   1261.4 1267.6 0.17 1264.7 0.02 
1094.5 1103.6 0.02 1094.5, 1095.9 0.02    1267.0 0.16 
1144.8 1154.7 0.02 1144.1 0.03    1277.5, 1282.5 1.00 
1167.3 1182.2 0.01 1165.4 0.02 1286.8 1298.4 0.02   
1207.4 1215.4 0.04 1202.7 0.03 1323.3 1316.6 1.00 1299.0 0.11 
1220.5 1227.0 0.01 1223.8 0.01 1423.5 1428.9 0.01   
1245.5 1258.9 0.17 1245.8, 1250.6 0.11 1432.5 1439.4 0.24   
1303.5 1308.7 0.03 1302.9 0.04 1438.7 1443.0 0.19   
1358.5 1357.4 0.02 1351.4 0.01 1514.9 1511.7 0.04 1513.0 0.02 
1431.5 1434.5 0.03 1419.0 0.01 1529.2 1527.3 0.03   
   1427.5 0.01 1532.1 1526.9 0.05   
   1430.7 0.02 1558.1 1555.8 0.52 1551.0 0.07 
1449.0 1453.3 0.05 1436.2 0.01    1558.2 0.03 
   1447.9 0.01 1577.7 1577.4 0.93 1565.0 0.54 
1467.6 1471.1 0.22 1460.4 0.14 1613.2 1570.4 0.10   
1513.8 1515.0 0.10 1504.7, 1505.9 0.09 3161.1 3100.8 0.01   
1541.4 1540.4 0.03 1530.1, 1531.8 0.02 3164.9 3097.0 0.01   
1622.2 1622.5 0.07 1597.9 0.01      
   1602.8 0.01      
1633.6 1630.8 0.01        
1639.1 1636.9 0.01        
3106.4 3034.8 0.07        
3107.1 3050.0 0.04        
3117.2 3058.5 0.25        
3122.7 3055.5 0.68        
3129.7 3069.1 0.78        
3133.0 3075.2 0.02        
3139.4 3079.0 0.38        
3149.8 3078.1 0.46        
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Table 7-6. Comparison of the calculated (B3LYP/6-31G(d,p)) and experimental infrared 
active absorption bands (in cm−1) including their relative IR intensities of 
neutral and cationic anthracene in the electronic ground state 

Neutral Anthracene Cationic Anthracene 
B3LYP/6-31G(d,p) Szczepanski et al.265 B3LYP/6-31G(d,p) Hudgins et al.269 Szczepanski et al.265 
νh νa IR νe IR νh νe IR νe IR νe IR 
91.6 92.9 0.01   86.3 86.3 0.01     
230.2 234.4 0.02   438.0 439.2 0.08   432 0.07 
474.0 475.9 0.22 468, 470 0.29 596.0 604.6 0.01     
603.9 609.8 0.14 603 0.14 751.6 755.6 0.25 748.3 0.26   
646.6 654.2 0.01   817.5 823.8 0.01     
729.9 735.1 1.00 726, 729 1.00 908.9 914.0 0.10 912.0 0.09 912 0.15 
874.8 884.0 0.89 878.5 0.68 975.0 981.3 0.02     
896.1 907.3 0.03 908 0.02 1034.1 1053.9 0.02   1030 0.20 
945.9 958.3 0.10 955, 958 0.07 1191.7 1200.4 0.54 1183.3 0.01 1188 0.98 
1011.4 1018.5 0.07 1001 0.07    1188.6 0.70   
1143.6 1158.0 0.03 1149, 1151 0.04 1281.4 1292.6 0.06 1290.4 0.06 1291 0.07 
1152.0 1162.1 0.08   1294.3 1298.0 0.03 1314.6 0.06   
1169.5 1178.5 0.0 1167, 1169 0.03 1360.9 1358.5 1.00 1341.0 1.00 1341 1.00 
1264.9 1278.7 0.13 1272 0.05    1352.6 0.31   
1316.1 1326.5 0.08 1318 0.12    1364.4 0.04   
1361.0 1371.7 0.06 1346 0.01 1414.9 1419.0 0.50 1406.1 0.02 1410 0.09 
1398.7 1396.6 0.01      1409.5 0.11   
1461.1 1463.0 0.03 1450 0.05    1418.4 0.86   
1464.0 1468.8 0.02 1460 0.04    1430.2 0.01   
1559.0 1554.3 0.08 1540, 1542 0.04 1462.1 1465.8 0.19 1456.5 0.07 1457 0.05 
1648.2 1649.4 0.11 1627 0.12 1459.8 1468.3 0.07     
3101.1 3022.2 0.15 3017, 3022 0.06 1548.3 1542.3 0.28 1539.9 0.15 1540 0.04 
3105.8 3031.7 0.23 3032 0.05 1592.0 1591.1 0.19 1586.4 0.14   
3122.9 3052.5 1.17 3055, 3062 0.25        
3134.6 3063.7 1.18 3067-3068 0.43        
 
between anharmonic frequencies and harmonic frequencies for modes under 1700 cm−1 is 

less than 15 cm−1, so that the anharmonicity for these modes is all equal to ca. 2% of their 

vibrational energies; and 3) stronger anharmonicity can be seen for C–H stretching 

modes, but the magnitude is non-uniform. So scaling factors for these vibrations should 

be considered separately. Phenanthrene and anthracene cations have no observable 

absorption in this region. Therefore, anharmonic calculations will not be necessary. 

Finally, relative intensities for neutral phenanthrene and anthracene agree well with DFT 

predictions, but the DFT approach does not succeed in predicting the correct relative 

intensities for cations. 
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Summary 

An anharmonic vibrational analysis has been performed for neutral and cationic 

naphthalene, phenanthrene and anthracene. The results reveal that anharmonic frequency 

calculations are important and necessary for neutral PAHs, especially when C–H 

stretching modes are considered. Harmonic analysis with an appropriate scaling factor is 

precise enough to predict observable infrared absorption band positions for PAH cations, 

but anharmonic frequencies for Raman active modes might be still important for PAH 

cations, although more experimental data are needed to verify this. 
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CHAPTER 8 
CONCLUSION AND FUTURE WORK 

Matrix isolation spectroscopy (infrared and ultraviolet-visible) and theoretical 

calculations have been employed to study astrophysical species in this work. This 

research has focused mainly on two types of astrophysical molecules, carbon clusters and 

their derivatives, and polycyclic aromatic hydrocarbons. The conclusion and prospects 

for future work will be discussed in detail below. 

Carbon Sulfur Clusters and Reaction of Small Carbon Clusters 

Recently, chains of carbon atoms and their derivatives, such as carbon clusters 

doped with sulfur, nitrogen, etc., have been studied extensively, primarily because of 

their importance as components of the interstellar medium (ISM) and building blocks in 

material sciences, such as fullerenes (like C60), new nanomaterials (like nanowires), and 

novel semiconductor materials. Carbon-sulfur clusters have been generated by laser 

ablation, electron-bombardment, or plasma pulse discharge. The products were then 

trapped in solid argon at 12 K. IR absorption spectroscopy and 13C-isotope shift 

measurement coupled with coincidence analysis and DFT computation have confirmed 

the assignment of the fundamental vibrational modes for C2S, C6S, C7S, C7S2, C13S2, and 

C15S2 clusters. Tentative assignment for some carbon sulfur clusters such as C9S2 and 

C11S2 clusters was made without isotopomer frequency observation. Some of these 

molecules have not only astrophysical interest but they are also recognized as novel 

nanowires, such as C15S2 molecule with a linear structure of length of 2.1 nanometers. 
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Polycarbon xenon clusters (or complexes) were studied in argon matrices at 12 K. 

The charge transfer complexes C2Xe and C3Xe were characterized with extensive 

theoretical calculations and isotopic labeling. Formation of other polycarbon xenon 

clusters was confirmed, but their isotope shift measurement is still a challenge. In 

summary, the unique electronic structures of CnXe species were revealed and may help in 

understanding the overall reactivity of carbon clusters. 

Reactions of small carbon clusters with other interstellar species might be involved 

in the formation of more complex molecules, including biomolecules. Amino acids have 

been found in meteorites and, very recently, in interstellar space. Reactions of C3 with 

benzene or ammonia (all three are interstellar molecules) were investigated using FTIR 

and theoretical computations. C3 was generated from laser ablation of graphite and 

trapped in argon seeded with a small fraction of benzene or ammonia. The results 

revealed that the reaction of C3 + C6H6 may account, at least in part, for the formation of 

polycyclic aromatic hydrocarbons in space, and the reaction of C3 + NH3 leads to the 

formation of cyanoacetylene (HC3N), which is the possible precursor of some important 

biological molecules, like uracil. 

Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) and their ions are key molecular species 

in many branches of chemistry, such as interstellar, medical, environmental, and 

materials chemistry. These species are strong candidates for the carriers of interstellar 

infrared (UIR) emission features and diffuse interstellar visible absorption bands (DIB). 

They are also primary intermediate species that form in combustion processes and are the 

most ubiquitous environmental contaminants from natural and manmade sources with 

various mutagenic and carcinogenic activities. 
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Dibenzo[b,def]chrysene (C24H14, dibenzo[a,h]pyrene), the third most carcinogenic 

hydrocarbon, and its ions were studied via spectroscopic observation and extensive 

calculations. High resolution vibrational and electronic spectra of neutral DBC and its 

ions in argon matrices have been recorded. Spectral assignments were supported by high 

level theoretical calculations. The results are important for the further understanding of 

the electronic structure of DBC which might clarify his interaction with DNA. Moreover, 

comparison of the absorption bands of ionic dibenzo[b,def]chrysene with the interstellar 

features of the UIR and DIB bands shows a satisfactory agreement. And a mixture of 

vibrational bands of neutral and ionic DBC exhibits a reasonably good match with the 

ISOCAM + CVF spectrum of the reflection nebula NGC 7023. 

Anharmonicity for PAHs is important for a comparison of the signals from space 

and laboratory data. Anharmonic frequencies for neutral and cationic naphthalene, 

phenanthrene, and anthracene, calculated at the B3LYP level, were compared with 

various experimental data. Satisfactory agreement was achieved for all three species. An 

anharmonic correction depends on the level of theory and the vibrational energy range. A 

strong anharmonic effect was calculated for the C–H stretching modes of PAHs. Since 

PAH cations have very weak infrared absorption in this region, the harmonic frequencies, 

after scaling, can be used to predict the band positions. An anharmonic analysis of the 

Raman active vibrational modes is expected to improve the accuracy of the predictions. 

Future Work 

Matrix isolation spectroscopy is a powerful tool in the investigation of 

astrophysical molecules, but limitations and disadvantages do exist for this technique. 

First, there is no direct chemical composition information from spectroscopic data, which 

makes it difficult to analyze spectra of mixtures containing various unknown molecules 
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or radicals. Second, the interstellar medium exists in the gas phase, but matrix data are 

obtained in solid phase. Third, although inert gases are common matrices, there is still a 

matrix shift and a site effect. Finally, not all interstellar species can be explored using 

matrix isolation spectroscopy, especially ions that are difficult to generate and require 

special sample handling. 

Recently, mass spectrometry coupled with laser spectroscopy has emerged as an 

attractive alternative for future astrochemistry research. With its high sensitivity and mass 

solving power, a mass spectrometer may serve as a reaction chamber and a mass 

indicator. And the subsequent spectroscopic investigation with theoretical computation 

can provide the electronic and structural properties for the species of concern. Several 

advantages and disadvantages are inherent in this technique. It is easy to investigate the 

ions and reaction of ions in the gas phase, but the temperature of the ion beam is 

impossible to measure and difficult to adjust. Spectroscopic exploration can be done on 

specific radical ions, thus excluding any interference among different species in the 

spectrum. But the resolution of spectrum varies significantly for different instrumental 

designs. The colder the ion beams, the higher the resolution. Although the instruments are 

expensive, cumbersome, and non-commercial, more and more interest is being displayed 

in this approach. Therefore, in the near future, mass spectrometry combined with laser 

spectroscopy may be expected to blossom in the field of astrophysical molecular 

research. Recently, some exciting research about the reaction of iron with interstellar 

molecules such as carbonyl, water and PAHs has been accomplished. These reactions 

might account for the unusual depletion of iron in outer space. And iron-PAH complexes 

might also be considered as possible UIR and DIB carriers. 
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Time-of-flight (TOF) mass spectrometry integrated with laser photodissociation 

spectroscopy is employed in Dr. Brucat’s lab. First, ions are produced by the vaporization 

of a rotating transition metal rod, and ligand molecules like CO and H2O, carried by 

helium gas through a pulsed valve. Then ions are supersonically injected into a large 

vacuum chamber (500 liters) and pass through two skimmers. The ions are cooled down 

and then extracted into the acceleration region. Cations are first extracted and then 

accelerated 90° out of the molecular beam into a 2.45 m flight tube, then focused with the 

use of deflectors and einzel lenses. If performing photodissociation, tunable light from a 

Nd:YAG pumped dye laser is focused just before the entrance slit of an electrostatic 

sector, and photodissociates the mass-selected parent ions. Finally, precursor or fragment 

ions enter into a 180° hemispherical electrostatic sector that serves as an ion kinetic 

energy analyzer. Mass-to-charge ratios (m/z) can be determined by a microchannel plate 

(MCP). With this instrument, a cold ion beam can be generated and a high resolution 

vibrational-rotational spectrum obtained. 

Figure 8-1 is an example of the dissociation spectra of FeH2O+, FeHDO+ and 

FeD2O+.274 Spectroscopic constants such as the dissociation limit, fundamental 

vibrational frequencies, and first-order even second-order anharmonic constants of iron-

water cation can be determined from these spectra. Isotope effect is also clear in the 

spectra, and can be used to evaluate the properties of the complex cations. If the scanning 

speed of dye laser is decreased, the rotational profile may be observed for a certain 

vibrational transition. And it can be simulated with an instrumental function (Gaussian, 

FWHM = 0.15 cm–1). Then a parameterized rotational band contour can be obtained and 

the rotational constants of the corresponding electronic states derived. Since the rotational 
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constant is an inverse function of bond length, the average bond lengths for the 

complexes in their ground state and excited states can be determined. 

 
Figure 8-1. Photodissociation spectra of iron water complex cation. The spectra were 

observed using TOF mass spectrometry combined with laser spectroscopy. 

Theoretical calculation has confirmed the existence of transition metal PAH 

complexes. Figure 8-2 presents the infrared spectra for naphthalene and an iron-

naphthalene complex cation with differing spin multiplicities.275 It is clear that the 

absorption of naphthalene is distinguishable from the absorption of the complex cations. 

With different spins, complex cations also possess different absorption band positions 

and intensity distributions. Thus, experimental infrared spectra for metal-PAH complexes 

can be used to determine not only their structure but also the spin of metals with which 

they are complexed. 

Matrix isolation spectroscopy is not well-suited for this type of study. Recently, an 

FT-ICR mass spectrometer coupled to a free electron laser has been successful in 

recording the infrared spectra for iron-PAH complex ions. In this setup, iron cations were 
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generated by the Nd:YAG laser ablation of the metal, they then drifted into the ICR cell, 

and reacted with PAH vapor to form iron-PAH complex ions. Particular complex cations 

were trapped in the cell and dissociated with the IR laser beam from the free electron 

laser. An infrared active spectrum is obtained by plotting the dissociation yield as a 

function of frequency of the IR laser beam. However, the resolution of spectra obtained 

using this technique is usually low due to the strong broadening caused by the high 

internal energies of the ions, by multiphoton dissociation, and by the inherent line-width 

of the free-electron laser. 

 
Figure 8-2. Predicted spectra for naphthalene and iron naphthalene complex cation. 

Calculations were carried out at BPW91 level with 6-31G(d) basis set for Fe 
and 4-31G(d,p) basis set for C and H. All frequencies were scaled by 0.95. 
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Briefly, laser spectroscopy-assisted mass spectrometry is becoming more and more 

promising for the research of astrophysical species and the reactions among them. The 

drawback of mass spectrometry is that it is designed for the detection of ions, which 

makes it nearly impossible to study neutral species. Nevertheless, it is expected that many 

interesting results will be forthcoming using this approach in the near future. 
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