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Even-odd product variation of the Cn
+ + D2 (n = 4–9) reaction: 

Complexity of the linear carbon cation electronic states  

K. Koyasu,a,† T. Ohtaki,a J. Bing,b K. Takahashi,b* and F. Misaizua 

We have studied reactions between linear Cn
+ (n = 4–9) and D2, using ion mobility mass spectrometry techniques and 

quantum chemical calculations in order to understand complex reactivity of the linear cluster cations.  Only linear CnD+ 

product was observed for the odd (n=5, 7, 9) linear clusters, while CnD2
+ was the main product for the even clusters.  As for 

the reaction rate constants determined for these two channels, we have obtained the following two features: (1) the rate 

constant decreases with the size n, and (2) even-sized clusters have lower rate constants than neighboring odd-sized 

clusters.  In the theoretical calculations using the CCSD(T) and B3LYP methods with the cc-pVTZ basis, we found that a low 

lying 2Σ state in odd clusters may play an important role for these reactions.  This is opposed to the previous 

interpretations that the 2Πg/u state is the dominant electronic state for linear Cn
+ (n = 4–9) clusters.  We showed that a 

barrierless radical abstraction forming CnD+ occurs through direct head on approach for the 2Σ state Cn
+. In contrast, a 

carbene-like insertion forming CnD2
+ occurs through a sideways approach for the 2Πg/u state Cn

+. We have concluded that 

the higher rate constants for the odd clusters come from the existence of symmetry broken 2Σ states which are absent in 

even linear clusters. 

Introduction 

Due to flexible balance of s and p orbitals, carbon species are 

found in many different geometrical forms: linear chains1, 

planar graphene2, and three dimensional fullerene3.  Recently, 

electronic states of linear chain polyynes have attracted 

scientists' interest because of the possible use in molecular 

electronic applications.4 Furthermore, recent studies have 

shown the complexity of the electronic state at the “partial 

radical” graphene edges or in nanoribbons.5 Due to interest in 

astrophysics6 and combustion communities7, many studies 

were performed on carbon clusters with focus on the effect of 

geometric structure towards the reactivity.  Although there 

were a lot of studies on these clusters, understanding on the 

fairly complex electronic states is still lacking.  Here we thus 

investigate the reactions of size and isomer selected carbon 

cation Cn
+ (n = 4–9) and D2 with emphasis on electronic 

structure.  There are numerous reviews on carbon clusters8 

because of the wide interest on these clusters1–7, but we will 

just mention the studies that are pertinent to our present 

study in the following.  

Using the Fourier transform (FT) ion cyclotron resonance 

(ICR) mass spectrometry, McElvany and coworkers9 studied 

the reaction of size selected Cn
+ with D2, O2, HCN and simple 

hydrocarbons, while Parent10 studied the CnN+ reaction with 

methane. These results showed an empirical rule that “for odd 

electron series of Cn
+ and CnO+, the odd n ions are more 

reactive than the even n ions”9d. For larger size clusters, 

Lifshitz and coworkers studied the reaction of Cn
+ with 

acrylonitrile.11 Similarly, Bohme and coworkers12 as well as 

Adams and Smith13 utilized the selected ion flow tube method 

to study the reaction of Cn
+, CnH+, and CnN+ with CO, HCN, H2, 

and simple hydrocarbons. Anderson and coworkers utilized the 

ICR method with an ion trap to perform single collision 

reactions of Cn
+ with D2, O2, or N2O with controlled collision 

energies in the range of 0.1–7 eV.14 The main conclusion 

obtained for the Cn
+ reaction in these studies is that the rate 

constant decreases with the cluster size, and in particular a 

large decrease was seen at n = 8 and 10.  

Geometric structures of carbon clusters have also been 

investigated by photoelectron spectroscopy15, infrared 

photodissociation16, and electronic spectra of clusters 

captured in neon matrixes17. Bowers and coworkers utilized a 

drift tube ion mobility spectrometry18 method and beautifully 

showed that the dominant geometry of Cn
+ changes from 

linear to cyclic, and cyclic to three dimensional fullerene 

around n = 10 and 30, respectively.  This result provided 
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understanding on the decay of reactivity for the cluster sizes 

more than n = 10 mentioned above, i.e. cyclic isomers have 

smaller reactivity than linear chains. By mixing a small amount 

of reactant O2 or NO molecules into the drift tube during the 

isomer separation, they proved that linear isomers have higher 

reactivity than that of cyclic isomers at the size less than n = 

10.18d We also recently studied the isomer-specific dissociation 

reactions using this drift tube technique.19    

On the theory side, elegant predictions were given by 

Mulliken20, and by Pitzer and Clementi21 on the spin state of 

neutral linear carbon clusters based on counting of σ and π 

orbitals. Raghavachari and coworkers confirmed that even 

clusters are singlet while odd clusters are triplet using 

quantum chemistry methods.22  We note that a recent study 

showed that C2 has a quadruple bonding character showing 

how closely the edge electrons interact.23  While there have 

been numerous studies on the relative energies for the 

isomeric forms of neutral Cn
24, studies on cations have been 

much scarce.25  Giuffreda et al.26 performed density functional 

theory and coupled cluster calculation using double zeta basis, 

and Orlova and Goddard27 studied the symmetry breaking in 

the linear odd chain cations.  There have been several 

studies28 on the calculation of excited electronic states to 

assign the electronic spectra taken by Maier and coworkers17.  

Utilizing photoionization spectrometry and theoretical 

calculations, Belau et al.16 showed that the most stable 

electronic state for linear Cn
+ (n = 4–9) is 2Πg/u with the 

exception of C5
+ which is 2Σu.  As for reactivity studies, previous 

analysis on the reactivity of linear carbon clusters was based 

on thermodynamics where semiempirical method such as 

modified neglect of diatomic overlap were used to calculate 

the energies of reactant and products assuming 2Πg/u as the 

ground state.9,10  In these calculations it was assumed that 

reactions of linear carbon cluster cations are similar to those 

involving carbenes, where an insertion reaction with D2 will 

result in CnD2
+  which can fragment to CnD+ + D, as given in 

Figure 1(a). In this study, we also paid attention to another 

possibility: the radical abstraction reaction pathway that is 

given schematically in Figure 1(b).   

 

Figure 1. Schematics of the Cn
+ + D2 reactions for the linear (a) Π and (b) Σ state Cn

+.   

  In the present study we have utilized an ion drift tube isomer 

separation method to perform detailed study on the size and 

isomer specific reaction rates for linear Cn
++D2 (n = 4–9). 

Potential surface calculations were also utilized to obtain a 

deeper understanding on the cluster-size dependence in the 

reactivity.   

Experimental and theoretical methods 

Experimental methods. In this study, the chemical reaction of 

carbon cluster isomer ions was observed with an ion mobility 

mass spectrometer constructed in-house, which consists of a 

laser-vaporization cluster-ion source, an ion drift tube for 

isomer separation, and a reflectron time-of-flight (TOF) mass 

spectrometer. The details of this setup can be found 

elsewhere19, and only a brief explanation will be given here. 

Carbon cluster ions were generated by laser-vaporization of a 

carbon disk with the second harmonic (532 nm) of a pulsed 

Nd:YAG laser and by cooling with pulsed He carrier gas 

(99.99995 %). The generated ions were injected with an 

energy of 200 eV into the ion drift tube, in which He was filled 

as a buffer gas and an electric field, 9.56 V cm–1, was applied to 

guide the injected ions towards the exit of the cell. The 

separated isomers were then accelerated for mass-analysis in 

TOF mass spectrometer.  

Information on cross sections and masses of the cluster ions 

were obtained in the present measurement of ion mobility 

mass spectrometry by following a previously reported 

procedure.29 The timing of pulsed acceleration in the source of 

the TOF mass spectrometer was t = t0 + Δt, in which t0 and Δt 

represent the time for the injection into the cell and the time 

difference between the pulsed injection and acceleration of 

the ions, respectively. We hereafter call the time delay, Δt, as 

“arrival time”. We thus obtained a series of TOF mass spectra 

sequentially as a function of Δt. The obtained mass spectra 

were plotted as a two-dimensional (2D) plot of Δt vs. TOF. 

Total TOF mass spectra were also obtained by summing up a 

series of TOF spectra at all Δt. We can also obtain a plot of 

arrival time distribution (ATD), in which the intensity of a 

certain TOF peak was obtained by summing up through a 

range of Δt, and plotted as a function of Δt. The peaks of the 

ATD plot correspond to representative arrival times of certain 

isomers of mass-selected ions.  

The determined Δt was used to estimate a drift velocity, vd, 

with which the ion mobility, K, was obtained as a ratio to the 

drift electric field, E (K = vd / E). By using the theoretical 

formula given in the supplementary material (eq. S1), cross 

section, Ω, can be estimated from the reduced ion mobility, K0, 

in which the number of density at the measurement condition 

of K was corrected to the value at the standard condition.  

The reaction with D2 was measured using a similar set up as 

those adopted by Bowers and coworkers18 where D2 gas was 

added in the drift tube as a mixture with He buffer gas in the 

concentration range of 0.1–1.0 %.  This allowed us to measure 

the chemical reaction kinetics as well as to separate the isomer 

ions. Fluctuation of ion intensity during reaction measurement 

was compensated by normalizing with the intensity of the C11
+ 

ion, which is regarded to be almost unreactive as noted later. 

Experimental errors of the Cn
+ intensity were estimated from 

plural independent measurements, except for C4
+. We 

postulated that experimental errors in product-ion intensities 

are in the same order with those of the reactant Cn
+ ions. In 

our measurement, the experimental error for C8
+ was larger 

than that of other sized clusters. Reaction rate constants were 
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determined by assuming that the reaction is a pseudo-first 

order reaction of D2 concentration, and that the reaction time 

of the isomer ions are equivalent to the time in which the ions 

spend in the drift cell.  This reaction time is determined from 

the arrival time of the ions. Experimental errors of the rate 

constants were estimated as 2σ of curve fittings, where σ 

represents standard deviation. The experimental error of n = 4 

was estimated from the average of percentage of error for 

each size due to lack of data points for this size.  

Under the present condition, the collision number with He 

in the cell was estimated from number density of He at 290 K 

and volume swept out by the Cn
+ ion. The volume was 

estimated from Ω, and the length of the cell, L = 0.10 m. For 

example, the collision number was 1.26 × 103 for C9
+ and thus 

reactive collisions with D2 was about 10 times in 1.0 % 

concentration.  

Theoretical calculation methods. We performed geometry 

optimization for a full set of possible electronic states for the 

reactant: Cn
+, and products: CnD+, CnD2

+, and DCnD+.  We note 

that for the present quantum chemistry calculation, we have 

assumed Born-Oppenheimer approximation and ignored the 

difference between H and D. For linear Cn
+, we considered the 

2Πg/u, 2Σg/u, 4Πg/u, and 4Σg/u states with D∞h symmetry and the 2Σ 

and 4Σ states with C∞v symmetry.  For CnD+, we calculated the 

linear isomer with the D atom bound to the edge carbon for 

the 1Σ, 3Π, and 3Σ states. This is because D adducts to other 

carbons have been reported to be endothermic.9  Frequency 

calculations were also performed, in order to confirm that the 

calculated geometries for Cn
+ were stable minima. All the D∞h  

(C∞v) calculations were performed with the D2h (C2v) symmetry 

calculation using the restricted open shell Hartree Fock 

(ROHF)30 based unrestricted coupled cluster singles and 

doubles with perturbative triples (UCCSD(T))31 method with 

Dunning’s correlation consistent polarization valance triple 

zeta basis (cc-pVTZ)32. In addition, density functional 

calculation using the unrestricted Becke 3 parameter hybrid 

functional with Lee Yang Parr correlation functional (B3LYP)33 

using cc-pVTZ basis was also performed to confirm the 

accuracy of this B3LYP method. All the calculation was 

performed with the MOLPRO34 program. In the following 

discussion only low lying electronic states will be mentioned 

and the remaining results will be summarized in the 

supplementary material.   

 

Figure 2. Schematics of the three effective coordinates for the Cn
+ + D2 addition for (a) 

perpendicular and (b) parallel approach.  In (a) collision coordinate RCX is the distance 

between the edge carbon and the center of the D2, RDD is the D2 bond length, and θ is 

the angle between the carbon chain and the RCX axis.  Here the D2 bond is 

perpendicular to the RCX axis, and the figure shows the situation at θ = 60˚.   In (b) 

collision coordinate RCD is the distance between the edge carbon and the closer D 

atom of D2, RDD is the D2 bond length, and θ is the angle between the carbon chain and 

the RCD axis.  Here the D2 bond is parallel to the RCD axis, and the figure shows the 

situation at θ = 60˚.   

 

Figure 3. (color online) A typical arrival time -time of flight 2D plot using (a) only 

He and (b) 1.0 % D2 in He as a buffer gas. The horizontal time of flight axis is 

converted into the number of carbon atoms. Linear and cyclic Cn
+ isomers are 

respectively indicated with blue dotted line and orange chain line. Positions of 

Cn
+ were shown with the white lines. Reaction products, CnDx

+ (x = 1 and 2) were 

also indicated.  

Due to the strong attraction between the Cn
+ and D2, we 

were not able to find any transition states for the reaction 

using B3LYP. To quantify the reaction process, we determined 

an effective reaction pathway using the B3LYP method in two 

directions for D2 to approach Cn
+, namely, perpendicular and 

parallel.   Using the three coordinates RDD (DD bond length), 

RCX (distance between the midpoint of D2 and the edge 

carbon), andθ(angle between the linear carbon chain and 

RCX) given in Figure 2(a), we studied the energetics for the 

perpendicular approach by keeping all other degrees of 

freedom fixed. The applied constraints were as follows: 1. the 

orientation of the D2 was fixed at perpendicular with respect 

to the RCX axis, 2. the Cn
+ was kept at the linear geometry with 

the bond lengths corresponding to those in the optimized 

geometry of the Πg/u state Cn
+, and 3. Cn

+ and D2 were fixed to 

be in the same plane.  In the parallel approach, we used RDD, 

RCD (distance between the edge carbon and the closer D atom 

of D2) and θ (angle between the linear carbon chain and RCD) 

given in Figure 2(b).  Similar to the perpendicular case, we 

fixed the plane of the two molecules, and the linear Cn
+ 

geometry was fixed to that of 2Σ (2Πg/u) for odd (even) chains, 

while the D2 axis was constrained to be parallel to RCD. See 

supplementary material for more details on the grid points for 

the three dimensional potential energy surface calculation.    
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After determining the critical regions for reaction from the 

three dimensional calculation using the B3LYP/cc-pVTZ 

method, we confirmed the energetics by calculating potential 

energy curves along this effective reaction path using the 

CCSD(T)/cc-pVTZ method.   For the perpendicular approach at 

RCX = 1.3–2.4 Å we fixed θ at 80˚ and optimized RDD, while at 

RCX = 0.35–1.25 Å we fixed θ at 0˚ and optimized RDD. For 

the 2Σ state odd linear cluster ions with parallel approach, we 

fixed θat 0˚ and optimized RDD for RCD = 0.57–2.97 Å.  

RESULTS and DISCUSSION 

Isomer separated linear Cn
+ + D2 reaction. Figure 3 shows a 2D 

contour plot of arrival time vs. number of carbon atoms in 

cluster cations, Cn
+, before (a) and after (b) reactions with 

1.0 % of D2 in He. In Fig. 3(a), we are able to distinguish 

different structural isomers by their arrival times, that is, two 

peaks at n = 7–9 can be assigned to the faster cyclic (short 

arrival time) isomers and the slower linear (longer arrival time) 

isomers, which is consistent with previous reports.9,19 CnD+ and 

CnD2
+ were observed after reaction with D2 at the right-hand 

side of each linear Cn
+ in Fig. 3(b).  

With 1.0 % D2 in the tube, the signal of the cyclic isomers 

were still observed as seen in Fig. 3(b), while the intensities of 

the linear isomers extensively decreased for n = 4–7 and 9. The 

fact that linear isomers react faster than cyclic ones is in 

accord with the previous notion that the linear species have 

reactive edges and form linear adducts, while the cyclic Cn
+ 

stay unreactive.9,18 The signal intensities of the product ions of 

D adduct and D2 adduct showed an even-odd alternation for n 

= 4–9. Odd linear Cn
+ generated only single D adduct ions. 

Linear isomers of C4
+ and C6

+ produced both single and double 

D adduct ions, while C8
+ generated only double D adducts. 

Relative intensities of the product ions were confirmed from 

total TOF mass spectra, which was extracted by summing up all 

the TOF spectra obtained at every arrival time (see 

supplementary Fig. S1).  

In order to discuss the reaction mechanism of Cn
+ with D2, 

we investigated the D2-concentration ([D2]) dependence of the 

product intensity as shown in Fig. 4. The reactant shows a 

simple decrease for all n, while the single and double D 

adducts show monotonic rise except for n = 4. From D2 

concentration dependence, we also found that the reaction of 

cyclic isomers were much slower than the linear ones given in 

Fig. 4 (see supplementary material Fig. S2).  

Possible reaction equations to generate CnD+ and CnD2
+ are 

expressed as:  

(a) Cn
+ + D2  CnD+ + D, addition on one side, 

(b) Cn
+ + D2  CnD2

+, addition on one side,  

(c) Cn
+ + D2  CnD+ + D + D2  DCnD+ + 2D, addition on both 

sides.  

The rate of the reaction type (a) and (b) should be 

proportional to D2 concentration (Eq. S2), while for the 

reaction type (c) it is difficult to distinguish the order of 

reactions when the first step is much faster than the second 

step. Looking at our experimental results, the intensity of 

reaction products C6D2
+ is higher than that of C6D+ at all D2 

concentration region examined.  This result indicates that C6
+ 

reacts with D2 under the type (b) rather than under the type 

(c). In the same way, C8D2
+ also seems to increase with the 

type (b). On the other hand, the reaction products from the 

odd Cn
+ clusters were only CnD+, indicating that the odd Cn

+ 

reacts with D2 under the type (a), or stops at the first step in 

type (c).  

Table 1 Comparison of the rate constants of D / D2 adsorption on Cn
+.   

Size, n 4 5 6 7 8 9 

This study / 10–10 cm3 s–1  (2.7 ± 0.7)d 5.6 ± 0.9 2.3 ± 0.7 3.6 ± 0.7 0.28 ± 0.13 0.74 ± 0.16 

McElvany et al.9 / 10–10 cm3 s–1 3.24 4.5 1.35 1.89 0.063 0.410 

Scott et al.14 Cross section / Å  22.2a 33.3a 11.8a 4.20b 0.606c 2.73d 

a: collision energy of 0.09 eV;  b: collision energy of 0.10 eV;   c: collision energy of 0.15 eV;  

d: collision energy of 0.11 eV; d due to low intensity of C4+, the value was obtained from less number of data sets than the others. 

 

Figure 4. (color online) D2 Concentration dependence of the product-ion 

intensities for even and odd linear Cn
+ ions. The reactants Cn

+, D adducts, and 

double D adducts are given in blue circles, red squares and green triangles, 

respectively. Fitting curves for decay of Cn
+, and growth of CnD+ and CnD2

+ were 

also given in gray dotted lines.  
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Hence, we believe that we observed first order reactions 

under our present experimental conditions. Type (a) for odd 

and type (b) for even linear clusters except for C4
+. However, 

this result is inconsistent with the previous report, in which the 

DCnD+ ions were produced by a successive reaction from Cn
+ in 

ICR cell directly after the generation with laser vaporization 

method.9 This inconsistency may be due to the different 

reaction conditions. The ions generated in our reaction cell are 

cooled by collisions with 0.8 Torr of buffer gas, while the 

reactant ions used in the previous experiment were relatively 

hot following laser ablation. These experimental conditions 

indicate that different reaction mechanisms are active in the 

present experiment compared to the previous reports. 

Furthermore, the reaction time in the present drift tube, less 

than 0.1 ms, is shorter than the reaction time used in previous 

experiments9. In the previous ICR experiment, the reaction 

time can be extended from millisecond to several seconds. 

For n = 4, the relative intensity change between D adduct 

and D2 adduct implies that the reaction is more complicated; 

e.g. possibly including the secondary reaction of C4D+ + D2 → 

DC4D+ + D mentioned in previous report.9 Here, we should 

mention another possibility that C4D2
+ may be produced from 

the dissociation of CnD2
+, n > 5.  In a previous collision energy 

controlled experiment, C3-loss products, Cn–3D+ were only 

observed at collision energy higher than 0.5 eV, while single D 

adduct CnD+ were only observed at low collision energies.14a 

Hence, we believe that the probability of C3-loss products in 

our experiments is low based on the consideration that we 

have effectively cooled the reactant Cn
+ and the products by 

the He buffer gas in the drift tube with a temperature of 290 K, 

corresponding to collision energy of 0.1 eV at the maximum.  

In Figure 5 and Table 1, we present a plot of the rate 

constants for n = 4–9 obtained from the parent ion decay in 

addition to the previous experimental results by McElvany and 

Table 2. Relative energy of the low electronic states of even Cn
+ calculated by CCSD(T)/cc-pVTZ and B3LYP/cc-pVTZ.  Possible products from primary collision reaction and 

secondary reaction are given in columns 4 to 6 and 7 to 9, respectively.    For each n the results calculated by C∞v symmetry are given below the dotted lines. 

Size 
Electronic 

state 

Energy in 

eV 

Primary 

Product 

Electronic 

State 

Energy in 

eVa 

Secondary 

Product 

Electronic 

State 

Energy in 

eVb 

C4
+ 2g 

0.00 
C4D2

+ 2B1 
–5.41 

   
(0.00)c (–5.69)c 

   C4D
++D 3 

–0.96 
DC4D

++D 2g 
–1.27 

(–1.13)c (–1.20)c 

 4g- 
0.20 

      
(0.25)c 

 4u- 
0.45 

      
(0.49)c 

 4- 
0.13 

C4D
++D 3 

–1.14 
   

(0.25)c (–1.42)c 

C6
+ 2u 

0.00 
C6D2

+ 2B1 
–4.87 

   
(0.00)c (–5.12)c 

   C6D
++D 3 

–0.55 
DC6D

++D 2u 
–1.07 

(–0.59)c (–0.94)c 

 4g- 
0.58 

      
(0.71)c 

 4u- 
0.61 

      
(0.73)c 

 4- 
0.57 

C6D
++D 3 

–0.89 
   

(0.27)c (–1.11)c 

C8
+ 2g 

0.00 
C8D2

+ 2B1 
–4.53 

   
(0.00)c (–4.78)c 

   C8D
++D 3 

–0.35 
DC8D

++D 2g 
–0.99 

(–0.30c (–0.79)c 

 4u- 
0.72 

      
(0.91)c 

 4g- 
0.73 

      
(0.91)c 

 4- 
0.54 

C8D
++D 3 

–0.76 
   

(0.43)c (–0.94)c 

a: relative energy for the reaction of Cn++D2→CnD++D or CnD2+;  

b: relative energy for the reaction of CnD++D2→DCnD++D;   

c: relative energies obtained from the B3LYP/cc-VTZ level.   
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coworkers9 and Scott and coworkers14a (at collision energies of 

~0.1 eV). We note that since Scott and coworkers performed 

single collision experiments, they obtained cross sections at 

give energies rather than the thermal rate constant obtained 

here.  Thus direct comparison is not possible, but are 

presented in Table 1 to show the general trend.   Formation 

rates of C8D2
+ and C9D+ were also estimated as discussed later. 

The fitting curve formulae of the decay and formation, shown 

as gray dotted lines in Fig. 4, are presented in the 

supplementary information. One can see from Fig. 5 the 

general trend that the reactivity for the linear carbon cation 

decreases as the increase of cluster size and showing a distinct 

minima at n = 8, which is consistent with the previous 

results9b,14a,18. The rate constants also show an even-odd 

alternation with even being smaller than odd.  McElvany and 

coworkers9b also noticed this greater reactivity of odd species, 

and postulated that it is “due to structural differences or 

thermodynamic difference between reactant and product 

ions”.  Since the present experiment is specifically for linear 

clusters it cannot be due to structural differences.  

Electronic structure calculation of Cn
+, CnD+, CnD2

+, and 

DCnD+.  In order to understand the even–odd alternation in the 

main reaction products: CnD+ for odd versus CnD2
+ for even 

clusters, we obtained electronic structures of the linear carbon 

cluster cations by theoretical calculation, and discussed the 

reaction pathways based on the results. The relative 

energetics for the relevant reaction products of even and odd 

Cn
+ as well as their electronic states are summarized in the 

order of energy differences in Tables 2 and 3, respectively.  

Our D∞h symmetry calculations showed that the 2Πg/u states 

are the most stable for n = 4, 6–9 while 2Σu is the lowest for C5
+ 

in accord with the previous results16. At the optimized 

geometries for the low lying electronic states, we confirmed 

that the T1-diagnostics35 were below the accepted value of 

0.04 for the open shell species in the ROHF-UCCSD(T) 

calculations.  Furthermore, the harmonic frequencies for Cn
+ 

showed no imaginary values signifying that the geometries are 

stable minima. Comparing even (Table 2) and odd (Table 3) 

linear Cn
+, we noticed that the energy difference between the 

2Πg/u and 2Σg/u states were fairly small for the odd Cn
+, which is 

consistent with previous calculations by Hochlaf et al. and 

Schnell et al.28  

Next, we allowed bonds on both sides to have different 

lengths in the symmetry broken C∞v calculation using ROHF-

UCCSD(T)/cc-pVTZ. While the Π state Cn
+ structures were 

optimized to the respective symmetric geometries of Πg/u, the 

Σ state Cn
+ structures converged to symmetry broken 

geometries. Such a possibility of symmetry broken solutions 

for the odd linear Cn
+ was reported previously.26,27  The ROHF-

CCSD(T)/cc-pVQZ optimized energies given in Table 3 are 

similar to those of cc-pVTZ, and thus the symmetry broken 

solutions are stable minima with this method. More details 

concerning the accuracy of the calculation methods, symmetry 

breaking, as well as vibrational frequencies are summarized in 

the supplementary material (Table S1-S3 and Figs. S3–S13). 

The important consequence of this symmetry broken solution 

is that the Σ state becomes the most stable electronic state 

only for the odd Cn
+ (italic numbers in Table 3). Computational 

proof on the validity of symmetry breaking requires 

multireference methods.36 The research along this direction is 

being pursued, and it will be reported in the future. 

Potential energy surfaces of Cn
++D2.  We calculated the 

potential energy surfaces of the Cn
+ + D2 reaction to obtain a 

deeper understanding on the reaction mechanism. We 

examined the following two situations according to the 

schemes given in Fig. 2:  

(1) D2 addition with D–D bond perpendicular to the axis of 

approach to Cn
+ (Fig 2a)  

(2) D2 addition with D–D bond parallel to the axis of 

approach to Cn
+ (Fig 2b)  

We plot the 2 dimensional contour potential energy cuts for 

the perpendicular approach as functions of RDD and θ at a 

fixed RCX for C4
+ and C5

+ in Figs. 6 (a) and (b), respectively. 

Here RDD, θ , and RCX represent functions of D–D 

internuclear distance, approaching angle, and Cn
+–D2 collision 

coordinate, respectively. We only present results for C4
+ and 

C5
+, but all longer linear cluster ions also show similar behavior 

as given in supplementary material Figs. S14–S17.  We also 

present the effective reaction path along RCX where RDD and 

θ are optimized while keeping the RCX fixed in supplementary 

material Figs. S18 and S19.   

At large RCX values (RCX = 1.3 and 1.8 Å), the reaction 

proceeds by a sideways approach (θ = 70˚–90˚) with D2 

molecule keeping its gas phase equilibrium bond length of 0.74 

Å. After passing RCX = 1.3 Å, θ quickly decreases to zero RDD 

gradually elongates in a barrierless manner. One can finally see 

the formation of the product, CnD2
+ at θ= 0˚ and RCX = 0.55 Å 

with an exothermicity of ~5 eV.  Hence, the reaction path is 

more complex than a simple head on approach at θ= 0˚, and 

the complex reaction path is exactly the same as carbene 

insertion to a σ bond. For the simple H2 insertion reaction to 

carbene, CH2 (1A1) + H2 →  CH4, Bauschechler et al.37 

mentioned that the head on (θ = 0˚) pathway is Woodward 

Hoffman orbital symmetry forbidden, resulting in a large 

 

Figure 5. Cluster size dependence of the rate constant, k1, for Cn
+ +D2 is shown red 

circles with error bars. The rate constants from Ref. 9 (blue opened squares) are 

also shown for comparison.   
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barrier. They also showed that a sideway approach θ = 90˚ 

leads to a barrierless pathway,38 and Bach et al.39 extensively 

analyzed similar systems.  

Next, we examine the parallel approach for the 2Π C4
+ (a) 

and 2Σ C5
+ (b) as shown in Fig. 7. In the 2 dimensional potential 

energy cuts along the Cn
+–D2 collision coordinate (RCD), a 

sideways (θ= 80˚) approach is favored for the 2Π C4
+. This is 

similar to the case in the perpendicular approach at RCH = 1.8 

and 1.3 Å, while θ = 0˚ is favored at RCH < 1.3 Å.  On the other 

hand, a barrierless encounter is favored along θ = 0˚ for the 
2∑ state C5

+. For C5
+, once RCD approaches 1.5 Å, RDD starts 

elongating without any barriers, and a smooth elongation of 

RDD causes formation of C5D+ + D for the 2Σ C5
+.  Here we only 

discussed the results for C4
+ but the general trend for longer 

even Cn
+ are similar to n = 4 and the same can be said between 

C5
+ and longer odd Cn

+. (See supplementary material) 

Since B3LYP may overestimate the intermolecular 

interactions40, we also calculated the potential energy curves 

by the CCSD(T) method along the two reaction pathways: the 

perpendicular sideways path for 2Π states (Fig. 8a) and the 

parallel head on path for odd 2Σ states (Fig 8b). The general 

trend of CCSD(T) results matches those obtained by the B3LYP 

method, however one can clearly notice that a barrier is 

observed for n > 7 and this barrier increases with size in the 

perpendicular approach using the CCSD(T) level (Fig 8(a)).  

Correlation between even-odd alternation of electronic 

states and experimental rate constants.   We experimentally 

observed that even linear Cn
+ favor D2 adduct (CnD2

+) while odd 

linear Cn
+ favor D adduct (CnD+) for the present first order 

reactions.  For the experimental rate constant, we also 

observed an even-odd alternation along with decrease in the 

reactivity with increasing size n.   

Previously, the ground electronic states of linear Cn
+ were 

assumed to be 2Πg/u. The effective CCSD(T) potential energy 

curves for the 2Πg/u state reactions forming CnD2
+, Fig 8 (a), 

show that n = 4 and 5 are attractive while a small barrier is 

seen along this path by n = 6 and the barrier height steadily 

increases till n = 9. Therefore for this reaction path, one would 

expect a continuous decrease in the rate constant with 

increase in n. This is consistent with the previous notion that 

increase in n causes the radical electron to delocalize. This 

delocalization results in the decrease in the activity of the 

terminal carbon.  However this contradicts with the 

experimentally observed even-odd alternation of rate 

Table 3. Relative Energy of the low electronic states of odd Cn
+  calculated by CCSD(T)/cc-pVTZ and cc-pVQZ as well as with B3LYP/cc-pVTZ.  Possible products for primary 

collision reaction are given in columns 4 to 6.    For each n the results calculated by C∞v symmetry are given below the dotted lines.   

Size 
Electronic 

state 
Energy in eV 

Primary 

Product 

Electronic 

State 

Energy in 

eVa 

C5
+ 2u+ 

0.00 [0.00]b 
C5D2

+ 2A1 
–4.21 

(0.00)c (–4.37)c 

 2g+ 
0.09 [0.08]b 

  
 

(0.08)c  

 2g 
0.25 [0.26]b 

C5D2
+ 2B2 

–4.47 

(–4.83)c (–0.20)c 

 2+ 
–0.24 [–0.25]b 

C5D
++D 1 

–1.59 

(–0.53)c (–1.63)c 

C7
+ 2u 

0.00 [0.00]b 
C7D2

+ 2B2 
–4.39 

(0.00)c (–4.80)c 

 2u+ 
0.08 [0.06]b 

C7D2
+ 2A1 

–4.06 

(0.59)c (–4.18)c 

 2g+ 
0.09 [0.07]b  

   
(0.60)c 

 2+ 
–0.22 [–0.24]b  

C7D
++D 1 

–1.52 

(–0.02)c (–1.57)c 

C9
+ 2g 

0.00 [0.00] b 
C9D2

+ 2B2 
–4.30 

(0.00)c (–4.56)c 

 2u+ 
0.26 [0.24]b 

C9D2
+ 2A1 

–3.97 

(0.81)c (–3.85)c 

 2g+ 
0.26 [0.24]b 

   
(0.81)c 

 2+ 
–0.07 [–0.09]b 

C9D
++D 1 

–1.47 

(0.18)c (–1.33)c 

a: relative energy for the reaction of Cn++D2→CnD++D or CnD2  

b: relative energies obtained from the cc-VQZ basis set.   

c: relative energies obtained from the B3LYP/cc-VTZ level. 
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constants given in Fig 5.  

Indeed n = 9 is more reactive than n = 8, and this can also be 

seen by comparing the experimental product formation rate of 

C8D2
+ (0.96 × 10–11 cm3 s–1) versus C9D+ (1.46 × 10–11 cm3 s–1).  

Thereby, we believe that C9D+ formed from C9
+ is not a 

dissociation product of C9D2
+ generated from 2Πg C9

+. On the 

other hand, the potential energy curves for the odd Σ state 

radical abstraction given in Fig 8 (b) have almost no barriers 

even for the longer n = 7 and 9 ions.  Thereby we conclude that 

the radical abstraction by the 2Σ state (see Fig 1(b)) forming 

CnD+ is responsible for the observed larger reactivity of the odd 

linear Cn
+ compared to even species.  The physical reason is 

that due to the symmetry breaking, the odd Cn
+ has single 

occupied radical terminal orbitals which protrude out (see ESI 

Fig S10) to attract the D2. However, as n increases, this 

protrusion decreases due to the delocalization in the carbon 

chain, thus the attraction decreases as seen in Fig 8b.  

Theoretical rate constants based on statistical unimolecular 

reaction model for the Cn + D2
+ reaction using multireference 

potential energy surfaces should provide a direct comparison 

with the experimental values, and will be examined in future 

works. Lastly, although we did not consider the difference due 

to the mass of D2 and H2, we believe that for the present 

barrierless reaction the kinetic isotope effects will be small, 

and this will also be verified in our future work.   

CONCLUSION 

Using the ion mobility spectrometry techniques, we 

separated the linear and cyclic isomers to specifically study the 

Cn
+ (linear) + D2 reaction (n = 4–9) in detail.  While for the even 

linear cations we were able to detect both CnD+ and CnD2
+ 

products, we could only detect the CnD+ product for the odd 

linear cluster ions.  Furthermore, even-odd alternation in the 

reaction rate constants was observed where the latter was 

slightly more reactive than the former.  

From the systematic analysis for Cn
+ using the CCSD(T) and 

B3LYP functional with cc-pVTZ basis set, we showed that the 

symmetry broken 2Σ is the lowest electronic state for odd Cn
+ 

while 2Πg/u states are slightly higher in energy.  Theoretical 

potential energy surfaces were used to clarify that a carbene 

like insertion forming CnD2
+ occurs through the perpendicular 

sideways approach (θ= 80˚) for the Πg/u state Cn
+. As for the Σ 

state Cn
+ a radical abstraction forming CnD+ occurs through 

parallel direct head on approach (θ= 0˚).   As a conclusion the 

even linear ions with 2Πg/u as the ground electronic state is 

likely to react to form CnD2
+, while the odd linear ions with 

symmetry broken 2Σ as the ground state react to form CnD+, 

which is consistent with the experimental result that only CnD+ 

product is observed for odd, with a larger rate constants.  

Similar sensitivity of the electronic state has been reported for 

the reaction of C2H3 with H2. Mebel et al.41 reported that the 

unpaired σ electron can abstract a hydrogen atom forming 

 

Figure 6. (Colour online) Potential energy surface for perpendicular approach for 

the D2 addition to (a) C4
+ and (b) C5

+ at RCX = 1.8, 1.3, 1.2, and 0.55 Å calculated 

by B3LYP/cc-pVTZ.  The carbon bond lengths are fixed at the equilibrium value of 

linear Cn
+ in the Πg/u state.  Schematic structure for the approach is presented in 

the C4
+ results. Each contour line corresponds to 0.5 eV and the region given in 

red, white, and blue corresponds to energies greater than, equal to, and lower 

than the total energy of 2Πg/u Cn
+ and D2 at infinite separation, respectively.  

Refer to the web version for the colored version of the figure. 
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Figure 7. (Colour online) Potential energy surface for parallel approach for the D2 

addition to (a) 2Πg C4
+ and (b) 2Σ C5

+ at RCD = 1.8, 1.5, 1.3, and 1.07 Å calculated 

by B3LYP/cc-pVTZ. The carbon bond lengths are fixed at the equilibrium value of 

linear 2Πg C4
+ and 2Σ C5

+. Schematic structure for the approach is presented in the 

C5
+ results. Each contour line corresponds to 0.2 eV variation and red, white, and 

blue region corresponds to energies higher than, equal to, and lower than the 

total energy of Cn
+ and D2 at infinite separation, respectively. Refer to the web 

version for the colored version of the figure.   
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C2H4, but will not insert into the hydrogen molecule for direct 

production of the more exothermic product: C2H5.  

Lastly, while previous analysis on linear Cn
+ reactivity has 

been based on geometric structure arguments, we presently 

conclude that the electronic structure is also an important 

factor to understand reactivity of Cn
+ from the detailed isomer 

separated reaction experiments and quantum chemistry 

calculations on the reaction path.  We think that this complex 

electronic state of the linear Cn
+ may be imprinted in the 

reaction with other simple molecules such as O2, HCN and 

research along this direction is being pursued.   In addition, for 

the short linear even Cn
+, especially n = 4, the 4Σ state lies very 

close in energy to the 2Π states and is probably responsible for 

the observed complex behavior for this chain length and more 

detailed studies are being performed to understand the effect 

of spin states on the reaction. 
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