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Abstract  

The kinetic energy of ions produced by a Coulomb explosion, in which multiply 

charged molecular cations dissociate, is determined by the charge number, mass, and 

geometric configuration of the ions upon explosion. Although the importance of the 

structural deformation and migration of atoms on kinetic energy variations is well 

known, there has been little investigation into the effect of charge localization before the 

ions are released. In this study, the angular distributions of iodine and carbon ions 

ejected from linear alkanes, which have one iodine atom on each side of an alkyl chain 

having one to six carbon atoms, are measured. The highly charged iodine ions (I4+, I5+) 

are emitted mostly along the laser polarization direction, whereas the angular 

distribution of iodine ions becomes isotropic the longer the alkyl chain and the lower 

the charge number of iodines are. Furthermore, the longer the alkyl chain, the higher the 

kinetic energy of iodine and carbon ions. The emission of ions is discussed in terms of 

the selective ionization of aligned molecules based on their molecular orbitals. The 

charge localization during ionization in strong alternating electric fields followed by 

two-body Coulomb explosion via a C−I bond cleavage is proposed. 
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1. Introduction 

Coulomb explosions, which are destructive dissociations into atomic ions due to 

the strong Coulomb repulsion of positive charges, are one of the characteristic phenomena 

of multiply charged molecular cations (MMCs) in the gas phase [1, 2]. Coulomb 

explosion imaging is currently utilized to determine static molecular structures as well as 

to trace the molecular dynamics of ultrafast chemical reactions [3-8]. MMCs are produced 

by collision with high-energy projectiles such as Xe20+, which is generated in an electron 

cyclotron resonance ion source [9]. MMCs are also produced by multiple ionization with 

ultrashort intense laser pulses in visible, near-infrared, and X-ray wavelength regions [10, 

11]. The significant difference between these MMC production methods is the generation 

rate of the MMCs. The instantaneous generation (<1 fs) of MMCs is expected for a 

collision with projectiles, whereas that occurs within the pulse width for laser ionization. 

This difference results in different products and different kinetic energies of fragment 
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ions. For example, atomic ions such as C2+ and C3+ are dominant species formed from 

acetylene by intense femtosecond laser ionization [12], whereas, C2H
+ and C2

+ are also 

formed by collision with projectiles [13]. The absence of C2H
+ and C2

+ in laser ionization 

is attributed to the fact that the production of MMCs occurs at bond lengths greater than 

the equilibrium bond lengths, namely enhanced ionization [14, 15]. The Coulomb 

explosion dynamics of ions are strongly affected by their properties, such as the charge 

number, mass, and initial geometric configuration in MMCs. In addition, structural 

deformation [16] and the migration of atoms [17] before the Coulomb explosion should 

be considered for MMCs in a strong electric field. Moreover, nonequilibrium distribution 

of electrons (positive charges) in MMCs is expected during ionization, since the strong 

alternating electric fields shake the electrons in molecules [18, 19]. The localization of 

highly charged atomic ions on the edges of the molecular frame during ionization has 

been demonstrated by molecular dynamics simulation for benzenes [20, 21] and 

fullerenes [22]. The kinetic energy measurement of protons ejected from anthracene has 

also proved the charge localization [23]. However, the original locations of protons are 

not strictly determined experimentally because anthracene has ten hydrogen atoms, and 

their positions in a molecule are not equivalent with respect to the laser polarization plane.  
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In this study, we report the Coulomb explosion of multiply ionized linear 

molecules, α, ω-diiodoalkanes with one to six carbons in an alkyl chain. Contrary to the 

case with iodoalkanes [24-31], the ionization of diiodoalkanes [32, 33] and that of 

molecules with a long alkyl chain [34, 35] have not been well studied in intense 

femtosecond laser fields. The linear alkanes substituted with electron-rich iodine atoms 

are suitable substances to examine the charge localization (migration) because iodine is 

expected to hold positive charges [36]. The angular distributions of iodine and carbon 

ions were measured with respect to the laser polarization direction. The peak kinetic 

energies of carbon as well as of iodine ions increased as the number of carbons in an alkyl 

chain increased. These results are a strong indication that the energy gain mechanism is 

the Coulomb repulsion between the iodine ion and the adjacent carbon ions, not the 

Coulomb repulsion between the iodine ions. The charge localization before the Coulomb 

explosion in strong alternating electric fields is proposed. 

 

2. Materials and methods 

Diiodomethane (Aldrich, 99%), 1,3-diiodopropane (Aldrich, 99%), 1,4-diiodobutane 

(Aldrich, 99%), 1,5-diiodopentane (Tokyo Chemical Industry, >98.0%), and 1,6-
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diiodohexane (Tokyo Chemical Industry, >98.0 %) were dried over diphosphorus 

pentaoxide for few days. Those diiodoalkanes and 1,2-diiodoethane (Aldrich, 99%) were 

degassed by repeated freeze and thaw cycles before use. Xenon (Japan Air Gases, 

99.99%) was used without further purification. The sample pressure in the ionization 

chamber was kept at 5.5×10−5 Pa during the experiments to avoid the space-charge effect. 

The experimental details have been described elsewhere [37]. Briefly, the multiple 

ionization of diiodoalkanes and xenon was carried out with a 40-fs pulse centered at 0.8 

m (Thales laser, Alpha 100/1000/XS hybrid), and the ions were detected by a liner mode 

of Wiley-Mclaren linear time-of-flight mass spectrometer (TOF-MS, Toyama, KNTOF-

1800). A slit of 500 μm width was located on the extraction plate perpendicular to the 

laser propagation direction in order to collect the ion that was generated in the most tightly 

focused point of the laser beam (achieving ion collection from axially symmetric parallel 

beam geometry). The yield of ion emitted backward to the detector with large kinetic 

energy was limited due to a narrow slit located on the extraction plate. Thus, the ion 

emitted forward to the detector was used to evaluate ion yield and kinetic energy because 

whole ions were extracted and detected efficiently. The evaluation procedures of kinetic 

energy are described in elsewhere [38]. The direction of the laser polarization (linear) 

against the TOF axis was changed by a zero-order half-wave plate. The laser beam was 
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focused into the ionization chamber with a planoconvex quartz lens of 200 mm focusing 

length. The actual laser intensity of the linear polarized pulse at the focus was determined 

by measuring the saturation intensity, Isat of xenon (1.1×1014 W cm−2 for a 45 fs pulse) by 

the method of Hankin et al. [39], and the error in the determination of absolute laser 

intensity was about ±10%. The ions of the diiodoalkanes were measured successively 

after the measurement of Isat of xenon without, between two runs, changing experimental 

conditions. 

Density functional theory calculations (Gaussian 09, B3LYP/ LanL2DZ) were 

performed to determine the equilibrium structures of diiodoalkanes [40]. 

 

3. Results and discussion 

3.1. Ionization of diiodoalkanes in femtosecond laser fields. 

Fig. 1 shows the time-of-flight mass spectra of three diiodoalkanes measured at 

around 1015 Wcm−2. The prominent ions were atomic ions such as Ix+ (x = 1 − 4) and H+. 

Though the ion intensity was small, Cy+ (y = 1 − 3), I5+, and I6+ were produced from all 

diiodoalkanes. In addition, the mass spectra contained singly and doubly charged intact 

molecular ions (M+, M2+), an iodine-loss ion ([M−I]+), and a series of hydrocarbon 

fragment ions such as CnHm
+. The Keldysh adiabaticity parameter  is the index that 
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defines the border between the multiphoton ionization and the tunnel ionization regimes 

of atoms, and  is derived by the ionization potential and ponderomotive potential [41]. 

The tunnel ionization mechanism dominates when   is smaller than unity. The first 

vertical ionization potentials of diiodomethane, diiodoethane, diiodopropane, 

diiodobutane, and diiodohexane were 9.46 [42], 9.50 [43], 9.37 [44], 9.32 [44], and 9.28 

eV [44], respectively. The  of those diiodoalkanes at 1.0×1015 Wcm−2 (0.8 µm) was 

calculated to be ca. 0.28. Thus, it is safe to say that the laser intensity used in this study 

is within the field ionization regime for singly charged molecular ion formation. 

Moreover, the observation of multiply charged atomic ions such as I6+ indicates that 

further ionization by sequential tunneling processes occurs at this laser intensity. As a 

result of the strong Coulomb repulsion in MMCs, atomic ions fly away with a certain 

kinetic energy. The split peaks found in all atomic ions are a typical feature of an ion 

generated by Coulomb explosion [2]. Since ions with certain kinetic energies are 

emitted along the forward or backward directions relative to the ion flight axis in TOF-

MS, these respective ions are detected at earlier or later times in the TOF spectrum, 

hence at a smaller or larger mass-to-charge ratio (m/z) in a mass spectrum. 

It should be mentioned that the origin of multiply charged atomic ions is different 

from that of molecular ions or that of fragment ions. Due to the spatial and temporal 
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distribution of laser intensity, high charge states that form atomic ions are formed at the 

most intense part of the laser pulse in both space and time, whereas molecular ions and 

fragment ions are formed at the wing of the laser beam (in space) as well as at the 

leading and trailing edges of the laser pulse (in time) where the laser intensity is low. 

Therefore, we will not discuss the molecular ions and fragment ions because they are 

not within the scope of this study. 
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Fig. 1. Mass spectra of (a) diiodomethane at 4.7×1015 Wcm−2, (b) 1,3-diiodopropane at 

3.5×1015 Wcm−2, (c) 1,6-diiodohexane at 3.8×1015 Wcm−2. The laser polarization 

direction was parallel to the ion flight axis. The asterisks indicate impurities originating 

from contaminated water, nitrogen, and oxygen. 
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3.2. Anisotropic emission of atomic ions. 

 

Fig. 2. Angular distributions of Ix+ (x = 1 − 5) ejected from a) diiodomethane at 1.7×1015 

Wcm−2, b) 1,3-diiodopropane at 1.9×1015 Wcm−2, and c) 1,6-diiodohexane at 1.4×1015 

Wcm−2 in polar coordinates. The angles are the relative angles with regard to the 

polarization plane of the laser fields from the ion flight axis to the detector. The radius 

stands for the kinetic energy in eV units. The ion intensity normalized to unity at peak ion 

intensity in the polar plot is expressed by a linear color code. 
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Fig. 3. Angular distributions of Cy+ (y = 1 − 3) ejected from a) diiodomethane at 1.7×1015 

Wcm−2 (C3+, 3.6×1015 Wcm−2), b) 1,3-diiodopropane at 1.9×1015 Wcm−2 (C3+, 7.1×1015 

Wcm−2), and c) 1,6-diiodohexane at 1.4×1015 Wcm−2 (C3+, 3.7×1015 Wcm−2) in polar 

coordinates. The angles are the relative angles with regard to the polarization plane of the 

laser fields from the ion flight axis to the detector. The radius stands for the kinetic energy 

in eV units. The ion intensity normalized to unity at peak ion intensity in the polar plot is 

expressed by a linear color code. 

 



13 

 

Figs. 2 and 3 compare the angular distribution of Ix+ (x = 1 − 5) and Cy+ (y = 1 − 3) in 

polar coordinates for three diiodoalkanes. Those of C3+ were measured at relatively high 

laser intensity to achieve a good signal-to-noise ratio (S/N). Here we define the angle that 

was measured with respect to the polarization plane of the laser fields from the ion flight 

axis to the detector: parallel (0, 180 degrees), orthogonal (90, 270 degrees). The data were 

measured for the two quadrants with 4-degree steps experimentally, and then averaged to 

improve the S/N because the quadrants were almost identical. Finally, the averaged data 

were used to make a polar plot for clearer presentation. 

The anisotropic angular distributions with respect to the laser polarization direction 

were observed for most of the iodine and carbon ions. The origin of anisotropy in the ion 

angular distribution is the geometric selection in the tunnel ionization process, although 

the molecules are randomly oriented in the gas phase. Assuming that a linearly polarized 

laser pulse is used for ionization, the probability of tunnel ionization of molecules 

depends on how they are aligned with respect to the polarization direction of the laser 

pulse [45]. Because the ensuing multiple ionization processes will be regulated by the 

initial ionization step, anisotropic emission of ions from MMCs with respect to the laser 

polarization direction is observed [46]. 
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As shown in Fig. 2, the anisotropic emissions of the iodine ions located on either 

edge of the alkyl chain indicate that diiodoalkanes aligned along the laser polarization 

direction were highly ionized. This trend is similar to that of linear rigid molecules such 

as diiodoacetylene (DIA, I-C≡C-I) [47] and diiododiacetylene (I-C≡C-C≡C-I) [37]. 

As the charge number increased, the emission of iodine ion showed a sharp distribution 

along the laser polarization direction. This feature was more prominent for 

diiodohexane than for diiodomethane. Here we define the extinction ratio, i.e., the ratio 

of the ion intensity (peak value) measured under an orthogonal condition to that 

measured under a parallel condition, for a quantitative discussion of anisotropic ion 

emissions. Fig. 4 shows the extinction ratios of iodine ions as functions of the number 

of carbons in an alkyl chain and the charge number of iodine ions. The extinction ratios 

of iodine ions were 0.26−0.48 (diiodomethane), 0.16−0.42 (diiodoethane), 0.33−1.0 

(diiodopropane), 0.26−0.83 (diiodobutane), 0.21−0.91 (diiodopropane), and 0.40−0.90 

(diiodohexane). We previously reported that the extinction ratios of proton and carbon 

ions ejected from acetylene at 1.2 ×1015 Wcm−2 are equal to zero [47]. It was 

noteworthy that the extinction ratios of iodine ions were more than 0.2, although iodine 

atoms in diiodoalkanes were located on both edges of the molecules. The dotted lines in 

Fig. 4 indicate the trends in the change of extinction ratios against the charge number. 
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For the cases of diiodomethane and diiodoethane, all the extinction ratios except for that 

for I+ were independent of the charge number. On the other hand, the extinction ratios 

increased as the charge number decreased when there were more than three carbons in 

an alkyl chain. In addition, the extinction ratios of I+, I2+, and I3+ suddenly became large 

when there were more than three carbons. 

 

 

Fig. 4. Extinction ratios of iodine ions as a function of the number of carbons in an alkyl 

chain or the charge number of iodine. Dotted lines for diiodomethane, diiodopropane, and 

diiodohexane are drawn to guide the eye. 
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The angular distributions of carbon ions depended strongly on the charge number, as 

shown in Fig. 3. The angular distribution of C+ showed an elliptic distribution with a 

long axis orthogonal to the laser polarization direction. C2+ was ejected in an isotropic 

manner except in the cases of diiodomethane and diiodoethane (not shown). In all 

diiodoalkanes, C3+ was ejected mostly in a parallel direction, but the extinction ratio 

depended strongly on the number of carbons in an alkyl chain. In the case of 

diiodomethane, C3+ was emitted in a parallel direction (extinction ratio: 0.09). In 

contrast, the emission of C3+ in an orthogonal direction became pronounced in the case 

of diiodopropane (extinction ratio: 0.65). The angular distribution of C3+ from 

diiodohexane was broad and nearly isotropic (extinction ratio: 0.84).  

Here we consider the emission behavior of iodine and carbon ions from the view point 

of alignment in strong laser fields. Iodine atoms are substituted on both edges of an alkyl 

chain. Therefore, in principle the extinction ratios should be much less than unity if the 

perfect alignment is achieved because the emission of iodine ions is not obstructed by 

other atoms at all. We have reported that the extinction ratios of iodine ions ejected from 

DIA at 3.6 ×1014 Wcm−2 are 0.63 (I+), 0.27 (I2+), 0.08 (I3+), 0.01 (I4+), and 0 (I5+) [47]. It 

is noted that those extinction ratios become large at 1.2 ×1015 Wcm−2: 0.61 (I+), 0.36 (I2+), 
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0.23 (I3+), 0.14 (I4+), 0.04 (I5+). The increase in the extinction ratios of iodine ions is 

explained in terms of the saturation of the ionization rate at high laser intensity. In contrast, 

the minimum and maximum extinction ratios of iodine ions ejected from diiodoalkanes 

were 0.16 for I5+ and 1.0 for I+, respectively. These results are explained in terms of the 

imperfect alignment of diiodoalkanes. Generally, electrons will be stripped from the 

large-amplitude lobes of molecular orbitals along the laser polarization direction by 

tunneling if the ionization probability is not saturated [48, 49]. Ohmura et al. have shown 

that the molecules having the highest occupied molecular orbitals (HOMOs) with 

asymmetric structures are selectively ionized using asymmetric electric fields [50]. In 

their experiments, they have examined iodoalkanes such as iodomethane [29, 30] and 1-

iodohexane [31]. Regardless of the number of carbons in an alkyl chain, the success of 

the selective ionization of oriented iodoalkanes reveals the importance of the geometric 

nature of a HOMO that is localized on an iodine atom. It should be noted that aligned 

rather than oriented multiply charged molecular cations would have been prepared by 

tunneling in the present study, because we used symmetric electric fields. 

Fig. 5 shows the three highest molecular orbitals of three diiodoalkanes. It can be 

clearly seen that HOMO, HOMO−1, and HOMO−2 are localized on the iodine atoms. 

The contribution of electrons belonging to the low-lying molecular orbitals in an intense 
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laser ionization process has been investigated for some molecules [51-54]. It should be 

noted that highly charged states disappearing promptly to leave I6+ via the Coulomb 

explosion should be formed in our experiments. In principle, we need to consider further 

deeper-lying molecular orbitals to treat such states. However, consideration of such 

orbitals is beyond the scope of this study, and the highest occupied molecular orbital 

makes the most important contribution to ionization as the sequential multiple tunnel 

ionization processes will be regulated by the initial tunnel ionization step [46]. Therefore, 

we will consider only three highest molecular orbitals for qualitative discussions. If not 

only HOMO but also HOMO−1 and HOMO−2 were the origins of ionizing electrons, the 

electrons would be dominantly stripped from the iodine atoms located on both sides of 

the alkyl chain. Thus, it is expected that the contribution of the edge of a molecule in 

multiple ionization becomes dominant as the molecule grows longer. At the same time, 

the presence of carbons in the middle of the molecule in the multiple ionization process 

becomes less important as the molecule elongates, because those carbon atoms do not 

contribute to HOMO−1 and HOMO−2.  
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Fig. 5. The molecular orbitals of a) diiodomethane, b) 1,3-diiodopropane, and c) 1,6-

diiodohexane calculated by using the Gaussian 09 software package (method: B3LYP; 

basis sets: LanL2DZ). 

 

The largest lobes of HOMO are located on the iodine atoms of diiodoalkanes. 

Therefore, the selective ionization of aligned diiodoalkanes is expected as in the cases 

of iodoalkanes [29-31]. It should be noted that the iodine atoms of DIA are considered 

equivalent with respect to the laser polarization direction because the nodal planes of 

HOMO, HOMO−1, and HOMO−2 of DIA are parallel [36]. Therefore, selective 

ionization of aligned DIA is expected even though it has one iodine atom on each edge 

of the molecule. In contrast, the nodal planes of MOs are not parallel in the case of 

diiodoalkanes. Therefore, we should consider the electron emissions from MMCs of 
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different alignments with respect to the laser polarization direction by tunneling. An 

iodine ion is emitted by Coulomb explosion along the laser polarization direction, while 

another iodine ion is ejected along a line that is slightly inclined relative to the laser 

polarization direction after multiple ionizations. Consequently, the angular distribution 

of iodine ions ejected from diiodoalkanes becomes broad and the extinction ratios 

should not equal zero. Contrary to the case with DIA, the effect of alignment will not be 

strengthened even if both sides of the alkyl chain are substituted by iodine atoms 

because the relative configuration of the lobes on iodine atoms is independent due to C-

C bond rotations. The above-mentioned considerations would be reasonable starting 

points for the interpretation of the observed angular distributions. However, more 

elaborated theoretical considerations including the contribution of lower-lying orbitals 

in addition to Dyson orbitals under various conditions are required for further 

discussions [55, 56]. 

Unlike the case with iodine atoms, we need to consider carbons of different 

locations in an alkyl chain and the heavy atom effect by iodine atoms in addition to 

imperfect alignment. A carbon atom is located between iodine atoms, between an iodine 

atom and a neighboring carbon atom, or between carbon atoms. Therefore, the emission 

of carbon ions is influenced by the terminal iodine atom(s) and/or neighboring carbon 
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atom(s). Furthermore, the angular distribution of carbon ions becomes broad as the 

number of carbon sites increases due to the nonlinear configuration of carbon atoms in 

diiodoalkanes. In the cases of diiodomethane and diiodoethane, the emission of C3+ 

showed strong anisotropy. This is presumably because the emission of carbon ions is 

dominated only by the neighboring iodine ions, i.e., carbon ions are expelled in the 

direction opposite that of iodine ions along with a C−I bond. In contrast, we need to 

consider the different locations of carbons for diiodoalkanes that have more than three 

carbons. For example, carbons in diiodopropane were ejected from two different sites, 

CA and CB (I-CAH2-CBH2-CAH2-I). Similarly, diiodobutane, diiodopentane and 

diiodohexane have two, three, and three different carbon sites, respectively.  

The terminal heavy atom effect has been found in a rigid linear molecule, DIA, from 

which C+ and C2+ were mostly emitted in an orthogonal direction. This phenomenon 

was attributed to heavy iodine ion obstacles disturbing the direction of movement of the 

light carbon ions, while the structural deformation enabled them to fly away in an 

orthogonal direction [47]. We have reported the extinction ratios of carbon ions ejected 

from DIA at 3.6×1014 Wcm−2 are 1.4 (C+), 6.8 (C2+), and 15 (C3+), respectively [47]. 

These values decrease at 1.2 ×1015 Wcm−2: C+, 1.2; C2+, 1.5; C3+, 1.5 [47]. It should be 

mentioned that the extinction ratios of carbon ions ejected from diiododiacetylene are 
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larger than those of carbon ions ejected from DIA, i.e., the ejections of carbon ions in an 

orthogonal direction with respect to the laser polarization direction are enhanced in 

longer acetylene derivatives [37]. The large extinction ratios are attributed to one or 

more of the following: the close proximity of iodine to the carbons even at highly 

charged states, a higher degree of carbon ion emission blocking, and a higher degree of 

deformation of the molecular skeleton in bending coordinates. On the other hand, the 

extinction ratios of C+, C2+, and C3+ ejected from diiodoalkanes were 1.2, 0.41, and 0.09 

(diiodomethane), 1.0, 0.71, and 0.65 (diiodopropane), and 1.1, 1.0, and 0.84 

(diiodohexane), respectively. We conclude that the different trends in the extinction 

ratios of carbon ions against the length of molecules between the iodine-substituted 

acetylenes and alkanes originate in the differences in geometric selection, rigidity, 

linearity, and deformation coordinates. The heavy atom effect is not significant in the 

cases of diiodoalkanes, probably because the deformation of the molecular skeleton is 

not important in light of the nonrigid and nonlinear structures of diiodoalkanes. 

Moreover, the deformation of the molecular skeleton consisting of C−C single bonds in 

stretching coordinates rather than in bending coordinates is expected in the cases of 

iodine-substituted alkanes.  
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3.3. Kinetic energy increases in longer diiodoalkanes. 

 

 

Fig. 6. The peak kinetic energy of (a) carbon (C+, squares; C2+, circles; C3+, triangles) and 

(b) iodine ions (I+, squares; I2+, circles; I3+, triangles; I4+, inverted triangles) ejected from 

diiodoalkanes as a function of the number of carbons in an alkyl chain.  

 

The peak kinetic energies of iodine and carbon ions as a function of the number of carbons 

in an alkyl chain are shown in Fig. 6. The kinetic energies of I5+ and I6+ were not obtained 

because their ion peaks were small and/or overlapped with other fragment ion peaks. For 

the cases of I+, I2+, and C+, the kinetic energies were almost independent of the number 

of carbons in an alkyl chain. In contrast, the kinetic energies of highly charged atoms 
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were monotonically increased (C2+, 175%; C3+, 159%; I3+, 196%; I4+, 154%) as the 

number of carbons in an alkyl chain increased from one to six. It is noted that the kinetic 

energies of I3+ and I4+ seem to be saturated when there are more than five carbons. We 

need to consider the origin of the dependence of kinetic energy variations on the number 

of carbons in an alkyl chain. The kinetic energies of carbon ions ejected from 

diiodoalkanes were much higher than those of acetylene but similar to those of DIA [47]. 

We have reported that the kinetic energies of ions ejected from DIA at 1.2×1015 Wcm−2 

are 14 (C+), 58 (C2+), 130 (C3+), 1.4 (I+), 6.2 (I2+), 16 (I3+), and 30 eV (I4+) [47]. It is 

emphasized that the kinetic energy of ions ejected from diiodoalkanes became closer to 

that of ions ejected from DIA as the alkyl chain became longer. The comparison of kinetic 

energy between diiodoalkanes and DIA is quite informative because the interaction 

between terminal iodine atoms and neighboring carbons is more significant in longer 

diiodoalkanes, although the distance between terminal iodine atoms is long. The distance 

between the terminal iodine atoms in neutral diiodoalkanes varies from 2.8 

(diiodomethane) to 9.8 Å (diiodohexane). Therefore, the kinetic energy of iodine ions 

should decrease as the molecule becomes longer if the Coulomb repulsion of the iodine 

ion is dominated by the other iodine ion. However, this expectation contradicts our 

experimental observations: The kinetic energy of an iodine ion increased as the number 
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of carbons in an alkyl chain increased. Therefore, we can conclude that the kinetic energy 

of iodine is not determined by the other iodine ion but by neighboring carbon ions. In 

addition, only one iodine atom may be highly charged at the instant of a Coulomb 

explosion. 

The longer diiodoalkanes result in higher kinetic energies of iodine and carbon ions. 

We could consider momentum conservation and charge localization to explain this trend. 

Supposing that the two-body Coulomb explosion occurs in diiodoalkanes, the kinetic 

energy of iodine ions is determined by the charge numbers and the distance between two 

ions. The most probable dissociation process would be the C−I bond cleavage as mostly 

found in electron impact ionization (Scheme 1).  

 

Scheme 1. Proposed initial two-body Coulomb explosion process of diiodoalkanes. 

 

If this two-body Coulomb explosion occurs, the kinetic energy of iodine ions depends 

on the length of the C−I bond at the instant of the Coulomb explosion. Noted that we must 

consider the elongation of the C−I bond during the laser pulse [57, 58]. However, the 

trend of kinetic energy variations of iodine ions found in this study would not be related 

to the difference of bond elongation since we can expect that the degree of elongation of 
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the C−I bond is similar for all diiodoalkanes. Another factor should determine the kinetic 

energy of iodine ions; however, the two-body Coulomb explosion process shown in 

Scheme 1 should be dominant due to the following reasons. Due to the momentum 

conservation law, a light fragment ion carries high kinetic energy, whereas a heavy 

counter-ion is expelled with low kinetic energy in the Coulomb explosion process. 

Therefore, we need to consider the Coulomb explosion of diiodoalkanes occurring 

between an iodine ion and the counterpart fragment ion involving an iodine atom. If 

Coulomb explosion occurred via multi-body manner and/or C−C bond cleavage, the 

kinetic energy of an iodine ion would be much lower than the peak kinetic energy 

observed in this study. The nominal masses of diiodoalkanes vary from 268 

(diiodomethane) to 338 (diiodohexane). Therefore, the ratio of the kinetic energy gained 

by an iodine ion varies from 0.53 (=141/268, diiodomethane) to 0.62 (=211/338, 

diiodohexane) if the above-mentioned two-body Coulomb explosion takes place. 

Consequently, the kinetic energy of iodine ions ejected from diiodohexane is expected to 

be 117% (=0.62/0.53) higher than that of iodine ions ejected from diiodomethane if the 

above-mentioned hypothesis is correct. However, this value is smaller than that obtained 

in the experiments (~196%). Therefore, another effect that increases kinetic energy of 

iodine ions when the length of an alkyl chain becomes longer should be considered. 
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Another possible explanation of the kinetic energy variations depending on the 

length of the alkyl chain is the charge localization on the edge of a molecule before the 

Coulomb explosion. Fig. 5 shows that the electrons belonging to the three highest MOs 

are absent on the carbon atoms in the middles of diiodoalkanes having longer alkyl 

chains. Therefore, it is expected that only the edge of the molecule becomes electron-

deficient at the initial stage of ionization. Rapid charge delocalization is expected to 

occur even if electrons are stripped from the edge of the molecule. However, the charge 

migration after removing the electrons belonging to lower-lying orbitals is expected to 

be slower than that after removing the electrons in HOMO [19]. It should be mentioned 

that we have shown that the tetracation of diiodoacetylene remains metastable towards 

dissociation because of the localization (>90%) of the positive charges on the terminal 

iodine atoms [36]. The nonequilibrium distribution of electrons (positive charges) in 

diiodoalkanes could be easily attained during ionization in intense alternative electric 

fields because the terminal iodine atoms can trap positive charges. We could propose 

that the Coulomb repulsion between the terminal iodine and neighboring carbons is 

enhanced when the length of an alkyl chain becomes longer. Time evolution of charge 

[19] and the control of charge migration [18] within the framework of cation radical 



28 

 

have been reported. However, those of MMCs are still theoretical and experimental 

challenges. We hope that the investigation of the time evolution of positive charges in a 

MMC and the charge density of MMC at the instant of a Coulomb explosion by using 

elaborated theories would clarify the effect of molecular length on the kinetic energy of 

iodine ions. 

 

4. Conclusion 

We have determined that the length of α, ω-diiodoalkanes is an important factor in 

determining the angular distribution and kinetic energy of ions formed by a Coulomb 

explosion in intense femtosecond laser fields. In contrast to rigid linear diiodoacetylene, 

the influences of the terminal heavy iodine atoms on the blocking of carbon ion emission, 

and of the deformation of the molecular skeleton in bending coordinates, are not 

significant due to the nonrigidity and bended carbon chain structure of diiodoalkanes. The 

selective ionization of molecules is attained in part because the molecular orbitals 

localized on the edges of molecules are independent due to the free rotation of the C−C 

bonds. The kinetic energies of iodine and carbon ions increase as the alkyl chain becomes 

longer. The enhancement of charge localization that results in the stronger Coulomb 

repulsion between the terminal iodine and neighboring carbons should be taken into 
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accounts to explain the effect of molecular length on the kinetic energy of ions. The rigid 

molecules involving marker atoms such as those of iodine and tunable spacer/linkage 

modules are promising candidates for further investigation of the charge localization 

effect in the Coulomb explosion process [37]. Moreover, nonadiabatic alignment by using 

longer-duration laser pulses before ionization by femtosecond intense laser pulses is very 

helpful for regulating the ion emissions from linear molecules. 

 

Acknowledgment. The present research was partially supported by JST PRESTO 

program and JSPS KAKENHI Grant Number JP26107002 in Scientific Research on 

Innovative Areas “Photosynergetics.” 

 

References 

[1] N. Nakashima, S. Shimizu, T. Yatsuhashi, S. Sakabe, Y. Izawa, Large molecules in 

high-intensity laser fields, J. Photochem. Photobiol. C, 1 (2000) 131-143. 



30 

 

[2] T. Yatsuhashi, N. Nakashima, Multiple ionization and Coulomb explosion of 

molecules, molecular complexes, clusters and solid surfaces, J. Photochem. Photobiol. C, 

34 (2018) 52-84. 

[3] M. Pitzer, M. Kunitski, A.S. Johnson, T. Jahnke, H. Sann, F. Sturm, L.P.H. Schmidt, 

H. Schmidt-Bocking, R. Dorner, J. Stohner, J. Kiedrowski, M. Reggelin, S. Marquardt, 

A. Schiesser, R. Berger, M.S. Schoffler, Direct determination of absolute molecular 

stereochemistry in gas phase by Coulomb explosion imaging, Science, 341 (2013) 1096-

1100. 

[4] M. Pitzer, G. Kastirke, M. Kunitski, T. Jahnke, T. Bauer, C. Goihl, F. Trinter, C. 

Schober, K. Henrichs, J. Becht, S. Zeller, H. Gassert, M. Waitz, A. Kuhlins, H. Sann, F. 

Sturm, F. Wiegandt, R. Wallauer, L.P.H. Schmidt, A.S. Johnson, M. Mazenauer, B. 

Spenger, S. Marquardt, S. Marquardt, H. Schmidt-Bocking, J. Stohner, R. Dorner, M. 

Schoffler, R. Berger, Absolute configuration from different multifragmentation pathways 

in light-induced Coulomb explosion imaging, ChemPhysChem, 17 (2016) 2465-2472. 

[5] T. Endo, A. Matsuda, M. Fushitani, T. Yasuike, O.I. Tolstikhin, T. Morishita, A. 

Hishikawa, Imaging electronic excitation of NO by ultrafast laser tunneling ionization, 

Phys. Rev. Lett., 116 (2016) 163002. 



31 

 

[6] A. Hishikawa, A. Matsuda, M. Fushitani, E.J. Takahashi, Visualizing recurrently 

migrating hydrogen in acetylene dication by intense ultrashort laser pulses, Phys. Rev. 

Lett., 99 (2007) 258302. 

[7] C. Burger, N.G. Kling, R. Siemering, A.S. Alnaser, B. Bergues, A.M. Azzeer, R. 

Moshammer, R. de Vivie-Riedle, M. Kubel, M.F. Kling, Visualization of bond 

rearrangements in acetylene using near single-cycle laser pulses, Faraday Discuss., 194 

(2016) 495-508. 

[8] H. Ibrahim, B. Wales, S. Beaulieu, B.E. Schmidt, N. Thire, E.P. Fowe, E. Bisson, C.T. 

Hebeisen, V. Wanie, M. Giguere, J.C. Kieffer, M. Spanner, A.D. Bandrauk, J. Sanderson, 

M.S. Schuurman, F. Legare, Tabletop imaging of structural evolutions in chemical 

reactions demonstrated for the acetylene cation, Nat. Commun., 5 (2014) 4422. 

[9] A. Lawicki, A.I.S. Holm, P. Rousseau, M. Capron, R. Maisonny, S. Maclot, F. Seitz, 

H.A.B. Johansson, S. Rosen, H.T. Schmidt, H. Zettergren, B. Manil, L. Adoui, H. 

Cederquist, B.A. Huber, Multiple ionization and fragmentation of isolated pyrene and 

coronene molecules in collision with ions, Phys. Rev. A, 83 (2011) 022704. 

[10] A. Rudenko, L. Inhester, K. Hanasaki, X. Li, S.J. Robatjazi, B. Erk, R. Boll, K. 

Toyota, Y. Hao, O. Vendrell, C. Bomme, E. Savelyev, B. Rudek, L. Foucar, S.H. 

Southworth, C.S. Lehmann, B. Kraessig, T. Marchenko, M. Simon, K. Ueda, K.R. 



32 

 

Ferguson, M. Bucher, T. Gorkhover, S. Carron, R. Alonso-Mori, J.E. Koglin, J. Correa, 

G.J. Williams, S. Boutet, L. Young, C. Bostedt, S.K. Son, R. Santra, D. Rolles, 

Femtosecond response of polyatomic molecules to ultra-intense hard X-rays, Nature, 546 

(2017) 129-132. 

[11] K.W.D. Ledingham, R.P. Singhal, D.J. Smith, T. McCanny, P. Graham, H.S. Kilic, 

W.X. Peng, S.L. Wang, A.J. Langley, P.F. Taday, C. Kosmidis, Behavior of polyatomic 

molecules in intense infrared laser beams, J. Phys. Chem. A, 102 (1998) 3002-3005. 

[12] C. Cornaggia, M. Schmidt, D. Normand, Laser-induced nuclear motions in the 

Coulomb explosion of C2H2+ ions, Phys. Rev. A, 51 (1995) 1431-1437. 

[13] S. De, J. Rajput, A. Roy, P.N. Ghosh, C.P. Safvan, Ion-induced dissociation 

dynamics of acetylene, Phys. Rev. A, 77 (2008) 022708. 

[14] T. Zuo, A.D. Bandrauk, Charge-resonance-enhanced ionization of diatomic 

molecular ions by intense lasers, Phys. Rev. A, 52 (1995) R2511-R2514. 

[15] T. Seideman, M.Y. Ivanov, P.B. Corkum, Role of electron localization in intense-

field molecular ionization, Phys. Rev. Lett., 75 (1995) 2819-2822. 

[16] H. Hasegawa, A. Hishikawa, K. Yamanouchi, Coincidence imaging of Coulomb 

explosion of CS2 in intense laser fields, Chem. Phys. Lett., 349 (2001) 57-63. 



33 

 

[17] A. Hishikawa, H. Hasegawa, K. Yamanouchi, Hydrogen migration in acetonitrile in 

intense laser fields in competition with two-body Coulomb explosion, J. Electron. 

Spectrosc. Relat. Phenom., 141 (2004) 195-200. 

[18] P.M. Kraus, B. Mignolet, D. Baykusheva, A. Rupenyan, L. Horny, E.F. Penka, G. 

Grassi, O.I. Tolstikhin, J. Schneider, F. Jensen, L.B. Madsen, A.D. Bandrauk, F. Remacle, 

H.J. Worner, Measurement and laser control of attosecond charge migration in ionized 

iodoacetylene, Science, 350 (2015) 790-795. 

[19] F. Remacle, R.D. Levine, An electronic time scale in chemistry, Proc. Natl. Acad. 

Sci., 103 (2006) 6793-6798. 

[20] S. Shimizu, V. Zhakhovskii, F. Sato, S. Okihara, S. Sakabe, K. Nishihara, Y. Izawa, 

T. Yatsuhashi, N. Nakashima, Coulomb explosion of benzene induced by an intense laser 

field, J. Chem. Phys., 117 (2002) 3180-3189. 

[21] S. Shimizu, V. Zhakhovskii, M. Murakami, M. Tanaka, T. Yatsuhashi, S. Okihara, 

K. Nishihara, S. Sakabe, Y. Izawa, N. Nakashima, Coulomb explosion of hexa-

fluorobenzene induced by an intense laser field, Chem. Phys. Lett., 404 (2005) 379-383. 

[22] J.K. Kou, V. Zhakhovskii, S. Sakabe, K. Nishihara, S. Shimizu, S. Kawato, M. 

Hashida, K. Shimizu, S. Bulanov, Y. Izawa, Y. Kato, N. Nakashima, Anisotropic 



34 

 

Coulomb explosion of C60 irradiated with a high-intensity femtosecond laser pulse, J. 

Chem. Phys., 112 (2000) 5012-5020. 

[23] A.N. Markevitch, D.A. Romanov, S.M. Smith, R.J. Levis, Coulomb explosion of 

large polyatomic molecules assisted by nonadiabatic charge localization, Phys. Rev. Lett., 

92 (2004) 063001. 

[24] M.E. Corrales, G. Gitzinger, J. Gonzalez-Vazquez, V. Loriot, R. de Nalda, L. 

Banares, Velocity map imaging and theoretical study of the Coulomb explosion of CH3I 

under intense femtosecond IR pulses, J. Phys. Chem. A, 116 (2012) 2669-2677. 

[25] Y.M. Wang, S. Zhang, Z.R. Wei, B. Zhang, Velocity map imaging of dissociative 

ionization and coulomb explosion of CH3I induced by a femtosecond laser, J. Phys. Chem. 

A, 112 (2008) 3846-3851. 

[26] C. Kosmidis, P. Siozos, S. Kaziannis, L. Robson, K.W.D. Ledingham, P. McKenna, 

D.A. Jaroszynski, Interaction mechanism of some alkyl iodides with femtosecond laser 

pulses, J. Phys. Chem. A, 109 (2005) 1279-1285. 

[27] D.D. Zhang, S.Z. Luo, H.F. Xu, M.X. Jin, F.C. Liu, B. Yan, Z.G. Wang, H. Liu, 

D.W. Jiang, A. Eppink, W. Roeterdink, S. Stolte, D.J. Ding, Dissociative ionization and 

Coulomb explosion of CH3I in intense femto second laser fields, Eur. Phys. J. D, 71 

(2017) 148. 



35 

 

[28] S. Das, P. Sharma, R.K. Vatsa, Tracing photoionisation behaviour of methyl iodide 

in gas phase: From isolated molecule to molecular aggregate, J. Photochem. Photobiol. 

C, 33 (2017) 27-53. 

[29] H. Ohmura, T. Nakanaga, Quantum control of molecular orientation by two-color 

laser fields, J. Chem. Phys., 120 (2004) 5176-5180. 

[30] H. Ohmura, F. Ito, M. Tachiya, Phase-sensitive molecular ionization induced by a 

phase-controlled two-color laser field in methyl halides, Phys. Rev. A, 74 (2006) 043410. 

[31] H. Ohmura, N. Saito, H. Nonaka, S. Ichimura, Dissociative ionization of a large 

molecule studied by intense phase-controlled laser fields, Phys. Rev. A, 77 (2008) 053405. 

[32] X. Zhang, D.D. Zhang, H. Liu, H.F. Xu, M.X. Jin, D.J. Ding, Angular distributions 

of fragment ions in dissociative ionization of CH2I2 molecules in intense laser fields, J. 

Phys. B, 43 (2010) 025102. 

[33] Z.H. Liu, Y.Q. Wang, J.J. Ma, L. Wang, G.Z. He, Concerted elimination of CH2I2 

and CH2ICl under intense femtosecond laser excitation, Chem. Phys. Lett., 383 (2004) 

198-202. 

[34] M. Tanaka, M. Kawaji, T. Yatsuhashi, N. Nakashima, Ionization and fragmentation 

of alkylphenols by 0.8-1.5 μm femtosecond laser pulses, J. Phys. Chem. A, 113 (2009) 

12056-12062. 



36 

 

[35] M.J. DeWitt, D.W. Peters, R.J. Levis, Photoionization/dissociation of alkyl 

substituted benzene molecules using intense near-infrared radiation, Chem. Phys., 218 

(1997) 211-223. 

[36] T. Yatsuhashi, K. Toyota, N. Mitsubayashi, M. Kozaki, K. Okada, N. Nakashima, 

Intact four-atom organic tetracation stabilized by charge localization in the gas phase, 

ChemPhysChem, 17 (2016) 2977-2981. 

[37] N. Mitsubayashi, T. Yatsuhashi, H. Tanaka, S. Furukawa, M. Kozaki, K. Okada, N. 

Nakashima, Anisotropic Coulomb explosion of acetylene and diacetylene derivatives, Int. 

J. Mass Spectrom., 403 (2016) 43-52. 

[38] T. Yatsuhashi, N. Nakashima, Dissociation and multiply charged silicon ejection in 

high abundance from hexamethyldisilane, J. Phys. Chem. A, 114 (2010) 11890-11895. 

[39] S.M. Hankin, D.M. Villeneuve, P.B. Corkum, D.M. Rayner, Intense-field laser 

ionization rates in atoms and molecules, Phys. Rev. A, 64 (2001) 013405. 

[40] Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. 

Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. 

Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, 

G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. 

Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. 



37 

 

E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, 

R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. 

Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, 

C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 

Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. 

A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B. 

Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2009. 

[41] L.V. Keldysh, Ionization in Field of a Strong Electromagnetic Wave, Sov. Phys. 

JETP, 20 (1965) 1307-1314. 

[42] W. von Niessen, L. Åsbrink, G. Bieri, 30.4 nm He (II) photoelectron spectra of 

organic molecules Part VI. Halogeno-compounds (C, H, X; X = Cl, Br, I), J. Electron. 

Spectrosc. Relat. Phenom., 26 (1982) 173-201. 

[43] F.T. Chau, C.A. McDowell, Photoelectron spectra of 1,2 dichloro-, 1,2 dibromo- and 

1,2 diiodo-ethane, J. Electron. Spectrosc. Relat. Phenom., 6 (1975) 365-376. 

[44] I. Novak, L. Klasinc, B. Kovač, S.P. McGlynn, Electronic structure of haloalkanes: 

a high resolution photoelectron spectroscopic study, J. Mol. Struct., 297 (1993) 383-391. 

[45] J.H. Posthumus, The dynamics of small molecules in intense laser fields, Rep. Prog. 

Phys., 67 (2004) 623-665. 



38 

 

[46] T. Yatsuhashi, N. Nakashima, J. Azuma, Coulomb explosion of dichloroethene 

geometric isomers at 1 PW cm-2, J. Phys. Chem. A, 117 (2013) 1393-1399. 

[47] T. Yatsuhashi, N. Mitsubayashi, M. Itsukashi, M. Kozaki, K. Okada, N. Nakashima, 

Persistence of iodines and deformation of molecular structure in highly charged 

diiodoacetylene: anisotropic carbon ion emission, ChemPhysChem, 12 (2011) 122-126. 

[48] X.M. Tong, Z.X. Zhao, C.D. Lin, Theory of molecular tunneling ionization, Phys. 

Rev. A, 66 (2002) 033402. 

[49] A.S. Alnaser, S. Voss, X.M. Tong, C.M. Maharjan, P. Ranitovic, B. Ulrich, T. 

Osipov, B. Shan, Z. Chang, C.L. Cocke, Effects of molecular structure on ion 

disintegration patterns in ionization of O2 and N2 by short laser pulses, Phys. Rev. Lett., 

93 (2004) 113003. 

[50] H. Ohmura, T. Nakanaga, M. Tachiya, Coherent control of photofragment separation 

in the dissociative ionization of IBr, Phys. Rev. Lett., 92 (2004) 113002. 

[51] H. Akagi, T. Otobe, A. Staudte, A. Shiner, F. Turner, R. Dorner, D.M. Villeneuve, 

P.B. Corkum, Laser tunnel ionization from multiple orbitals in HCl, Science, 325 (2009) 

1364-1367. 

[52] E. Lotstedt, T. Kato, K. Yamanouchi, Enhanced ionization of acetylene in intense 

laser fields, Phys. Rev. A, 85 (2012) 041402. 



39 

 

[53] J. Wu, L.P.H. Schmidt, M. Kunitski, M. Meckel, S. Voss, H. Sann, H. Kim, T. Jahnke, 

A. Czasch, R. Dorner, Multiorbital tunneling ionization of the CO molecule, Phys. Rev. 

Lett., 108 (2012) 183001. 

[54] A.E. Boguslavskiy, J. Mikosch, A. Gijsbertsen, M. Spanner, S. Patchkovskii, N. 

Gador, M.J.J. Vrakking, A. Stolow, The multielectron ionization dynamics underlying 

attosecond strong-field spectroscopies, Science, 335 (2012) 1336-1340. 

[55] S. Erattupuzha, C.L. Covington, A. Russakoff, E. Lotstedt, S. Larimian, V. Hanus, 

S. Bubin, M. Koch, S. Grafe, A. Baltuska, X.H. Xie, K. Yamanouchi, K. Varga, M. 

Kitzler, Enhanced ionisation of polyatomic molecules in intense laser pulses is due to 

energy upshift and field coupling of multiple orbitals, J. Phys. B, 50 (2017) 125601. 

[56] P. Krause, H.B. Schlegel, Angle-dependent ionization of small molecules by time-

dependent configuration interaction and an absorbing potential, J. Phys. Chem. Lett., 6 

(2015) 2140-2146. 

[57] G.N. Gibson, M. Li, C. Guo, J.P. Nibarger, Direct evidence of the generality of 

charge-asymmetric dissociation of molecular iodine ionized by strong laser fields, Phys. 

Rev. A, 58 (1998) 4723-4727. 

[58] H.T. Liu, Z. Yang, Z. Gao, Z.C. Tang, Ionization and dissociation of CH3I in intense 

laser field, J. Chem. Phys., 126 (2007) 044316. 


