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Signatures of the Bromine Atom and Open-Shell Spin-

Coupling in the X-ray Spectrum of Bromobenzene Cation 
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, Valeriu Scutelnic1,2, Zheyue Yang1, 

Tian Xue1, Anna I. Krylov4, Sonia Coriani3, and Stephen R. Leone1,2,5* 

1 Department of Chemistry, University of California, Berkeley, CA, 94720, USA 
2 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA 

3 DTU Chemistry - Department of Chemistry, Technical University of Denmark, DK-2800, Kongens Lyngby, Denmark 
4 Department of Chemistry, University of Southern California, Los Angeles, California 90089, USA 
5 Department of Physics, University of California, Berkeley, CA, 94720, USA 

ABSTRACT: Table-top x-ray spectroscopy measurements at the carbon K-edge complemented by ab initio calculations are used 
to investigate the influence of the bromine atom on the carbon core-valence transitions in bromobenzene cation (BrBz+). The 
electronic ground state of the cation is prepared by resonance-enhanced two-photon ionization of neutral bromobenzene (BrBz) 
and probed by x-rays produced by high-harmonic generation (HHG). Replacing one of the hydrogen atoms in benzene with a 

bromine atom shifts the transition from the 1sC* orbital of the carbon atom (C*) bonded to bromine by 1 eV to higher energy in 
the x-ray spectrum compared to the other carbon atoms (C). The x-ray absorption spectra of neutral BrBz reveals the influence 
of the bromine atom on the x-ray absorption spectrum due to the 1sC* orbital, while the influence of the bromine atom on the 
cation spectrum is even more prominent. The  x-ray spectrum of the cation is dominated by two relatively intense transitions, 
the 1sC→ π* and the 1sC*→ σ*(C*-Br), where the second transition is enhanced relative to the neutral BrBz. In addition, a doublet 
peak shape for these two transitions is observed in the experiment. The 1sC→ π* doublet peak shape arises due to the spin 
coupling of the unpaired electron in the partially vacant π orbital (from ionization) with the two other unpaired electrons resulting 
from the transition from the 1sC core orbital to the fully vacant π* orbitals. The 1sC*→ σ* doublet peak shape results from several 
transitions involving σ* and vibrational C*-Br mode activation following the UV ionization, which demonstrates the impact of the 
C*-Br bond length on the core-valence transition as well as the relaxation geometry of BrBz+. 

INTRODUCTION  

X-ray spectroscopy at the carbon K-edge is highly sensitive to 

the changes in molecular structure and orbital occupancy, 

delivering accurate information about the energy of core and 

valence orbitals of molecules containing carbon atoms. The ability 

to laser-produce tabletop HHG sources reaching up to 300 eV 

opened opportunities to implement the laser pump-probe technique 

with ultraviolet (UV) excitation probed by soft x-ray radiation in 

the carbon K-edge region with tens of femtosecond time 

resolution.1,2,3,4,5,6,7,8  

Recently, we applied this technique to measure the x-ray 

spectrum of the benzene radical cation (Bz+).9 Together with high-

level calculations using equation-of-motion coupled-cluster singles 

and doubles theory (EOM-CCSD), this study provided insight into 

the electronic structure of benzene (Bz) and its cation.10 

Comparison of the x-ray absorption spectra of neutral Bz and of 

Bz+ revealed a splitting of the two degenerate π* orbitals as well as 

an appearance of a new peak due to a new transition to the partially 

occupied π orbital resulting from the ionization. According to the 

calculations, the observed splitting in the cation spectrum was 

ascribed primarily to the spin coupling of the unpaired electron in 

the partially vacant π orbital with the unpaired electrons resulting 

from the excitation of one of the carbon 1s electrons to the vacant 

π* orbitals.9,10 Jahn-Teller relaxation causing symmetry distortion 

was also considered.  

Replacing one of the hydrogen atoms of Bz by a bromine atom 

lowers the D6h point-group symmetry of neutral Bz to C2v, and also 

lifts the near-degeneracies between the six core orbitals of the 

carbon atoms. In particular, the Br atom increases the transition 

energy of the carbon atom bonded to the bromine atom, here 

labeled as C*. The two highest occupied molecular orbitals, π(6b2) 

and π(2a2), result from a splitting of the highest degenerate π 

orbitals of Bz. The highest occupied molecular orbital (HOMO) 

π(6b2), with the lowest binding energy of 8.992 eV,11 shows partial 

bromine character.12,13,14 The major electron density of the π(6b2) 

orbital is distributed among several atoms, the C* atom (0.46), the 

C atom that is in the para position to C* (0.5), the Br atom (0.47) 

and among the other C atoms (0.56).12 The next lower π(2a2), 

orbital of BrBz is noticeably shifted to lower energy (i.e., to higher 

binding energy, 9.663 eV) compared to the parent π orbital of Bz. 

The next two lower molecular orbitals are 11b1 (σBr-type) and 5b2 

(πBr-type) that are related to the 4p bromine lone pair orbitals, 

which are split due to the interaction with the benzene ring.12,13,14 

The ionization energies from these two orbitals are 10.633 eV and 

11.188 eV, respectively.13  

The bromine atom affects the core level transition energies as 

well. Previous studies have shown that15 the 1s orbital of the carbon 

atom (C*) nearest to the bromine atom is shifted to higher binding 

energy by about 1.1 eV relative to the 1s orbitals of the other 

carbons (C), as shown in the orbital diagram of BrBz in Figure 1. 

The splitting of the other 1sC orbitals due to lower symmetry of the 

benzene ring is much smaller.15 The different electron distribution 

in the valence and core levels due to bromine attachment leads to 

several changes in the x-ray spectrum of neutral BrBz compared to 
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Bz.15 The major change appears as a new peak related to the 

1sC*→π* transition shifted to higher energy by about 1.1 eV from 

the most intense peak that corresponds to the 1sC→π* transition, 

which is similar to the 1sC→π* transition in the x-ray spectrum of 

neutral Bz.  

The effect of substitution of the bromine atom (as well as other 

halogen atoms) in neutral aromatic rings on the core-valence 

transitions in the carbon K-edge region has been investigated in the 

past.15,16,17,18 In contrast, the influence of halogen atoms on the 

core-valence transitions at the carbon K-edge in the cations has not 

been studied before. In this work, we examine the influence of a 

bromine atom on the core-valence transitions in BrBz+ by 

comparing the experimental near-edge x-ray absorption fine 

structure spectrum (NEXAFS) of BrBz+ with the spectrum of 

neutral BrBz and with our recent spectrum of Bz+ in the same 

energy region,9,10 combined with electronic structure calculations. 

Specifically, we used the density functional theory/restricted open 

shell configuration interaction singles (DFT/ROCIS) method19 

associated with molecular dynamics (MD) simulations adopting 

the B3LYP functional,20 and the def2-TZVP basis set.21  

 

 

Figure 1. Schematic orbital diagram of neutral Bz and BrBz based on ref 
11,15 with relevant ionization energies and core-valence transition energies 

(the energy is not to scale). The geometry of BrBz and the coordinate system 
are shown on the right. The molecule is in the YZ plane with Br on the Z 

axis. The carbon atom binding to Br is labeled as C*. 

 

RESULTS 

The experimental spectrum of neutral BrBz, presented in 

Figure 2(a), is obtained from A = 𝑙𝑜𝑔 (𝐼without Bz / 𝐼with Bz), where 

𝐼without Bz and 𝐼with Bz are the transmitted signal of the broadband  

x-ray flux without BrBz molecules in the interaction region and 

with flow of BrBz molecules at room temperature, respectively, as 

described in detail previously.3,9 The spectrum matches well with 

previously reported results,15 and it agrees with our calculations, 

shown in red in Figure 2(b). The spectrum exhibits one dominant 

peak at 285.1 eV, labeled as A in Figure 2(a), followed by at least 

4 discernable peaks of lower intensity, labelled B-E.  

 

Figure 2. (a) Experimental NEXAFS spectrum of ground-state neutral BrBz 

(green line with light green error bars corresponding to 95% confidence 
interval limits). The spectrum is an average of 256 CCD images (1000 laser 

pulses per image). The full range of the same data is presented in the 

Supplementary Information (SI). (b) Calculated DFT-ROCIS transitions of 
neutral BrBz shown by red sticks and corresponding broadened spectrum 

(shifted by +10.2 eV and 0.45 eV Gaussian width for each transition). (c) 

Experimental NEXAFS spectra of neutral BrBz (green) and of BrBz+ 
(black). The spectrum is an average of 768 CCD images (see SI for details). 

(d) NEXAFS spectrum of BrBz+  obtained by adding 20% of the static 

neutral BrBz spectra (see SI for details) to the difference spectrum ∆A in 

(c), taken at 1 ps delay, represented by the black line with grey error bars, 

and with the energy diagram on the right side. (e) Calculated DFT-ROCIS 

transitions of BrBz+ at relaxed geometry (blue sticks) and corresponding 
broadened spectrum (shifted by 9.2 eV and 0.45 eV Gaussian width for each 

transition). The calculations were performed with B3LYP/def2-TZVP 

without making use of symmetry point group. The cyan stick in (e) 
corresponds to the 1sC*→σ*(C*-Br) transition at the Franck-Condon (FC) 

geometry. The full  spectrum at FC geometry is shown in Figure S2 in SI. 

The energy diagram on the side illustrates the major transitions observed 

in the spectra.  
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Table 1. Transitions of neutral BrBz observed in the experimental spectrum 
in Figure 2(a) compared with the computed transitions shown as sticks  in 

Figure 2(b). Calculated energies shifted by 10.2 eV to fit to the experimental 

spectrum. 

 

In accordance with the previous work, we assign peak A as due to 

transitions from the 1sC  orbitals (i.e., the 1s orbitals of the C atoms 

not bound to Br atom) to the two lowest unoccupied π* molecular 

orbitals,15 similar to the 1sC→π* transition observed at 285.25 eV 

in the x-ray spectrum of Bz.9,10,13,15 (See Table 1 for details on the 

peak assignments and calculated energies).  

We ascribe the next, less intense, observed transition— 

peak B at 286.2 eV—to an electronic transition from the 1sC* orbital 

(4a1) to π*. Hitchcock et al. also assigned this peak to a 1sC*→π* 

transition and concluded that the energy shift between peak A and 

B occurs primarily due to the chemical shift (of about 1.1 eV 

stronger binding) of the 1sC* orbital relative to the 1sC orbitals, 

while the energy of the π* orbital is insensitive to bromine 

substitution. Similar behavior was observed in chlorobenzene 

(ClBz),22 iodobenzene (IBz), and fluorobenzene (FBz).15 

The influence of the halogen substitution on the 1s orbital 

of the nearest carbon atom (C*) has been explored in several other 

studies.16,17,18 For instance, by replacing the number of F atoms 

with hydrogens, Hitchcock et al.16 and Plashkevych et al.18 showed 

that the relative intensities of 1sC→π* and 1sC*→π* transitions are 

affected by the relative number of C and C* carbon sites. 

Interestingly, the position of the 1sC→π* and 1sC*→π* transitions 

was almost not affected by the change in the number of F atoms, 

indicating the localized behavior of the 1sC and 1sC* orbitals and 

that the energy of the π* orbital is unaffected by the substitution. In 

addition, it was proposed that a 1sC→3s transition contributes to 

the intensity of the peak assigned to the 1sC*→π* transition.16,17 

Similarly, 1sC→π* and 1sC*→π* transitions are reported in the x-

ray spectrum of C3H2Br to have similar amplitude ratio, 

emphasizing the dependence of the peak intensities on the number 

of core sites and the localized behavior near the C*-Br bond.23 Our 

computed 1sC*→π* transition energy matches well the 

experimental result, aside from a slightly larger separation between 

peak A and B, as can be seen from Figure 2(a) and (b). Next, peak 

C in Figure 2(a), observed to be at around 287 eV. The calculation 

suggest that this peak related to 1sC*→σ*(C*-Br) transition labeled 

as 6 in Figure 2(b), with a good agreement to previous results.24 

The other transitions have previously been described as 1sC→5p 

(288.0 eV), 1sC→4d and 1sC→6s (289.0 eV), corresponding to 

peaks D, and E as shown in Table 1, and to sticks 7, 8 from our 

calculation. The binding energy reported from previous works to 

be 290.5 and 291.3 eV from 1sC and 1sC*, respectively.15,25 

The black line in Figure 2(d) shows the absorption 

spectrum of BrBz+. The spectrum is obtained from ∆A = 𝑙𝑜𝑔(𝐼without 

UV / 𝐼with UV), where 𝐼without UV and 𝐼with UV are the transmitted signal 

of the x-ray flux without UV and with UV, respectively, after 

adding back 20% of neutral spectrum. The UV pulses at 267 nm 

ionize the molecule by resonance enhanced two-photon ionization 

(1+1 REMPI) after being focused with a 45 cm f.l. lens where the 

UV pulse energy is 25 μJ. The broadband HHG pulse near the 

carbon K-edge probes the prepared BrBz+ after 1 ps time delay. 

Two-photon 267 nm excitation is in resonance with the first ionized 

state (EIon=8.992 eV),26 in which one electron is removed from the 

π orbital, creating a hole in the highest π(6b2) orbital. Consequently, 

the lowest-energy transition (at 281 eV) in the cation from a  core 

orbital is of 1sC→π character, while a second transition (of 1sC*→π 

character) is expected to be 1 eV higher in energy. Evidence of 

these two transitions is just discernible in the experimental 

spectrum. The core-to-SOMO (singly occupied MO) 1sC→π 

transition in Bz+ was found to be relatively weak in our previous 

study,9 and it is expected to be even weaker in BrBz+ because the 

intensity is redistributed between two transitions from 1sC and 1sC* 

orbitals, in addition to possibly a more diffuse vibrational structure 

due to higher available energy (Eav) after ionization (Eph - EIon = Eav 

= 0.25 eV compared to 0.07 eV in Bz+). Indeed, theory shows the  

presence of two major transitions from 1sC, namely 

1sC(7a1)→π(6b2), 1sC(5a1)→π(6b2), in addition to the 

1sC*(4a1)→π(6b2) transition at higher energy (blue sticks labelled 

1, 2 and 3 in Figure 2(e) and in Table 2). 

The next two peaks of nearly equal intensity, toward higher energy, 

a doublet peak structure, are labeled as G1 and G2, at 283.9 and 

284.55 eV (0.65 eV difference) and are readily seen in the raw data 

inset in Figure 2(c) for BrBz+ even before adding back 20% of the 

neutral benzene spectrum. These peaks are red-shifted compared to 

peak A (1sC→π*) of BrBz, and it is therefore reasonable to assign 

them to 1sC→π* transitions, similar to the previously reported Bz+ 

spectrum.9 Indeed, the transitions from 1sC to the lowest π* orbital 

observed in the x-ray spectrum of neutral Bz and of BrBz are 

remarkably similar and the 

 

 

 

Experiment ROCIS-DFT 

Peak 
Energy 

(eV) 
Stick 

Energy 
(eV) 

Assignment 

A 285.1 

1 
285.03 

 

   

2 285.22 

 

3 285.24 

 

B 286.2 

4 286.56 

 

5 286.64 

 

C 287.1 6 287.57 

 

D 288.0 

7 288.05 

 

8 288.24 

 

E 288.5 9 289.04 
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 Table 2. Transitions of BrBz+ observed in the experimental spectrum in 
Figure 2(d) and in the calculated sticks in Figures 2(e). the calculated 

transition at the FC geometry (highlighted by yellow) not observed in the 

experimental spectrum due to a long-time delay. The highlighted Sticks 4,7 
(orange) and 5,8 (blue) are different in energy due to spin coupling. 

Calculated energies shifted by 9.2 eV to fit to the experimental spectrum. 

 

energy of the π* orbital is not affected by replacing halogen atoms 

as pointed out above; the same is expected to occur in the x-ray 

spectrum of the cations.  

The doublet peak structure of G1 and G2 can be (partly) 

explained by the spin coupling of the three unpaired electrons,27,28 

as recently observed in N2
+,29 CO+,30 and in Bz+.9,10 The splitting of 

the main peak in Bz+ is more than 1 eV, caused mostly by spin 

coupling between unpaired electrons in 1sC, π and π* orbitals as 

substantiated by the calculations.10 The theoretical results have 

shown that Jahn-Teller (JT) shifts for Bz+ cause a much smaller 

splitting of the two degenerate π* orbitals. Here, we attribute the 

observed doublet peak structure of BrBz+ to a similar spin coupling 

effect. The calculations revealed the presence of two transitions 

from two different 1sC orbitals to π* (sticks 4 and 5 in Figure 2(e) 

and corresponding assignments in Table 2), followed by a 

transition 1sC(7a1)→π*(3a2) (stick 6) plus two transitions, labeled 

as sticks 7 and 8, involving the same orbitals as sticks 4,5 but with 

different spin of the unpaired electron in the π orbital (SOMO).  

The next peak, labeled as H, fits well to the calculated 1sC→σ*(C*-

Br) transition (labelled as stick 9), with an additional contribution 

from a 1sC*→π* transition (stick 10). This behavior is quite similar 

to the neutral BrBz, while in BrBz+ the calculations show a more 

dominant influence of the transition to the σ*(C*-Br) orbital. The 

next dominant transitions in the experimental spectrum are labeled 

as peaks J1 and J2, at 288.2 and 288.60 eV. In the previously 

reported x-ray spectrum of Bz+,9 we did not observe major peaks in 

this energy region and, therefore, we consider these transitions as 

strongly related to the bromine atom.  

The effect of the bromine atom on the transitions related 

to the benzene ring is small, as can be seen by comparing the 

1sC→π* transition in the neutral Bz and BrBz x-ray spectra, which 

are similar. The same conclusion can be drawn from fluorinated 

benzene x-ray spectrum as mentioned previously,16 as a change in 

the number of the fluorine atoms had no effect on the energy of the 

1sC→π* transition. Therefore, the major effect of the bromine atom 

should be related to the C*-Br bond, in particular, on the transition 

to the orbitals related to this bond, for example 1sC*→σ*(C*-Br).  

Above 287 eV, the experimental spectrum of the cation is 

dominated by the split-band J1, J2. According to our calculations, 

the most intense transition in this region is due to 1sC*→σ*(C*-Br), 

which in neutral BrBz corresponds to band C. We note that after 

ionization a major change of the cation’s ground-state structure 

relative to the neutral ground state BrBz appears to be the C*-Br 

bond length, which changes from 1.9189 Å to 1.8439 Å (according 

to our calculated geometries obtained at the EOM-CCSD/aug-cc-

pVTZ level, see in our supplementary file). This could be one of 

the reasons for the dramatic change in transition intensities for 

peaks J1, J2 compared to peak C and D in neutral BrBz. 

Moreover, the transition to a σ*(C*-Br) orbital may be affected by 

vibrational motion of the C*-Br bond. Two-photon excitation 

imparts vibrational excitation to the cation, even though the exact 

determination of the excited vibrational state is difficult due to the 

low spectral resolution of the experimental system, the spectral 

width of the UV pulses, and due to the high density of the 

vibrational states at 9.24 eV. However, since the two-photon 

ionization process is sensitive to the vibrational mode(s) of the 

(intermediate) electronic excited state of neutral BrBz reached by 

the first photon excitation, 1A1 → 1B2 (ππ*), where the density of 

possible vibrational states is lower (in the region reached by one 

photon), it is possible to predict which vibrational modes of the 

cation are activated. The transition from the electronic ground state 

to the ground vibrational state of 1B2 is 4.586 eV. With the first 

photon (4.64 ± 0.08 eV) it is thus possible to reach the vibrational 

ground state and excite the C6H5–Br stretching mode (v6a = 0.03645 

eV) of the electronic intermediate state (1B2). It is likely that excited 

vibrational states of the cation involve the C6H5–Br stretching 

mode (v6a at 0.047 eV for BrBz+ in the electronic ground state) 

alone or in combination with other modes, as shown in One-Photon 

Mass-Analyzed Threshold Ionization (MATI) spectra.31 The 

excited C*-Br stretching mode may influence the x-ray spectrum 

by shifting 1sC*→σ*(C*-Br) transition energies and their 

Experiment ROCIS-DFT 

Peak 

Energ

y  

(eV) 

Stick 

Energy  

(eV) Assignment 

F 
280.70 
281.80 

1 279.37 

 

2 279.97 

 

3 281.32 

 

G1 284.20 

4 283.99 

 

5 284.27 

 

G2 284.85 

6 284.68 

 

7 284.87 

 

8 285.49 

 

H 286.20 

9 286.18 

 

10 286.63 

 

FC  11’ 287.66 

 

J1 288.20 11 288.31 

 

J2 288.60 

12 288.52 

 

13 289.04 

 

k 290.2 14 289.70 
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intensities, as we observe in BrBz+ compared to the neutral BrBz. 

DFT-ROCIS calculations based on molecular dynamics 

simulations have been used to demonstrate the high sensitivity of 

the 1sC*→σ*(C*-Br) transition to the stretching mode of the C*-Br 

bond. The results of these calculations, shown in Figure S.6, also 

illustrate a high sensitivity of the position of the 1sC*→σ*(C*-Br) 

transition to the C*-Br bond length. This is also seen by comparing 

the calculated x-ray spectrum of BrBz+ at FC geometry with the 

spectrum at the relaxed geometry of the cation, in particular, the 

difference in the position of the cyan stick 11’ in Figure 2(e), 

obtained at FC geometry, and stick 11 (peak J1), which is the same 

transition but at the relaxed geometry. The enhanced sensitivity in 

energy is observed mostly for the 1sC*→σ*(C*-Br) transition, 

while most of the other transitions remain at same energy, as Figure 

S.6  shows. Based on these results, one can tentatively rationalize 

the observed double-peaked structure of band J by the initial 

vibrational C*-Br stretching mode, since the molecule spends most 

of the time at two different bond lengths along the stretching mode 

of C*-Br bond, in addition to the contribution of the other 

transitions labeled as sticks 12 and 13. The precise assignment of 

other peaks, including peak I and K, is difficult due to low 

intensities and many different possibilities involving different core 

orbitals and spin coupling effects. 

Preparation of BrBz+ in the electronic ground state and 

exclusion of possible contributions due to both one-photon 

excitation of neutral BrBz and photodissociation processes, as well 

as three-photon electronically-excited cations, are expected to be 

small enough compared to the discussed observations of this work, 

similar to our previous study with benzene.9 The cross section for 

the intermediate electronic resonance state [1A1 →1B2 (ππ*), 4.586 

eV]31 of BrBz with one photon (266.8 nm) is 3 x 10-19 

(cm2/molecule),11 slightly greater than in Bz, (10-20–10-21 

cm2/molecule),32,33 but the major process, driven by fs pulses 

around 266 nm, is REMPI (1+1).34 Preparation of excited electronic 

states of BrBz+ may be possible only by transferring an electron 

from a lower orbital and requiring 3 photons, as shown in the 

schematic orbital diagram of neutral BrBz in Figure 2. Moreover, 

excitation from the lower orbital with a 267 nm photon is below the 

first resonance (excitation to first electronic state) and therefore 

expected to be a significantly less probable process. From this we 

conclude that the major probed molecules by the x-ray flux are 

bromobenzene cations in the ground electronic state. 

CONCLUSION 

This work investigated the carbon K-edge spectrum of 

BrBz+, recorded following resonance ionization with two UV 

photons on neutral BrBz. The influence of the bromine atom on the 

x-ray spectrum of the BrBz+ is examined together with the spin 

coupling of the partially vacant 1s core orbital, the partially 

occupied π orbital, and the partially occupied π* orbital. In 

particular, the partially occupied π orbital leads to relatively weak 

1sC→π and 1sC*→π transitions, while the 1sC→π* transitions are 

observed as a first dominant peak slightly shifted to lower energy 

compared to corresponding transitions in the neutral BrBz, 

similarly to the Bz+ x-ray spectrum. Our results are supported by 

theoretical calculations by the ROCIS-DFT method. An additional 

relatively intense doublet peak is observed at higher energy and is 

assigned to the 1sC*→σ*(C*-Br) transition of the cation. This 

transition demonstrates the significant influence of the bromine 

atom on the x-ray spectrum of BrBz+ compared to Bz+ and to 

neutral BrBz. The calculated spectrum reproduces the experimental 

features, but the big challenge of accurate calculations in large 

molecules remains together with a need for a better understanding 

of the spin coupling effect.  

The new peaks, J1/J2 clearly demonstrate the influence of 

the bromine atom on the 1sC*→σ*(C*-Br) transition in BrBz+ and 

maybe some contribution from 1sC→σ*(C-Br) transition. Thus, the 

ionization from the π(6b2)  orbital, which has bromine character has 

an impact on the C*-Br bond length and charge distribution near 

C*-Br bond, leading to a higher transition probability for 

1sC*→σ*(C*-Br). Moreover, the experimental and calculated 

spectra show a strong influence on the core to valence transition 

energy of the C*-Br bond length that is altered from the relaxed 

geometry of the BrBz+ and from the C*-Br vibrational stretching 

mode, which is highly active in BrBz+. On the other hand, the 

influence of the bromine atom on the rest of the benzene ring, and 

in particular on the transition to the π* orbital, is small. 
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