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Abstract

2,3,6,7,10,11-Hexabromotriphenylene (HBTP) and 2,3,6,7,10-pentabromotriphenylene (PBTP) 

were investigated by means of Dissociative Electron Attachment Spectroscopy (DEAS). The 

dominant decay channel of the transient molecular negative ions consists in elimination of Brˉ 

with resonances in the low electron energy region. Formation of long-lived parent anions with 

autodetachment lifetime a=310 s is observed at thermal electron energies. The adiabatic 

electron affinities, EAa=1.12±0.1 eV in HBTP and 1.09±0.1 eV in PBTP, evaluated using a 

simple Arrhenius approach are in good agreement with those predicted by DFT (XYG3/Def2-

TZVPP//PBE0/Def2TZVPP) calculations. 

Introduction

Over the past decade, polyhalogenated polyaromatic hydrocarbons received considerable 

attention as precursors for the synthesis of various polyaromatic systems,1 graphene-like films,2 

carbon nanobelts,3,4 graphene nanoribbons,5 covalent polymers frameworks (COFs),6–9 disk- and 

star-shaped molecules,10,11 and other molecular materials for optoelectronics, catalysis, energy 

* correspondence to Dr. Sc. A.A. Goryunkov, tel: +7 4959395373, fax: +7 4959391240, e-mail: 
aag@thermo.chem.msu.ru
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storage, and gas separation. Transition-metal-catalyzed cross-coupling reactions12–14 enable 

highly efficient and selective functionalization of polyhalogenated polyaromatic hydrocarbons at 

their peripheral sites. Among polyhalogenated polyaromatic hydrocarbons, 2,3,6,7,10,11-

hexabromotriphenylene (HBTP) is one of the most common and readily available 15 building 

blocks for the synthesis of star-shaped molecules, discotic liquid crystals, 10,13,16,17 and  two-

dimensional π-conjugated COFs 8,9. Recent studies of the aryl-aryl coupling of HBTP on the 

Au(111) surface by means of scanning transmission electron microscopy (STEM) and density 

functional theory (DFT) simulations revealed four possible reaction pathways depending on the 

reaction temperature and post-annealing temperature 18. Obviously, these reactions are largely 

controlled by the electron-transfer processes and, therefore, by the electron affinity of HBTP and 

stability of its anion-radical. Surprisingly, no data have been reported so far regarding the 

electron affinity of HBTP. In contrast to triphenylene and its hexaalkyl derivatives,19,20,15,10 

electrochemical studies of HBTP are impeded by its low solubility in organic solvents. However, 

HBTP shows high thermal stability and can be transferred into the gas phase without 

decomposition or isomerization at the temperatures of 225–270 oC 21. Here we report the first 

study of dissociative electron attachment to HBTP in the gas phase. We report the major decay 

channels of its molecular negative ion and its gas-phase electron affinity.

Experiment and Calculations

Materials and methods 

Triphenylene (98%, Sigma-Aldrich), bromine (reagent grade, Sigma-Aldrich), reduced iron fine 

powder (99+%, Sigma-Aldrich), nitrobenzene (99+% Sigma-Aldrich), o-dichlorobenzene (99%, 

Abcr), dichloromethane (99.9%, Chimmed, Russia), diethyl ether (analytical grade, Chimmed, 

Russia) were used as received without further purification. Toluene (99%, Chimmed, Russia) 

used for HPLC–MS analysis was purified by refluxing in the presence of Na under inert 

atmosphere followed by distillation.
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3

HPLC–UV/Vis and HPLC–MS analyses were performed in parallel using an Agilent 1100 

series/DAD/6410 triple quad LC/UV-Vis/MS system, equipped with a Cosmosil Buckyprep column 

(4.6 mm I.D. × 25 cm, thermostated at 23 °C), diode-array detector (DAD operated within 190–950 

nm wavelength range with 2 nm resolution), and atmospheric-pressure photoionization (APPI) ion 

source (positive ion mode). Toluene at a flow rate of 1 ml min–1 was taken as an eluent, the void 

volume being 3.0 ml. IR spectra were registered within the wavenumber range of 400–4000 cm–1 

(KBr tablet, resolution of 2 cm–1) using FT-IR IRAffinity-1 spectrometer (Shimadzu, Japan). The 

absorption spectra were recorded with the use of the AvaSpec-ULS2048x64TEC-USB2 Sensline 

fiber-optic spectrometer with a cooled, back-thinned detector (spectral range 200–1160 nm, optical 

resolution 1.2 nm, enhanced sensitivity in the UV and IR regions, Avantes, Netherlands) equipped 

with the AvaLight-DH-S-Bal light source (190–2500 nm range, deuterium and halogen lamps, 

Avantes, Netherlands). The samples dissolved in o-DCB or dichloromethane were measured in a 

cuvette with optical path length of 10 mm.

Synthetic procedure 

Synthesis of 2,3,6,7,10,11-hexabromotriphenylene (HBTP) was performed as described elsewhere 

15. Fe powder (0.18 g) was added into the mixture of triphenylene (2 g, 8.8 mmol) and 

nitrobenzene (80 ml) at room temperature followed by the dropwise addition of bromine (4 ml) 

over 5 min. Next, the solution was stirred at room temperature during 10 h, and then heated 

under reflux (205oC) during 2 h. Upon heating, dissolution of the solid material and vigorous 

evolution of HBr gas took place. Next, the reaction mixture was cooled down to room 

temperature, diethyl ether (200 ml) was added, and the precipitate was filtered off. The resulted 

greyish powder was recrystallized from o-dichlorobenzene (800 ml) to give the target product 

(5.6 g, 92%) as light grey powder limitedly soluble in most of common organic solvents. The 

product was identified according to IR, UV-Vis, and HPLC–MS data as 2,3,6,7,10,11-

hexabromotriphenylene (HBTP) with 95% purity, 5% impurity attributed to 2,3,6,7,10-

pentabromotriphenylene (PBTP). 
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2,3,6,7,10,11-hexabromotriphenylene (HBTP) FT-IR (KBr disc, 2 cm–1), ν / cm–1: 419 (w), 427 

(m), 525 (m), 605 (vw), 622 (vw), 657 (m), 701 (w), 769 (vw), 814 (w), 864 (vs), 873 (vs), 922 

(vw), 965 (vw), 1026 (w), 1119 (s), 1193 (w), 1226 (vw), 1234 (vw), 1283 (w), 1324 (w), 1340 

(w), 1366 (vs), 1454 (vs), 1468 (w), 1473 (w), 1480 (w), 1507 (vw), 1553 (m), 1586 (m), 1732 

(w). UV/Vis (dichlorometane), λmax / nm: 267, 272 (sh), 277, 288 (sh), 303, 308 (sh), 321 (sh), 331 

(sh), 346, 352, 363 (sh). UV/Vis (oDCB), λmax / nm: 308, 310 (sh), 324 (sh), 346 (sh), 352, 364. 

HPLC–MS (Cosmosil Buckyprep 4.6 mm I.D. × 25 cm, toluene, 1 ml min–1, 23 °C, PI APPI, 

TIC), tR/min: 8.7 (5%, C18H7Br5) and 12.9 (95%, C18H6Br6). APPI MS (positive ion mode), m/z: 

701.6 (C18H6Br6
+, M+, 100%).

2,3,6,7,10-pentabromotriphenylene (PBTP) HPLC–MS (Cosmosil Buckyprep 4.6 mm I.D. × 25 

cm, toluene, 1 ml min–1, 23 °C, PI APPI, TIC), tR / min: 8.7. APPI MS (positive ion mode), m/z: 

621.6 (C18H7Br5
+, M+, 100%).

Triphenylene HPLC–MS (Cosmosil Buckyprep 4.6 mm I.D. × 25 cm, toluene, 1 ml min–1, 23 °C, 

PI APPI, TIC), tR / min: 3.41. APPI MS (positive ion mode), m/z: 288.1 (C18H12
+, M+, 100%). 

UV/Vis (dichloromethane), λmax / nm: 259, 273 (sh), 286, 302 (sh), 314 (sh), 322, 329, 336, 345 

(sh). UV/Vis (oDCB), λmax / nm: 305 (sh), 323, 330, 337, 345 (sh).

DEAS measurements 

The negative ion (NI) mass spectrometer used in this work has been described previously.22 A 

magnetically collimated electron beam is passed through vapors of the compounds measured 

under single-collision conditions. The negative ions thus formed are electrostatically extracted 

from the collision cell and subsequently mass-analyzed by a magnetic sector instrument. Their 

current is measured by a secondary electron multiplier as a function of the incident electron 

energy. The accessible electron energy range is 0–15 eV, and the electron energy scale is 

calibrated using the zero-energy SF6ˉ˙ reference signal that results from thermal electron capture 

by SF6. Since an electron energy monochromator was absent, the full width at half-maximum 
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5

(fwhm) of the incident electron energy distribution is estimated as 0.4 eV. The incident electron 

beam current is typically 1 A, the accuracy of the measured peak energy being ±0.1 eV. 

Measurements of the electron autodetachment lifetime are based on detecting a beam of 

neutral autodetachment products formed in the free drift region between the mass analyzer and 

the secondary electron multiplier, and include two steps. Firstly, the total beam of charged and 

neutral species is measured. Secondly, the negative ions are deflected by a pair of deflectors set 

up in front of the entrance slit of multiplier, and, thus, only the beam of neutral species is 

detected. The NI lifetime a, assuming an exponential NI decay, can be evaluated by the formula:

(1)𝜏𝑎 = ―
𝑡0

𝑙𝑛(1 ―
𝐼𝑛
𝐼 )

,

where t0 is the anion drift time between the magnetic mass analyzer and the secondary electron 

multiplier, In is the current of the neutral species, and I is the total current of the neutral and the 

charged components of the beam.22 This method has been originally used with a time-of-flight 

setup,23 and later it was implemented by Khvostenko et al. with a magnetic mass analyser.24 A 

typical timing for m/z= 146 (SF6ˉ˙ reference) is as follows. Under typical experimental 

conditions, the extraction of ions from the collision cell (ionization chamber) occurs in ~10 s. 

Then, acceleration of the ions and their subsequent passage through the first free drift region take 

~6 s at the acceleration energy of 4 keV. Passage through the mass analyzer before entering the 

second free drift region takes further 6 s. Only the autodetachment products, which are formed 

within yet further 6 s of flight through the second drift region, can reach the detector and be  

measured. Vorob’ev et al. recommended that the electron autodetachment measurements are to 

be referenced against SF6ˉ˙ under particular well-defined experimental conditions.25 In our 

experimental apparatus, a(SF6ˉ˙) = 150 s, at the collision cell temperature of 70 °C.26 

The lifetime measurements for the molecular negative ions are known to give fairly 

accurate estimates of the adiabatic electron affinity (EAa) within the error limits of ±0.1 eV 27,28 

through the use of the equation:
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6

  (2).𝜏𝑎 = 𝜏0 ∙ 𝑒𝑥𝑝[ 𝑁 ∙ 𝐸𝐴𝑎

𝐸𝐴𝑎 + 𝑁𝑘𝐵𝑇 + 𝜀]
Here, 0, the inverse of the frequency factor, represents the characteristic time of motion along 

the reaction coordinate (relaxation of the anionic geometry to that of the neutral molecule upon 

autodetachment), N=3n–6 is the number of the internal degrees of freedom, kB is the Boltzmann 

constant, T is the temperature of the target molecule (ionization chamber temperature), and  is 

the kinetic energy of incoming electrons. The value of 0 depends on the exact structure of the 

anion and may vary from 10–13 s for the naphthoquinone derivatives27 to 5·10–13 s for the 

benzene derivatives.28

Quantum chemical calculations. 

Density functional theory (DFT) calculations were performed with the Firefly software29 partly 

based on the GAMESS(US) source code.30 The geometry optimization of the species involved 

and computation of the ZPE correction (scaled by 0.97) were done at the PBE0/Def2-TZVPP 

level of theory. The electronic energy was then recomputed with the use of the XYG3 double 

hybrid functional 31 and the same Def2-TZVPP basis set. The theoretical appearance thresholds 

were calculated as the respective combinations of the ZPE-corrected XYG3 results. We observed 

that addition of the diffuse functions causes instabilities in the SCF convergence due to 

proximity of the basis set to linear dependence (even when applied to the bromine atoms only) 

while providing no appreciable improvement of the computational results.

Results and discussion

2,3,6,7,10,11-Hexabromotriphenylene (HBTP, C18H6Br6) was synthesized according to the 

previous work.15 Electrophilic aromatic bromination of triphenylene occurs regioselectively and 

yields HBTP as the main product, which can be purified by recrystallization from the hot o-

dichlorobenzene. Its positive ion APPI mass spectrum is constituted by the C18H6Br6
+ molecular 

ion, the observed isotopic pattern being in agreement with the theoretical one (Fig. 1a). 
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According to the HPLC–MS(APPI) data (SI, Fig. S2a), the isolated HBTP was 95% pure, 

contaminated with 2,3,6,7,10-pentabromotriphenylene (PBTP, 5%, SI, Fig. S2b).

UV-Vis and IR spectra of the product are in good agreement with the literature data (Fig. 

1b and S1 in SI).21,32 The electronic spectra demonstrate that bromination of triphenylene red-

shifts the intense bands of the π–π* transitions by ca 0.2–0.3 eV as a result of partial conjugation 

between the π-aromatic system and the lone pairs of bromine atoms (Fig. 1b). The optical gaps 

EG for triphenylene and HBTP were estimated to be 3.4 and 3.3 eV, respectively.

Triphenylene has already been investigated by means of DEAS.33,34 Only the 

dehydrogenated fragment anion [M–H]ˉ was detected at 8 eV with a weak shoulder at ca. 4.5 eV. 

No long-lived (>10 s) parent anion was found. This observation is not surprising since the EAa 

of triphenylene  is rather low, most likely in the range of 0.14–0.29 eV 35–37. Using eq. (2), one 

can estimate the lifetime of the triphenylene anion (a) to be below 7 s at the ionization 

chamber temperature of ~90 °C. All the transient anions with a shorter than 10 s are not 

detectable with our experimental setup.24 Indeed, the drift time of the triphenylene anion 

(C18H12ˉ·, m/z=228) between its formation and detection is about  =35 s, 28 𝜇𝑠 × 228 146

where 28 s is the drift time of SF6ˉ• (m/z=146). 

The results of DEAS measurements in HBTP and PBTP are presented in Fig. 2 and Table 

1. The long-lived molecular anions of HBTP and PBTP were found in the spectra (Fig 2a, b). The 

main decay channel of the transient molecular anion of HBTP consists in detachment of Brˉ 

peaked at nearly thermal energy (0.06 eV, Fig. 2c). Weak additional resonances are observed at 

2.8, 3.7 and 5.6 eV. Metastable ions m* with apparent m/z 8.94 (m*=m2/M, where m and M are 

the masses of the fragment anion and the parent anion, respectively), detected at thermal electron 

energy, directly confirm that the dissociation occurs on the microsecond timescale,38 in 

agreement with our observation of the long-lived fraction of C18H6Br6
– molecular anions (Fig. 

2a). By measuring the lifetimes of molecular anions with respect to electron autodetachment, one 

can quantify the EAa of the molecule itself using the following inversion of the Eq. (2):25,39 
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(3).𝐸𝐴𝑎 =
𝑙𝑛(𝜏𝑎

𝜏0) ∙ (𝑁𝑘𝑇 + 𝜀)

𝑁 ― 𝑙𝑛(𝜏𝑎
𝜏0)

This procedure was also done for PBTP using the signal of its molecular negative ion C18H7Br5
– 

(Fig. 2b and Table 1). Good agreement between the experimental and DFT-calculated values of 

the electron affinity corroborates the adequacy of our estimates. 

Conclusions

2,3,6,7,10,11-Hexabromotriphenylene was investigated by means of Dissociative Electron 

Attachment Spectroscopy (DEAS). The dominant dissociative decay channel of the transient 

molecular negative ions leads to formation of Brˉ in the low electron energy region. Formation 

of the long-lived parent anions is observed at thermal electron energies, the autodetachment 

lifetime being 310 s. The adiabatic electron affinity, EAa=1.12±0.1 eV, was evaluated using a 

simple Arrhenius approximation. For the C18H7Br5 impurity, a close EAa estimate of 1.09±0.1 eV 

was obtained. Both values are in good agreement with the results of DFT calculations.

Supporting Information 

The IR spectrum, HPLC-MS and DEAS data for HBTP as well as HPLC–UV/Vis–MS data for 

triphenylene are the content of the file supplied as Supporting Information (SI).
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Table 1. 
Negative ions observed in the DEA spectra of HBTP, lifetimes and EAa for HBTP and PBTP, as 

well as thermodynamic appearance threshold for the Br– fragment ion.
Anion EAa / eV

m/z Assignment Peak energy, 
eV

Intensity, 
%

Lifetime, 
s

Lifetime-based 
estimates

DFT

702 HBTPˉ 0.0 36.6 310 1.12±0.1 1.18
79 Brˉ 0.06[a] 100 – – 0.34[b]

8.94[c] HBTP*ˉ→Brˉ 0.04 0.1 – – –
622 PBTPˉ 0.0 1.0 196 1.09±0.1 1.12

[a] Weak additional resonances were observed at energies of 2.8 (1.3%), 3.7 (1.3%), 5.6 (shoulder, 1.0%) eV. [b] 
Thermodynamic appearance threshold for the Br– fragment ion. [c] Metastable ion. 
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Figure Captions 

Figure 1. (a) PI APPI mass spectrum of HBTP (molecular structure, theoretical and 

experimental isotopic abundances of HBTP are shown in insets). (b) UV-Vis spectra of HBTP 

and triphenylene in dichloromethane and oDCB (inset, 300–400 nm) solutions.

Figure 2. NI effective yield curves and molecular anion lifetimes for (a) HBTP, (b) PBTP, and (c) 

Br– fragment ion as a function of incident electron energy; (d) electron energy distribution from 

reference gas SF6ˉ•/SF6. 
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