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ABSTRACT

Benzonitrile (BZN) and carbon tetrachloride (CCls) are versatile solvents used as a
precursor for the synthesis of many products. As a multi-usage molecules, these
compounds may be involved in sustainable chemistry processes such as the cold plasma
techniques for which the generated electrons are known to be responsible for reactions.
Therefore, it is desirable to explore the interaction of low energy electrons with the co-
compounds in the gas phase. The production of chlorine and cyanine anions, initiated by
the electron collision with CCls and BZN, respectively, undergo nucleophilic substitution
Sn2 reaction with the precursors molecules for the synthesis of chlorobenzene and
tricholoacetonitrile. The mechanism of fragmentation of benzonitrile and the synthesis
reactions are rationalized by DFT calculations. The yield of the cyanine anion produced
from the ion reaction increases with the temperature of the admixture gas, probed in the
25 °C-100 °C temperature range. The present work may contribute to a potential process

for the production of chlorobenzene for instance via (cold) plasma techniques.
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l. INTRODUCTION

Benzonitrile (BZN) contains a cyano (CN) group conjugated with a phenyl moiety, for
which the activation of the C-CN bond plays an important role in synthesis. BZN is a widely
known solvent used as a precursor in industries for drugs, perfumes, dyes, rubber, or resins L.
For instance, the benzoic acid, used as a preservative or fragrance additive in cosmetics, is
synthesized from BZN by reacting with H»O, leading to the alteration of the CN moiety for the
COOH group. Recently, BZN has been detected in space 2, opening the perspective for this
molecule to be a fundamental building block for complex space chemistry leading to larger
polyaromatic hydrocarbons *# or polyaromatic nitrogen heterocycles °. In the interstellar
environment, the chemistry of BZN may be operated via a photo-dissociation process, as the
first step, by VUV lights yielding the phenyl, C¢Hs, and the cyano, CN, radicals ®. These sub-
products further react leading to more complex species. The interstellar chemistry may also be
triggered by the energetic primary particles (e.g., cosmic rays, ..). However, in dense
environments or solid media such as ices, the primary particles generate a large number of
secondary species among which, are ballistic electrons ’ with an energy distribution below
10 eV 8. Therefore, ballistic secondary electrons also play a role in the interstellar chemistry °,
and the reaction of BZN in water ice environment producing phenol, via the dissociation of the

C-CN bond triggered by low energy electrons has been recently observed 1°.

The ability of the free low-energy electrons to induce chemistry has now been demonstrated
1112 For instance, it has been shown that these particles are able to produce large hydrocarbons
from methanol ices 12 or they can induce reaction selectivity even at very low energies (< 5 eV)
14 More recently, the chemistry promoted by plasmonic “hot electrons”, produced when a metal
surface is excited by light in the visible range >, has seen a strong increase of interest,
particularly in the field of catalysis "8 and nanoscale chemistry and engineering **2°. These
“hot” carriers, with an energy distribution below few eVs *2!, are capable of driving catalytic
reactions. Another source of low energy electrons ? concerns the emerging cold plasma
technologies 2 in which the ionization of the gas produces electrons that participate to the
synthesis reaction at low temperatures, e.g., < 100 °C. Therefore, understanding and quantifying
the intrinsic electron-molecule processes is desirable for a better comprehension of chemistry

at the surface, in plasma technologies, or in high-density interstellar environments.

The first part of this contribution thoroughly discusses the process implicated in the
fragmentation of benzonitrile 2* by low energy electrons and more particularly, the dissociation

channel leading to the cleavage of the C-CN bond. This work is supported by a combined recent



developed state-of-the-art TDDFT theory % and experimental technique. The cyanide CN-
anion is formed via a resonant electron induced process for which the involved molecular
orbitals are calculated. Moreover, the production cross-section of this anion is estimated by
calibrating with the one of the CI" anion from carbon tetrachloride, CCl4, for which the absolute
formation cross-section is well established 8. Finally, it has been observed that the presence of
the calibration molecule in the BZN gas generates the chlorine CI™ anions that further react with
BZN molecules, leading to the production of the cyanide anions near 0 eV, conjointly with the
chlorobenzene counterpart. The CN™ anions produced via the ion reaction increases with the

temperature of the admixture gas.

1. METHODOLOGIES
Theoretical Method

Calculations have been performed in the framework of the density-functional theory
(DFT) and the time-dependent DFT (TDDFT). The resonance electron attachment energies are
calculated with a multi-basis-set TDDFT method 23: the vertical electron affinity (VEA) is
evaluated using DFT calculations with the diffuse basis set aug-cc-pvtz 2’ while the anionic
excitation energies are calculated using TDDFT and the cc-pvtz basis set. The exchange and
correlation potential is that of the range-separated hybrid density functional ®B97x 2. The use
of the relatively small basis set cc-pvtz (without any diffuse function) is well suited to describe
valence-type excitations while preventing the occurrence of intruder discretized continuum
states 2%. All calculations are performed with the Gaussian16 suite of programs 2°. Pre- and

postprocessing operations are performed by using the graphical interface Gabedit *.
Experimental Method

The experimental setup has been thoroughly described elsewhere 3132, Only the essential
of the method will be provided here. The cross-beam experiment, working at ultra-high vacuum
conditions (base pressure of 6.10° mbar), is composed of a molecular beam, a double counter-
propagating electron beams produced by two electron guns (EG1 and EG2) and a dual (+/-)
time-of-flight mass spectrometer, all mounted orthogonally. EG1, equipped with a trochoidal
monochromator, based on a dispersive ExB field, provides a mono-kinetic electron beam of
about 10 nA with an energy resolution of 350 meV. EG1 is used for inducing the electron-

molecule collision experiments. The role of the EG2 is to ionize the parent molecule or fragment



formed after the fragmentation of the precursor, if necessary. A dual (+/-) time-of-flight mass
spectrometer (TOF-MS) detects the negative and the ionized neutral species that are produced
after the collision of the target molecule with electrons from EG1 or/and EG2. The negative
and positive ions are expelled from the collision area by a -450 V and 600 ns pulse, and they
are accelerated by +1450 V and -2000 V respectively (acceleration area), before reaching the
free field zone for the time separation. They are collected by a pair of multi-channel plates
(MCPs) transforming the arriving ions to electric pulses. These are in fine stored in a PC for
‘off line” analysis. Note that with this experimental arrangement, it is possible to systematically
verify the molecular beam (e.g., purity of the investigated product, etc.) prior to further electron

collision studies.

1. RESULTS

Two series of experiments were undertaken: (1) a pure molecular beam of BZN and, (2) an
admixture beam of BZN with CCls (1:2) pre-mixed in a mixing chamber, are injected for the
collision experiments. The advantage of this latter procedure (i.e. pre-mixed molecules) is two-
fold: mass calibration of the fragments from the dissociation of BZN induced by the electron
collision, and, the direct comparison of the intensity of the produced anion yields, which
provide the fragmentation cross-section as it will be discussed in the following. On the other
hand, reactions induced by the ions, formed from the calibration molecules, may arise. Indeed,
it has already been reported such ion-molecule reactions in low-energy electron-molecule
collision experiments in which the investigated molecule coexists with the calibration gas (SFe

3 or CCl4 2% in the molecular beam.

Figure 1 shows the mass spectra recorded at different electron accelerating voltages (AV1):
(@ 0.5V, (b)0.9V,(c) 3.7V, and (d) 7.3 V. In this experience, the molecular beam consists of
an admixture of BZN:CCls (1:2). Mass spectrum recorded at the AV1 value of 0.5 V shows
only background noise (Fig. 1a). As the AV1 increases (Fig.1b-d), a signal at m/z of 35 (a.u.)
can be observed, followed by an additional fragment detected at m/z of 26 (a.u.). The second
anion species is attributed to the CN™ anion, while the first anion is associated to the chlorine
3CI- anion for which its isotopic counterpart, i.e., *CI, is also clearly observed. A further
fragment is clearly observed at m/z 77 amu (i.e., CsHs") for the AV1 of 7.3 V, as well as a tiny
feature at m/z 102-103, which could be associated to the (BZN-H) anion (Fig. 1d). These results

confirm the previous work 22 in terms of the production of the anion fragments. On the other



hand, the observation of the CN™ anion production at very low electron acceleration voltage

(i.e., 0.9V) is quite surprising.

The potential energy curves (PECs) of the neutral BNZ (purple) and the BZN™ anion (black),
calculated at the ®B97x/cc-pvtz level of theory, are plotted as the function of the C-CN bond
elongation are (Fig.3). The anion PEC exhibits a potential barrier of 0.3 eV. In Figure 4, the
molecular orbitals of the BNZ™ anion are shown and the electron attachment energies are
provided. The energetics of the fragmentation calculated at the wB97x/aug-cc-pvtz level of

theory are provided in Table 1.

In the following, we will concentrate specifically in the production of the cyanide anion. At
a given AV1 value, the CN™ anion yield is obtained by integrating the mass spectrum at the
specific m/z value and by subtracting the respective background noise. This integrated yield is
then normalized to the transmitted electron current. Figure 2 exhibits the yield of the CN™ anion
fragment as the function of the electron accelerating voltage, AV1. The solid blue line
corresponds to the yield obtained from the electron collision with pure BZN gas, while the
dashed blue line corresponds to measurements with mixed BZN/CCl4 gas. In the inset of Fig.2,
the yield function of the CN™ and CI" anions are normalized to the maximum of their respective
yield. As the CI" anion is well known to be produced at ~0 eV incident electron energy **, the
electron energy scale is obtained by shifting the AV1 scale by 0.4 V. Thus, the first peak in the
CN- yield function (solid blue line) is observed with an electron attachment energy of 2.85 eV

agreeing well the previous report 2,

IV. DISCUSSION

The CN™ anion yield function (Fig. 2) exhibits peaked features reminiscent of resonant
fragmentation processes. At these energies, dissociative electron attachment, DEA, is the
efficient mechanism for molecular dissociation °. In brief, the colliding electron is captured by
the target molecule to form a transitory negative anion which undergoes dissociation into a
negative anion and at least one neutral species. The fragmentation cross-section, related to the
intensity of the measured anion signal, is a convolution of the electron capture cross-section,
Geapt, With the survival probability P26, While ocapt reflects the capture of the electron process,
Ps depends on the dissociation lifetime vs. the electron auto-detachment time 3>%. The
dissociation time corresponds to the time for the C-CN bond to reach the crossing of the neutral

(purple) and anion (black) potential energy curves (Fig.3). The capture of the colliding electron



may arise via (a) the shape resonance, i.e, the accommodation of the excess electron into an
unoccupied virtual molecular orbital (MO), (b) core excited resonance (i.e., excitation of a core
electron into an empty molecular orbital, while the excess electron being captured by the
positive core) and, (c) Feshbach resonance mediated by di-(multi)pole bound anion formation
37,38 The formation of the temporary anion r* states via shape resonance has been observed by

the electron transmission spectroscopy, ETS, *°.

For the benzonitrile, the calculated electron attachment energies together with the orbital of
the excess electron is shown in Figure 4. The first two resonances are attributed to n* states,
the first one at 0.20 eV is expanded on both phenyl and cyano parts, while the second, at 0.96
eV, is localized on the phenyl moiety. These states do not present a dissociative character
therefore no anion fragment can be formed and detected. The calculated 0.96 eV state agrees
well with the ETS measurements 3. The fact that the BNZ anion has not been detected here
and in the previous report 4 suggests that electron-autodetachment time is shorter than the
dissociation time. Above 3 eV, several resonant states, where the extra electron is mainly
localized on the CN group, are predicted (3.24, 3.86, 5.08 eV, etc.). In particular, the resonance
at 3.24 eV is due to the attachment of the electron on CN in a * orbital. The dissociation of
the BZN" transitory anion into a CN-anion and a phenyl radical fragments presents a barrier
energy of 0.3 eV, as shown in Figure 3. However, the true barrier is expected to be inferior as
the local relaxation of both phenyl and cyanide groups should be considered. Then, the
formation of the anion CN" is very likely near 3-3.5 eV. We have performed a local optimization
of the BZN" anion in this excited state and found a state located 0.5 eV below (the main
structural changes are a small elongation, from 1.148 to 1.236 A, of the C-N bond length, and
a shortening, from 1.437 down to 1.418 A, of the C-CN bond length). This state lies only
2.74 eV above the ground state of the neutral molecule. Therefore, the resonance calculated at
3.24 eV (vertical transition) or 2.74 eV (adiabatic transition) is associated to the broad
experimental peak located at 2.85 eV, bearing in mind that the observed peak position is a
convolution of the capture cross section (MOs state) and the survival probability, which are
both energy dependent 3%, Further features are experimentally observed at 3.95 eV (shoulder),
5.54 eV and 7.05 eV (SI1). They can be associated to the MOs calculated at 3.86 eV and 5.08-
6.11 eV and shown in Fig. 4. From the calculations, the shape- and core-excited resonances co-
exist in the energy range of 4.48 — 5.7 eV. At higher energies, around ten excited states are
calculated between 6 and 8 eV, they may be associated to the fragmentation of the parent

temporary anion into the CN™ anion observed in the experiment (broad peak around 7 eV). The



present observation agrees in some degrees that of Heni et al. [24], albeit they have reported an

unresolved feature in the [6-8] eV range.

The energy threshold for the production of the CN" anion, the (BZN-H)  and the C¢Hs™ anion
fragments are calculated to be 2.06, 3.18 and 5.21 eV respectively (Table 1 a,b and c). For the
cyanide anion, the experimental production threshold is slightly lower than the prediction (c.a.,
1.3eV). The production of the Ce¢Hs™ anion can only arise at incident electron energies above
5.21 eV in agreement with the previous work ?*. As discussed above, not only the energetics of
the reaction but also the resonance state and the dissociation time vs. autodetachment time
control the dissociative electron attachment, i.e., the anion fragment production. The anion
production cross section, cion(E), at a given incident electron energy, E, can be estimated via
Nion(E) = &.Ne.Nneutrai.Gion(E).L, where Nion represents the number of collected ions, ¢ the
detection efficiency, Ne and Nneutrat the number of colliding electrons and the density of the
neutral target molecules, respectively, and L the length of the interaction region. Since Nneutral
and L are not accessible, ocn-/oci- can be obtained by knowing the gas pressure ratio, Pezn/Pccia
(i.e., % in the present work), and the measured numbers of ions Ncn-/Nei- (c.a., 2.59 102). From
the yield functions of the CI" and CN™ anions (solid dashed and green lines, Fig. 3) and with the
known cci- at ~ 0 eV (c.a., 102 cm? 3%, the cross-section for the production of the cyanide
anion can be estimated at the electron energy of 2.85 eV to be 5.10'° cm?, while at 7.07 eV it

is found to be 40% larger.

As it can be seen in Fig.2, i.e., the dashed and the solid blue lines, the co-presence of the
calibration molecules, CCls, in the molecular beam under electron impact leads clearly to the
appearance of an additional feature in the CN™ anion yield function, peaked at 0.4 eV with a
threshold at ~0.1 eV. Since at such low energies, only the chlorine anion can be produced with
an appreciable cross-section via the dissociation of the transitory CCl4* precursor anion 3, this
present observation indicates the reaction of the produced CI- and potentially the CCls* anions
with the neutral BZN molecules yields the CN™ fragment anion. Such a Sn2 nucleophilic
substitution reaction has already been observed earlier in DEA to thymine or adenine
experiments when the calibration gas (i.e., CCls or SFe) is introduced simultaneously with the
studied molecules %4, It is to be noted that for the suggested CI- ion reaction with thymine (T)
yielding the (T-H) negative ion fragment, the (T-H) radical electron affinity of the target
molecule is high (c.a., 3.4 eV *2). In the present work, the high electron affinity of the cyano
radical (c.a., 3.86 eV *) also leads to such an ion reaction.



To support our observations, we have performed different fragmentation scenarios presented in
Table 1d-f. The lowest reaction energy corresponds to the capture of the colliding electron by
the CCl, target to form the transitory CCls* anion, the transfer of the extra charge to BZN,
which dissociates into the fragment CN™ negative species concomitantly with the formation of
the chlorobenzene, CIC¢Hs, molecule. The lifetime of the transitory tetrachloride anion is short
(7.5 ps and 10-30 ps) #, suggesting that the two partners must be sufficiently close for such
reaction to arise. The calculated Gibbs energy at 300 K of 0.02 eV is in relatively good
agreement with the CN™ production threshold of ~0.1 eV (Fig. 2, dashed line). The second most
accessible reaction (Table 1f) corresponds to the formation of the CI" negative fragment via
DEA to CCla. It is then this chlorine anion that further reacts with BZN for the concomitant
production of the CN" anion and the CICgHs , chlorobenzene, molecule. The calculated energy
threshold at 300 K is higher (1.28 eV) but the reaction is nevertheless accessible. The reaction
(9) leading to the formation of BZN" parent anion requires at least 3.8 eV. At such energies, the
BZN™ anion produced by the charge transfer process is likely to fragment since the excess
electron may occupy some of the dissociative states calculated above.

Another possible ion reaction involves the CN-, anion produced via DEA to BZN with CCl,
present in the admixture. Such a reaction listed in Table 1h may arise since the high electron
affinity of the CN radical, similarly to previously discussed for the ClI” anion induced reaction.
Therefore, the very exothermic reaction (h) in Table 1 suggests that a relatively good efficiency

for the production of CCI3CN, tricholoacetonitrile as experimentally observed in in SI2.

The production yield of the CI anion at electron energy of about ~ 0.5 eV is almost
unchanged in the 20-130 °C temperature range, in agreement with previous study *° (Fig.5a,
open squares). In contrast, temperature dependence of the CN™anion yield presents two features
(Fig. 5a, solid circles). At temperatures below 60 °C, the yield presents a stable value, while
above, an increase is observed. The production the CN™ anion at near 0 eV arises from Sn2 for
which the temperature dependence is related to the Arrhenius activation energy “6. As the gas
pressure is kept constant during the measurements, these findings indicate that the ion reaction
cross section must increase. The yield ratio (CN/CI") suggests an increase in the ion reaction
efficacy by almost 3-4 in the 60-130 °C temperature range (Fig. 5b).

V. CONCLUSION

The dissociation of benzonitrile induced by electron at low energies (< 10 eV) analyzed by

time-of-flight mass spectrometry shows the production of the CN- anion fragments, via



dissociative electron attachment. DEA is a convolution of the electron capture process and the
(temporary anion) survival probability, the anion states have been explored by TD-DFT theory.
In presence of the calibration gas CCls, the ion reaction is observed to arise from the production
of the cyanide anion. Two reactions representing the most probable mechanisms have been
determined: (1) CCls* + BZN and (2) CI + BZN, for which (1) has the lowest energy threshold.
Both processes produce chlorobenzene along with the cyanide anion. Another ion-reaction
arises from the formed CN" anion from DEA to BZN, with CCls, yielding tricholoacetonitrile,
CCIsCN.

In this work, it has been shown that both C¢HsCl and CCI3CN result from the Sn2 reactions
initiated by the collision of an admixture of CCls-BZN with low energy electrons. The
production of chlorobenzene may be of particular interest since the compound is involved in
the manufacturing of many industrial products (rubber, paint, adhesive), and the industrial
demand is incearsing according to the chlorobenzene market forecast /. The compound is
industrially produced by the Raschig-Hooker method for which the benzene vapors hydrogen
chloride and oxygen are catalyzed on copper oxide at 250 °C under a continuous flow. The
present findings may suggest an alternative process for preparing chlorobenzene from an
admixture of benzonitrile and carbon tetrachloride via cold plasma at low temperatures (60-130
°C). For the trichlorobenzene, known to be a precursor of etridiazole, a commercially used
fungicide, is obtained from many processes among which the chlorination of acetonitrile at high
temperatures (200-500 °C) in presence of catalysts, or photochlorination. Here it has been
shown that this compound is generated from the electron collision at low energies with carbone

tetrachrloride-benzonitrile admixture.

As benzonitrile is a solvent used as a precursor for the synthesis of a large spectrum of
products, the detailed understanding of fragmentation of the molecule by low energy electrons
may potentially help for the development of future chemistry processes involving (hot)
electrons such as the catalysis by solar light *, green chemistry %5 or industrially scalable cold

plasma technology®?.
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VIl. TABLES

Table I. Energy (in eV) for the production of anion and corresponding neutral fragment,
calculated at mB97x/aug-cc-pvtz level of theory. Gibbs free energy at 300 K is given in

parenthesis.

Reaction Fragmentation
Energy (eV)

(@) BZN = CN" + CgHs 2.06

(b) BZN - (BZN-H) +H 3.18

(c) BZN = CgHs + CN 5.21

(d) CCls + BZN = CN" + CICgHs + CCl3 0.68 (0.02)

(e) CCls + BZN - CN" + Cl + CgHs + CCl3 4.21

(f) CI"+ BZN - CN" + CICgHs 1.47 (1.28)

(9) CI"+ BZN - Cl + BZN" 3.83

(h) CN"+ CCls = CI- + CNCCls -1.20 (-1.06)




VIll. FIGURES

FIGURE 1: Mass spectra of anion recorded at the electron accelerating voltage, AV1 of (a) 0.5
V, (b) 0.9V, (c) 3.7 V, and (d) 7.3 V. The dashed lines are guides-to-the eyes.
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FIGURE 2: CN- anion yield as the function of the Electron Accelerating Voltage (V) for the
electron collision with pure benzonitrile (BZN) gas (solid blue) and mixed BZN:CCl4 gas
(dashed blue). In the inset the anion yield functions are obtained from electron impact on pure
CClsand BZN vapors. The yield the CI (solid green) and the CN™ (solid blue) anions normalized
to the respective maximum value are plotted as the function the Electron Accelerating Voltage
(AV1). The maximum and the FWHM in the CI" anion yield provide the 0 eV and the energy
resolution of the electron beam . The first peak in the CN" yield function is observed with an

electron attachment energy of 2.85 eV.

l 0ev

600

500

Relative Anion Yield

W =
o -
o o
T T T T [ T T T T [ T T T T [ T T T

N
o
o

CN" anion Yield (cnts)

T T S TR T |

T T T T [ T T T T [
-

0 2 4 6 8
Electron Accelerating Voltage (V)



FIGURE 3: Potential energy curves of the neutral BZN and the anion BZN" as a function of
the C-CN bond elongation in A, 0 refers to the equilibrium distance in the molecule. The plot
of the orbital of the excess electron in the anion at an intermediate distance is also shown.

Calculations at ®B97x/cc-pvtz level of theory.
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FIGURE 4: Calculated attachment energies (in eV) relative to the neutral ground state of BZN
are given together with the molecular orbitals involved in the trapping of the extra electron.
Core-excited states are also obtained at 4.48, 5.12, 5.40, and 5.74 eV (not shown in the figure).
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Figure 5: Temperature dependence of the CN™ and CI™ anion yields (full circles and open
squares, respectively) recorded at the electron accelerating voltage of 0.9 V (i.e., 0.5 eV). The
dashed line is a guide-to-the-eye.
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SI1: (a) The mass spectrum of ionized benzonitrile vapor with electron energy of ~11 eV for
which the cation distribution can be compared to the NIST reference L. In this measurement,
EGl1 is in “OFF” mode. (b) Mass spectrum of anion produced from the collision of the electron
accelerated at 2.8 V from EG1 (EG2 is “OFF”). A unique anion fragment is observed at m/z
26.
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SI12: The CN" anion yield as the function of the electron accelerating voltage (AV1). The
incident electron energy is obtained by subtracting 0.4 eV to AV1 (see text). The numbers
provided in the figure are the electron energy. The smooth purple solid line is the cumulative
Gaussian fit to the data and the dashed lines are the individual Gaussian function.
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SI3: Cation mass spectrum recorded from the 3.5 V accelerated electron impact on an ad-
mixture of CCls-BZN vapor. The neutral species are ionized by ~12 eV electrons produced by
EG2. Peaks at m/z 103 and 117 are identified to BNZ* and CCls", the latter arising from the
“ionization” of CCls 1. The m/z 113 and 77 may be attributed to CsHsCl (chlorobenzene) and
CeHs species respectively. The m/z 108 may be attributed to CCI.CN*, from
trichloroacetonitrile CCIsCN, in agreement with the NIST ionization mass spectrum . Both the
chlorobenzene and the trichloroacetonitrile are very likely to arise from the CI- and CN" ion
reaction with BZN and CCla, respectively. The ~12 eV electron ionizing energy corresponds
almost to the ionization potential of CCls (11.5 eV)!, BZN (9.7 eV) !, CCIsCN (11.89) ! and
CeHsCl (9.08 eV) L.
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