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ABSTRACT: Chlorine (Cl,) is a diatomic molecule used as an important industrial gas.
However, the electron affinity (EA) of Cl,, a fundamental parameter for understanding
chemical reactions, has no accurate experimental result available. The latest result of the EA
value of Cl, is 2.50(20) eV reported in 1983. In the present work, we report the precision _|v:2
measurement of the EA of Cl, with the successive difference method via the high-resolution ?"; v=19
photoelectron spectroscopy of cryogenically cold chlorine anions Cl,”. The EA of Cl, is 2| *="
determined to be 19432(9) cm™ or 2.4093(11) eV. wl L)
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alogen elements exist stably in nature as homonuclear Hubers and co-workers investigated alkali metal atoms (Na, K,

diatomic molecules (F, Cl,, Br,, I,). The electron Cs) colliding with halogen molecules to form negative ions,
affinity (EA) is a fundamental parameter of an atom or determining the EA value of Cl, to be 1.02 + 0.05 eV based on
molecule, measuring its capability to form the corresponding the positions of Landau—Zener maxima in total cross sections
negative ion."? Like the ionization potential (IP), EA is an for negative ion formation.”' Later, Bowen et al. conducted a
important parameter for understanding chemical reactions. similar experimental approach, employing two supersonic
Most EA values of the common molecules and atoms have beams: one to produce fast alkali atoms and another to
been accurately measured via the photoelectron spectrosco- produce the Cl, molecular cluster. They derived the EA value
py. " For example, BA(O,)=0.448(6) eV,” and EA(I,) of Cl, as 2.50(20) eV from the threshold energy for ion-pair
=2.524(5) €V.° Chlorine is a common gas. High accurate EA formation.'”
value of Cl, is crucial for understanding many chemical and The present work aims to precisely determine the EA value
physical processes.7_9 Surprisingly, no accurate experimental of Cl, using the cryogenically slow-electron velocity-map
EA value of Cl, is available. The possible reason is the imaging (cryo-SEVI) method. Details of our cryo-SEVI
significant bond-length change when photodetaching Cl,7, apparatus can be found elsewhere.””*” In this study, Cl,~
which results in unfavorable Franck—Condon factors and anions were produced by expanding trace amounts of CCl,
quasi-continuous spectra, thus it is difficult to make a definitive with methane gas (~1 MPa) through a pulsed valve equipped
aSSignment'lo_lz with a filament ionizer.”® The nascent Cl,” anions were

In past decades, the EA value of Cl, has indirectly been
estimated through experiments or calculated theoretically."*~"”
Lacmann et al. reported the EA value of Cl, as 3.20(20) eV in
1970 through experimental investigations involving the
collisional excitation and ionization of potassium atom

directed through a hexapole ion guide, then collected and
cooled in a radio frequency (RF) ion trap mounted on the
second stage of closed-cycle helium refrigerator, with a
nominal temperature of 8 K. The trapped anions were cooled
¢ . ' i X down to their ground vibrational states after sufficient
interacting with several diatomic molecules, such as HCI, collisions with a buffer gas (20% H, and 80% He) for 45

18
Cl, Bry CO, NO, and O,." Subsequently, the EA value of Cl, ms, and were subsequently released into the extraction region
was revised to 2.38(10) eV by measuring the energy thresholds

for the charge-transfer process of two endoergic reactions I” + -
Cl, » ClL,~ + I and Br~ + Cl, — Cl,~ + Br."” Concurrently, Rec'e“'ed‘ June 19, 2024
Tiernan’s group utilized a tandem mass spectrometer to Revised: = July 16, 2024
measure translational energy thresholds of electron transfer Accepted: July 18, 2024
reactions from various atomic negative ions to Cl, and Published: July 24, 2024
integrated this data with known thermodynamic data to

determine the EA value of Cl, as 2.32(10) eV.*° However,
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of a Wiley—McLaren type time-of-flight (TOF) mass
spectrometer.”” The Cl,” anions with mass m = 70 were
selected and intercepted by a detachment laser in the
interaction region of velocity map imaging (VMI).>* Photo-
detachment was performed using a tunable laser from the
signal light of an optical parametric oscillator (OPO, 210—405
nm, line width ~6 cm™") pumped via a Quanta-Ray Lab 190
Nd: YAG laser operating at 20 Hz. The photodetached
electrons were projected onto a set of microchannel plates
coupled with a phosphor screen and recorded using a charge-
coupled device (CCD) camera. Energy calibration was carried
out usingg the known spectra of *CI” at various photon
energies.” The projected 2D photoelectron image was used to
reconstructed the 3D photoelectron distribution via the
maximum entrogy velocity Legendre reconstruction (MEV-
ELER) method.” The cryo-SEVI exhibits very high energy
resolution for low-kinetic-energy photoelectrons, typically a
few cm™ near the photodetachment threshold.”

Figure 1 displays the photoelectron energy spectrum of Cl,~
anions, recorded at the wavelength of 300 nm. The spectrum
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Figure 1. Overview cryo-SEVI spectra of Cl,~ (black) and the high-
resolution peaks obtained near the respective photodetachment
thresholds (under the curve, in color). The vertical bars above the
curve indicate the vibrational quantum number.

contains a series of peaks labeled as a-l, representing the
transitions from the anionic ground state X' *X} to a series of
vibrationally excited states of the neutral ground state X 'Z.
Due to the extremely low Franck—Condon factor between the
neutral vibrational ground state and the anionic vibrational
ground state, the band origin (0 < O transition) cannot be
observed. Otherwise, the EA value of Cl, can be directly
measured via the 0 « 0 transition. Given the well-established
vibrational energy levels of Cl,, definitive assignment of a peak
to a specific vibrational quantum number v would allow for the
determination of EA(Cl,) from the corresponding vibrationally
excited state. The energy level of a diatomic rotor is
conveniently written in the Dunham form:**
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1 ) )
Ex=Y Y,j(y + 5) K(K + 1)
I (1)

where v and K are the vibrational and rotational quantum
numbers, respectively. The first subscript | under the
coefficients Y, refers to the power of the vibrational quantum
number, the second j to that of the rotational quantum
number. Since we cannot resolve rotational states and we
expect that the rotational profile has no significant impact on
the energy interval since the rotational profile for each
vibrational peak in Figure 1 is almost the same, the rotational
quantum number j was set to 0 for simplicity. Therefore, the
vibrational energy level of Cl, is given by

1 1) 1)
E =Y, v+ —|+Y,lv+—]| + L)l + —

1) 1y 1\
+ Yolv+ = +Yolv+ = + Yl + —
v g o g) #uo+ 5]

+ Yo (2)

The coeflicients Y; of the neutral Cl, x 12;) have been
determined via the resonance fluorescence spectrum,” as
listed in Table S1 of the Supporting Information. The typical
uncertainty of the vibrational energy level is less than 0.1 cm™".
The connection between the coefficients Y; and the
spectroscopic constants is Y, ~ w, Y,y ~ —wy, Y3 ~
-y, and Y,y ~ 0.z

Due to the small value of the anharmonic constant .y,
(2.67 cm™") for neutral Cl, (X IZ;) , it becomes challenging to
assign peaks a-I solely by comparing the energy intervals
between two adjacent peaks with those given by eq 2. Instead,
we adopted a different approach by measuring the energy
intervals between the peaks on the low binding energy side and
the peaks on the high binding energy side in Figure 1, which
allows for the accumulation of the anharmonic offset. For
example, the vibrational quantum number differences Av
between peaks a and i, and between peaks b and j, are both 8.
If the high-order anharmonic terms are temporarily ignored,
the accumulated anharmonic offset for the energy interval
between the two groups of peaks is roughly estimated to be
16wy, The derivation is presented in the Supporting
Information. To accurately measure the binding energies of
peaks a, b, and ¢ as well as peaks i and j, we acquired the
spectra near their respective photodetachment thresholds. As
depicted in Figure 1, these spectra exhibit sharp peaks. To
determine the vibrational quantum numbers, we employed the
successive difference method. By cross-subtracting the binding
energies of the two groups of peaks in Figure 1, we obtained a
series of vibrational energy intervals, which are presented in
Table 1 and Figure 2. The vibrational quantum number (v)
corresponding to a specific peak can be unambiguously
determined by comparing the measured vibrational energy
interval in the present experiment with that calculated one
using eq 2. For example, the measured energy interval between
peaks a and i is 3455 cm™, and vibrational quantum number
difference Av between these two peaks is 8 according to Figure
1. By drawing a horizontal line with an energy 3455 cm™ and
intersecting the curve for Av = 8, we obtain the vibrational
number v; = 17 of peak a. By referring to Table S2 of the
Supporting Information, we find that the closest match to the
energy interval with Av = 8 is 3460.05 cm™". Consequently, the
vibrational numbers of peaks a and i were assigned to 17 and
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Table 1. Determination of Vibrational Quantum Numbers 19470
Corresponding to Experimentally Precisely Measured Peaks
a, b, ¢, i, and j Utilizing the Method of Successive Difference 19460 EA = 19432 + 9 cm,1
Measured binding  Vibrational energy interval ‘TE
energy interval calculated using Eq. 2 G 194507
Peaks fcym’l) (em™ Av vy —, ;
a-—i 3455 3460.05 8 17 -25 ‘'C 19440 4 T
b—i 3002 3004.45 7 18 — 2§ z:: T 'I'
c—i 2558 255527 6 19-25 § 14304 L |
a—j 3851 3861.62 9 17-26 B
b—j 3398 3406.03 8 18-—26 u% 19420 1
c—j 2954 2956.85 7 19 — 26
19410 4
5500
19400 — T T T 1
16 18 20 22 24 26

Energy interval (cm™)

——————

—
10
Vibrational quantum number v,

Figure 2. Schematic for determining the vibrational quantum
numbers of Cl, using the successive difference method. The curves
are generated using the data in Table S2 of the Supporting
Information based on the Eq. 2. The dotted lines are for guiding
the eyes.

25, respectively. By using the successive difference method, we
can determine the vibrational numbers of all observed peaks, as
indicated by the vertical bars in Figure 1.

Given the precise vibrational energy level of the neutral Cl,,
the EA value of Cl, can be obtained by subtracting the neutral
vibrational energy from the measured binding energy of each
peak. Figure 3 shows the EA values obtained at different
vibrational transitions. The average EA value of Cl, is
determined to be 19432(9) cm™, or 2.4093(11) eV. The
uncertainty includes the statistical uncertainty and the
systematic uncertainty arising from the OPO laser line width
(6 cm™). Notably, another data point for v = 19 was
independently measured on a separate day to verify its
reliability, demonstrating excellent agreement between meas-
urements.

The measured EA value is compared with previous results in
Table 2. Our result aligns reasonably well with most of the
previously reported findings, except for 1.02(S) eV by Hubers
et al. in 1976”" and 3.20(20) eV by Lacmann and Herschbach
in 1970,"® but with an improved accuracy by 2 orders of
magnitude. The EA values predicted by theoretical calculations
are also summarized in Table S3 of the Supporting
Information. It can be found that the EA value (2.408 eV)
calculated via the CCSD(T) method by Leininger et al. is in
excellent agreement with our measured value 2.4093 eV."”
Table 3 summarizes the spectroscopic constants of the ground
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Vibrational quantum number v

Figure 3. EA of Cl, determined using different vibrational energy
levels. The blue line indicates the average value of the EA. The dashed
lines indicate the +9 cm™ uncertainty.

Table 2. Summary of the Experimental EA Values of Cl,

Value Methods” References

3.20(20) eV NBIE Lacmann and Herschbach,
1970

2.38(10) eV Endo Chupka et al,, 1971"
2.52(17) eV EIAE DeCorpo and Franklin, 1971
2.45(15) eV NBIE  Baede, 1972"*
2.46(14) eV IMRB  Dunkin et al, 19727
2.32(10) eV Endo Hughes et al, 1973%°
1.02(5) eV NBIE  Hubers et al,, 1976
2.40(20) eV NBIE  Dispert and Lacmann, 1977
233 eV ECD Ayala et al, 1981%°
2.50(20) eV NBIE  Bowen et al, 1983"7
2.4093(11) eV or SEVI This work

19432(9) cm™
“Abbreviations: NBIE, neutral beam ionization potentials; Endo,
Translational threshold for endothermic ion/molecule process; EIAE,
Electron impact appearance energy; IMRB, Ion/molecule reaction
bracketing; ECD: Electron capture detector; SEVI: slow-electron
velocity-map imaging.

Table 3. Spectroscopic Constants of Anionic Cl,” and
Neutral ClL,”

Electronic ~ Experimental gap w, .

state (em™) r, (A) (em™) (em™)

cl,” X' 2zt 0 25767 260.76" 1.63°
cl X5} 19432(9) 1987 5597 2.67

“Spectroscopic constants of neutral Cl, are obtained from the NIST
database.***” “The equilibrium bond length and the harmonic
vibrational constant are from quantum chemical calculations. “The
anharmonic constant @,y, is calculated via the eqs 3 and 4.

state (X' ?Z) of anionic Cl,” calculated using quantum
chemical methods, along with those of the neutral ground state
(X 'Z}) obtained from the NIST database.’™*” The
equilibrium bond length r, and the harmonic vibrational
constant @, of Cl,” were optimized at the CCSD(T)-F12/
VTZ level of theory using the Molpro software package.’® The
anharmonic constant @y, was derived from the following
equations:
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_ Wy
e T, ®
2Dy,
0T 2D, + o, (4)

Here D, represents the dissociation energy of Cl,”, obtained
using the relation: Dy(Cly) = EA(CL,) — EA(Cl) + Dy(CL).
With EA(Cl,) determined in our experiment and the literature
values of 3.612725(28) eV for EA(CI)*' and 2.4793 eV for
D,(CL,),"” we obtained the value of Dy(Cly) to be 1.2759 €V.
Furthermore, the fundamental vibrational frequency of Cl,~
was calculated as 257.50 cm™! via eq 4.

In summary, using the high-resolution cryo-SEVI spectros-
copy and the successive difference method, we have
determined the precise EA value of chlorine molecule Cl, to
be 19432(9) cm™ or 2.4093(11) eV. Given the absence of
accurate experimental EA data for F, and Br,, we plan to
employ the same method to measure their electron affinities.
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