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ABSTRACT: We report a photoelectron imaging study of cryogenically
cooled Cy,N™ and (C4N),>" anions produced from electrospray
ionization. High-resolution photoelectron spectra are obtained for
CsoN™ for the first time, allowing seven vibrational frequencies of the
CsN azafullerene to be measured. The electron affinity of CyN is
determined accurately to be 3.0150 + 0.0007 eV. The observed
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of (C4N),?”, which has the same mass/charge ratio as CsoN~, is also
observed, allowing the second electron affinity of the (CyN), azafullerene dimer to be measured as 1.20 + 0.05 eV. The
intramolecular Coulomb repulsion of the (Cs,N),> dianion is estimated to be 1.96 eV and is investigated theoretically using the

electron density difference between (CsoN),*” and (CgoN),.

Azafullerene (C4oN), with one carbon atom in Cg,
substituted by a nitrogen atom, has received particular
attention due to its unique electronic and chemical proper-
ties."” The N-substitution results in an n-type doping, adding
one electron to the close-shell 7 system of Cg.”" The extra
unpaired electron is mainly localized on the C atom that is
closest to the N atom in the [6,6] closed structure and exhibits
sp® character.”’” ' Hence, Cs,N is a reactive radical and can
easily dimerize.">”~'" The C4N* cation is isoelectronic to Cg,
and was first observed as a gaseous species.'' The first
macroscopic synthesis of Cy N was in its dimer form,
(CsN),,"* allowing its physical and chemical properties to be
characterized by a variety of techniques."*™" Most interest-
ingly, the azafullerene has promising applications in molecular
electronics as the basis for single-molecule rectifiers,”® " field-
effect transistors,’*> and electron donor—acceptor sys-
tems.”” > However, the electron affinity (EA) of CsN, one
of its most fundamental electronic and thermodynamic
properties, is still not known experimentally. Theoretical
calculations suggested an EA for CsoN to be around 2.70
eV,”” which is comparable to the EA of C, accurately known
to be 2.6835 eV.*® In a Cg-CsoN dyad,*® a higher reduction
potential was observed for CsoN than Cg, indicating a higher
EA for CiN than Cg,.

In the current study, we present a high-resolution photo-
electron imaging (PEI) study of cryogenically cooled CsoN~
anions produced from an electrospray ionization source.
Vibrationally resolved photoelectron spectra at various photon
energies have been obtained, allowing us to measure the EA of
CsoN accurately for the first time to be 3.0150 eV, which is
0.3315 eV higher than that of Cg,. Seven vibrational frequencies
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are also obtained for CyN, five of which are found to be similar
to those observed in the high-resolution photoelectron spectra
of C4~.° Additionally, we have also obtained the photo-
electron spectrum for the parent (CyN),>” dimer dianion,
which has the same mass/charge ratio as C;,N7, yielding the
second EA of (CyN), to be 1.20 eV. The intramolecular
Coulomb repulsion in the dimer dianion is estimated to be 1.96
eV. The extra charges in the dianion are shown to be more
localized at the two ends of the dimer due to the electron—
electron repulsion.

The experiment was carried out using our third-generation
electrospray PEI apparatus,”’ equipped with a cryogenically
cooled Paul trap®® and a high-resolution PEI system.”” A
sample of azafullerene dimer, (Cs,N),,'*" was dissolved in a
mixed solvent of ortho-dichlorobenzene/CH;CN (1/3 ratio in
volume), to which a reducing agent, tetrakis(dimethylamino)-
ethylene (TDAE) prepared from tris(dimethylamino)-
methane,*"** was added. The resulting solution was electro-
sprayed, and anions from the source were guided into a
cryogenically controlled Paul trap operated at 4.5 K and
thermally cooled via collisions with 1 mTorr He/H, (4/1 in
volume) background gas.”® The cold anions were pulsed out at
a 10 Hz repetition rate into the extraction zone of a time-of-
flight mass spectrometer. The main anion signal observed was
at m/z = 722, which could be due to either C;, (N~ or
(C4N),>", because our time-of-flight mass spectrometer did
not have high enough resolution to resolve the isotopic
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distribution. Since the (CyN), dimer has a relatively small
dissociation energy,”™ it was expected to easily cleave upon
reduction to CsN~ either in the solution or during the
electrospray. The anions with m/z = 722 were selected by a
mass gate and photodetached by the third harmonic of a
Nd:YAG laser (354.7 nm) and a tunable dye laser in the
interaction zone of the PEI system.”” The photoelectron images
were inverse-Abel transformed and reconstructed using both
pBasex and BASEX."”* The photoelectron spectra were
calibrated with the known spectra of Au™ at different photon
energies. The kinetic energy (KE) resolution was 3.8 cm™" for
electrons with 55 cm™ KE and about 1.5% (AKE/KE) for KE
above 1 eV in the current experiment.

Figure 1 displays the PE image and spectrum of the anion at
m/z = 722 at a photon energy of 354.7 nm. The spectrum
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Figure 1. Photoelectron image and spectrum of CsoN™ and (CsoN),*”
at 354.7 nm. The weak peak labeled X’ represents detachment from
(CN),>", while peak 0, denotes the detachment threshold of CssN™.
The double arrow below the image indicates the directions of the laser
polarization. Note the image corresponding to peak X' is cut off.

reveals two detachment regions: a weak and broad peak (X') at
around 1.2 eV and a group of more intense peaks above 3 eV.
This spectral pattern immediately suggested that the m/z = 722
mass signals contained both CsoN™ and (C4N),>”. The 1.2 eV
peak should come from the dianion, which is expected to have
low binding energies due to the strong intramolecular Coulomb
. 43 . . . .
repulsion.” This low binding energy is comparable to that for a

similar dianion, [C4OC4]*>", which has an electron binding
energy of 1.02 eV.*® The strong peaks above 3.0 €V, which
display some resemblance to the 354.7 nm spectrum of Cg,~,*°
should come from Cg N7, representing transitions from the
ground vibrational level of the anion to vibrational levels of the
electronic ground state of neutral CsoN. The first intense peak
labeled 0’ defines the EA of CgN, which is more accurately
measured to be 3.0150 + 0.0007 eV in Figure 2a to be
discussed below. It should be noted that, because of the
existence of the repulsive Coulomb barrier, no low-energy
electrons are allowed for detachment from the (CgN),>~
dianion,® i.e., the spectral region for C4yN~ above 3 eV should
contain no contributions from higher binding energy detach-
ment transitions from the dianion.

To better resolve the vibrational peaks for CyN, we took
high-resolution photoelectron images at six different wave-
lengths near the detachment threshold, as shown in Figure 2.
PEI allows low-energy electrons to be detected, significantly
improving the spectral resolution for near-threshold detach-
ment transitions.””"” At 409.80 nm in Figure 2a, peak 0,
corresponds to an electron kinetic energy of 84 cm™' and a line
width (fwhm) of 12 cm™, yielding the most accurate value for
the EA of Ci,N as 3.0150 + 0.0007 eV. As reported
previously,"™*° anions in our cryogenic Paul trap have a
rotational temperature of ~30 K. Thus, the near-threshold peak
width should mainly come from rotational broadening. Because
of the p-wave detachment character, the cross section for the
near-threshold detachment was quite low, as can be seen from
the relatively poor signal/noise ratios in Figure 2a. The EA of
CsN is 0.3315 €V higher than that of Cy, at 2.6835 eV.*°

By tuning the photon energies above the threshold
systematically, we were able to resolve seven additional
vibrational peaks, labeled from A to G, up to a binding energy
of 3.15 eV, as shown in Figure 2b—f. The observed peaks, their
binding energies, and the shifts from peak 0,0 (ie, the
measured fundamental vibrational frequencies of CyN) are
summarized in Table 1 and compared with our computed
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Figure 2. Photoelectron images and spectra of CsoN™ at six different wavelengths. The double arrow below the images indicates the directions of the

laser polarization.
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frequencies for C,,N (see Table S1 for all the 174 calculated
frequencies), as well as those of C¢, and C;HN.

Table 1. Observed Vibrational Peaks, Their Binding
Energies (BE) from the Photoelectron Spectra of CsoN™*

vibrational frequencies (cm™)

shift theo.
peak  BE (eV) (em™) Cg? solid Co° CeHN?  CyN°
0, 3.0150(7) 0

A 3.0473(12) 260 262 262, Hy(1) 2615 v, (258)

268, H(1) 271 v, (262)

v; (268)

B 3.0573(10) 341 348 340, v, (337)
T(1)

353, Gu(1) vs (342)

vs (350)

C 3.0673(10) 21 431, H,(2) 424 vy (418)

427

D 3.0760(7) 492 494, A,(1) 492 vys (498)

E 3.0805(10) 528 531 526, 523 vy, (524)
T.(1)

534, 529 vig (832)

H,(2) S31 uy (535)

F 3.0986(7) 674 670 668, ys (675)

H,(3) vy, (678)

G 3.1035(7) 713 717 709, Hy(3) U3 (718)

713, vy, (720)
T.(2)

“Their relative shifts to peak 0,° are compared with the vibrational
frequencies of Cgy and CsoHN, as well as our calculated frequencies for
CsoN. “Reference 36: 16 vibrational frequencies of C4, were measured
by high-resolution PE imaging of cold C4,~. “Reference 51: Vibrational
frequencies of C4, were measured by inelastic neutron scattering of
solid Cg). “Reference 52: Vibrational frequencies of Cs,HN were
measured by IR and Raman spectroscopy. “The vibrational frequencies
of C¢N calculated at the B3LYP/Def2SVP level (see Table S1).

Because of the structural similarities between CyN and Cg,
or CsoHN, we expect that they should share similar vibrational
properties. Indeed, peaks A, B, and E—G, with shifts of 260,
341, 528, 674, and 713 cm™), are in good agreement with the
vibrational frequencies of Cg, obtained from our previous PEI
study of the cold Cgy~ anion,*® as well as those from inelastic
neutron scattering of solid Cg."' The significant vibrational
activities observed in the high-resolution PEI of cold C4,~ were
due to the Jahn—Teller effect in Cq~ (*T,,), which does not
have the I, symmetry of neutral Cg. On the other hand, the
substitution of a C by a N atom in Cg, lowers the symmetry of
CyN to C..* Since neutral CsoN (*A’) and CsoN~ (*A’) both
have C; symmetry, all vibrational modes with A’ symmetry are
allowed in the photodetachment. We computed the vibrational
frequencies of neutral Cs,N at the B3LYP/Def2SVP level®® and
found 89 A’ and 85 A” modes, as given in Table S1. Because
there is no vibrational degeneracy for the C; Cy N, many
vibrational modes have close frequencies, making unique
assignments of the observed vibrational features for CyN
challenging.

Comparing the experimental frequencies with the computed
frequencies, we found that peaks A, B, and E can each be
assigned to three possible A" modes with close frequencies,
while peaks F and G can each be assigned to two possible A’
modes, as shown in Table 1. Only peaks C and D, with shifts of
421 and 492 cm™', can be possibly assigned uniquely to
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vibrational mode v;, (418 cm™) and mode v;5 (498 cm™),
respectively. The v, mode involves strong stretching of the N
atom, while the v;5 mode is a totally symmetric breathing
mode, as shown in Figure S1. Note that peak D is the most
intense vibrational feature in Figure 2d—f. Similarly, one
vibrational peak with frequency of 531 cm™ in the photo-
electron spectra of C4,~ was observed to be dominant at lower
photon energies. This non-Franck—Condon and photon-
energy-dependent vibrational intensities were interpreted
previouslgr as being due to a strong Hertzberg—Teller coupling
in Cg~.>° The dominant intensity of peak D in Figure 2 may be
due to similar vibronic coupling effects in CyN~. The
vibrational frequencies of CsoHN have been measured by IR
and Raman spectroscopy in the form of thin solid films.”” A
number of the vibrational frequencies of CoN obtained in the
current study are similar to those measured for CyHN, as
shown in Table 1.

The photoelectron images in Figure 2 all exhibit distinct p-
wave character with the photoelectron angular distributions
parallel to the direction of the laser polarization, indicating that
photodetachment of Cg N~ is from a s-type orbital. This
observation is consistent with the partial localization of the
HOMO on the N atom and the nearby C atom, which shows
sp” character (Figure $2).°7"°

Even though the closed-shell (Cs,N), dimer was the parent
azafullerene used to prepare the ESI solution, and it was known
to be stable in solution,"* the weak intensity of peak X'
compared to peak 0, in Figure 1 suggested that the majority of
the (CiN), dimer was dissociated to the monomer either
during the reduction by TDAE or in the ESI source. Assuming
that (CyN),>~ and Ci N~ have similar detachment cross
sections at 354.7 nm, we estimated that the (Cs,N),>” intensity
was only ~5% of that for CsuN™ in the m/z = 722 mass peak.
The low binding energy peak X' in Figure 1 represents the
detachment transition from (CsN),>” to (CgN),™, yielding
the second EA of (CyN), to be 1.20(5) eV. The first EA of
(CsoN), was calculated to be 2.85 eV, 0.15 eV higher than the
calculated EA of C4,N (2.70 eV).” If we assume the same error
in the calculated EAs for the monomer and the dimer, we
estimated the first EA of (Cy,N), to be ~3.16 eV. The
difference between the first and second EA of (Cs,N), can be
viewed as the intramolecular Coulomb repulsion between the
two extra charges in (CgoN),>”, which is estimated as 1.96 eV.
In fact, the difference between the electron binding energies of
CsN™ and (CgN),>” (1.82 €V) gives a similar intramolecular
Coulomb repulsion. The intramolecular electron—electron
repulsion in the fullerene dianions, C,>~ (n = 70, 76, 78, 84)
were estimated to be in the range of 2.745—2.37 eV, with
smaller values for the larger fullerenes.”**> The even smaller
value of 1.96 €V in (CyN),” is consistent with its larger
molecular size. The C—C bond between the two CsoN units in
the azafullerene dimer is known to be quite weak, estimated to
be only 7 keal/mol (0.3 eV) by a thermal homolysis study.”’
The Coulomb repulsion between the two extra charges in the
dianion is much larger than the C—C bond energy, indicating
that the (CyN),*” dianion is metastable relative to the bond
cleavage to form two Cy N~ monoanions. This result is
consistent with the weak intensity of the dianion in the mass
spectrum.

To further understand the intramolecular Coulomb repulsion
in (C4N),>", we calculated the difference of the total electron
density (Ap) between (CsoN),”™ and (CgoN), at the B3LYP/6-
311++G(d,p) level,” as shown in Figure 3a. We used the
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(b) p[C,,N" = CN]

(€) PICy, — Cgol

Figure 3. Differences of the total electron density (Ap) between: (a)
(C4N),*™ and (C4N),, (b) CsoN™ and CgoN, and (c) Cy,~ and Cg.
The calculations were done at the level of B3LYP/6-311++G(d,p).

optimized geometries under the same level of theory and basis
sets for both the dianion and neutral. For comparison, we also
computed the Ap between CsoN~ and CyN (Figure 3b), as
well as that between Cq,~ and Cg, (Figure 3c). As shown in
Figure 3a, the extra electrons are delocalized over the surface of
the azafullerene dimer with less density near the N atoms but
higher density on the two ends. The uneven charge distribution
is consistent with the expected Coulomb repulsion between the
two extra electrons, and it is quite different from the
localization of the HOMO on the N atoms in neutral
(CsoN),." "' In comparison, the extra electron in CyN~
is delocalized over the azafullerene surface with slightly more
charge localized on the N atom (Figure 3b), while the extra
charge in Cgy~ is evenly distributed over the fullerene surface
(Figure 3c).

In conclusion, we report the first high-resolution photo-
electron imaging study of Cs,N™ and the first observation of the
azafullerene dimer dianion (CyN),>”. The EA of CyN is
measured accurately to be 3.0150(7) eV. Seven vibrational
frequencies are also obtained for Cs,N and are assigned by
comparing with calculated frequencies and those of Cq, and
CsoHN. Similar vibrational frequencies are observed for the
three species, suggesting relatively small geometry changes
upon substitution of one C by one N atom on the Cq, cage.
The photoelectron spectrum of the (Cg,N),*” dimer dianion
yielded a second EA for (Ci,N), to be 1.20(5) eV. The
intramolecular Coulomb repulsion between the two extra
charges in the dimer dianion was estimated to be 1.96 eV, much
higher than the C—C bond linking the dimer, suggesting that
(CsN),*™ is metastable relative to dissociation to two CsoN;
ie, the (Cy,N),>~ — 2C N~ reaction is exothermic. The
intramolecular electron repulsion is investigated by the
difference of the total electron density between (CgoN),*~
and (CgN),, revealing that the extra charges are pushed away
from each other toward the two ends of the azafullerene dimer.
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