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Abstract

High-accuracy ab initio thermochemical predictions for the ionization energy of NF3,
the barrier height (to inversion) of NF7, and the dissociative ionization threshold of
NF3 to NF; + F are presented and incorporated into Active Thermochemical Tables.
The adiabatic ionization energy of the first ionization band of NF3, calculated at 12.647
+ 0.010 eV, is at odds with previous experimental interpretations by nearly 0.36 eV
due to unfavorable Franck-Condon factors associated with this transition. The barrier
(to inversion) height is calculated to be about 0.6 eV lower in energy than the prior
interpretation, which instigates a discussion of supposed vibrational structure of the

first ionization band of NF3. Updated assignments of the photoelectron spectrum are



proposed, and the loss in vibrational spacing on the high energy side of the experimental
ionization band is discussed. Rudimentary anharmonic Franck-Condon simulations

qualitatively reproduce the broad spectral features observed in experiment.

Introduction

When a molecule undergoes a significant change in geometry upon ionization, it becomes
notoriously difficult and often impossible to measure a precise ionization threshold exper-
imentally. One such example is the ionization of the CF3 radical,’® where the adiabatic
ionization energy is 9.068 4 0.004 eV,”® nearly 2 eV lower in energy than the vertical ioniza-
tion energy (11.02 eV, as determined by Dossman et al.®). Removal of the single unpaired
electron on the carbon atom of trigonal pyramidal (Cs,) CF3 renders the corresponding
CF3 cation fully planar (Dsy,), resulting in a photoelectron spectrum characterized by an
extensive vibrational progression. Because there are several accessible transitions within the
broad envelope, near-threshold transitions possess vastly smaller intensities than those to-
wards the center of the progression, and by comparison, are effectively impossible to discern
from the background signal. A calculated Franck-Condon envelope! shows that the vertical
transition for the ionization of CF3 occurs near v, = 20 in the umbrella mode. However,
the lower-energy v,” = 8 transition intensity is already below 1% of vy = 20,2 and the de-
termination of the true threshold (v* = 0) by photoionization/photoelectron spectroscopic
techniques is virtually impossible. Both direct and indirect techniques in the literature? face
significant challenges when attempting to report an accurate adiabatic ionization energy for
this species.

NF3 (nitrogen trifluoride) is a potent greenhouse gas, second only to SFg.%10 Tt is in-
dustrially used in production of microelectronics, LCD screens, etc. Though NFj3 is stable
and commercially available, the experimental determination of its adiabatic ionization en-
ergy is plagued by challenges similar to those encountered for CF3. The loss of an electron
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from the lone pair on the nitrogen atom™ again results in substantial flattening of the



trigonal pyramidal structure of the radical ion as compared to that of the neutral. While
the NF7 cation maintains Cs, symmetry, a rough inspection of its photoelectron spectrum
recorded by Berkowitz and Greene'? shows a broad envelope that spans over two eV with

no clearly distinguishable adiabatic ionization threshold. Photoionization spectrometry mea-

13,14 12,15-17

surements and He I photoelectron studies estimate the adiabatic ionization thresh-
old to be near 13.0 eV. Coincidence measurements!® and joint photoelectron spectroscopy
(PES)/photoionization mass spectrometry (PIMS) studies'® produce similar results.

By contrast, mid-level theoretical studies?*?! using CBS-extrapolated CCSD(T)?? 24 elec-
tronic energies predict the ionization threshold to be at least 0.36 eV lower in energy, near
12.6 eV (see Table 1). It is therefore of interest to more closely examine the ionization
threshold of NF3 via more accurate theoretical means, in an attempt to address the large
discrepancy between experimental and theoretical results in the literature.

It has long been acknowledged that well-established experimental energy differences serve
as anchor points for theoretical method development.*?> However, when the determination
of reliable ionization energies, bond dissociation energies, or enthalpies of formation wia
experimental means is precluded (as in the present case), one is heavily reliant upon theo-
retical techniques to provide accurate estimates of desired quantities. Many such techniques
exist to estimate the full-CI energy at the complete basis set (CBS) limit. These include
“fixed-recipe’ protocols such as the closely-related HEAT 253! and Wn methods,3? 3% ANL-n
schemes,3” and more flexible model chemistries like focal point analyses (FPA) by Allen and
colleagues,?* 1% and Feller-Peterson-Dixon (FPD)*! techniques. Although these methods ex-
ecute different theoretical choices in practice, the overarching strategy is the same: the total
energy comprises a number of additive contributions that are each computed with some
level of theory and a set of bases. Then, subsequent extrapolations and approximations are
performed to produce refined estimates of various terms. These techniques have met with

much success in the accurate (often within 1 kJ/mol) determination of bond dissociation

energies and enthalpies of formation for many small species, operating sometimes nearly



independently from any empirical influence.

One entity that profits directly from the interplay between theory and experiment in this
way are the Active Thermochemical Tables (ATcT).”® Using the Thermochemical Network
(TN) approach, ATcT extracts accurate thermochemical properties in a manner that is in-
ternally consistent with the available experimental and theoretical determinations. In cases
when sufficiently high quality experimental data is not available, the bulk of the statistical
contribution to predicted thermochemical quantities for certain species can be obtained from
purely theoretical determinations.?! In particular, the most currently publicly available ver-
sion of ATcT results as of this writing?? reports IE(NF3) = 12.636 + 0.023 eV (vide infra),
driven primarily by mid-level theoretical predictions (all computed in-house as part of the
standard routine of adding a new species to the ATcT TN: (G3X*3 (12.656 eV ), G4 (12.597
eV), CBS-QB3 (12.647 V) and CBS-APNO (12.542 eV), %517 W132 (12.644 eV)), and the
aforementioned CBS-extrapolated CCSD(T) determinations.?*2!

In this study, the high-accuracy extrapolated ab initio thermochemistry protocol (HEAT)
is used to calculate ionization and fragmentation thresholds for NF3 and NFJ to within
0.01 eV (~ 1 kJ/mol), with the intent to scrutinize previous theoretical determinations.
Moreover, the NF5 barrier to inversion is compared with a value previously postulated,'?
which calls into question the interpretation of the partially resolved vibrational structure
in the photoelectron spectrum. Rudimentary anharmonic Franck-Condon simulations are
performed to qualitatively validate theoretical predictions of the ionization threshold and
discuss any hypothetical ‘loss’ of vibrational structure on the high-energy side of the broad

spectral envelope.



Computational Details

High-Accuracy Extrapolated ab initio Thermochemistry (HEAT)

HEAT, as a high-accuracy composite method, has been detailed extensively elsewhere in the

26-28,30.31 1t is nonetheless briefly summarized here and in Table 2. It centers on

literature
an additive approximation where total energies are calculated as the sum of eight individual
contributions, as shown below. From these, total atomization energies, barriers to inversion,

and appearance thresholds may be determined.

E = Efp + AEGcspr) + AECcspr + ABnLe

+AFEzpg + AERgL + AFEso + AEppoc (1)

The first four terms comprise the contribution to the non-relativistic electronic energy
(Details pertaining to how the first three terms are calculated are located in Refs.?®2%). The
non-relativistic electronic energy is then corrected for zero-point vibrational effects (A Ezpg),
relativistic (A Egrgr), spin-orbit (A Eso), and nuclear kinetic energy effects (A Epgoc). Higher-
order (beyond CCSDT*5%) electron correlation effects (term 4, AFE yrc), are treated via
‘perturbative’ approximations (CCSDT(Q)?!? and CCSDT(Q),%* " or a fully iterative
treatment (CCSDTQ?*% %) using a Dunning correlation-consistent, double-zeta (cc-pVDZ)
basis set.?*% Recently, the overestimation of quadruples contributions provided by CCSDT(Q)
has become a nonnegligible focal point for pathological molecules possessing significant mul-
tireference character, like ozone, where CCSDT(Q), is instead chosen to more faithfully
represent the contribution of quadruple excitations to the correlation energy.%! Extended
62

HEAT studies®3! and composite predictions of equilibrium structures and frequencies

have also advocated for use of A-based perturbative approximations, and such corrections

are compared with CCSDT(Q) and fully iterative CCSDTQ in this study.



Auxiliary corrections (zero-point vibration, relativistic, spin-orbit, and nuclear kinetic en-
ergy) to the nonrelativistic electronic energy follow exactly the same prescription that can be
found in previous HEAT documentation. As is conventional within the HEAT protocol, all
single-point calculations are done at the appropriate equilibrium geometry (all electron (ae)-
CCSD(T)/cec-pVQZ) for the desired species of interest. Closed-shell species are calculated
with a restricted reference wavefunction (RHF) while open-shell species use a fully unre-
stricted reference (UHF). Expectation values of S* did not deviate far from the ideal value of
0.75; the maximum seen was 0.78. All calculations are performed using the CFOUR quantum
chemistry program package,% 7 with the exception of open-shell CCSDT(Q), CCSDT(Q)a,
and CCSDTQ calculations, which use MRCC® as interfaced with CFOUR. All calculations

included in this work are converged to at minimum the seventh decimal place in energy.

Franck-Condon Simulation

Simulation of the lowest ionized state of NF3’s photoelectron spectrum (X+ 24; + X 'A4)
at 0 K is based on quartic force fields. The X 1A, potential energy surface, to fourth-order,
is calculated with frozen-core (fc)-CCSD(T)/ANOL1 in the (dimensionless) normal coordi-
nates representation referenced at the neutral equilibrium geometry determined with the
same level of theory and basis set. The X+ 24; surface uses the normal coordinates repre-
sentation as defined by the X 'A; electronic state with force constants also calculated with
fc-CCSD(T)/ANOL. Only the two symmetric modes are present in the quartic expansions,
and the force constants used to describe these surfaces are listed in Table 5. The XSIM

R%%9 yses Lanczos recursion™ to generate vibrational energy lev-

program within CFOU
els using direct product harmonic oscillator basis sets, which are then used to simulate the

anharmonic Franck-Condon spectrum displayed in Figure 2.



NF; Electronic States

The vertical ionization energies (VIEs) of four electronic states of NF5 are calculated at
the frozen-core EOMIP-CCSD(T)(a)*"™"™ level of theory with an aug-cc-pV'TZ basis set
using the closed-shell neutral NF3 (X 1A}) as the reference state. The neutral’s geometry is
optimized at the fc-CCSD /aug-cc-pVDZ level of theory. These values are located in Table
4.

Active Thermochemical Tables

The ATcT approach has been described in more detail previously.”® Tersely, as opposed
to the sequential approach of developing thermochemistry (A begets B, B begets C, used
by virtually all traditional tabulations of enthalpies of formation), the ATcT approach is
based on constructing, statistically analyzing, and solving a Thermochemical Network (TN),
which contains all available high-quality thermochemical determinations involving the tar-
geted chemical species, such as reaction enthalpies and/or free energies, adiabatic ionization
energies, electron affinities, dissociative ionization onsets, etc., both from experiments and
theory. The statistical analysis that precedes the final simultaneous solution for all included
chemical species identifies potential outliers, i.e. determinations that within their initially
assigned (a.k.a. ‘prior’) uncertainties are inconsistent with the remaining knowledge con-
tent of the TN. This, inter alia, enables ATcT to successfully arbitrate between apparently
conflicting thermochemical determinations based on the prevailing knowledge content of the
TN.3L7T7T With respect to ATcT, the starting point in the present work is the most recent
publicly available version of ATcT results.*?" The provenance of the corresponding values
for the adiabatic ionization energy of NF3 and the dissociative ionization onset to form the
NF; fragment are analyzed and compared to the HEAT results. Subsequently, a new version
of ATcT results is created by adding the calculated HEAT results to the TN, with the aim

of further refining the ATcT values for these two quantities.



Results and Discussion

Table 1: Previous literature threshold estimates with accompanying uncertainties. Column
1 lists the first ionization energy of NF3 (adia. IE (NF3)) reported by references located in
column 2. The third column lists the appearance energy of NF; from fragmentation of NF3
(AEo(NF5 /NF3)), with appropriate references in column 4.

adia. IE (NF5) Ref. AE((NF§ /NF;) Ref.
Experiment

13.00 + 0.02 13 14.12 + 0.01 13,78
13.00 £ 0.10 15,16 14.100 + 0.008 14
12.97 + 0.04 17 14.11 + 0.10 1
13.00 £ 0.05 12

13.06 &+ 0.20 19

12.94 + 0.01 18

Theory

12.64 4+ 0.08 20

12.639 + 0.055 21

ATcT! (previous)

12.636 £ 0.023 42 14.105 £+ 0.007 42
HEAT (this work)

12.647 = 0.010 14.112 £+ 0.010

ATcT (this work)

12.644 + 0.007 14.108 £ 0.005

Table 2 documents electronic energy contributions (in cm™!) for the adiabatic (column
3) and vertical (column 4) ionization energies of NF3, NF7 inversion barrier height (column
5) and NFj fragment appearance energy (column 6). Additive terms listed in Equation 1
are listed with more detailed calculation specifications (column 1) and corresponding basis
sets (column 2). Terms within braces { } indicate basis-set extrapolated ™ values. Rows
bolded and marked with asterisks indicate which calculations are included in the final HEAT
determinations of the desired thermochemical quantity.

Convergence toward the CBS limit for the nonrelativistic energetic contributions is straight-
forward to track and compare with extrapolated results. It can also be seen that CCSDT(Q) s
is closer to the CCSDTQ AF grc contribution than CCSDT(Q) in all cases, affirming the



Table 2: Contributions to electronic energy differences (in cm™1).
indicate adiabatic and vertical ionization energies of NF3. A* NFJ corresponds to the barrier
to inversion height of the NF; cation, and AEq(NF3 /NF3) the appearance energy for the

NF; fragment.

adia. IE and vert. IE

* Boldfaced rows with asterisks indicate which terms are included in the final sum to produce
HEAT(456Q) values for each respective quantity.

Component Calculation adia. IE (NF3) vert. IE (NF3) AINFI  AE(NFJ/NF3)
EStr aCVTZ 91426 105812 3470 97328
aCVQZ 91139 105696 3456 97056
aCV5hZ 91109 105680 3457 97006
aCV6Z 91108 105680 3456 97002
aCV{T,Q,5}Z 91119 105680 3459 96997
*aCv{Q,5,6}7Z 91108 105680 3455 97001
AEZ cosp(m) aCVTZ 9939 4227 889 16338
aCVQZ 10354 4921 855 17254
aCV5Z 10495 5142 857 17527
aCVe6Z 10555 5238 857 17646
aCV{Q,5}Z 10642 5373 859 17814
*aCV{5,6}Z 10638 5372 857 17810
AEfccospT - fe-cosp(r)  PVTZ -102 -251 8 -117
pPVQZ -110 -250 7 -130
*pV{T,Q}Z -115 -250 5 -139
AEnLG fc-CCSDT(Q) / pVDZ 1 227 19 0
fc-CCSDT(Q)a / pVDZ 18 -158 12 41
*fc-CCSDTQ / pVDZ 14 -156 9 31
AEzpg *ae-CCSD(T) / pVQZ 362 -297 -654
AEREL-MVD2 *ae-CCSD(T) / aCVTZ 2 8 103 -102
AEso *Experiment 0 0 0 -135
AEDBQC *SCF / apVTZ -1 9 4 8
HEAT (cm’l) 102009 110663 4137 113820
HEAT (eV) 12.647 13.720 0.513 14.112

Table 3: Comparison of HEAT total atomization energies and CCSD(T) / CBS extrapolated

values determined by Grant et a
literature scheme and are thus left blank.

1.2

DBOC corrections are not included in the previous

TAE (NFs) TAE (NF}) TAE (NF)
Component Ref.2! HEAT A Ref.2!  HEAT A Ref.2!  HEAT A
Ecps + AEcy 71918 72132 214 -29642 -29514 128 -42751  -42572 179
AEzpr -2291  -2302 -11 -2613 -2664 -51 -1626 -1648 -21
AERgrL -234 -130 104 -297 -132 165 -143 -28 116
AEgo -409 -404 5 -409 -404 5 =273 =270 3
AEppoc 11 11 12 12 3 3
Total (Cmfl) 68983 69306 323 -32961 -32703 259 -44794  -44514 280
Total (kJ/mol) 825.22 829.09 3.86 -394.31 -391.21 3.10 -535.85 -532.50 3.35



Table 4: Vertical ionization energies (VIEs) (in eV) of the four lowest-lying electronic states
of NF;, as calculated with fe-EOMIP-CCSD(T)(a)*™ using an aug-cc-pVTZ basis.

Electronic State Expt. 17 (eV) Calculated (eV)
NF7 ’E 17.16 17.40
’E 16.15 16.18
2A, 16.55 15.82
X" 24, 13.73 13.64
NF; X 1A, 0.0 0.0

Table 5: Force constants (in cm™!) with respect to the neutral electronic state normal
coordinates for NF3, NF3 determined with fe-CCSD(T)/ANOL.

X 1A, (cm™!) X+ 24, (cm™!)

A 0 110663
F 0 3428
F 0 976
Fiq 1053 573
Fis 0 -13
Fho 656 779
G111 -133 -132
D112 65 44
G122 -36 -52
$999 100 102
1111 -12 1
®1112 -23 -15
P1122 4 b}
®1222 -6 -7
$2222 11 11

10
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Figure 1: The upper panel displays the raw He I photoelectron spectrum, analogous to
upper panel of Fig. 2 in Ref.,'? reproduced with permission from J. P. Greene, Ref.!?
Copyright 1984, AIP Publishing. The lower panel displays the corresponding spectrum
smoothed by a three-point average and annotated by a number of vertical lines. Lines A and
C (black, dotted) denote the approximate positions of the adiabatic ionization energy and
the peak maximum (and NF; barrier to inversion), respectively, as reported by Berkowitz
and Greene.'? Lines B, D, and E (red, dashed) mark HEAT-calculated quantities for the
NF;3 ionization threshold (B), NF3 barrier to inversion (D), and appearance threshold of
NF; from NF3 (E) (Table 2).
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Figure 2: Experimental spectrum,analogous to upper panel of Fig. 2 in Ref.,'? reproduced
with permission from J. P. Greene, Ref.,'2 Copyright 1984, AIP Publishing, smoothed by a
three-point average (black), overlaid by qualitative anharmonic Franck-Condon simulation
(red). The vertical red dashed line marks the HEAT-calculated IE(NF3), and the gray dashed

line is a simple linear sloping background correction.
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aforementioned recommendations for the use of lambda-based methods when prohibited from
a fully iterative treatment of quadruple excitations. In the context of this work, CCSDTQ
calculations with a cc-pVDZ basis are achievable and are thus used in the final HEAT de-
termination. The vertical ionization energy is not a particularly well defined experimental
quantity and is definitely not a thermodynamically consequential quantity. Experimentally,
it is typically defined as the maximum in the Franck-Condon envelope, the position of which
differs slightly depending on whether the corresponding vibrational progression is clearly re-
solved or not. For the purpose of an approximate comparison to the experimental spectrum
of Berkowitz and Greene,'? the vertical ionization energy of NFj is computed here as the
difference between the electronic energies of NF3 and NF3 at the equilibrium geometry of
NF; (i.e. without a zero-point correction).

While earlier classifications of HEAT?%2® have advocated for the use of an acronym-
based naming scheme to distinguish between various ‘flavors’ of the method, this practice is
abandoned here, partially due to ongoing developments of extended HEAT methods in recent
years, as well as to avoid superfluous determinations that vary at maximum by 32 cm™! for
the quantities in Table 2, well within the accepted error bars of ~ 1 kJ/mol. However, it
is perhaps useful to mention that the final sums in Table 2 are equivalent to a HEAT456-Q
determination for each quantity. Non-asterisked contributions found in the table may be
used to construct other flavors outlined in previous works.

The ionization energy of NF3, as determined by HEAT (456-Q)), is 12.647 + 0.010 eV. This
is consistent with prior theoretical determinations based on a CBS-extrapolated CCSD(T)
scheme?! and will be elaborated upon in the following section. It is noteworthy that the
higher-level correlation contribution to the vertical ionization energy is significantly larger
in magnitude than the corresponding value for the adiabatic ionization energy. This can be
rationalized by the fact that the energies of NF7 are evaluated at the equilibrium geometry
of the neutral rather than the NFJ optimized structure, and requires the inclusion of higher-

order coupled cluster excitations to be adequately described. Interestingly, however, the
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barrier (to inversion) height predicted by HEAT in the NFj cation is roughly 0.24 eV lower

2

than that rationalized by Berkowitz and Greene,'? and will be the subject of discussion in

the Results and Discussion section labeled ‘Interpretation of Experimental Results’ .

Comparison with CBS-Extrapolated CCSD(T)

When comparing the HEAT ionization threshold in Table 2 with prior calculations in the
literature (Table 1), the adiabatic ionization energies are within 0.008 eV (roughly 65 cm™!)
of one another. This is not totally unexpected, as energy differences in thermochemistry
are rather robustly determined, even with much less converged levels of theory and basis
sets with respect to full CI and CBS limits. Total atomization energies and enthalpies
of formation, conversely, are much more difficult to determine accurately. A comparison
of total atomization energies calculated via the present HEAT method and the prior CBS-
extrapolated CCSD(T) scheme in reference?! has been constructed in Table 3. Tt is important
to point out that the ‘HEAT’ TAE contributions for the cations listed in this table slightly
differ from those tabulated in Table 2 and SI Table 2. In HEAT, the cation total atomization
energies are determined via NF,} — N* + nF, whereas in Table 3, by NF' — N + nF to
maintain consistency with the method used in.?* Table 2 in the Supporting Information also
contains the relevant atomic information for N, N, and F to construct the total atomization
energies in either format.

The TAE predictions between the current study and Grant et al.?! differ by as much
as 3.86 kJ/mol (323 cm™!) in the case of NF3, due mostly to the incorporation of higher
levels of electron correlation within HEAT. There is also a large discrepancy in the scalar
relativistic contributions to the total atomization energy as determined in the current study
and those reported in Grant et al.;?! 104 cm™! for NF3, 165 cm™! for NF5, and 116 cm™!
for NFJ. Attempts to reproduce the previous relativistic contributions were unsuccessful,
defined as frozen-core CISD mass-velocity and one-electron Darwin (MVD) calculations with

a cc-pV'T7Z basis. We attribute the inability to reproduce these results to a possible typo in
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Table 2 of their article.
While at first glance the difference between previous theoretical and HEAT-calculated
adiabatic ionization energies is marginal, the crux of this study lies in the improvement of

the total atomization energies of NF3, NF3, and NF;.

ATcT Results

The most recently publicly available version of ATcT results as of this writing (ATc¢T TN
ver. 1.202)%%7¢ reports the adiabatic ionization energy of NF3, IE(NF3) = 12.636 4+ 0.023
eV, and the dissociative ionization threshold AEy(NF; /NF3) = 14.105 & 0.007 eV (see Table
1). Clearly, the current HEAT values: IE(NF3) = 12.647 4+ 0.010 ¢V and AEy(NF; /NF3)
= 14.112 + 0.007 €V and the ATcT values are in very good agreement. The enthalpy of
formation of NF in this version is A Hf = -125.84 £ 0.55 kJ/mol (equivalent to -131.56 +
0.55 kJ /mol at 298.15 K; cf. to -132.09 & 1.13 kJ/mol in JANAF®! or -131.7 £ 1.0 kJ /mol
in Gurvich et al.®?). The ATcT enthalpy of formation is equivalent to TAEy(NF3) = 828.19
+ 0.54 kJ/mol, which is very nearly 3.0 kJ/mol higher than the CCSD(T)/CBS value of
825.22 kJ /mol,?! but only 0.9 kJ/mol lower than the current HEAT result of 829.09 kJ/mol
(Table 3).

One particular aspect is of relevance here: the ATcT results for IE(NF3), AEq(NF5 /NF3),
and TAE((NF;) that are discussed above are entirely independent from the current HEAT
calculations, but the rather close agreement between ATcT results and HEAT computations
effectively tends to serve as mutual validation.

The variance decomposition analysis®® indicates that the relevant contributors to the pre-
dicted adiabatic ionization energy of NF3 in ver. 1.202 of ATcT TN are entirely from various
mid-level computations: W1 value for IE(NF3) (33.6%), CCSD(T)/CBS values for IE(NF3)
(17.8%) and TAE(NF;) (12.5%) from Grant et al.,?! followed by the IE(NF3) obtained at
the G4 level (10.1%), CCSD(T)/CBS level by Ricca?® (8.4%), as well as G3X(6.2%), CBS-
APNO(5.9%), and CBS-QB3(5.5%) levels of theory. It should be mentioned here that at

15



the time of the introduction of NF3 to the TN, the significantly higher values for IE(NF3)
inferred from experiments (see Table 1) were also initially included in the interim exploratory
versions of ATcT TN, but were ultimately blocked (i.e. given zero weight) because the ATcT
statistical analysis was suggesting that these are most likely outliers.

For AE(NF3 /NF;) the variance decomposition indicates that the primary contributor to
the ATcT value in ver. 1.202 is the experimental onset of 14.100 + 0.008 eV (62.3%). While
not insignificant, the remaining contributions are at a much lower level: the experimental adi-
abatic ionization energy of NF; of 11.628 4+ 0.011 eV (7.6%) determined by Berkowitz et al.,
the W1 value for AEq(NF3 /NF3) of 14.124 + 0.040 eV (2.5%), the experimental IE(NF,)
= 11.62 + 0.02 eV determined by Cornford et al.®! (2.3%), the computed TAE((NF;) at
the FPD level of theory®® (2.2%), the experimental AEy(NF5 /NFy) = 12.514 4+ 0.020 ¢V
of Berkowitz et al.'* (2.1%), followed by a number of smaller contributions (amounting to
1.6% or less each).

For the enthalpy of formation of NFj3 itself, the variance decomposition indicates that the
top three contributors are from experiment: the calorimetric determination by Sinke of the
hydrogenation of NF3 producing aqueous HF®¢ (24.9%), the related calorimetric determina-
tion of decomposition of NF3 to Ny and Fy by Sinke®” (18.5%), and the older calorimetric
determination by Armstrong et al. of the hydrogenation of NF3 producing aqueous HF#
(13.1%). This is followed by the difference in total atomization energies of NF3 and NHj at
the FPD level of theory® (4.6%), the experimental AEy(NF3 /NF3) determined by Berkowitz
et al.' (3.7%), the TAE((NFs) (3.6%) and TAE(NF3) (3.3%), both at the FPD level of
theory,®® the experimental IE(NF,) determined by Berkowitz et al.'* (2.0%), and a number
of even smaller contributions.

Since its publication, the version of ATcT TN discussed above was further expanded by
additions of new chemical species, ultimately producing ATcT TN ver. 1.220. Of these
expansions, the most significant is the addition of a number of key boron-containing species,

the results of which are being reported elsewhere.”” However, it should be mentioned that the
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expansions occurring between ATcT TN ver. 1.202 and ver. 1.220 impacted minimally the
thermochemistry related to NFj: the resulting ATcT values for IE(NF3) and AEy(NF3 /NF;)
that were given above are the same, and the enthalpy of formation and total atomization
energy of NF3 have undergone insignificant changes, becoming A (H§(NF3) = -125.90 £ 0.54
kJ/mol (equivalent to -131.61 £ 0.54 kJ/mol at 298.15 K) and TAE((NF3) = 828.28 £ 0.54
kJ/mol.

In order to make use of the new theoretical results for NF3 for further improving the ATcT
thermochemistry of NF3, NF;, and NF3, the HEAT results were added to the thermochemi-
cal network, generating a new version of ATc¢T TN (ver. 1.222). The refurbished ATcT values
are entirely compatible both with the earlier ATcT values and with the HEAT values, and
the concomitant uncertainties are improved. As expected, the largest improvement is to the
adiabatic ionization energy, which was in earlier versions dependent exclusively on mid-level
computations (vide supra), shrinking its uncertainty by a factor of nearly 3 and becoming
IE(NF3) = 12.644 4+ 0.007 V. The slight shift to higher values (by 0.008 ¢V) is comfortably
contained within the previous uncertainty. The uncertainty of the dissociative ionization
threshold, which was linked primarily to experimental data (vide supra), also improves, al-
though the changes here are more modest, becoming AE(NF5 /NF3) = 14.108 + 0.005 V.
The enthalpy of formation of NF3, which in earlier versions relied heavily on calorimetry,
becomes now A HF(NF3) = -126.27 £ 0.39 kJ/mol (equivalent to -131.99 % 0.39 kJ/mol at
298.15 K), corresponding to TAE(NF3) = 828.66 + 0.38 kJ/mol. The uncertainties of these
values have somewhat improved, and the value for TAE((NF3) has slightly shifted (by 0.47
kJ/mol) toward the HEAT value, with the shift again entirely contained within the original
uncertainty of £ 0.54 kJ/mol.

Evidently, the introduction of the highly accurate HEAT values into the TN makes the
improved ATcT values dependent on them. In that sense, it is beneficial that these were
independently mutually validated in the previous versions of ATc¢T TN, confirming that they

are entirely consistent.
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As expected, the introduction of the HEAT results has a noticeable impact on the prove-
nances of the improved ATcT values. Thus, for IE(NF3), now the primary contributors
are the new theoretical results: the computed IE(NF3) (43.3%) and TAE((NF3) (38.8%).
Beyond these two, the contributions start fading rather rapidly, incorporating the HEAT
value for TAE((NF3)(3.1%), the IE(NF3) from W1(2.7%), the calorimetric determination of
Sinke of the hydrogenation of NF3 producing aqueous HF¢(1.5%), the theoretical IE(NF3)
obtained by Grant et al.?! (1.4%), the calorimetric determination of decomposition of NF3
to Ny and Fy by Sinke®" (1.1%), followed by even smaller (less than 1% each) contributors.

For AEy(NF5 /NF3) the primary contributor remains the experimental dissociative pho-
toionization threshold of Berkowitz et al.!* (34.6%), followed by the newly introduced HEAT
values for the same quantity (22.5%) and TAE(NF3)(15.5%). As in the case of IE(NF3),
beyond these three, the contributions become noticeably smaller: experimental IE(NFy) =
11.628 + 0.011 of Berkowitz et al.'* (3.6%), HEAT TAE((NF3) (3.4%), the mentioned calori-
metric determination by Sinke of the hydrogenation of NF3%¢ (1.7%), W1 AEq(NF; /NF3)
(1.4%), the mentioned calorimetric determination of decomposition of NF3 to Ny and Fy by
Sinke®” (1.2%), experimental IE(NF,) by Cornford et al.?* (1.1%), followed by a number of
smaller (1.0% or less) contributions.

Finally, for A/H§(NF3) itself, the primary contributor becomes the HEAT TAE((NFs3)
(26.0%), followed by the experimental calorimetries of Sinke®%" (12.9% and 9.5%, respec-
tively), HEAT TAE((NFJ) (7.6%), the calorimetric determination of Armstrong et al.®®
(6.7%), the HEAT TE(NF3) and TAE(NF3)(4.9% and 4.5%, respectively), the experimental
AEq(NF3 /NF3) of Berkowitz et al.!* (4.4%), HEAT AEq(NF5 /NF3) (2.8%), the difference
between TAE((NF3) and TAE((NH;) calculated at the FPD level of theory®® (2.3%), and a

sequence of other smaller contributors (at the level of 1.7% or less).
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Interpretation of Experimental Features

With calculated ionization energy, dissociative ionization threshold, and the barrier to inver-
sion for NF5 in hand, we turn toward the previous interpretation of the partially vibrationally
resolved photoelectron spectrum of NF3 recorded by Berkowitz and Greene.!? Figure 1 dis-
plays the raw experimental data in the upper panel, and the lower panel is the same data
smoothed by a three-point average and normalized. The experimentally inferred ionization
threshold is marked by vertical line A at 13.0 eV (black, dotted) in the lower panel, while line
B (red, dashed) indicates the location of the HEAT-predicted ionization threshold (column
3 in Table 2). It is impossible to assert any definitive experimental ionization threshold in
the vicinity of lines A and B due to the aforementioned unfavorable Franck-Condon factors
associated with this transition. This issue is compounded by the fact that the experimental
data begins roughly 0.12 eV higher than the theoretically-predicted threshold.

Line C (black, dotted) denotes the peak maximum of 13.75 eV along with the barrier to in-
version of NF3 as estimated in the literature.'? This value was assigned based upon tentative
observation of partial-vibrational resolution in the photoelectron spectrum; the hypothesis
being that the closely-spaced peaks just beyond the maximum of the broad progression were
in fact bifurcated vibrational intervals as referenced to the more widely-spaced peaks on
the lower energy side of the maximum, where the higher-energy intervals were estimated as
roughly half that of the lower energy region. This, combined with a qualitative estimate
of the acceptable magnitude of such a barrier in NF3 based upon ab initio calculations of
barrier heights for PF3 and PF3 (Berkowitz and Greene'? and references therein), yielded
a barrier height for NF5 to be roughly 0.75 eV, approximately the distance between the
previously experimentally-estimated ionization threshold (13.0 eV) and the peak maximum
(13.75 eV).

Line D (red, dashed), however, indicates the HEAT-calculated barrier to inversion at
roughly 13.160 eV, the sum of the ionization threshold (12.647 €V) and barrier height, 0.513

eV. This assignment is nearly 0.6 eV lower in energy than the previous experimental barrier.
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It is difficult to declare any distinct change in the vibrational interval near line D in a
spirit similar to that done in previous work near line C, due to the experimental resolution,
low signal-to-noise ratio, and lower overall intensity in this region of the spectrum. More
important, however, is the stark difference between the calculated barrier to inversion and
the hypothesized experimental assignment. This calls into question, first, the validity of
the experimentally-estimated barrier to inversion and second, the origin of the hypothetical
change (or rather, ‘loss’) in the vibrational interval on the higher-energy side of the peak
maximum.

The experimental assignment, it should be mentioned, was acknowledged as only an es-
timation based upon intuitive arguments with available data at the time. As to the latter,
possible explanations of loss of vibrational structure in photoelectron spectra include appear-
ance thresholds of smaller molecular fragments or the presence of near-lying cation excited
states.!® A threshold photoelectron-photoion coincidence (tPEPICO) study performed by
Seccombe et al.!! reports the 50 % crossover threshold from NF; to NF3 to occur at 14.10
+ 0.05 eV, which, generally speaking, is typically not far from AKsgg, albeit it should be
assigned a somewhat larger uncertainty and corrected by +0.059 eV to compensate for the
internal energy of NF3, leading to AE(NF5 /NF3) = 14.11 + 0.08 eV. With the exception

of the low onset reported by Riiede et al.,'® other previous experimental data!3147®

report
similar values for the appearance threshold (see Table 1). Of these, the most reliable and
accurate seems to be the photoionization mass spectrometric onset by Berkowitz et al.,*
reported as 883.0 4+ 0.5 A at 298 K, which, after correction for the internal energy of NFj3
becomes AE(NF3 /NF3) = 14.100 £ 0.008 ¢V. ATcT reports 14.105 + 0.007 eV (vide supra).
All of these are apparently confirmed by the HEAT-calculated value for AEy(NF; /NF3) =
14.112 + 0.010 eV (see Table 1). The dissociative ionization onset is marked as line E in
Figure 1, beyond which any discernible vibrational structure for NF3 appears to be lost.

Seccombe et al.!! also reported a ‘first onset’ of NF5 , significantly lower in energy than the

50% crossover threshold, at approximately 13.95 + 0.05 eV. However, both in straightforward
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photoionization mass spectrometry (PIMS) and in PEPICO, the ‘first onset’ is always red-
shifted by the thermal tail that wanes exponentially toward lower energy caused by the
thermally equilibrated internal energy of the NF3 parent and thus does not correspond to
a legitimate thermodynamic onset.* Indeed Seccombe et al.'! attribute this threshold value
only to instrumental sensitivity and not to thermodynamics, based on a similar argument
presented by Asher and Ruscic? for a considerably lower value of the appearance threshold
of CF§ from CF3Br. It would then be much more likely to see a change coincide with ATcT
and HEAT-calculated estimates at line E. Again, however, the resolution and signal-to-noise
prevent any unambiguous declaration of structure loss in this region of the spectrum.

The same threshold PEPICO study!! reports ionization energies to several of the lowest-
lying NF7 electronic states, taken from the earlier work of Bassett and Lloyd.!" Vertical
excitation energies reported there, accompanied by calculations performed in the current
work are located in Table 4. The X+ state is associated with the ionization of an electron
from the 4a; lone pair orbital on the nitrogen atom. The next lowest-lying cation electronic
states are the unresolved At /B™ states, formed by ionization of a fluorine lone-pair electron.
Previous studies'™'"™ predict the 2A, state to lie higher in energy than the degenerate 2E
state from a combination of ab initio calculations and photoelectron spectroscopy, although
the corresponding peaks were not resolvable experimentally. Here, EOM-CCSD(T)(a)* cal-
culations reverse this ordering, with the 2A, state lying 0.36 eV lower in energy than the
first ?E state. Regardless of the relative ordering of these electronic states, previous experi-
ments and high-level calculations agree in their prediction of the next lowest-lying electronic
state to lie at minimum 2 eV above the calculated vertical ionization energy of ?A;. While
these energies should only be considered qualitatively, it is enough to reason that there is no
sufficient interference of other electronic states with the initial ionization band that could
explain any ‘loss’ in structure.

Based on these arguments, neither the fragmentation threshold nor nearby-lying cation

excited states are responsible for the mysterious change (or loss) in vibrational structure
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on the high-energy side of the photoelectron spectrum for the first ionization of NF3. The
low signal-to-noise ratio throughout the spectrum raises suspicion as to the existence of any
vibrational structure beyond the peak maximum. The photoelectron spectrum reported by

Seccombe et al.l!

is not sufficiently resolved to display any kind of vibrational structure
similar to that shown in Figures 1 and 2, and we assert that any deliberate comparison or
assignment of a loss in structure is impossible with the current experimental resolution (or

signal-to-noise) of either study.

Franck-Condon Simulation

12 smoothed by a three-point average (black),

Figure 2 displays the experimental spectrum
overlaid by a variational Franck-Condon simulation (red, see Computational Details section
labeled ‘Franck-Condon Simulations’). The peak maximum is chosen to align with the
HEAT-calculated vertical ionization energy in Table 2, and no empirical scaling or influence
is present in the simulation. The photoelectron spectrum of Berkowitz and Greene'? appears
to have a sloping background that grows toward higher energy. It is unclear if this is a
spurious photoelectron background (which would not be entirely unusual in photoelectron
spectroscopy), or if this perhaps corresponds to a superposition with the beginning of the
Franck-Condon envelope of the next electronic state in NF§. In our simulation, we correct
for this apparent background by arbitrarily adding a simple linearly sloping background, as
depicted in Figure 2.

The salient broad peak is well-reproduced in the simulation, with the most important
comparison being the distance between the peak maximum and the ionization threshold,
corresponding roughly to 1.06 e¢V. This is in excellent agreement with the HEAT-calculated
difference between adiabatic and vertical ionization energies (1.07 eV). The HEAT-calculated
ionization threshold is indicated by the vertical red dashed line in Figure 2.

As mentioned previously, we make no attempt to assign any possible vibrational peaks,

instead choosing to keep the discussion purely qualitative in nature. Only symmetric modes
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are included in the simulation, with resulting vibrational peaks dominated by combinations of
the symmetric stretch (1) and symmetric umbrella deformation (). This is not surprising
due to the appreciable geometry change in both the N-F bond length and the bending
angle upon ionization (calculated geometries may be found in the Supporting Information,
Table 4). The FWHM used in the simulation to convolve the peaks is chosen arbitrarily to
match experiment visually (0.045 eV, or 363 cm™!), as the experimental resolution pertinent
to the vibrational peaks (which include unresolved rotational substructure) is likely to be
appreciably larger than the resolution obtained as FWHM for the atomic 2P, peak of Xe*
(0.024 eV12).

Because the simulation emulates the HEAT-calculated difference between adiabatic and
vertical ionization energies and visually reproduces the previous experiment quite well, it
suffices to say that previous experimental estimates of the ionization threshold were plagued
by unfavorable Franck-Condon factors near the origin, and the adiabatic onset for ionization
of NF3 is most likely inaccessible to experimental detection using conventional photoelectron
spectroscopy or photoionization mass spectrometry. This results in vast overestimation of
the experimental ionization energy, and we assert that the theoretically-predicted value is

likely very close to the true threshold value.

Conclusions

High-accuracy ab initio thermochemical predictions for the ionization energy of NF3, inver-
sion barrier height of NF3 , and the dissociative photoionization threshold for NFy + F from
NF; instigates a discussion of previous experimental assignments of the first ionization band
of NF3. Based on the discrepancies that arise, updated assignments are interpreted and the
loss in vibrational spacing on the high energy side of the experimental ionization band is
discussed. The adiabatic ionization energy of NFj is calculated to be 12.647 4+ 0.010 eV,

while the vertical ionization energy is computed 1.073 eV higher, at 13.720 4 0.01 eV. Rudi-
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mentary anharmonic Franck-Condon simulations are included that qualitatively reproduce
the broad spectral features observed in experiment. Higher-resolution experimental data
is warranted to justify any additional effort to produce more detailed spectral simulations
and beyond-speculative analysis of any vibrational structure, an endeavor that the authors

intend to explore in a future publication.
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