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Abstract

Femtosecond laser desorption postionization mass spectrometry using 7.9 eV single photon
ionization (7.9 eV fs-LDPI-MS) detected three of four drug compounds previously found to have
very low ionization efficiencies by secondary ion mass spectrometry (SIMS). Electronic structure
calculations of the ionization energies and other properties of these four drug compounds predicted
that all display ionization energies below the 7.9 eV photon energy, as required for single photon
ionization. The 7.9 eV fs-LDPI-MS of carbamazepine, imipramine, and verapamil all showed
significant precursor (M") ion signal, but no representative signal was observed for ciprofloxacin.
Furthermore, 7.9 eV fs-LDPI-MS displayed higher M signal and mostly similar fragment ions
compared to 70 eV electron impact mass spectra. lonization and fragmentation patterns are
discussed in terms of calculated wavefunctions for the highest occupied molecular orbitals. The
implications for improving lateral resolution and sensitivity of MS imaging of drug compounds

are also considered.
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A major challenge for the pharmaceutical industry is to reduce drug attrition, the failure of
a candidate drug molecule along the decade-long development path to become a medicine.! These
failures, especially at late-stage, drive up the cost of developing a new medicine to approximately
$2B. It is of critical importance to identify potential failures at as early a stage as possible? and
mass spectrometry (MS) imaging is used to examine whether the drug reaches the right biological
target and has the right functional pharmacological activity. There is an increasing need to image
with sub-cellular spatial resolution® and this demands higher sensitivity. One action to reduce drug
attrition has been to improve the solubility of drugs and many are now designed to be more
hydrophilic (i.e., displaying a partition coefficient, P, between different solvents such that Log P
<3).4

Secondary ion mass spectrometry (SIMS) uses a focused ion beam as the sputtering probe

4 5,6

for MS imaging of drugs and their metabolites in tissue® as well as other applications.
Unfortunately, the ionization process in SIMS is not very efficient, with only ~1 in 10* molecules
typically ionized and detected.>® Furthermore, the sensitivity of SIMS has been found to be
inversely proportional to Log P so that many drug compounds of importance to industry are either
difficult or impossible to detect via SIMS.*

Prior work has demonstrated that the ionization efficiency in SIMS (as well as in laser
desorption-based MS imaging) can be increased by over 100-fold using single photon ionization
or other laser postionization schemes.®® The 7.9 eV (157 nm) output of the fluorine excimer laser
is perhaps the lowest cost, highest repetition rate, and experimentally most robust strategy for
laser-based single photon ionization, making it attractive for enhancing signal in SIMS.!°
11-14

7.9 eV single photon ionization has also been coupled to nanosecond laser desorption,

even detecting molecules larger than 10,000 Da.!> Laser-based single photon ionization has more



recently been combined with femtosecond laser desorption (fs-LD) at the University of Illinois at
Chicago (UIC) for MS imaging of molecular species in biofilms*!® with near-micron lateral
resolution (as measured on test samples).!” However, those experiments were experimentally
inconvenient as single photon ionization was accomplished with the low intensity and low
repetition rate 10.5 eV (118 nm) pulses generated from the ninth harmonic of the Nd: YAG laser.®!'*

Femtosecond laser desorption postionization mass spectrometry using 7.9 eV single photon
ionization (7.9 eV fs-LDPI-MS) is explored here for the detection of four drug compounds that
have previously been found to have very low ionization efficiencies in SIMS: carbamazepine,
ciprofloxacin, verapamil, and imipramine, whose Log P values range from -0.81 to 5.23.# 7.9 eV
fs-LDPI-MS successfully detected carbamazepine, verapamil, and imipramine. At least two
micrometer lateral resolution MS imaging of these compounds should be possible with fs-LDPI-
MS, when prior work is taken into account.!” Electronic structure calculations indicated that all
four compounds have sufficiently low ionization energies to undergo 7.9 eV single photon
ionization, although no experimental signal was observed for ciprofloxacin. Finally, 7.9 eV fs-
LDPI-MS is shown to compare advantageously to SIMS and traditional 70 eV electron impact
mass spectra.

Laser desorption was performed here using ~75 fs, 800 nm laser pulses from a compressed
pulse fs laser system (Tsunami master oscillator pumped by Millenia Vs and Spitfire amplifier
pumped by Evolution-30, Spectra Physics, Irvine, CA). The Gaussian shaped fs-laser pulse was
converted into a flat-top intensity profile by Pi-shaper optics, then focused (NA 0.28, Mitutoyo,

Japan) to a 20 x 10 um elliptical laser spot.'8

7.9 eV single photon ionization was performed using
a fluorine excimer laser that outputs ~7 ns, 157 nm pulses (EX5AF/250, GAM laser, Orlando, FL,

USA). The postionization laser pulse was fired ~1.8 s after the desorption laser pulse, with both



lasers operating at a 100 Hz repetition rate and the sample stage rastered in a z-pattern at a speed
of 1 mm/s. The ion source of the fs-LDPI mass spectrometer is shown schematically in Figure 1
whereas its sample motion stage, ion detection, and data analysis software were described
previously.!”! Ton acceleration was 4 keV, achieved by pulsing the sample stage. The mass
analyser has recently been updated with a unique reflectron time-of-flight mass analyser consisting
of two right angle ion mirrors installed with an intermediate, adjustable slit and various Einzel and

steering lenses.?%?!

157 nm Laser Beam
for Postionization

Lens for fs-Laser ]
Desorption H ]

Time-
Of—_

Flight Extraction/

lon Lenses

Sample Holder/ -

& Stage

Figure 1. Schematic diagram of source region of femtosecond laser desorption postionization
mass spectrometer (fs-LDPI-MS). lons formed by 75 fs, 800 nm pulsed fs-laser desorption via a
focusing optic (red) from sample holder (blue) on a moving sample stage (grey) are single
photon ionized by a 157 nm (7.9 eV) laser beam (purple) then accelerated into a time-of-flight
mass analyser.

The lowest laser desorption fluence value was selected to be approximately at threshold
for the observation of postionization. The entire area associated with each sample was scanned for
fluence values ranging from the minimum to a predefined maximum. For each scan, the pulse
energy was increased by 1 uJ until a total of four data points were acquired. Approximately 1600
representative spectra (those for which the intact precursor ion or its fragments were detected)
were included in each average. The use of threshold laser desorption fluence as well as the uneven

distribution of drug compound across the targe surface led to the rejection of ~80% (~6500) of all



collected spectra for each sample because they displayed no significant precursor or fragment ion
signal. No signal was observed for either fs-laser desorption ionization or 7.9 eV laser
postionization alone (see Supporting Information, Figure S1).
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Figure 2. 7.9 eV fs-LDPI-MS of carbamazepine, compared with the previously reported 25 keV
Bis" secondary ion mass spectrum.* SIMS data normalized to 50 mV (near maximum of fs-LDPI
mass spectra).

Previously reported SIMS data* is compared in Figure 2 with the 7.9 eV fs-LDPI-MS data
for carbamazepine. The carbamazepine SIMS was recorded* with 13 ns pulses of 25 keV Bis"
primary ions focussed into a ~2 um diameter beam with an average current of 0.1 pA,
corresponding to a dose of 9 x 10'? ions/cm?. The comparison of carbamazepine detection in Figure
2 indicates that 7.9 eV fs-LDPI produces much simpler mass spectra with less chemical noise than
SIMS. The most significant fragment ions observed by SIMS are similar to those of fs-LDPI-MS,
but SIMS displayed a more complex fragmentation pattern overall than fs-LDPI-MS. The fs-LDPI-
MS displays an intact M* precursor radical cation at m/z 236 while the SIMS displays the MH"
ion as well as many other peaks likely arising from proton transfer to or from intact carbamazepine

or its fragments. Further comparison of ion sputtering vs. fs-laser desorption is beyond the scope



of this Letter, although a brief examination of fs-laser desorption parameters and their effects upon
fs-LDPI-MS is provided in Figures S2 and S3. An insufficient number of compounds were
analysed here to draw any conclusions correlating positive ion signal from 7.9 eV fs-LDPI-MS
with log P values, as was done previously for SIMS.* However, these results (as well as those
presented below) support prior studies showing that 7.9 eV laser postionization can also be used
to improve on SIMS by the detection of sputtered neutrals. '

An obvious disadvantage is that 7.9 eV single photon ionization only occurs for molecules
with relatively low ionization energies (IEs).!%* The IEs for all four drug molecules studied were
therefore calculated to determine the feasibility of ionization in the gas-phase. Density functional
theory (DFT) calculations were performed using the SIESTA code?? with a linear combination of
atomic orbitals as the basis set. A double-{ plus polarisation basis set was used here, with the
orbital cut-off determined by an equivalent energy shift of 2.7 meV. This gives rather long basis
orbitals that are required to obtain reliable IEs. The calculations were performed within the local
density approximation (LDA) for the exchange and correlation functional, as well as within the
generalized gradient approximation (GGA). The SIESTA DFT code allows only simulations for
periodic systems. It was verified that for the used simulation cubic cell with 40 A lateral dimension
the energies of the molecules converged and did not change upon further increase of the simulation
box size. The simulations therefore effectively gave the results for single isolated molecules. The
cubic shape of the unit cell also allowed application of the Madelung energy correction for the
charged molecule. The real space mesh was set by an equivalent energy mesh cut-off of 300 Ry.
For the structural relaxations, all forces were allowed to converge to below 0.04 eV/A. The so-

called Delta-SCF scheme was used to evaluate the vertical IEs as the difference between the total



energy of the singly positively charged molecule and that of the neutral molecule. This method
was shown to give IE values usually in good agreement with experiment for organic molecules.?’

Table 1 reports that the calculated vertical and adiabatic IEs of all four molecules were less
than the 7.9 eV photon energy. Such low IEs are expected because all of these molecules have an
aromatic chromophore. While all four molecules are therefore expected to undergo threshold
single photon ionization, positive ion signal for only three of the four molecules was observed
experimentally by 7.9 eV fs-LDPI-MS (no negative ion detection was attempted). None of these
molecules were ionized directly during the fs-laser desorption step nor did they sublime at a
sufficient rate in the absence of fs-laser desorption to lead to observable 7.9 eV laser postionization

signal (see Figure S1).

Table 1. Vertical and adiabatic ionization energies (IEs) for all four molecules, calculated either
within the LDA or the GGA approximation for the exchange correlation potential (units in eV).

Molecule LDA (vertical) | LDA (adiabatic) | GGA (vertical) | GGA (adiabatic)
Carbamazepine | 7.73 7.47 7.50 7.29
Ciprofloxacin | 7.49 7.30 7.29 7.12
Verapamil 6.90 6.70 6.66 6.54
Imipramine 6.76 6.66 6.43 6.39

Ciprofloxacin was the only molecule of the four that could not be detected by 7.9 eV fs-
LDPI-MS, even though its 7.49 eV vertical IE was calculated to fall well below the 7.9 eV photon
energy. Attempts were made here to analyse ciprofloxacin with various measurement strategies,
but no 7.9 eV fs-LDPI mass spectrum was observed that was representative of its molecular
structure. For example, the laser desorption fluence was increased from the typical
1.1 x 1013 W/cm? value to 1.8 X 1013 W/cm?, but this only enhanced signal from the stainless-
steel substrate. The lack of representative ciprofloxacin signal could be explained by a true IE

above the 7.9 eV photon energy or dissociation during fs-LD into fragments whose individual IEs



exceed the photon energy. Ciprofloxacin could alternatively be postulated to have undergone
extreme dissociation during 7.9 eV single photon ionization, but this seems unlikely given the
relatively small excess internal energy expected to be available from fs-LDPI-MS.

Figure 3 shows the highest occupied molecular orbitals (HOMOs) for each of the four
neutral molecules, all obtained with GGA. Single photon ionization near the IE threshold is
generally expected to occur predominantly from the HOMOs of each of these molecules. The
HOMO for carbamazepine is delocalized across much of the fused ring system. The HOMO for
imipramine is delocalized across one of the outer rings and the central ring amine, with some
electron density residing on the other outer ring. However, ciprofloxacin, carbamazepine and
verapamil each display at least two other occupied molecular orbitals within ~0.5 eV (see Table
S1 in Supporting Information). These other states generally have different wavefunction
distributions. For example, Figure 3 displays the HOMO and the next two occupied molecular
orbitals for verapamil (denoted HOMO-1 and HOMO-2). These three states were calculated to be
particularly close in energy, so single photon ionization could have occurred from any of them.
HOMO-2 is clearly located on one of the phenyl rings, while HOMO and HOMO-1 are located on
the amine and the other phenyl ring. GGA generally tends to underestimate the energy difference
between states, so that the lower lying HOMOs likely reside at lower energies. Nevertheless, single
photon ionization can potentially also occur through at least some of these lower lying molecular
states for carbamazepine and verapamil (and in principle, ciprofloxacin, although it displayed no
experimental signal). The situation for imipramine might be slightly different as there is only one
additional occupied molecular orbital calculated within ~0.5 eV of the HOMO (see Table S1 in

Supporting Information). Single photon ionization of lower lying molecular states is further



supported by the general observation that cross sections for single photon ionization increase

rapidly with photon energy beyond the IE threshold.?*
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Figure 3. Top row: Highest occupied molecular orbitals (HOMOs) of ciprofloxacin,
carbamazepine, and imipramine. Bottom row: Calculated three highest energy HOMOs of
neutral verapamil (see text). C atoms are yellow, H are blue/green, O are grey, and N are red.
The wave functions of the HOMO states are plotted as red (positive values) and blue (negative
values) isosurfaces.

Verapamil

The fs-LDPI- and El-mass spectra for the three detected drug compounds are compared
side-by-side in Figure 4. El-mass spectra were extracted from the NIST Standard Reference
Database (NIST Chemistry WebBook, NIST Mass Spectrometry Data Center,
webbook.nist.gov/chemistry). The EI-mass spectra were binned at integer mass-to-charge values
in the NIST library, then aligned for direct comparison with the fs-LDPI-MS. One of the most
striking observations is that the fs-LDPI mass spectra for carbamazepine, imipramine, and
verapamil shown in Figure 4 all display many major fragment ions that are also present in their 70
eV electron impact (EI) mass spectra. Furthermore, the highest mass ion in the fs-LDPI-MS is
always that of the M" precursor radical cation, which is always less intense or absent in the

corresponding El-mass spectra. To further assist in the fragmentation analysis, Figure 5 shows the



real space change in the charge density calculated when one electron is removed from each neutral
molecule to form the radical cation that is the precursor ion. Each molecule’s fragmentation
pathway by fs-LDPI-MS is discussed below along with how it compares with its corresponding
El-mass spectra.

Figure 4(a) compares the fs-LDPI mass spectrum of carbamazepine with the El-mass
spectrum from the NIST library. Both fs-LDPI- and El-mass spectra display an intact precursor
ion at m/z 236. The fragmentation pathway of carbamazepine is straightforward for fs-LDPI- and
El-mass spectra, with the fragmentation patterns described by the inset structure. The primary
fragment ions observed are those associated with the iminostilbene (m/z 193) and in the case of
fs-LDPI-MS, isocyanic acid (m/z 43). The iminostilbene base peak is produced by the loss of
isocyanic acid from the intact precursor.”?’ The excess positive charge distribution on the
carbamazepine cation shown in Figure 5 and the delocalization of charge across its central seven-
membered ring predicts the observed stability of the fused ring overall in carbamazepine upon 7.9

eV single photon ionization.
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Figure 4. The positive ion fs-LDPI- and El-mass spectra for a) carbamazepine, b) imipramine,
and c) verapamil (El-mass spectra normalized to fs-LDPI-MS). No spectra are plotted for
ciprofloxacin as no positive ion fs-LDPI-MS was observed for this compound (see text).
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Figure 5. Real space change in charge density iso-surface of the difference in charge density
distribution between the neutral and intact radical cation for each of the four labelled molecules.
The green regions indicate the distribution of the positive charge on the molecule. Carbon atoms
are yellow, hydrogen atoms are blue, nitrogen atoms are grey, and oxygen atoms are red.

The overall fragmentation pattern for fs-LDPI-MS of imipramine in Figure 4(b) replicates
the most intense fragments from El-mass spectra, as observed above for carbamazepine. Fused
ring stabilization also appeared to occur for imipramine, as both the fs-LDPI- and EI-mass spectra
display a prominent precursor peak at m/z 280. The most noteworthy fragment in fs-LDPI-MS
appears at m/z 236 and results from the loss of dimethylamine, also very prominent in the EI-mass
spectra. The difference in calculated charge density on the terminal nitrogen (at the end of the alkyl
chain) shown for imipramine in Figure 5 appears to have initiated an alpha bond cleavage that
leads to the formation of the m/z 236 fragment. The m/z 58 peak associated with the
dimethylformimine fragment is also relatively intense in both spectra and results from a bond
cleavage on the carbon bond beta to the dimethylamine.?®** However, while the counterpart ion
to m/z 58 is observed in EI-MS at m/z 222, the latter is absent from the fs-LDPI-MS, perhaps due
to the overall higher energy available in EI-mass spectra. The m/z 86 and 194 ions observed in

both fs-LDPI- and El-mass spectra result from a bond cleavage between the ring nitrogen and the

12



first carbon of the sidechain. The tricyclic ring (iminodibenzyl nucleus) retains the positive charge
in m/z 194, and the lost sidechain retains the charge in the m/z 86 ion.

Verapamil was observed to fragment in a mode generally similar to that of carbamazepine
and imipramine, as shown in Figure 4(c). The most distinct observation is that the intensity of the
precursor ion was small in fs-LDPI-MS of verapamil compared to that observed for both
carbamazepine and imipramine. However, the low intensity of the verapamil precursor ion in fs-
LDPI-MS compares favourably with EI-mass spectra, where it is entirely absent. The relatively
high precursor ion signal for all three compounds compared to EI-mass spectra represents a distinct
advantage of fs-LDPI-MS, as the presence of even a weak precursor ion is tremendously useful in
the interpretation of mass spectra. The alpha-bond cleavage of the lightest benzyl group results in
the base peak of both spectra at m/z 303 and lesser peak at m/z 151, presumably because the
benzylic bond also acts as the beta-carbon bond for the amino nitrogen atom.>*%¢ As expected, the
experimental results suggest that the amine holds the majority of the positive charge (indicated by
the low intensity of the m/z 151 fragment). Similar to imipramine, a dimethylformimine (m/z 58)
fragment is observed which could have resulted from rearrangement of the primary fragment at
m/z 303. Surprisingly, the alpha-bond cleavage of the heaviest benzyl group (m/z 246) resulted in
the second most intense fragment for fs-LDPI-MS at m/z 208. However, in contrast to the lightest
benzyl group (m/z 151) fragment, here the amine moiety of m/z 208 retains all of the positive
charge from the precursor ion. Furthermore, both m/z 208 and 277 observed in fs-LDPI are
completely absent in the El-mass spectra. Unfortunately, the source of the rather significant
fragment observed at m/z 277 by (only) fs-LDPI-MS has not been identified.

One of the great conceptual advantages of threshold single photon ionization is the relative

simplicity of the process renders it more amenable to modelling by electronic structure
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calculations. Only the HOMO and a few nearby occupied molecular orbitals are likely to allow
threshold single photon ionization and the positively charged ion can be readily modelled, as is
shown here. By contrast many other types of ionization are more difficult to model by calculations
such as DFT because they can proceed through many more electronic states (i.e., 70 eV electron
impact or multiphoton ionization), rely upon potentially mobile protons (i.e., electrospray
ionization), involve additional gas phase collisions (i.e., atmospheric pressure chemical or
photoionization), and/or some combination thereof (i.e., SIMS or ambient methods).>’

The 7.9 eV fs-LDPI mass spectra can be more completely interpreted than their
corresponding SIMS, given the computationally tractable ionization event of the former, more
straightforward fragmentation pattern, shared fragments with EI-mass spectra, and lower chemical
noise. Furthermore, fs-LDPI-MS via 7.9 eV single photon ionization for at least three of the four
candidate drug compounds produces mass spectra similar to, but simpler than the corresponding
El-mass spectra. One primary difference is that substantially higher fractions of the intact
precursor ions were observed for fs-LDPI-MS compared with El-mass spectra, simplifying mass
spectral interpretation. The identification of metabolites by MS imaging of intact samples is
complicated by the fragmentation of precursor ions.® One method to achieve such chemical
identification in MS is to identify by algorithmically comparing El-mass spectra of
chromatographically separated unknowns to fragmentation patterns of known compounds in an
El-mass spectral database.*® This method has been used for decades in gas chromatography mass
spectrometry because the precursor ions are always radical cations, 70 eV El-mass spectra are
particularly reproducible, and the NIST El-mass spectral library is exceptionally well curated.*®
Furthermore, computational strategies have been developed to predict the El-mass spectral

fragmentation pattern of molecular structures that have not been measured experimentally.3%4
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However, a wider array of compounds must be tested before EI-mass spectra can be reliably used

to predict fs-LDPI-MS.
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Figure S1. fs-LDPI-MS (red), fs-LDI (blue), and 7.9 eV laser postionization (black) only of
imipramine.

Impact of desorption laser fluence on fragmentation. The primary focus of this work is to
explore threshold single photon ionization of neutral drug molecules in the gas-phase. However,
it is also useful to explore the unique characteristics of using fs-laser desorption (fs-LD) to
volatilize these molecules. The same methodology was followed here as described in previous
studies:! the survival yields were calculated as S = Iy;/(Iy + Ig), where Iy and Ig are the
integrated abundances of the molecular and fragment ion intensities, respectively. The mean
survival yields were determined by averaging the survival yield distributions and assumes that all
ions have the same detection efficiency.’ The overall softness of the desorption process was
determined here by measuring the survival yield as a function of desorption laser fluence. The

concept of using survival yields assumes that a single unimolecular dissociation is represented by
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the mass spectrum. Figure S2 shows the survival yields for imipramine during fs-LDPI-MS, where
(top) shows the survival yield as a function of fluence, and (bottom) shows the survival yield
distribution for the highest fluence measured. The measurement repeatability was determined by
calculating the average signal intensity [ and survival yields S of five carbamazepine samples (I =
56 + 12 mVand S = 0.47 £+ 0.07). It is well-established that even for samples which are prepared
in the same fashion, there tends to be considerable variability in the absolute signal intensity of

nanosecond laser desorption/ionization.*>

There have been only a limited number of studies investigating the application of femtosecond
pulses for desorption/ablation in MS imaging.5!! The most striking observation here is that, for
the fluence range studied, the fragmentation did not change with desorption laser fluence, staying
constant at S~0.26. The survival yield histogram structure, also shown in Figure S2 (top),
indicated a fluence independence that would enhance measurement repeatability. Although signal
intensity variations for each individual measurement (sample) were observed, the variability of the
mean for the different measurements was acceptable (standard Gaussian statistics are used to
calculate the error bars). Prior results for 800 nm fs-LD found ranges of laser fluence over which
survival yields were relatively constant,’ but the survival yields did eventually vary at sufficiently
low or high fluences.”’ Prior work has shown the ability of fs-LDPI-MS (using 10.5 eV single
photon ionization) and fs-LDI-MS (without using postionization) to transfer similar amounts of
internal energy to a precursor ion as vacuum-based matrix assisted laser desorption ionization MS.’
Other aspects of the fs-LLD process and how it can be coupled to single photon ionization for fs-
LDPI-MS imaging have been discussed elsewhere.®>!! Overall, the results of Figure S2 are
intriguing, given that nanosecond pulsed laser-based desorption techniques typically depend
nonlinearly on laser fluence.!>!> Nevertheless, further experiments are required to explore the
dependence of fragmentation on laser fluence in fs-LD and its impact on shot-to-shot

reproducibility.

Many of the peaks between m/z 50 and 60 in the 7.9 eV fs-LDPI-MS of Figure 3\4 are from the
underlying metal substrate while a Cs" peak shown in Figure 4(a) arose from the presence of added
CslI calibrant. This can be seen in the mass spectra in Figure S3 in which an enhancement of ion
signals is associated with the stainless-steel substrate at high laser fluence, consistent with an

earlier study.’
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Figure S2. (Top) Mean survival yield for the fluence range studied for 7.9 eV fs-LDPI-MS of
imipramine. (Bottom) Survival yield distribution of imipramine for the highest fluence
(1.1 x 103 W/cm?).
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Figure S3. fs-LDPI-MS of imipramine for the lowest and highest desorption laser fluences
(4.1 X 1012 W/cm? and 1.1 X 103 W/cm?) emphasizing peaks originating from the stainless-
steel substrate (left) and a fragment of imipramine (right).

Table S1. GGA Kohn-Sham energy differences for the six highest occupied molecular orbitals
(HOMOs).

Carbamazepine | Ciprofloxacin Verapamil Imipramine
EHomo-EHomo.l(eV) 0.16 0.31 0.08 0.45
EHomo-EHomo.z(eV) 0.51 0.54 0.19 1.36
Evomo-Enomo-3(eV) | 0.82 0.63 0.91 1.51
EHomo-EHomo.4(eV) 1.09 1.00 1.06 1.63
Evomo-Enomo-s(eV) | 1.37 1.57 2.36 2.28

Comparison of Highest and Nearby Occupied Molecular Orbitals. Density functional theory
(DFT) was performed with the semi-local exchange correlation functionals GGA and LDA. The
negative of the Kohn-Sham energy eigenvalue for the highest occupied molecular orbital (HOMO)
- Enomo - typically underestimates the experimental ionization energy (IE) such that Eqomo < IE.
However, the shape of the HOMO wave function is usually captured correctly by this procedure.
Thus, the shape of the HOMO wavefunctions in Figure 3 are generally accurate, but the relative

energy differences between HOMO and HOMO-1, as shown in Table S1, are underestimated.
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