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Diamondoids are a class of aliphatic molecules with cage-like structures and serve as a bridge between small
hydrocarbons and Because their optical properties are highly

dependent on the size, shape, and functionalization of the carbon network, they have many applications in

large nanodiamond macromolecules.

the fields of nanotechnology and spectroscopy. Still, much remains to understand the geometric and
electronic effects induced by functionalization of diamondoids. To this end, we perform gas phase
photoelectron spectroscopy (PES) of functionalized adamantanes using a helium discharge lamp as a photon
source and a hemispherical electron analyzer. We present the photoelectron spectra of 1-cyanoadamantane,
1-amantadine, and 2-adamantanol and compare these to the known PES spectra of adamantane, 1-
adamantanol, and urotropine, remeasured herein with improved resolution and a more thorough assignment

rsc.li/pcecp

1. Introduction

Diamondoids are a well-known class of hydrocarbon molecules
that resemble diamonds on the molecular scale, with diverse
applications across photonics, materials science, and medicine
due to their unique properties.'™ Particularly, the tunability of
their optical properties based on size and functionalization
makes them ideal candidates for emerging research in devel-
oping molecular building blocks for nanoscale devices.>*™
Moreover, their spectroscopic characteristics exhibit intriguing
correlations with unidentified infrared emission bands
observed in circumstellar environments, suggesting potential
astrophysical implications.'®"" For these reasons and more,
there has been a continuing focus devoted to unraveling the
structural, vibrational, and optical properties of diamondoids
over recent decades. With ongoing advancements in extraction
and synthesis methodologies, the opportunities to study more
complex diamondoids, particularly their functionalized deriva-
tives, are more accessible than ever.?'?

A recent application of adamantane (CioHje), the simplest
diamondoid, as a solid propellant for Hall-effect thrusters espe-
cially highlights the value of measuring ionization energies (IE) of
diamondoid derivatives.'> Whereas large ion thrusters typically use
atomic ion propellants, such as xenon or krypton, due to their high
mass-to-IE ratio, these fuels are costly and require impractical
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of vibronic features, with the aid of time-dependent density functional theory calculations.

storage solutions for miniaturized spacecraft."* Alternatively, ada-
mantane has a similar mass as xenon with a substantially lower IE,
potentially offering greater thrust efficiency. Its low molar volume
is also beneficial while still having a significant vapor pressure at
room temperature.'® The tunability of the IE of diamondoids by
functionalization combined with a thorough understanding of
their fragmentation patterns may provide new insights into their
use as molecular propellants in the future.”

Photoelectron spectroscopy (PES) is a powerful method to
study the electronic properties of molecules in all states of matter.
The earliest PES studies of isolated diamondoids mostly focused
on comparing ionization potentials of simple diamondoids (ada-
mantane, diamantane, triamantane) with their mono-substituted
derivatives."®™? Schmidt presented the first He(r) PES spectrum of
both adamantane and urotropine (an isoelectronic nitrogen-
substituted equivalent of adamantane) in the range of 7.5-19 eV
and made rough orbital assignments of the observed bands by
simple SCF calculations.*® This work was extended by several
other experimental PES studies of adamantane,'®*"* as well as
some functionalized adamantanes including 1-adamantanol.’>**
The orbital structure of the amino-substituted adamantane,
amantadine, was investigated by low-resolution electron momen-
tum spectroscopy.>® Furthermore, Lenzke et al. employed syn-
chrotron total-ion-yield spectroscopy to determine the first IE of
the five simplest bare diamondoids.> Supporting these experi-
mental investigations, several theoretical studies provide insight
into the observed band structures.”**° One important outcome
of these studies is that the lowest unoccupied molecular orbitals
(LUMO) and the LUMO+n orbitals of diamondoids exhibit
Rydberg-like character.' For adamantane, the energy gap
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between the highest occupied molecular orbital (HOMO) and the
LUMO is larger than 6 eV.**" The gap becomes smaller as the size
of the cage network increases, generally following the principle
of a delocalized particle in a three-dimensional box model where
the boundary conditions are determined by the cage surfaces.*>
Thus, diamondoids are excellent analytes for exploring the tun-
ability of optical properties in nanomaterials. The interesting
consequence of the large optical gaps in diamondoids is that the
absorption spectra for their open-shell cations closely correspond
to the PES spectra of the neutral species (after accounting for
the first ionization energy) because typically the first several excited
states are transitions of the form HOMO « HOMO-n.>%*>3
Recently, our group recorded the first optical spectra of the
adamantane,* diamantane,*® and 1-cyanoadamantane®® cations
in the gas phase by electronic photodissociation spectroscopy
(EPD) using a cryogenic ion trap. In each case, the spectra exhibit
broad absorption bands with widths between 1 and 2 eV. After
ruling out other factors, the broadness of the bands is attributed to
ultrafast relaxation (<100 fs) of the excited states and Franck-
Condon (FC) congestion of close-lying vibronic excitations. This
was further supported by measurements of Ada' doped into
helium-droplets using electronic spectroscopy, which ensures a
low-temperature environment of 0.37 K and can observe electronic
states below the dissociation limit.** It is peculiar that the EPD
spectrum of the adamantane cation closely resembles previous
PES spectra of adamantane despite large differences in the resolu-
tion achieved by the two methods (4-8 vs. 320-400 cm™ ", respec-
tively) and differences in selection rules.”** Fundamentally, the
two methods differ in that PES probes the excited ionic states by
measuring the kinetic energy of electrons ejected from neutral
molecules, whereas EPD first ionizes the neutral and then excites
the cation ground state by absorption of a photon. It is known at
least for amantadine (C;0H;sNH,) and cyanoadamantane
(C10H;5CN), which are functionalized derivatives of adamantane,
certain ionizing conditions can cause the adamantyl cage to open,
as revealed by infrared photodissociation (IRPD) spectroscopy,
which results in more than one isomer and contaminates the
spectrum.””° PES has the advantage that no measurement is
directly made of the nascent ion, meaning that if the cage opens
after ionization, it has no effect on the PES spectrum. Nevertheless,
considering that absorption spectra of diamondoid cations are
remarkably broad at low temperatures, it remains an open ques-
tion whether high-resolution PES techniques are able to further
resolve vibronic features. To our knowledge, only adamantane has
been measured by threshold PES, which can discriminate the
kinetic energy of photoelectrons with a resolution below 1 meV.>
However, the relatively large step size (13 meV) limited this study
from interpreting the broad nature of the band representing the
cation ground state. Therefore, further high-resolution investiga-
tions are necessary to elucidate the effect of lifetime broadening in
the PES spectra of diamondoids.

Within this work, we present the He(x) ultraviolet PES spectra of
four functionalized derivatives of adamantane (Ada), namely,
l-amantadine (AdNH,), 1-cyanoadamantane (AdCN), 1-adamant-
anol (1-AdOH), and 2-adamantanol (2-AdOH). Among these, the
PES spectra of AANH,, AACN, and 2-AdOH are presented for the
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first time. Additionally, the influence of the functional groups on
the adamantyl cage is explored by comparing the Ada derivatives
with remeasured spectra of Ada and urotropine (Uro), which is
isoelectronic to Ada but has all four CH groups of the cage
substituted by N atoms. The experimental spectra are presented
together with a detailed analysis of the cation ground state (D)
using Franck-Condon (FC) simulations based on density func-
tional theory (DFT) calculations. The DFT calculations are also
used within the framework of Koopman’s Theorem (KT) to assign
the higher-energy bands arising from excited electronic states of the
cation (D,,, where 7 is the number of the state). In parallel, time-
dependent (TD)-DFT calculations determine vertical excitation
energies (E,) to the higher ionic states from the cation ground
state in both the optimized neutral (D, < Dy*) and cation
(D, < D,) geometries. Finally, we analyze the resultant Kohn-
Sham molecular orbitals (MOs) and natural transition orbitals
(NTOs) to correlate the first 12 ionic states of Ada to the ionic
states of each molecule, providing further insight into the effects
induced by the functional groups on the electronic and optical
properties of the adamantyl cage.

2. Experimental and
computational techniques

2.1. Experimental

The PES spectra are measured with a Scienta SES-2002 photoelectron
spectrometer equipped with a hemispherical electron analyzer.”* A
helium lamp (SPECS UVS 10/35) provides a collimated beam of
quasi-monoenergetic photons with an energy of 21.22 eV (He(t),
>95% contribution). The instrument is configured with a pass
energy of 20 eV and a curved entrance slit width of 0.8 mm to
achieve a resolution of 38-40 meV, as measured for the spin-orbit
coupling components of gaseous Xe (Air Liquide, 99.995% purity) at
12.130 (*Ps,) and 13.433 (*Py,) eV.** These peaks also serve to
calibrate the energy scale and optimize the signal intensity prior to
measuring the diamondoid samples. Average error of the calibration
peaks is typically 4-5 meV, close to the stepsize of the electron energy
analyzer of 3.74 meV. Measurements are taken at a speed of five
frames per second between 7.5 and 15 eV (18 eV for Uro). Each
sample is then measured 30 times and the scans are accumulated to
increase the signal-to-noise ratio. For each measurement, a small
amount of powdered sample (Sigma Aldrich) is loaded into a sample
holder contained within the vacuum chamber prior to evacuating to
5 x 10”7 mbar. The sample holder is mounted onto a translatable
stage that can be heated up to 200 °C by a resistively heated oven to
increase the vapor pressure of the sample. The temperature is
increased until a static pressure of (2-5) x 10~ mbar is reached
(Ada: 25 °C; AACN: 65 °C, AANH,: 35 °C, 1-AdOH: 60 °C, 2-AdOH:
60 °C, Uro: 70 °C). The resulting gas then exits through a small
nozzle that is positioned to align horizontally with the photon beam
and vertically with the entrance lenses of the electron analyzer.

2.2. Computational

Features in the PES spectra are assigned with the aid of DFT
calculations.”’ We compare the results computed with several
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dispersion-corrected DFT functionals, namely B3LYP,** CAM-
B3LYP,*”® B3PW91,"* and M06-2X,** using the cc-pVTZ basis
set.*®*” For the M06-2X functional, Grimme’s dispersion cor-
rection (D3)*® is included while the other functionals also
incorporate Becke-Johnson damping factors (D3BJ).*® The
spin-restricted (R) formalism is used for neutral species,
whereas the cation structures are optimized using the unrest-
ricted (U) formalism. First, the geometry of the neutral species
in its electronic ground state (S,) is optimized and its minimum
on the potential energy surface is verified by harmonic fre-
quency analysis. This calculation provides the minimum elec-
tronic energy of the neutral structure (E,) and the harmonic
zero-point energy (ZPE,) correction. Then, an electron is
removed, and both the vertical ionization energy (IE,) and the
ZPE-corrected adiabatic ionization energy (IE,) is determined.
We follow similar methods and formalisms used in previous
theoretical diamondoid studies for these values (Fig. S1,
ESI1).2%%° Briefly, IE, is defined as

IEv = EJr’F - Em

where E.* is the energy of the cation in the optimized neutral
geometry (So). This structure is subsequently optimized to find
the minimum energy (E,) and ZPE correction (ZPE,) of the D,
cation ground state, again verified by harmonic frequency
analysis. IE, is then given as

IE, = E, + AZPE,

where E, is the minimum adiabatic separation energy between
E. and E,, and AZPE is the difference between ZPE, and ZPE,,.
From these values, the relaxation energy (E..) of the cation
ground state is obtained by

Eyq = IE, — E,.

By these equations, the relationship between IE, and IE, is thus

IE, = IE, + E,q — AZPE.

In some cases, IE, values can be determined experimentally
by PES when the FC factor between the ground vibrational
states of both the neutral and cation is large (i.e., their
geometries are similar). For large organic molecules like dia-
mondoids, however, the bands observed are often broad and
convoluted from close-lying vibrational and/or electronic states,
making only determinations of IE, values possible. Herein, we
make assignments of the ionic states observed in the PES
spectra using three methods: (i) an application of KT to
Kohn-Sham DFT orbitals, (ii) TD-DFT calculations of vertical
excitations (E,) of the cation in the optimized neutral geometry
(Dg*), and (iii) TD-DFT of the cation in its relaxed geometry (D).
In the first method, we analyze the canonical molecular orbitals
(MOs) of the neutral structure and approximate the vertical
ionization energies as the negative eigenenergies (—¢) of the
MOs. Previous applications of this method, however, have been
shown to not accurately estimate the IE, values observed in the
experimental PES spectra of many diamondoids.>® It is gener-
ally understood that employing Kohn-Sham orbitals to predict

This journal is © the Owner Societies 2024
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IE values can be prone to many errors and typically under-
estimates them,’ although certain functionals perform better
than others depending on how the electron exchange correla-
tion is handled, among other factors. The second approach
uses TD-DFT at the same computational level to determine
transition energies into higher electronic states from Dg*,
following the Born-Oppenheimer approximation. The E, values
are then shifted by the vertical S, — Dy* ionization energy. The
last method using TD-DFT calculations from D, is more applic-
able to EPD spectra of the cations. Nonetheless, these results
are provided in ESI{ for comparison.

Correlating the ionic states assigned by TD-DFT to the MOs of
the neutral is feasible by also calculating natural transition
orbitals (NTOs). These calculations show that in nearly every case,
the ionic states relevant to the energy range of the PES spectra
consist of transitions involving only two orbitals with significant
contribution and are always of the type SOMO « SOMO-—n,
where SOMO refers to the semi-occupied molecular orbital. We
also shift the eigenenergies of the MOs such that —&yonmo matches
the vertical S, — D,* ionization energy (IE, + énomo)-

To provide a more complete assessment of the lowest-energy
PES bands and assign vibronic features, we also carry out FC
simulations for the D, « S, transition at the same temperature
as the experiment.*’ The obtained stick spectra are then con-
voluted with a Gaussian line profile having a FWHM of 40 meV
to match the resolution of the PES spectrometer. Efforts to
optimize the geometries of the excited cation states have been
mostly unsuccessful, as has been reported in other studies,
likely due to conical intersections and vibronic coupling with
nearby states.?®3%3%3%5% Thys a full FC analysis for transitions
into higher ionic states is not considered and beyond the scope
of the present work.

3. Results and discussion

The PES spectra, along with the structures of all six molecules,
are compared in Fig. 1 and are arranged from top to bottom in
order of decreasing first IE,. With the exception of Uro, the
spectra for all functionalized molecules show similar band
structures as Ada in the measured energy range and the largest
differences are observed in the first bands representing the
ground states of the respective cations. Due to FC congestion,
lifetime broadening, and Jahn-Teller (JT) effects, many of the
electronic bands overlap and create broad and unresolved
profiles that are difficult to interpret in detail at the current
resolution. Comparing the spectra in Fig. 1, the first observa-
tion is the substantial variation in the position of the lowest IE
band. Clear IE, peaks are observed only for Ada, AACN, and
Uro. For the others, the IE, value is estimated by aligning the
simulated FC spectrum with the experimental spectrum and
then marking the position of the calculated 0-0 peak. Uro has
the lowest IE, at (8.03 &+ 0.01) eV, followed by AANH, at the
estimated value of 8.27 eV. Both are significantly lower than
that of Ada at (9.30 £ 0.01) eV and display bands with
symmetrical FC envelopes and weak vibrational fine structure.

Phys. Chem. Chem. Phys., 2024, 26, 24607-24623 | 24609
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Fig. 1 PES spectra and structures of AdCN, Ada, 2-AdOH, 1-AdOH, AdNH,, and Uro. The spectra are arranged by decreasing first IE, energy, and
discernable IE, peaks with their position values are marked by an arrow. IE, values in parentheses are derived from FC simulations. Due to many
overlapping bands, orbital assignments are approximately positioned near the energies predicted by DFT calculations (see Sections 3.1-3.6), and those
which are calculated to be nearly degenerate are grouped in parentheses. Orbitals in red are primarily attributed to the respective functional groups or
isoelectronic substitution (Uro). An extended PES spectrum of Uro recorded up to 18 eV is available in Section 3.6.

The alcohol derivatives of Ada, 1-AdOH and 2-AdOH, lack any
vibrational fine structure over the whole measured range but
have an onset of the first band between 9.0 and 9.2 eV,
indicating that IE, falls in this range with a weak FC overlap
for the 0-0 transition. Finally, AACN has a prominent IE, peak
at the relatively high energy of (9.78 + 0.01) eV, and the
remaining spectrum has several corresponding features with
the Ada spectrum that appear blue shifted by approximately
0.5 eV. Thus, the IE, values spread over an energy range of
(1.75 £ 0.02) eV through either functionalization or modifica-
tion of the adamantane cage. A thorough description of each
spectrum is provided in Sections 3.1-3.6.

The calculated IE, values, using various DFT functionals,
are compared in Table 1 to the experimental IE, values. While
the B3LYP functional is commonly used in diamondoid
studies,””*?***°15% the M06-2X functional consistently predicts

24610 | Phys. Chem. Chem. Phys., 2024, 26, 24607-24623

the IE, value closest to its experimental value.>® In every case
besides 2-AdOH, the difference between calculation and experi-
ment (AIE,) is 0.2 eV or less. When assuming the local max-
imum of the first PES bands in each spectrum represents the
experimental vertical S, — Dy* ionization energy, the IE, values
calculated with the M06-2X functional are in excellent agree-
ment (Table 2). Only the calculated IE, values for Ada and AACN
differ more than 0.12 eV from the experimental IE,. These
molecules also have considerably larger AZPE corrections by a
factor of 2 to 3 compared to the other molecules. This may be
related to JT activity as these molecules exhibit broadening in
their spectra due to JT distortion and thus IE, is more difficult
to extract precisely from experiment.***® Nonetheless, their
calculated IE, values are also within 0.1-0.2 eV when consider-
ing the center of the bands as a better representation of the
experimental IE,. Overall, the relaxation energy is rather large
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02425g

Open Access Article. Published on 10 July 2024. Downloaded on 3/1/2026 8:59:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Table1 Comparison of experimental IE, values with calculated IE, values
at various DFT levels?

Molecule  Exp. B3LYP  CAM-B3LYP  B3PW91  MO06-2X
Ada 9.30 8.82 9.06 8.78 9.10
AdCN 9.78 9.31 9.65 9.28 9.67
AdNH, (8.27) 7.89 8.05 7.87 8.17
1-AdOH (9.03)  8.59 8.78 8.56 8.87
2-AdOH (9.17)  8.51 8.71 8.51 8.81
Uro 8.03 7.77 7.95 7.76 8.08

“ All values are given in eV. Values in parentheses are estimated.

for all diamondoids considered, E,. = 0.43-0.77 €V, indicative
of their large geometry changes upon ionization.

Table 2 also compares IE, to —¢ of the HOMO, which should
agree according to KT. Here again, the M06-2X functional yields
values closest to the experimental IE, and there is a close agree-
ment between the vertical S, — Dy* ionization energy (IE, in
Table 2) and —e. For example, the vertical S, — Dy* ionization
energy of Ada is 9.83 eV and —¢ of the 7t, orbital is 8.98 eV
(Table 2). These values are notably more similar than for B3LYP or
B3PW91. B3LYP yields a vertical S, — Dy* ionization energy of
9.43 eV, while —&yomo is only 7.60 eV. CAM-B3LYP yields values
with closer agreement than M06-2X (—&gomo = 915, IE, = 9.77 eV),
but still gives less accurate IE, values than M06-2X when com-
pared to experiment (Table 1). After shifting the MO eigenenergies
by 0.85 €V (IE, + ¢, Table 2), the KT model using M06-2X is in
excellent agreement with the measured spectrum (Section 3.1),
and this holds true for all functionalized adamantanes studied
herein as well. It has been reported that for large molecular
systems, 1E, + ¢ approximates the classical Coulomb electrostatic
energy needed to remove an electron from the system, which is
not accurately handled in the calculation of DFT Kohn-Sham MO
eigenenergies.>® Additionally, if the MO is generally delocalized
over a large molecule, IE, can also be approximated by

IE, = *E(SEUMO + énomo)

where ¢ ;o is the eigenenergy of the unoccupied  orbital
belonging to the SOMO of the Dy* cation in an unrestricted
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DFT single-point energy calculation. These values are also reported
in Table 2 for comparison with IE, and —énomo values, along with
other relevant energies.

3.1. Adamantane (Ada)

Although the PES spectrum of Ada has been measured exten-
sively in previous works,'®?°*?° we include our remeasured
spectrum for comparison with the functionalized adamantanes
and an improved computational assignment. The spectrum in
Fig. 2 is mirrored to compare the assignments of the bands
using (i) KT (Fig. 2a) and (ii) TD-DFT (Fig. 2b), and all other PES
spectra are presented in the same manner. At the M06-2X level,
the electronic configuration of Ada is

..(521)%(5t2)°(1t1)°(6t5)%(3€)*(2t1)°(7t,)°

and corresponding assignments in the PES spectrum are
included in Fig. 1. The distortion of bond lengths and bond
angles in Ada upon ionization has been investigated in several
previous studies using various DFT functionals and basis
sets.’®>*7® As our results do not provide further structural
insights, we do not discuss them in detail here. It is essential,
however, to highlight that the degenerate orbitals of neutral
Ada are subject to JT splitting upon ionization, and the sym-
metry of the cation is lowered from Ty to C;,.>* By nature of the
symmetry correlation rules for these point groups, the degen-
erate orbitals in Ty splitin C;, according to: t; — a, + e, t, —» a;
te e — a;+a,.

The PES spectrum reveals four broad bands between 9 and
15 eV, with an evident 0-0 peak appearing at (9.30 £ 0.01) eV.
This value matches IE, reported previously’®*” and is consis-
tent with the generally accepted value of (9.25 + 0.04) eV.”® The
first band, appearing between 9.2 and 10.6 eV, is assigned to
ionization from the triply degenerate 7t, HOMO, which has
mainly CC bonding character (Fig. S2, ESIT), and results in the
%A, ground state (D,) and a ’E first excited state (D,, Table S1,
ESIt). The second band in the PES spectrum lies between 10.6
and 12.4 eV and is attributed to close-lying ionic states (D,-Ds)
caused by ionization from the 2t, and 3e orbitals, which are
also CC bonding orbitals. The third band has contributions

Table 2 Determination of various energies at the M06-2X(D3)/cc-pVTZ level®

Energies Ada AdCN AdNH, 1-AdOH 2-AdOH Uro
E, 9.39 9.91 8.23 8.96 8.90 8.12
AZPE —0.29 —0.24 —0.06 —0.09 —0.09 —0.04
—&HOMO 8.98 9.52 8.09 8.75 8.85 7.77
—& Umo 10.70 11.18 9.86 10.36 10.52 9.49
" 9.84 10.35 8.97 9.56 9.68 8.63
*5(“LUMO + eHomo)
1E, 9.83 10.34 8.88 9.54 9.67 8.60
Exp. IE, 9.46 & 0.01 10.10 £ 0.02 8.89 £ 0.06 9.52 & 0.05 9.58 &+ 0.05 8.48 £ 0.05
AIEvb 0.37 0.24 —0.01 0.02 0.09 0.12
IE, + ¢xomo 0.86 0.82 0.79 0.79 0.83 0.84
Erep 0.45 0.43 0.65 0.58 0.77 0.48
1IE, 9.10 9.67 8.17 8.87 8.81 8.08
Exp. IE, 9.30 & 0.01 9.78 & 0.01 (8.27) (9.03) (9.17) 8.03 £ 0.01
AIE,* -0.20 —0.11 —-0.10 —0.16 —0.36 0.05

“ All values are given in eV. Values in parentheses are estimated. ” AIE, = IE, — Exp. IE,. ¢ AIE, = IE, — Exp. IE,.
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Fig. 2 PES spectrum of Ada combined with DFT analysis. In panel (a), the
spectrum is assigned by the KT method, wherein the IE, values are
approximated by the negative eigenenergies of the MOs of neutral Ada at
the M06-2X/cc-pVTZ level (—¢). In panel (b), the same level of theory is used
to calculate the vertical transition energies from Dg* into the excited ionic
states using TD-DFT. The transition energies are then shifted by the
calculated IE, (9.83 eV). The MO eigenvalues in (a) are shifted by 0.85 eV
to have the same origin as the TD-DFT method. The peak at 12.6 eV (marked
by an asterisk) is attributed to water contamination in the vacuum chamber.

from the two triply degenerate orbitals, 6t, (De/D;) and 1ty
(Dg/Dy), with ocy and mey, bonding character, respectively.
Vibronic peaks also appear between 12.8 and 13.1 eV but
are not well resolved. Finally, the fourth band, appearing near
14.8 eV, is small and featureless and is assigned to ionization
from the close-lying 5t, (D;¢/D;4) and 5a; (D;,) orbitals, having
Ticn, and oy bonding character, respectively. Also observed is a
small peak at 12.6 eV (marked by an asterisk in Fig. 2a), arising
from minor water contamination in the vacuum chamber.*
Small differences exist between the KT and TD-DFT models,
especially when considering degenerate ionic states. For example,
the first transition of the cation, described as D;(°E) « Dy*(*A),
has E, = 0.06 eV (Table S1 and Fig. S3, ESIt). Both Candian et al.”
and Roy et al.*® also calculated D, « Dy* vertical transitions of
Ada using TD-DFT and report similar values. This discrepancy
between the ground state and first excited states does not
accurately adhere to what should be a symmetry-imposed degen-
eracy in the Dy* (T4) geometry. However, it is a known artifact
of linear response DFT, which gives different and somewhat
unbalanced treatments to calculating ground state and excited
state energies, and this issue has been meticulously discussed
elsewhere.®® A far more pronounced splitting of these states is
calculated for the D;(*E) « Dg(*A,) transition of the cation (E, =
1.16 eV) and is the result of its reduced symmetry resulting from
JT distortion.>® This value has been verified experimentally by
Kappe et al. (E, =1.12 eV) for cold Ada" ions doped into superfluid
helium nanodroplets.** Regarding the second band, the KT model
predicts the 2t; orbital to be slightly higher in energy than the
3e orbital, although previous assignments suggest the order is
dependent on the level of theory.'®*"*> The TD-DFT approach
indicates that the 2t; and 3e orbitals undergo splitting and
the resulting four ionic states (two *A,, one *A;, and one doubly
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degenerate “E) of the cation overlap. Again, the ionic states are
more separated at the relaxed cation geometry.*® Ultimately, an
accurate ordering is nontrivial using computational methods
alone, and the resolution of the PES spectrum is insufficient to
distinguish a separation of these ionic states. Although neither KT
nor TD-DFT can explain the broad nature of the bands, Gali et al.
employed a many-body perturbation theory (MBPT) approach to
demonstrate convincingly that Ada and other diamondoids exhi-
bit strong electron-vibration coupling in addition to JT distortion,
and these effects give rise to various satellite peaks that further
broaden the bands,” in addition to FC congestion (unresolved
(ro)vibrational structure) and possibly lifetime broadening.**
Fig. 3 provides an expanded view of the PES spectrum of
Ada in the energy range between 9 and 10 eV. The 0-0 peak at
9.30 eV (IE,) has a FWHM of 49 meV, which is slightly broader
than the Xe calibration peaks and likely due to sequence hot
bands and unresolved rotational structure. Subsequently, four
vibronic peaks, labeled A-D, are observed toward higher energy
at 9.40, 9.46, 9.55, and 9.63 eV (810, 1290, 2020, 2660 em !
above 0-0), respectively. In previous analyses, similar progres-
sions are also reported, but a wide range of values are given by
Schmidt® (734 and 1175 cm™ "), Kovac and Klasinc® (800 and
1260 cm™ '), and Candian et al.>® (900 and 1284 cm ™). The FC
analysis of the band, represented by the green stick spectrum,
is convoluted with a Gaussian line profile (FWHM = 40 meV) to
simulate the PES spectrum (red). The results are shifted to align
the origin at 9.30 eV. Although the simulated peaks do not
closely resemble the measured spectrum in their relative inten-
sities (particularly for the underestimated 0-0 peak), their
positions on the binding energy scale are in good agreement
and adequately allow for a vibrational assignment. We also note
that no contribution from hot bands is observable at 300 K,
which is reflected by the simulation. Peaks A and B arise from
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Fig. 3 The Do(PA) « So(*Ay) transition band from the PES spectrum of
Ada (black) compared to the simulated FC stick spectrum (green) at 300 K,
which is convoluted with a FWHM of 40 meV (red). The observed vibronic
features are assigned to the calculated vibrational modes vy = 1270 and
vi> = 886 cm™L.
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two fundamental modes, 12§ (v, = 886 cm™') and 9§ (vo =
1270 cm™ ), both of which are symmetric C-C stretching modes
combined with C-H bending motions. These modes corre-
spond to JT active vibrations that are excited upon ionization
and reduce the high symmetry by distorting the cage. Peak C
arises mostly from the 95124 combination band while peak D is
attributed to the 92 overtone. More combination bands and
overtones of these modes contribute to the band intensity toward
higher energy but become congested and therefore unresolved in
the measured spectrum (Table S2, ESIt). Additionally, a broader
satellite feature appears near 10 eV (peak E). This feature corre-
sponds to the satellite peak described by Gali et al and is
attributed to electron coupling with 43 different vibrational
modes, with the largest contribution belonging to a t, twisting
mode with an energy of 78.2 meV (630 cm™').”” Nevertheless, a
Born-Oppenheimer approach as used here still performs consid-
erably well to interpret the major vibronic features below this
satellite peak.

3.2. Cyanoadamantane (AdCN)

The PES spectrum of AACN shown in Fig. 4 is the first to be
reported for this molecule. As stated, the EPD spectrum of AACN"
was recently reported,®® and despite large differences in the
experimental conditions including selection rules for the excited
state transitions, both spectra share a similar line profile (Fig. S16,
ESIt). There are still notable differences, with the largest being
that EPD provides no information of the cation ground state,
which is readily observed in the PES spectrum. The electronic
configuration of AdCN is

...(11a,)*(7e)*(12a,)%(8e)*(132a,)*(12,)*(9¢)*(14a,)*
(10e)*(11e)*(2a,)*(12€)*(15a,)*(13€)*

and corresponding bands in the PES spectrum are labeled in
Fig. 1. Thus, it possesses an additional four valence MOs
compared to Ada, three of which are predicted to be observable
in the measured energy range (both ¢y and ny). The H - CN
substitution at the 1-position of the adamantyl cage reduces
the tetrahedral symmetry of Ada from T4 to Cs;, in AACN, and
the 13e HOMO and 15a; HOMO-1 in AdCN correspond to the
triply degenerate 7t, HOMO of Ada (Fig. 4a). Ionization of AACN
also leads to JT distortion, and the point group is further
lowered from Cj, to Cs.***° Thus, the TD-DFT model predicts
that all degenerate ionic states are split in the cation and
the 13e HOMO further splits into a’ and a” orbitals (Fig. 4b).
A detailed description of the changes in bond angles and bond
lengths of AACN' upon ionization has been previously dis-
cussed at the (u)B3LYP-D3BJ/cc-pVTZ level,*®*® and there are
only negligible differences using the M06-2X functional. At the
relaxed cation geometry, the CN group bends slightly toward
one of the adjacent CH, groups, and the C-H bond within
the mirror plane is elongated to produce a characteristic
low-frequency stretching mode that was recently measured
spectroscopically.®®

Like Ada, the PES spectrum of AACN exhibits a well-pronounced
IE, band, which lies at (9.78 £ 0.01) eV. To our knowledge, it
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Fig. 4 PES spectrum of AACN assigned by DFT. In panel (a), the spectrum
is assigned by the KT method. In panel (b), TD-DFT is used to calculate the
vertical transition energies of AACN™ in the Do* geometry. The transition
energies are shifted by the calculated first IE, (10.34 eV). The MO eigen-
values in (a) are then shifted by 0.82 eV to have the same origin as the TD-
DFT method.

possesses the highest IE, of any measured pristine or monosub-
stituted diamondoid to date, due to the small size of the cage
relative to higher order diamondoids and the strong inductive
effect of the nitrile group.*® In the measured energy range, five
overlapping bands appear with only the first exhibiting clear
vibronic features. This band spans between 9.7 and 10.8 eV and
is analogous to the first band of Ada. It is the result of ionization
from the 13e and 15a; orbitals, which are CC bonding orbitals from
the adamantyl cage (Table S3 and Fig. S4, ESIt). An expanded view
is given in Fig. 5 and the interpretation is again aided by a FC
simulation. The convolution of the stick spectrum with 40 meV
FWHM yields a band contour (red) that is in excellent agreement
with the measured spectrum, although the strength of the origin
peak is underestimated, as is the case for Ada (Table S4, ESIt).
Again, we see no clear evidence of hot bands at 340 K, except that
the 0-0 band is slightly broader than the Xe calibration peak when
fitted with a Gaussian profile (47 vs. 40 meV). Four vibronic peaks,
labeled A-D, can be distinguished toward higher energy. Peak A
appears as a shoulder of peak B near 9.88 eV (+810 cm ') and
is assigned to two close-lying fundamental vibrations, 52§ (vs, =
848 cm ") and 50 (vso = 890 cm ™). Peak B, with its maximum at
9.93 eV (+1210 cm ™), is attributed to mode 334 (v3; = 1221 cm™ ).
Peak C at 10.03 eV (+2020 cm ') is therefore assigned to the
combination bands 333523, 330505 and peak D near 10.08 eV
(+2420 cm ™) is the 337 overtone. These strongly FC active modes
are along the cage-opening coordinates.”® Another feature with a
local maximum near 10.5 €V is primarily assigned to ionization
from 15a,, which has a calculated IE, of 10.76 eV according to KT or
10.62 eV by TD-DFT. Vibronic coupling that dynamically induces JT
distortion could also contribute to this feature, as it resembles the
satellite peak previously investigated by MBPT in the Ada spectrum
at 10.0 eV.”” It likewise appears approximately 0.7 eV above the first
IE,. However, a thorough investigation of these effects is beyond
the scope of our study.

Phys. Chem. Chem. Phys., 2024, 26, 24607-24623 | 24613


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02425g

Open Access Article. Published on 10 July 2024. Downloaded on 3/1/2026 8:59:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
® ® ®
® @ ®
/ﬁ;\ s e B N i /
oo e T e LA
.0 0. 08 . -0 0 6., .. 0 0 0 .
A 2 2 N 2 2 A ®T®
4 ~5 i
Va3 Vso Vs
——PES
——FC
—— FC Conv

0-0

5015 33'50°

1 5t i | sl 3% g

whd L ]fﬂ..“. A_hum..uln_ TR WD

95 96 97 98 99 10.0 10.1 10.2 10.3 104
Binding energy / eV

Fig. 5 The Do(?A) « So(*Ay) transition band from the PES spectrum of
AdCN (black) compared to the simulated FC stick spectrum (green) at 340 K,
which is convoluted with a FWHM of 40 meV (red). The observed vibronic
features are assigned to the calculated vibrational modes vz3 = 1221, vsg =
890, and vs, = 848 cm ™,

The second PES band, spanning between 10.8 and 13.2 eV, is
comparable to the second band in the PES spectrum of Ada, as
the 2t, and 3e orbitals in Ada correlate with the 12e + 2a, and
11e orbitals in AdCN, respectively. However, the nearly degen-
erate nature of the 2t; and 3e orbitals in Ada is lost in the
corresponding orbitals of AACN. Substituting one of the pri-
mary H atoms in Ada with a CN group results in two of the
eigenstates of the 2t; orbital to mix with the m orbitals of
the nitrile group to form the degenerate 12e orbital of AACN
(Fig. S5, ESIf). The 2a, orbital of AACN correlates with the
remaining 2t; eigenstate of Ada. Since its Kohn-Sham MO
exhibits no CN character, it stands to reason that the 2a, orbital
possesses a similar energy gap from the 13e HOMO as the 7t,/
2t; gap in Ada (1.40 vs. 1.35 eV). Additionally, mixing of the &
orbitals of the nitrile group with those of the cage effectively
lowers the binding energy of the 12e electrons by 0.52 eV
according to the KT model. These arguments then satisfyingly
explain the broader nature of the second band in the AACN
spectrum compared to that of Ada.

In the range of 12-13 eV occurs an overlapping and more
prominent peak, which is unique to the AACN spectrum. To
interpret this feature, we compare the spectrum to that of
acetonitrile (CH;CN), which is a simple alkyl nitrile wherein
the adamantyl cage of AACN (C;0H;5) is replaced by CH;. The
PES spectrum of CH3;CN exhibits two bands that lie close
together between 12 and 13.5 eV.®" The first contains a distinct
progression of peaks and is assigned to removal of a bonding
Tcn electron. The second is a sharp, “needle-like” band and is
typical for an electron being ejected from the nonbonding
nitrogen lone pair (ny). In fact, it is generally observed that
alkyl nitriles exhibit broader FC-active ncy bands lying slightly
below a narrow ny band, and AdCN appears to behave
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similarly.’” As the size of the alkyl group increases, the bands
attributed to the CC and CH orbitals decrease in binding energy
and eventually obscure the ny band, as in tertbutylnitrile,
(CH;);CCN.® Both the KT and TD-DFT models predict 10e to
lie 0.3-0.4 eV above 14a,. We therefore rationalize that in the
AdCN spectrum, the broadness of the peak, especially on the
low-energy side, is likely due to ionization from the 10e orbitals
with mey character (Fig. S4, ESIT). However, this assignment is
stated with some reservation as no corresponding resolved
features are clearly discernable in the measured spectrum. This
would leave the sharp peak at 12.55 eV to be assigned to
ionization from the 14a, orbital, occupied by the ny lone pair
electrons.

Lastly, several overlapping transitions are observed between
13.3 and 15.0 eV, yielding a contour that resembles the bands
belonging to the 6t, and 1t; orbitals of Ada but without
displaying any vibronic features. These are attributed to ionic
states resulting from ionization of the 9e, 1a,, 13a;, and 8e
orbitals. The 9e and 13a; orbitals correlate with 6t, of Ada
and are separated by 0.70 eV, whereas 1a, and 8e correlate with
1t; of Ada. From the TD-DFT perspective, transitions into the
Dy;(*A”) and Dy,(*A’) ionic states (corresponding to the JT-split
9e orbitals) are nearly isoenergetic to the Dg(’E) « Dg*(*A4)
transition in Ada"* (Fig. S5, ESIT). This again is because the 9e
orbitals have essentially no influence from the CN group.
The 13a, orbital, however, exhibits strong mixing between the
G orbital of the nitrile group with one of the 6t, orbitals in Ada,
which increases the binding energy of the occupying electrons.

3.3. Amantadine (AANH,)

The pyramidal amino group in AANH, reduces the symmetry
of Ada from Ty to Cs, yielding only nondegenerate orbitals
(Table S5, ESIt). AANH, has the electronic configuration

...(162")*(172')*(18a")*(192")*(8a")*
(20a’)*(9a")*(21a")%(10a")*(22a’)*

(112”)*(232")*(12a")*(24a’)*(13a")*(14a")*(252")>
(26a’)*(15a")*(27a’)

and corresponding bands in the PES spectrum are labeled in
Fig. 1. Three of these valence orbitals are unique to AANH,
compared to Ada with orbital character analogous to the ny and
Tinn, Orbitals of NH;. Litvinyuk et al. provided the only previous
investigation of the AANH," ionic states using low resolution
electron momentum spectroscopy.””> They conclude that the
27a’ HOMO of AdNH, mainly manifests as the nonbonding
lone pair from N, with a binding energy roughly measured at
8.6 eV. George and Dopfer explored the geometry of the cation
and its solvated clusters by IRPD spectroscopy and found
ionization into the Do(*A’) ground state distorts the pyramidal
NH, group toward a planar configuration.>”**®* Additionally,
the apical C-C bond within the oy mirror plane is severely
elongated due to conjugation with the ny orbital. A cage-
opening mechanism along this bond was measured and it
was determined that the m-electron-donating nature of the
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NH, group drastically lowers the barrier of the reaction com-
pared to the equivalent reaction in Ada’.

Fig. 6 shows the first PES spectrum reported for this
molecule and four bands between 8 and 15 eV are observed.
The first band is weakest in intensity and is a symmetrical FC
band exhibiting weak, yet still visible vibronic structure on the
low-energy side. It is similar to the lowest-lying band observed
in the PES spectra of many alkyl amines that assign the HOMO
to the localized lone pair electrons of the NH, group (ny
character). Unlike Ada, IE, is not easily determined due to the
broad, gradual rise of the band profile, which begins to
increase near 8.30 eV. Five vibronic peaks can be identified
(labeled A-E), which progressively become more difficult to
discern, at 8.37, 8.45, 8.54, 8.62, and 8.70 eV, respectively. The
spacings between the peaks are nearly uniform, with an average
energy difference of 80 meV (650 cm™'). The FC simulation
(Fig. 7) of the cation ground state predicts the 0-0 origin to have
nearly no intensity and that two vibrational progressions make
significant contributions to the band intensity (Table S6, ESIT).
Assuming the small peak at 8.37 eV (peak A) to be the first
vibronic peak, the IE, is calculated to lie at 8.27 eV. Peaks A-D
are attributed to a progression of 36§ (3¢ = 615 cm™ '), which is
known as the NH, umbrella inversion mode. A long progres-
sion in this mode is expected because the NH, group becomes
nearly planar in the cation upon ionization of the ny electron.
Peak E is the start of the unresolved band continuum, caused
by FC congestion of many transitions. However, it is also near
the calculated energy of the symmetric N-H stretching mode, 15
(v, = 3505 em '), which forms combination bands with a
progression in v, toward higher energies, further contributing
to the broadness of the band. The predicted frequency of this
mode is in close agreement with the fundamental determined

a KT a
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b TD-DFT .
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Fig. 6 PES spectrum of AdNH, assigned by DFT. In panel (a), the spec-
trum is assigned by the KT method. In panel (b), TD-DFT is used to
calculate the vertical transition energies of AANH," in the Do* geometry.
The transition energies are shifted by the calculated IE, (8.88 eV). The MO
eigenvalues in (a) are then shifted by 0.79 eV to have the same origin as the
TD-DFT method. The peak at 12.6 eV (marked by an asterisk) is attributed
to water contamination in the vacuum chamber.
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Fig. 7 The Do(A’) « So(*A’) transition band from the PES spectrum of
AdNH; (black) compared to the simulated FC stick spectrum (green) at 310
K, which is convoluted with a FWHM of 40 meV (red). The observed

vibronic features are in close agreement with the calculated vibrational

frequencies v, = 3505 and vzg = 615 cm ™,

experimentally by George and Dopfer’” (3322 cm™ ') after
applying a scaling factor of 0.95 to account for anharmonicity.

The next three bands in the spectrum have a similar
appearance as the first three bands in the PES spectrum of
Ada, signaling that the MOs giving rise to these features are
mainly localized on the adamantyl cage. Inspection of the
Kohn-Sham MOs (Fig. S6, ESIt) and NTOs (Fig. S7, ESIY)
illustrates the correlation between the 7t, HOMO of Ada with
the orbitals 15a”, 26a’, and 25a’ in AANH,. Furthermore, the
other orbitals of Ada correlate with those in AANH, as (i) 2t; —
14a” +13a” +23a’, (ii) 3e — 24a’ +12a”, (iii) 6t, - 11a” +22a’ +
21a’, (iv) 1t; —» 10a” +9a” +20a’, and (v) 5t, — 8a” +19a’ + 18a’.
Such correlations were also discussed by Litvinyuk et al, but
with the assumption that the order of the correlating MOs
between Ada and AANH, is the same.>” They argue that because
several of the split orbitals in AANH, are still quasi degenerate,
the ionic states are separated by large gaps even at their low
resolution of 1.5 eV and thus the orbitals of Ada remain almost
unchanged by H — NH, substitution. While this is essentially
the case for orbitals correlating with the 7t, orbitals of Ada, our
assignments for the higher energy bands yield new interpreta-
tions. For instance, the comparison of the MOs and NTOs
reveals the relationship between the D, and Dy ionic states of
AdNH," and the D; degenerate state of Ada’. The 14a” and 23a’
orbitals of AANH, both exhibit delocalized spatial wavefunc-
tions that correlate with the degenerate 2t; orbitals of Ada.
However, their eigenenergies are separated by 0.42 eV because
of the bonding (23a’) vs. nonbonding (14a”) character of the
mnn, electrons with the cage orbitals. A similar relationship
applies to the 10a” and 20a’ orbitals, which experience a larger
splitting of 0.73 eV. In these cases, the conjugation of the ny
lone pair with the alkyl group in the symmetric a’ orbitals
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increases the transition energies to the respective A’ ionic
states, whereas the *A” states have lower transition energies
with respect to the correlating states of Ada®. In summary, the
largest splittings occur for orbitals related to the 7t,, 2t;, and
1t, orbitals in Ada, as these have the largest overlap with the
orbitals contributed by the NH, group.

3.4. 1-Adamantanol (1-AdOH)

Several rotamers of 1-AdOH are optimized to find the global
minimum geometry, which is determined to have Cs symmetry
with the O-H bond in the anti-position relative to one of the
adjacent apical C-C bonds, as shown in Fig. 1. The electronic
configuration of the ground state is computed as

..(17a")%(18a')*(7a")*(19a’)*(20a’)*(8a")*(21a’)*(9a" )
(22a’)*(10a")?

(232')*(11a2")*(122")*(24a’)*(13a")*(252')*(26a’)* (142" )
(27a’)*(152")

and the corresponding bands are labeled in Fig. 1. By this
configuration, ionization from the 15a” orbital results in a
Dy*(A”) state, meaning that symmetries are reversed when
comparing KT orbital assignments with TD-DFT ionic states
due to the cross product with a”. At the relaxed cation geometry,
the Cy symmetry is reduced to C; as several bonds are distorted
disproportionately. The apical C-C bond within the mirror plane
undergoes the largest change, being elongated by 0.29 A (or
18%). This may again indicate instability of the adamantyl cage
structure that leads to a cage-opening reaction, as was observed
for the isoelectronic AANH," cation by IRPD spectroscopy.®’
The first PES measurement of 1-AdOH was reported by
Bodor et al.,'® however only IE, values were provided without
discussion. Tian et al. presented the only available spectrum,>*
wherein 1-AdOH was also measured by He*(2S) Penning

a KT a'

A’
A Au

9 10 11 12 13 14 15

b TD DFT
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Fig. 8 PES spectrum of 1-AdOH assigned by DFT. In panel (a), the
spectrum is assigned by the KT method. In panel (b), TD-DFT is used to
calculate the vertical transition energies of 1-AdOH™* in the Do* geometry.
The transition energies are shifted by the calculated IE, (9.54 eV). The MO
eigenvalues in (a) are then shifted by 0.79 eV to have the same origin as the
TD-DFT method.
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ionization electron spectroscopy (PIES). Our measurement
shows differences in the band intensities and yields slightly
more pronounced features due to the improved resolution (40
vs. 80 meV). The first notable difference is a peak at (9.52 +
0.07) eV, followed by another weak feature near 9.88 eV (Fig. 8).
These were previously observed as shoulders to a peak at 10.6 eV
by Tian et al,”* who estimated the IE, values to be at 9.6 and
10.0 eV by the slope of the band contour and compared them to
values calculated by Outer Valence Green’s Function (OVGF) at
9.25 and 9.61 eV, respectively. Both peaks are well resolved in our
spectrum and accurately predicted by our models. We calculate
the So(*'A’) — Do*(*A”) IE, at 9.54 eV, and both KT and TD-DFT
give 9.89 eV for the D,(*A”) state (Table S7, ESIt). The output of
the FC simulation for the IE band is shown in Fig. 9. It reproduces
the smooth contour seen in the experimental spectrum with no
apparent vibronic features. The simulation yields a 0-0 peak with
extremely low intensity at 71559 cm ™" (8.872 €V), which is then
shifted by 0.16 eV to align the center of the band with the
experimental curve (Table S8, ESIt). This gives a best estimate
of the experimental IE, near 9.03 eV. The broad band is composed
of densely congested vibrational excitations, although no funda-
mentals are predicted to have pronounced intensity. Instead,
various combination bands involving several modes contribute
to the convoluted line profile in red. Many of these modes involve
activation of the C-C bond that is elongated upon ionization, and
the large geometry changes between 1-AdOH and 1-AdOH" result
in small FC overlap.

At the current resolution, the low symmetry increases the
degree of overlapping bands and complicates the ability to
interpret the spectrum, especially with regards to identifying
the OH orbitals. For comparison, the PES spectrum of 1-
diamantanol has also been measured and similarly shows a
smooth band contour with no apparent ne band.’ Two possi-
bilities for assigning the nonbonding lone pair orbital are the
ground state band at 9.52 eV or the sharper and more prominent
peak at 10.46 eV. The MOs suggest that the 152" HOMO is
analogous to one of the eigenstates of the AACN HOMO and the
HOMO-1 of AdNH, (Fig. S8, ESIT), but also possesses nonbonding
no character. However, the 14a” HOMO—2 has similar character
and it is unclear to access which one correlates more strongly with
the 7t, HOMO of Ada by a visual comparison. Tian et al. assigned
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Fig. 9 The Do(PA’) « So(*A’) transition band from the PES spectrum of 1-
AdOH (black) compared to the simulated FC stick spectrum (green) at 335
K, which is convoluted with a FWHM of 40 meV (red).
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both to the two ng lone pairs, stating 15a” to be perpendicular and
14a” to be parallel to the cage, but with respect to orthogonal
reference planes.>* We contend the nonbonding lone pair should
be out of plane from the C; axis, whereas the other will have
bonding character between the acidic proton and the cage, analo-
gous to the MOs of H,0. Using another model to describe the
nature of the cation ground state, NBO charges at the same level of
theory are computed for the neutral and cation ground state of 1-
AdOH. The difference of the charges indicates that the cage
experiences a net change of +0.787e for S, — D,. This is similar
to the AACN HOMO, which has net change of +0.891e localized on
the cage and contrasts with AANH,, which experiences a net change
of +0.554e on the NH, group. Although NBO charges represent
local charge density at equilibrium, this consideration would seem
to indicate that the 15a” HOMO more closely correlates with the 7t,
HOMO of Ada. The peak at 10.46 eV is attributed to two quasi-
degenerate ionic states, D, and D; at 10.51 and 10.52 eV, respec-
tively (Fig. S9, ESIT). The near degeneracy and relative isolation of
these states explain the observed peak prominence. The 26a’
orbital, however, correlates closely with the 7t, HOMO of Ada
together with the 27a’ orbital. We therefore correlate the MOs of
Adaas: (i) 7t, — 152" +27a’ +26a’, (ii) 2t; — 25a’ +13a” + 112", (iii)
3e — 24a’ +12a”, (iv) 6t, — 10a” +22a’ +21a’, (v) 1t; — 9a” +8a" +
20a’, and (vi) 5t, > 19a’ + 7a” + 18a’. The bonding valence OH
orbital is 23a’, which is assigned to the small shoulder not observed
in the other spectra at 12.73 eV. We find that strong mixing
between the adamantyl and OH orbitals induces significant split-
ting of the Ada 7t, HOMO, 2t; HOMO—1, and 1t; HOMO—4 over
an energy range of about 1 €V in each case.

3.5. 2-Adamantanol (2-AdOH)

The PES spectrum of 2-AdOH in Fig. 10 is the first to be reported
for this molecule. Here, the OH group substitutes an H atom in
the 2-position of Ada. The global minimum geometry is

a KT a
(9.17 eV)

b TD-DFT A

9 10 11 12 13 14 15

Binding energy / eV

Fig. 10 PES spectrum of 2-AdOH assigned by DFT. In panel (a), the
spectrum is assigned by the KT method. In panel (b), TD-DFT is used to
calculate the vertical transition energies of 2-AdOH™ in the Do* geometry.
The transition energies are shifted by the calculated IE, (9.67 eV). The MO
eigenvalues in (a) are then shifted by 0.83 eV to have the same origin as the
TD-DFT method.
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characterized by C; symmetry, with the O-H bond at a dihedral
angle of 64.7° relative to the adjacent C-H bond (Fig. 1). Upon
ionization, the global minimum geometry undergoes a decrease
in this H-C-O-H dihedral angle to 15.5° and like 1-AdOH, the
C-C bond attached to the OH group is significantly elongated by
0.32 A (21%). This observation again points toward an instability
of the adamantyl cage in the cation caused by an inductive effect
of the OH group through the C-C bonds.

The PES spectrum exhibits several differences from that of 1-
AdOH, demonstrating the significant effect of the substitution
position on the ionic states (Table S9, ESIT). There are three
bands appearing between 9 and 15 eV, the profiles of which are
generally broader and smoother in appearance with no distin-
guishable vibrational fine structure. The onset of the first band
is enlarged in Fig. 11 and is compared with a FC simulation of
the transition into the cation ground state. The 0-0 peak is
calculated at 70958 cm™ " (8.798 eV) with low intensity (Table
S10, ESIt). The simulated spectrum is then shifted by 0.37 eV to
align it with the experimental band contour to give a best
estimate of the experimental IE, near 9.17 eV. After the stick
spectrum is convoluted to match the resolution of the spectro-
meter, the simulated spectrum closely mirrors the measured
curve. Four vibrations give the largest contribution to the band
intensity: v3g = 1195, vs5o = 949, Vg5 = 506, and vy5 = 68 cm ™.
These mainly contribute in the form of combination bands that
are highly congested, which explains the smoothness of the
band profile. However, the broadness of the band is not fully
reproduced by the FC simulation, indicating that there are
overlapping ionic states nearby toward higher energy. Both the

/ \ = \
T N \ - \r \
A e A e e .
{ \ N % &
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\
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Fig. 11 The Do(®A) « So(*A) transition band from the PES spectrum of 2-

AdOH (black) compared to the simulated FC stick spectrum (green) at 335

K, which is convoluted with a FWHM of 40 meV (red). The calculated

vibronic modes with highest intensity have frequencies vsg = 1195, v5q =

949, vgs = 506, and v75 = 68 cm ™.
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KT and TD-DFT models match closely to the measured spec-
trum after adjusting by the vertical S, — Dy* ionization energy.
Analyzing the Kohn-Sham MOs identifies 39a, predicted at
10.34 eV, to be a novel OH orbital not correlating with the
MOs of Ada and having ng character (Fig. S10, ESIT). The other
valence OH orbital is 33a (bonding no), with a calculated IE, at
12.69 eV. Thus, the valence OH orbitals have slightly lower
binding energy when Ada is functionalized at the 2-position
compared to the tertiary 1-position.

3.6. Urotropine (Uro)

The last molecule of this study is Uro, which has a PES
spectrum significantly distinct from that of Ada despite the
two molecules being isoelectronic and possessing the same
symmetry (Fig. 12). Optimizing the structure of Uro by DFT
yields the electronic configuration

.. .(5t2)°(1t,)%(6t2)°(521)*(3e)*(2t)%(7t,)°

(Table S11, ESIt) and corresponding assignments in the PES
spectrum are included in Fig. 1. The only previous PES
measurement of Uro was reported by Schmidt et al*® Our
measurement shows the same three broad and well separated
bands between 7 and 18 eV, with nearly 4 eV separating the first
two. Substitution of the four tertiary CH groups in Ada with N
atoms drastically affects the orbital character of the 7t, HOMO,
which is dominated by the ny lone pairs in Uro (Fig. S12, ESI+).
Because the orbitals are more localized, the S, — Dy* IE, is
greatly reduced compared to Ada. An important difference in
our measurement is the observation of vibronic activity in the
first three bands that was not resolved in the earlier study,>
perhaps due to the slightly better resolution (40 vs. 50 meV) and
improved signal-to-noise ratio. The first band possesses a
mostly symmetric FC envelope, with the 0-0 band observed at
(8.03 + 0.03) eV. However, it is not as pronounced as the first

2

A
A A2

b TD-DFT A E

7 8 9 10 11 12 13 14 15 16 17 18

Binding energy / eV

Fig. 12 PES spectrum of Uro assigned by DFT. In panel (a), the spectrum is
assigned by the KT method. In panel (b), TD-DFT is used to calculate the
vertical transition energies of Uro* in the Do* geometry. The transition
energies are shifted by the calculated IE, (8.60 eV). The MO eigenvalues in
(a) are then shifted by 0.84 eV to have the same origin as the TD-DFT
method.
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IE, band in Ada, and the subsequent vibronic peaks are barely
distinguishable from the band profile. Fig. 13 shows the cation
ground state band in more detail, together with the corres-
ponding FC simulation. Peaks A-C are the discernable vibronic
features, observed at 8.12, 8.15, and 8.22 eV (890, 1060, and
1660 cm~ ' above 0-0), respectively. Peak D marks the band
maximum at 8.48 eV. The FC simulation yields five fundamen-
tal modes that give considerable contribution to the band
intensity: 147 = 1065, v4, = 1019, 146 = 647, 147, = 518, and
v1g = 451 cm™ ' (Table S12, ESIf). These modes induce JT
distortion of the cation, reducing the symmetry from Ty to
C,y. Peak A is a broad shoulder and assigned to the low
frequency fundamentals v4g, V17, and vy, which are symmetric
cage stretching vibrations. Peak B is mostly attributed to the
165179 combination band and 167 overtone. Toward higher
energies, the FC states become congested with various combi-
nation bands, eventually forming a smooth line profile.

As we are unable to optimize the excited state geometries, we
cannot give similar treatment to interpret vibronic features
observed in the JT split D,(*A,)/D5(*E) and Do(*A,)/D10(’E) ionic
states near 12.45 and 15.56 eV, respectively (Fig. S13, ESIt).
For the first progression, we observe a 0-0 band at (11.73 +
0.02) eV, followed by peaks at 11.81, 11.90 (shoulder), 11.96,
and 12.12 eV (650, 1370, 1860, and 3150 cm™ " above the origin,
respectively). Two more peaks are observed at 12.62 and
13.28 eV but are not likely to belong to the same state. The
peak at 12.62 eV could be contamination of water in the
vacuum chamber. The progression seen in the third band near
15.5 eV has an apparent 0-0 band at (15.15 £ 0.02) eV.
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Fig. 13 The Do(*By) « So(®Ay) transition band from the PES spectrum of
Uro (black) compared to the simulated FC stick spectrum (green) at 345 K,
which is convoluted with a FWHM of 40 meV (red). The observed vibronic
features are in close agreement with the calculated vibrational frequencies
vi1 = 1065, vyp = 1019, 16 = 647, 117 = 518, and vyg = 451 cm™.
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Subsequent peaks are observed at 15.24, 15.31 (shoulder),
15.34, and 15.41 eV (730, 1290, 1530, and 2100 cm ™" above 0-0).

Lastly, correlation of the MOs of Uro with those of Ada
highlights the inductive effect of the nitrogen lone pairs on the
ionic states of Uro". Much of this discussion has been given by
Schmidt.? Isolation of the MOs on the lone pairs significantly
lowers the binding energy of the 7t, and 5a, orbitals by 1.23 and
2.25 eV, respectively. Meanwhile, conjugation of the lone pair
electrons into the CN bonds increases the binding energies of
the 2t,, 3e, 1t;, and 5t, orbitals by 1.21, 1.59, 2.08, and 1.34 eV,
respectively. The 6t, orbitals of Ada and Uro, however, are
nearly degenerate as these orbitals are mainly ccy, bonding
orbitals.

3.7. Correlation of states

Correlation diagrams comparing the first 19 valence MOs of
Ada (12 states) to those of the functionalized adamantanes as
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well as Uro are shown in Fig. 14. Orbitals are plotted by their —¢
values, calculated at the M06-2X(D3)/cc-pVTZ level. The dashed
lines identify which orbitals correlate with each other and
orbitals highlighted in red signify those which are mainly
attributed to n or m electrons belonging to the respective
functional groups. For convenience, a copy of Fig. 1 with the
correlations overlaid is given in Fig. S14 and correlating MOs
are illustrated in Fig. S15 (ESIt).

All derivatives of Ada measured in this work, apart from 2-
AdOH, affect one of the tertiary CH groups, and Uro replaces all
four with N atoms. Thus, close inspection of the Kohn-Sham
MOs with respect to the CH groups provides qualitative insight
into the trends observed in the PES spectra. The 7t, and 6t,
orbitals of Ada show oy bonding character in all four tertiary
CH groups whereas two of the six CH, groups are bonding and
the remaining four are nonbonding with the neighboring H.
The 2t; and 1t; orbitals have no contributions from the tertiary
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Fig. 14 Correlation diagrams of the MO eigenvalues (—¢) of Ada compared to those of the functionalized adamantanes and Uro. Orbitals in red are

attributed to the respective functional groups.
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CH groups and two of the CH,, groups, with the remaining CH,
groups again having nonbonding character. The 3e orbital also
has no contribution from the CH groups but shows mcy,
bonding character in all six CH, groups. Finally, 5a; has
bonding character in all CH and CH, groups. These descrip-
tions qualitatively agree with the equivalence orbital model
used by Schmidt.>® Therefore, we classify the character of the
orbitals as: 7t, (CC, ocn), 2t; (CC), 3e (CC, ocn), 6t, (oOcm), 1ty
(mcr,), 5t (ew,), and 5a; (ocw, Ocn,).>’

Fig. 14a compares —¢ values of orbitals that correlate with
the 7t, orbital of Ada. The largest effect is demonstrated in the
comparison between Ada and Uro, which differ in their ener-
gies by 1.23 eV and is caused by localization of the corres-
ponding MOs in Uro to the ny lone pairs. The largest splitting
of the orbital degeneracy, however, is manifested in 1-AdOH,
which has a difference of 1.00 eV between 15a” and 26a’. As
discussed, assignment of the nonbonding lone pair orbitals in
1-AdOH and 2-AdOH is not as straightforward as in the cases of
AdNH, and AdCN because both the HOMO and HOMO-2
orbitals are described by similar spatial wavefunctions.
Fig. 14b and c depict the same energy range but separate the
2t; and 3e orbital correlations for clarity. The 2t, orbital of Ada
again undergoes large splittings with the addition of the OH
group. All orbitals corresponding to the 3e orbitals of Ada
maintain quasi-degeneracy except for 2-AdOH, which under-
goes a large splitting of 1 eV. This observation validates the
assignment of the 3e orbital as CH, bonding in Ada, because
only functionalization at the secondary carbon has a noticeable
effect. Comparing correlations with the 6t, orbital of Ada
(Fig. 14d) reveals that the nitrile group induces the largest
change, with 13a; and 9e both exhibiting increased binding
energy and a large splitting of 0.71 eV between them. 1-AdOH is
affected similarly whereas AANH, and 2-AdOH exhibit relatively
small splittings in their correlated orbitals. 6t, of Uro is nearly
degenerate with 6t, of Ada. However, considering most orbitals
of Uro experience a shift towards higher binding energy by the
inductive effect of the N atoms in the cage, similar to the effect
of the nitrile group in AdCN, this implies that the 6t, binding
energy of Uro is actually redshifted relative to the nearby
orbitals. Fig. 14f again shows that the 5t, orbital Ada is CH,
bonding as there is quasi-degeneracy for correlating orbitals in
the functionalized adamantanes except for 2-AdOH. Lastly, the
5a; orbital of Uro has a lower binding energy by several eV due
to small overlap of lone pair electrons with the remaining
hydrocarbon cage orbitals (just like 7t,).

4. Conclusions

We present the PES spectra of four functionalized derivatives
of Ada, namely, AdCN, AdNH,, 1-AdOH, and 2-AdOH. Only
1-AdOH has been measured previously. Comparison with the
parent molecule, Ada, provides valuable insight into the elec-
tronic differences induced by effects of electron-withdrawing
and electron-donating functional groups. Furthermore, differ-
ences between the spectra of 1-AdOH and 2-AdOH help to

24620 | Phys. Chem. Chem. Phys., 2024, 26, 24607-24623

View Article Online

PCCP

emphasize the influence of symmetry on the excited states of
their respective cations. Additionally, our remeasured spectrum
of Uro is the first to reveal vibronic fine structure in the bands
representing the cation ground state and first ionic excited
states. We expand on this work, as well as previous PES studies
of Ada,'®?°**?° 1-AdOH,** and Uro,”° with a FC analysis of the
ground state cation bands for each molecule. The combined
laboratory and theoretical (TD-)DFT analysis reveals the vibra-
tional modes contributing to Jahn-Teller distortion of the
cation ground states. In the case of the functionalized adaman-
tanes that were not previously measured, we again see evidence
that vibronic coupling effects are important to consider for
diamondoids. However, the DFT methods employed here,
combined with qualitative reasoning using Kohn-Sham mole-
cular orbitals, effectively provide an accurate interpretation of
the observed differences in the PES spectra.
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