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ABSTRACT: The valence and core electronic structure of nicotine, 7_—/\/\
nicotinic acid, and nicotinamide have been studied by photoelectron Nicotine A
and soft X-ray absorption spectroscopy, supported by theoretical Ny hy

calculations, which take into account conformational isomerism. The | Vitamin B3 ) | )\ ‘/ \
core-level photoionization spectra of all molecules have been assigned, 7 DFT | A&

and theory indicates that the effects of conformational differences are N Provitamin B3

small, generally less than the natural line widths of the core ionic A A_

states. However, in the case of nicotinamide, the theoretical valence

ionization potentials of cis and trans conformers differ significantly in ‘ = methylpyrrolidine, carboxylic acid, or carboxamide

the outer valence space, and the experimental spectrum is in

agreement with the calculated outer valence cis conformer spectrum. In addition, the C, N, and O K edge near-edge absorption
fine structure spectra are reported and interpreted by comparison with reference compounds. We find evidence at the N and O K
edges of interaction between the delocalized orbitals of the pyridine ring and the substituents for nicotinic acid and nicotinamide.
The strength of the interaction varies because the first is planar, while the second is twisted, reducing the extent of orbital mixing.

I. INTRODUCTION Mata et al.’ found that the trans form of nicotinic acid
(carbonyl oxygen oriented away from the pyridine nitrogen) had
about the same energy as the cis form, while calculations
indicated that it was slightly more stable. (Note that in their
paper, their notation cis/trans is apparently reversed with
respect to that used here.) They found that both conformers
were effectively planar. Thus, although nicotinic acid and
nicotinamide are isoelectronic, their structures are different so
that not only similarities but also differences in their spectra may
be expected.

Nicotine, nicotinic acid (vitamin B3), and nicotinamide
(provitamin B3) (Figure 1) are three derivatives of pyridine
and are important bioactive chemicals: nicotine for its well-
known pharmacological and insecticidal properties, and the
other two as vitamins. These three compounds differ by the
substituent on the pyridine ring in the 3 position, either 1-
methylpyrrolidine, carboxylic acid, or carboxamide. Nicotinic
acid and nicotinamide are isoelectronic, so similarities in their

spectra and behavior may be expected. The ionization potentials (IP) and outermost valence ionic
The gas-phase rotational spectra of all three molecules are states of nicotinic acid and nicotinamide have been measured

reported in the literature: for nicotine, several conformers are experimentally,6’7 and calculations of the valence bands were

possible, but only two were observed at the temperature of the reported,7’8 but to the best of our knowledge, no gas-phase core-

experiment of Grabow et al.' The relative energies of the level spectra are available. The core photoelectron and near-edge

conformers of nicotine have been calculated by Elmore and X-ray absorption fine structure (NEXAFS) spectra of nicotinic

Dougherty,2 and the gas-phase electron diffraction pattern has acid adsorbed on rutile, where it is deprotonated, have been

been measured by Takeshima et al.’ reported.” We are not aware of any published photoelectron
The rotational spectra of nicotinic acid and nicotinamide have spectra of nicotine.

also been measured, and the situation is relatively straightfor- In this work, we investigate the core and valence electronic

ward, as only trans and cis (or equivalently, E and Z) conformers structure of this group of compounds, taking into account the

are expected to be stable. Vogelsanger et al.” found that the trans

form, in which the carbonyl oxygen of nicotinamide was Received: December 16, 2019

oriented away from the pyridine nitrogen, was slightly more Revised:  April 25, 2020

stable than the cis form, in qualitative agreement with their Published: April 27, 2020

calculations. They also found that the molecules were not planar,
and in both conformers, the carboxamide group was twisted out
of the pyridine plane.

H . © 2020 American Chemical Societ: https://dx.doi.org/10.1021/acs.jpca.9b11586
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Figure 1. Schematic structures of the samples and their conformers. The atoms are labeled: gray (carbon), blue (nitrogen), red (oxygen), and white
(hydrogen): (a) trans-a nicotine, (b) trans-b nicotine, (c) trans nicotinic acid, (d) cis nicotinic acid, (e) trans nicotinamide, (f) cis nicotinamide.
Conformer notation for nicotine follows Grabow et al." For nicotinic acid and nicotinamide, cis corresponds to the carbonyl oxygen close to the
pyridine nitrogen and trans corresponds to the carbonyl group far from the pyridine nitrogen. (Note that Mata et al.” stated in their text that they used
the same convention, but they labeled structures (c) and (d) as cis and trans, respectively, in their Figure 2).

Table 1. Calculated Relative Enthalpies of Formation (AE), Free Energies (AG), and Dipole Moments () of the Conformers

present work, theory literature, theory
conformer AE“ (k]-mol_l) AG (k]-mol_l) " (Debye) T (K) AE (k]~m01_1) AGY (k]‘mol_l) u (Debye)

trans-a nicotine 0 0.0 2.638 298 0.0" 0.0 2.6'

trans-b nicotine 217 1.68 3.052 298 2.49' 1.84° 3.1

trans nicotinic acid 0.0 0.0 0.692 336 0.0°3%%7 0.0° 0.82,° 0.755,> 0.762%
cis nicotinic acid 1.07 0.96 3.472 336 1.0,° 2.5,% 1.05% 0.68° 3.30,%% 3.42,% 3.65%7
trans nicotinamide 0.0 0.0 1.909 326 0.0 0.0* 2.020,* 2.107%

cis nicotinamide 3.87 439 5270 326 441% 4.98% 6.090," 5.238%

“AE is the difference of the total electronic energies (EE) of the conformer pairs. The free energy was calculated as (EE + thermal free energy
corrections). The zero-point vibrational energies of the conformer pairs of the three compounds are within 0.2 kJ-mol™", which is too small to alter
the order of relative stability. “The literature value of AG is calculated at 298 K.

effect of conformational isomerism. A number of studies of other following gases: 290.77 eV (C 1s — 7%, CO,),” 400.87 eV (N
molecules have been reported,"”™"" in which the effects of 1s = 7%, N,),*° and 535.4 eV (O 1s = 7%, CO,).”” The photon
conformation on peak shapes and binding energy shifts were energy resolution was 70, 60, and 100 meV at the C, N, and O K
observed. Generally, the effects are subtle and difficult to edges, respectively.
observe. Apart from its general importance, in the valence band Nicotinic acid, (—)-nicotine, and nicotinamide were
region, the effects of conformational isomerism are important in purchased from Sigma-Aldrich and used without further
dichroic photoelectron spectroscopy.'* When conformers with purification. Their purities were >99.5, >99, and >99.5%,
internal hydrogen bonds are present, for example, in amino respectively. The samples were introduced into the system via an
acids, the effects are often more clearly observed, especially as a effusive needle source at room temperature (nicotine) or
core-level shift,">™'” while the effects may be elusive in the evaporated from a crucible at temperatures of 336 K (nicotinic
absence of a hydrogen bond.””*' The present compounds do acid) or 326 K (nicotinamide) and a background pressure of 1—
not contain hydrogen bonds, and the number of isomers is 10 X 10~¢ mbar.
restricted, two for nicotinamide and nicotinic acid, and two ILIl. Theoretical Methods. Calculations were performed
stable forms for nicotine. for the two lowest-energy conformers of nicotine' and both
trans and cis isomers of nicotinic acid and nicotinamide. A
Il. EXPERIMENTAL AND THEORETICAL METHODS density functional theory model, B3LYP/6-311++G**, was
IlIl. Experimental Methods. The experiments were used in the optimizations and potential energy calculations of
performed at the Gas Phase Photoemission beamline in the the three compounds and their steric isomers. Potential energy
synchrotron light source Elettra, Trieste, Italy, using the scans of the lowest-energy (global minimum energy) structures
apparatus described previously.”> The photoemission spectra were performed as a function of the rotation angle of the
were measured with a total resolution (photon + analyzer) of pyridine-substituent bond, keeping other structural parameters

0.2, 0.57, 0.59, and 0.78 €V at photon energies of 100 eV constant. Outer Valence Green’s Function (OVGF/6-311+
(valence), 382 eV (C 1s), 495 eV (N 1s), and 628 eV (O 1s), +G**) calculations were performed to obtain valence orbital

respectively. The energy scale of the valence band spectrum was ionization energies, while core ionization energy calculations
calibrated with reference to the H,O (from residual gas) were performed by applying the core electron binding energy
spectrum for the valence spectra, while for core-level photo- (CEBE) method, also known as the AEyg method,zs’Z) for the
emission, the spectra were referred to the following core levels relaxed ionization energy. The CEBE method, using the (PW86-
and gases: 297.6 eV (C 1s, CO,),>* 409.9 eV (N 1s,N,),**and ~ PW91)/et-pVQZ model,”"~** determines the energies of the
541.3 eV (O 1s, CO,).** The NEXAFS spectra at the C, N, and cationic states (hole states) of the molecule after core ionization.
O K edges were acquired by measuring the total ion yield with a As a result, the energy difference between the specific core-
channel electron multiplier placed close to the jonization region. ionized cation and the neutral parent molecule represents the
The spectra were normalized to the photon flux measured ionization energy. The CEBE method thereby takes into
simultaneously by a photodiode. In a separate measurement, the account core hole relaxation effects.’® No further modifications
photon energy scale was calibrated to known resonances, by or scaling were applied. The core-level binding energy
measuring the spectra of a mixture of the sample and the calculations (ionization potential, IP) were carried out using
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the Amsterdam Density Functional (ADF) computational
chemistry program.”> Other calculations were carried out
using the GAUSSIAN16 computational chemistry program.”*

lll. RESULTS AND DISCUSSION

lIL.I. Results: Valence Band. Nicotine is chiral and so exists
as two enantiomers; in the present study, we used (—)-nicotine,
the enantiomeric form occurring in the tobacco plant. Since
linearly (and not circularly) polarized light was used, no effects
due to chirality occur in the photoelectron spectra. In contrast,
conformational effects are possible, and two conformers of
nicotine have been reported to be the most stable, labeled trans-
a and trans-b, following the notation of Grabow et al.! (Figure
1). The isomers differ by a rotation of approximately 180° about
the C—C bond joining the pyridine and pyrrolidine rings. We
calculated the structures of these two low-energy conformers
and found good agreement with ref 1 for the structural
parameters. At 0 K, we found that trans-a is more stable than
trans-b by AE = 2.17 kJ-mol™" (Table 1). Applying thermal
corrections, at 298 K the free energy of trans-a is still lower than
that of trans-b (Table 1), in agreement with Elmore and
Dougherty.”

A potential energy scan for rotation around the C2'—C3 bond
of trans-a nicotine is shown in Figure S1 in the Supporting
Information, with all other bond lengths and angles fixed. The
energy barriers for rotation and, therefore, conversion from
trans-a to trans-b are 31.5 and 33 kJ-mol™!, respectively,
depending on the direction of rotation, indicating facile
conversion at experimental temperatures.

Figure 2 shows the valence band ionization spectra of
nicotine, and the experimental and theoretical results for the two
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Figure 2. Theoretical density of states and experimental outer valence
photoelectron spectra of nicotine. Experiment: black curve, left axis;
upper black bars, experimental binding energies obtained by fitting.
Theory: green (trans-a nicotine) and red (trans-b nicotine) curves,
densities of states, right axis, assuming a Gaussian broadening function
of 0.61 eV full width at half maximum (FWHM). Lower green vertical
bars: calculated binding energies of trans-a nicotine. Photon energy:
100 eV.

isomers are summarized in Table 2; the full list of calculated
ionization energies is given in the Supporting Information
(Table S1). The calculated valence binding energies of the
conformers are very similar, as seen from the two curves in
Figure 2. For this reason, only the values for trans-a nicotine are
shown as bars in the figure. Three peaks are visible in the
experimental data between 8 and 10 eV binding energy, and the

4027

Table 2. Outer Valence Orbital Ionization Energies (eV) of
Nicotine

orbital theory (trans-a) theory (trans-b) expt.
44a (HOMO) 8.63 8.55 8.33
43a 9.05 8.99 9.22
42a 9.44 9.45
4la 9.80 9.86 10.06
40a 11.71 11.75 11.16
39a 12.01 11.88 11.72
38a 12.04 11.99
37a 12.40 12.30 12.85
36a 12.60 12.61

theory predicts four states in this interval. The shape of the
spectrum suggests that the theory overestimates the energetic
difference between the second and third ionic states. The
measured first ionization potential of 8.33 eV is in good
agreement with the calculated values of 8.55 and 8.63 eV, and
the root mean square (rms) difference between theory and
experiment for the first four ionic states is 0.22 eV for both
conformers, which also shows good agreement. Between the
fourth and fifth ionic states, theory predicts a gap of 1.9 eV, but
experimentally, the gap is much smaller, about 1.1 eV. At binding
energies greater than 11 eV, the density of states becomes high
and it is difficult to assign features, but there is qualitative
agreement between the spectrum and the density of states, with
a tendency for the theoretical peaks and valleys to be at several
hundred millielectron volts (meV) higher binding energy than
the experimental values.

We calculated the geometric and electronic structure of
nicotinic acid and found that the minimum-energy structure was
planar for the heavy (O and N) atoms, in agreement with
previous experimental’ and theoretical’>™*" works. For
conversion between the two isomers by rotation about the
C3—C7 bond of trans nicotinic acid, with all other structural
parameters frozen, the energy barrier between the two structures
(trans and cis) is 27.0 kJ-mol™" (see Supporting Information
Figure S2). A rapid conversion between the two isomers is to be
expected at laboratory temperatures.

The calculated difference in free energy (AG) between the
two nicotinic acid conformers at 336 K is small. Table 1 shows
that the cis conformer of nicotinic acid is 0.96 kJ-mol™" less
stable than the trans conformer, in good agreement with
previous calculations.” The dipole moments are also in good
agreement with published values.>*>*"**

The calculated valence band spectra of the cis and trans
isomers of nicotinic acid are very similar (Figure 3) as was the
case for nicotine. The agreement with the published He I
spectrum of Dougherty et al.® is good, with the energies of the
first three peaks agreeing within 0.16 eV. The vibrational
structure is visible on the third peak, as reported by Dougherty et
al,® with a vibrational quantum of 0.2 eV. The experimental
spectrum has a shape rather different from the density of states,
which may in part be due to different cross sections of the ionic
states. The results are summarized in Table 3. It can be seen that
the rms difference between theory and experiment for the
ionization energies is 0.25 eV, greater than that for nicotine. This
is mostly due to the discrepancies for the third and fourth
highest molecular orbitals, where theory apparently over-
estimates the energetic separation.

For nicotinamide, we calculated the minimum-energy
structure and found a structure distorted from planar for both

https://dx.doi.org/10.1021/acs.jpca.9b11586
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Figure 3. Theoretical density of states and experimental outer valence
photoelectron spectra of nicotinic acid. Experiment: black curve, left
axis; upper black bars, experimental binding energies obtained by
fitting. Theory: red (trans nicotinic acid) and green (cis nicotinic acid)
curves, densities of states, right axis, assuming a Gaussian broadening
function of 0.61 eV FWHM. Lower red vertical bars: calculated binding
energies of trans nicotinic acid. Photon energy: 100 eV.

Table 3. Outer Valence Orbital Ionization Energies (eV) of

Nicotinic Acid
orbital label, C;  theory  theory AIP Dougherty et
symmetry (trans) (cis) (trans-cis) expt. al®
52" (HOMO) 9.89 9.85 0.04 9.94 100
42" 9.93 9.94 —0.01
27a’ 10.45 10.49 —0.04 10.87 10.77, 10.93
262’ 11.24 11.17 0.07
3" 12.29 12.27 0.02 12.6 11.90
25a’ 13.33 13.33 0.0 13.29
2" 13.68 13.69 —0.01
24a’ 14.20 14.19 0.01 14.39
23a’ 14.54 14.79 -0.25
22a’ 15.58 15.54 0.04 15.21
1a" 15.82 15.82 0.0 15.81
21a’ 16.21 16.18 0.03 16.41
20a’ 16.89 16.90 —0.01 16.98
192’ 17.52 17.40 0.12 -
18a’ 18.15 18.08 0.07 -

the cis and trans conformers, with the carboxamide group
twisted with respect to the pyridine plane, and with C, molecular
point group symmetry. This result is in agreement with the
experimental results of Vogelsanger et al.* and calculations of
Kumar et al.”” A potential energy scan is shown in Figure S3 of
the Supporting Information, performed by fixing all structural
parameters except the rotation angle around the C3—C7 bond of
the trans nicotinamide. The stable rotation angles were found to
be 160° for trans and 23° for cis, compared to the experimental
values® of 166 and 22°, respectively, and the values calculated by
Kumar et al.>? of 159.5 and 24°, respectively. The energy barrier
to rotation was found to be 14.2 kJ-mol™".

The outer valence ionization potentials of nicotinamide are
listed in Table 4, and the energies of the first three valence
ionization peaks of nicotinamide (Figure 4) are in agreement
with those reported by Dougherty et al,,® measured with He I
radiation. The relative intensities of the peaks are different due
to the different photon energies used (and therefore different
cross sections). The theoretical difference between first
ionization energies of the two conformers of nicotinamide,
0.09 eV, is slightly larger than that for nicotinic acid (Table 3),
and the free-energy difference of 4.39 kJ-mol™' (Table 1)

4028

Table 4. Outer Valence Orbital Ionization Energies (eV) of
Nicotinamide

theory theory AIP Dougherty et
orbital (trans) (cis) (trans-cis) expt. al.®
32a 9.78 9.69 0.09 9.71 9.85
3la 10.10 9.84 0.26
30a 10.15 10.34 -0.19 10.26 10.35
29a 10.29 10.43 —-0.14
28a 10.65 10.58 0.07 10.67 10.75
27a 13.24 13.25 —-0.01 13.07
26a 13.49 13.48 0.01
25a 14.07 14.44 -0.37 14.17
24a 14.60 14.41 0.19 14.54
23a 14.89 14.97 —0.08 15.10
22a 1543 15.44 —-0.01 15.66
21a 16.11 16.04 0.07 16.31
20a 16.91 16.77 0.14 17.00
19a 17.65 17.63 0.02
18a 18.62 18.63 —0.01 18.23
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Figure 4. Theoretical density of states and experimental outer valence
photoelectron spectra of nicotinamide. Experiment: black curve, left
axis; upper black bars, experimental binding energies obtained by
fitting. Theory: red (trans nicotinamide) and green (cis nicotinamide)
curves, densities of states, right axis, assuming a Gaussian broadening
function of 0.61 eV FWHM. Lower red vertical bars: calculated binding
energies of trans nicotinamide; lower green vertical bars: calculated
binding energies of cis nicotinamide. Blue curve: simulated density of
states for a mixture of cis/trans with a population ratio of 0.85:0.15.
Photon energy: 100 eV.

suggests that the population of the trans conformer may
dominate. The calculated density of states of cis nicotinamide
agrees slightly better with experiment than the trans form,
particularly for the outermost states, and around 14 eV binding
energy. However, we calculated that the trans form was more
stable by a free-energy difference of 4.39 kJ-mol™' at the
temperature of the experiment (326 K). This corresponds to a
population ratio of 0.83:0.17. In Figure 4, the blue curve shows a
simulation for a cis/trans population ratio of 0.85:0.15, which
appears to agree reasonably well with the experiment. This value
of population ratio corresponds to a free-energy difference of 4.7
kJ-mol ™. We conclude that the trans species is more stable by a
few kJ-mol ™/, but it is difficult to quantify this value. Vogelsanger
et al.* observed approximately equal populations of the two
conformers at their temperature of 433—443 K. Their result
agrees qualitatively with the present result, as Vogelsanger et al.
noted that their estimate was approximate, due to uncertainties
such as the temperature of their molecular beam.

Nicotinic acid and nicotinamide are isoelectronic, both
contain a pyridine ring and display some differences and

https://dx.doi.org/10.1021/acs.jpca.9b11586
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Figure 5. Comparison of the charge distributions of the outermost five valence states of trans and cis conformers of nicotinic acid and nicotinamide.
The charge distributions are based on HF calculations, and the ionization potentials are derived from OVGF calculations.

similarities in their outer valence spectra. Figure S compares the
theoretical orbital charge distributions of the first five outermost
orbitals of the trans and cis conformers of nicotinic acid and
nicotinamide from Hartree—Fock (HF) calculations, while the
orbital energies are based on OVGF. The highest occupied
molecular orbitals (HOMOSs) of both rotamers of nicotinic acid
(5a”) and nicotinamide (32a) are delocalized orbitals with
significant weight on the pyridine ring and the carbonyl group.
Both the charge distributions and the ionization energies are
similar.

The HOMO-1 (4a”) orbital of nicotinic acid has largely
pyridine 7z orbital character, with little carboxylic character,
whereas the HOMO-1 (31a) and HOMO-2 (30a) orbitals of
nicotinamide have pyridine 7 orbital character with a strong
admixture of states localized on the carboxamide moiety. The
HOMO-3 (26a’) and HOMO-4 (3a”) orbitals of nicotinic acid
show some similarity to the HOMO-4 (28a) orbital of
nicotinamide, but with a reversal of the previous trend. All
have significant pyridine character, but nicotinic acid has a
stronger admixture of states localized on the carboxylic moiety,
while the HOMO-4 (28a) of nicotinamide has a small
contribution from the carboxamide group. The nonplanarity
of nicotinamide perturbs the 7 bonding compared to nicotinic
acid. This influences primarily the hybridization of the pyridine
orbitals with the carboxamide group, most evident in the orbitals
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of HOMO-1 (31a), HOMO-2 (30a), and HOMO-3 (29a) of
nicotinamide in Figure 5.

Turning now to the differences between rotamers of each
species, the charge distributions of the two highest occupied
molecular orbitals of nicotinic acid appear to be the sums of the
charge on the two moieties. For HOMO-2 (272’), this is no
longer the case and there are clear indications of redistribution of
charge within the chromophores. The charge distributions in the
next orbital (26a’) are again similar, while they diverge for
HOMO-4 (3a”). There appears to be no intuitive chemical
argument to predict these trends, as they can only be observed
via calculations.

For nicotinamide, the charge density distributions are rather
similar (in the above sense) for the HOMO, HOMO-3 and
HOMO-4 cis and trans forms. For the HOMO-1 orbital, the cis
form shows a reduction of charge on the pyridine ring and an
increase on the carboxamide group compared to trans. For
HOMO-2, it is vice versa, with the pyridine accumulating
charge.

The charge distributions of the outermost orbitals of nicotine
are shown in Figure S4, Supporting Information. The
corresponding orbitals of the two conformers have similar
characters and tend to be localized on the methylpyrrolidine
moiety (HOMO, HOMO-4) or the pyridine moiety (HOMO-
1, HOMO-2, HOMO-3) with only minor mixing between the
electron systems of the two rings. This is understandable, given

https://dx.doi.org/10.1021/acs.jpca.9b11586
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that they are linked by a 6 bond, and delocalized 77 bonding is not
facilitated.

lILIl. Results: Core Levels. The carbon C 1s spectra of the
three compounds are shown in Figure 6, and the experimental

6000
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4000 — - g
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Figure 6. C 1s core-level spectra (left axis) and the theoretical density of
states (right axis; plotted below each experimental curve). Each ionic
state is assumed to have the same intensity and width (0.4 eV). The
theoretical curve of nicotine has been shifted to lower binding energy by
0.55 eV. Photon energy: 382 eV for nicotine and 390 eV for nicotinic
acid and nicotinamide.

and theoretical data are shown in Table S. For nicotine, only two
C 1s peaks are resolved experimentally for ionization of the 10
carbon atoms. These were fitted with two Gaussian peaks, and
the narrower peak has a binding energy of 289.86 eV, while the
broader peak has an energy of 290.50 eV. The calculations
predict that atoms C3, C4, and CS in the pyridine ring, and C3’
and C4’ have the lowest binding energy, and the 289.86 eV peak
is assigned accordingly. The broader peak is assigned to
ionization of all other carbon atoms. As expected from charge
transfer arguments, all five of the carbon atoms bonded to
nitrogen are predicted to have higher binding energy than the
other carbon atoms. The theoretical curve, rigidly shifted by 0.4
eV, reproduces the double-peak shape of the experimental

spectrum. The calculations indicate that the differences in
binding energy between the two conformers are very small, with
C4 showing the greatest shift of 80 meV and all others being
smaller. Due to the large number of core levels and small shifts, it
is unlikely that differences between conformers can be observed
for this molecule.

The experimental and theoretical C 1s core spectra of
nicotinic acid and nicotinamide in Figure 6 both display three
main peaks, with an additional weak shoulder on the lower
binding energy side of the nicotinic acid experimental spectrum.
The nicotinic acid spectrum was fitted with four Gaussian peaks
of variable width and intensity, while the nicotinamide spectrum
was fitted with three peaks. Fitting of the nicotinic acid spectrum
yielded peaks at binding energies of 290.86, 291.07, 291.45, and
295.07 eV, with integrated intensity ratios of
1.05:0.83:3.11:1.02. See Supporting Information Figure S6 for
the individual fitted peaks and their sum. This is not as close to
stoichiometric as may be desired, but the presence of the low-
energy shoulder in the experimental data suggests that four
peaks are indeed required to describe the spectrum. The lowest
binding energy peaks are assigned to C5 and C3, while C2, C4,
and C6 are assigned to the peak at the binding energy of 291.45
eV. For the five-ring carbon binding energies, the rms difference
between theory and experiment is 0.14 eV for the trans
conformer and 0.16 eV for the cis conformer, indicating that we
cannot distinguish them. The carboxylic carbon has the highest
binding energy (295.07 eV).

For nicotinamide, the fit yielded peaks at 290.83, 291.38, and
294.14 eV with integrated intensity ratios of 2:3:1 (see
Supporting Information Figure S6). The highest binding energy
peak is assigned to C7, in the carboxamide group. The lowest
binding energy peak is assigned to C3 and C5, and the 291.38 eV
peak to C2, C4, and C6. Since C2 and C6 are adjacent to the
electronegative nitrogen atom, it is clear that inductive effects
will lead to higher binding energies for these atoms. C4 is in the
para position with respect to this nitrogen atom, and so it is more
likely to be affected by resonance phenomena. The calculated
binding energy of C4 is significantly different for the cis and
trans isomers, and the theoretical value for the trans conformer
agrees better with the experiment. For the five-ring carbon
binding energies, the rms difference between theory and
experiment is 0.12 eV for the trans conformer and 0.20 eV for
the cis conformer. This suggests that the trans conformer is

Table S. Calculated and Experimental C, N, and O 1s Binding Energies for the Conformers of the Three Compounds

nicotinamide nicotinic acid nicotine
core expt. theory, cis  theory, trans  core expt. theory, cis  theory, trans core expt. theory trans-b  theory trans-a
N1 405.00 404.82 404.78 N1 405.05 404.91 404.92 N1 404.50 404.29 404.27
N2 406.00 406.10 406.11 o1 540.1 539.92 539.91 N1’ 404.50 404.55 404.52
(¢) 537.20 536.92 536.93 02 538.1 537.67 537.66
Cc2 291.38 291.50 291.33 c2 291.45 291.56 291.53 Cc2 290.50 290.81 290.73
C3 290.83 290.97 290.97 C3 291.07 291.20 291.21 C3 289.86 290.36 290.36
C4 291.38 290.97 291.18 C4 291.45 291.18 291.23 C4 289.86 290.42 290.50
CS 290.83 290.84 290.89 CS 290.86 290.97 290.98 CS 289.86 290.36 290.37
C6 291.38 291.42 291.41 Cé6 291.45 291.57 291.56 C6 290.50 290.87 290.85
Cc7 294.14 293.75 293.75 C7 295.07 294.62 294.62
Cc2' 290.86 291.22 291.22
C3' 290.50 290.46 290.45
C4' 290.50 290.58 290.56
Cs’ 290.86 291.16 291.14
Ce’ 290.86 291.21 291.19
4030 https://dx.doi.org/10.1021/acs.jpca.9b11586
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dominant, but since the peaks are not fully resolved, this
conclusion is tentative. This result is consistent with the
calculated free energies, which predict that trans is more stable,
but inconsistent with the valence data above, which suggest that
the cis form is more stable.

The N 1s spectra are shown in Figure 7, and the data are
summarized in Table 5, together with the O 1s binding energies.

1000 |- nicotine
— nicotinic acid

— nicotinamide .

400 —

800
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intensity (arb. units)
(syun “gJe) saje)s jo Aysusp

408 407 406

binding energy (eV)

405 404

Figure 7. N 1s core-level spectra (left axis) and the theoretical density
of states (right axis; plotted below each experimental curve). Each ionic
state is assumed to have the same intensity and width (0.4 eV). Photon
energy: 495 eV for nicotine and nicotinamide, 502 eV for nicotinic acid.

The fitted peaks from which the binding energies were extracted
are shown in Figure S7, Supporting Information. The two ionic
states of nicotine are not resolved, and give rise to a single peak,
at a binding energy that is predicted well by theory. The N 1s
binding energy of the atom in the pyridine ring is lower than that
of the other two compounds by about 0.5 eV. This can be
explained by the fact that the substituents of nicotinamide and
nicotinic acid are strongly electronegative, and so withdraw
charge from the pyridine ring, while the methylpyrrolidine
moiety of nicotine is an electron donor. The N 1s binding
energies of nicotinamide and nicotinic acid are in good
agreement with the theoretical calculations. As expected, N2
of nicotinamide has the highest binding energy due to its
proximity to O1.

The measured (see Supporting Information Figure SS) and
calculated O 1s binding energies are in good agreement. Like the
other core levels, they show only weak differences between
different conformers.

lILII. Results: Near-Edge X-ray Absorption Fine
Structure Spectra. For the NEXAFS spectra, we have not
performed calculations but assigned the spectra by comparing
with published spectra of related compounds. The oxygen edge
spectra are shown in Figure 8 and summarized in Table 6. The O
K edge spectrum of nicotinic acid derives from the carboxylic
acid group and can be compared with the spectrum of formic
acid."”*' Peak A is due to the 7%(C=0) carbonyl 02 atom, and
peak B is due to the z*(OH) hydroxyl Ol oxygen atom. In
formic acid, the second peak in the NEXAFS spectrum is due to
two overlapping resonances: excitation of the hydroxyl O1 core
to either 7#(OH) or 3s*(OH) orbital. We assign peaks B and C
of nicotinic acid to a splitting of these resonances, which could
occur because the 7* orbital of the carboxylic group mixes with
the empty 7* states of the pyridine ring. For a bonding
interaction, 7* will move to lower energy than the 3s* state.
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Figure 8. Oxygen near-edge X-ray absorption fine structure spectra of
the two oxygen-containing molecules.

Table 6. Energies of O K NEXAFS Spectral Features of
Nicotinic Acid, Nicotinamide, and Reference Compounds

resonance energy

(eV)/term value resonance energy (eV)/term value (eV),

peak  (eV), present data reference compounds
nicotinic acid formic acid assignment
A 531.5/6.6 532.1/6.9,* 532.17/6.78*"  7*(C=0)
B 534.7/5.4 535.3/54,"° 535.37/5.28""  z*(OH)
C 535.4/4.7 535.3/5.4,°° 535.37/5.28*"  3s*(OH)
D 537.7/2.4 537.6/1.4,* 538.37/2.28""  higher Rydberg
states (OH)
P 538.1, 540.1 538.95 (OH), 540.65 (C=
0)42
E 540.2 542.3" *(C-0)
nicotinamide formamide*’
A 531.3/5.9 531.5/6.24 7%(C=0)
B’ 534.1/3.1 533.8/3.94 3s/c*(HCN)
P 5372 537.74"
E' 5403 541.8 6*(C—N)

The energies of the first two resonances are shifted by 0.6 eV
to lower energy compared to formic acid, and the term values are
shifted by a smaller amount, 0.2—0.3 eV. Although peak C has a
similar resonance energy to the unresolved peak of formic acid,
the term value is lower by about 0.6 eV, supporting the
hypothesis of 7*—7z* interaction.

The higher Rydberg states however are at the same energy as
those of formic acid within 0.1 eV. The larger shift with respect
to the Rydberg states indicates hybridization of the antibonding
states with the pyridine moiety, possibly through hyper-
conjugation. Resonance E is assigned to a shape resonance
with antibonding ¢ character.

The 7* carbonyl resonance of nicotinamide (A’) has an
energy 0.2 eV lower than formamide, ** while the 3s/c*(HCN)
(B’) resonance has an energy 0.3 eV higher. The term values are
however much lower than those for both formamide and
nicotinic acid. This is consistent with the structure of the
molecule, in which the substituent is twisted out of the plane of
the pyridine ring, thus reducing the overlap between the 7z
orbitals. For peak B’, as in the case of formamide, at the O K
edge, this peak is much weaker than the 7* resonance because
the antibonding orbital is mostly located on the H, C, and N
atoms. There are no features corresponding to C and D in
nicotinic acid, confirming that they originate from transitions
from the OH core level.

https://dx.doi.org/10.1021/acs.jpca.9b11586
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The nitrogen K edge spectra are shown in Figure 9, and the
resonances are listed in Table 7. Nitrogen in the pyridine ring

The carbon NEXAFS spectra are shown in Figure 10, and the
data are summarized in Table 8. Because of the many possible
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Figure 9. Nitrogen near-edge X-ray absorption fine structure spectra of
nicotine, nicotinic acid, and nicotinamide.

contributes spectral features in all compounds, with additional
resonances due to the primary and secondary amino groups in
nicotinamide and nicotine, respectively. The N K edge spectra of
pyridine have been published by Horsley et al.,** Vall-llosera et
al,* and Baiardi et al,*® and the spectra of the present
compounds are dominated by features due to the pyridine ring;
in particular, the peaks labeled A, D, F, and G have the same
energy (to within 200 meV) as corresponding features in
pyridine and are therefore assigned to the same transitions.
Nicotine shows a weak additional feature C at 401.7 eV, which
may be due to the nitrogen in the methylpyrrolidine ring.
Pyrrolidine shows a transition to 7*(3b,) at an energy of 401.5
eV,"” while nitrogen in the pyrrolidine moiety of the amino acid
proline shows a corresponding transition at 401.1 eV."® We
therefore tentatively assign the feature C of nicotine to a
transition to unoccupied states of 6*NH character.

Nicotinic acid and nicotinamide both show a feature B that is
not observed for pyridine and nicotine. We suggest that this is
due to N 1s transitions to a delocalized 7* state formed by the
mixing of the ring and substituent 7* states, which (as seen
above) splits and shifts the O K edge resonances. Peak B is
stronger in nicotinic acid than in nicotinamide, as expected,
since nicotinic acid is planar, while nicotinamide is twisted,
reducing the 7*—7* interaction.

The peaks D and D’ in the three compounds may have the
same origin, that is, transitions to 7* (b,) states as in pyridine.
The larger term values than for pyridine may also be due to the
interaction of the 7* systems.
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Figure 10. Carbon near-edge X-ray absorption fine structure spectra of
nicotine, nicotinic acid, and nicotinamide.

core states, it is not possible to calculate term values with a
reasonable degree of confidence, so these are not included. In all
compounds, the features A to F are associated with transitions
from carbon atoms in the pyridine ring. All substituents are
attached at the C3 position but give rise to different shifts in
carbon core levels and thus corresponding shifts in the NEXAFS
spectra. The strong features F’ to J’ in nicotinic acid and G” to J”
in nicotinamide are associated mainly with the carboxylic and
carboxamide carbon, respectively. The weak features F—J] of
nicotine are assigned to excitations in the methylpyrrolidine
moiety, as they have no corresponding features in the other two
spectra.

IV. CONCLUSIONS

The valence and core electronic spectra of three pyridine
derivatives have been measured, and assigned using accurate
quantum mechanical calculations. Calculations reveal that the
electronic structures of the cis and trans conformers of nicotinic
acid, and the trans-a and trans-b conformers of nicotine, are
similar. The theoretical outer valence spectra of the cis and trans
conformers of nicotinamide differ significantly, and the
calculated free-energy difference at the experimental temper-
ature is small. However, the trans conformer is predicted to be
more stable by a few kJ'mol™’, in disagreement with the
experiment. Further studies with structural probes, such as
microwave spectroscopy, would help to resolve this issue.

For the core electron spectra, the C 1s binding energies of the
cis and trans conformers of nicotinic acid and nicotinamide are

Table 7. Energies of N K NEXAFS Spectral Features of Nicotinic Acid, Nicotinamide, and Pyridine

resonance energy (eV)/term value (eV), present data

resonance energy (eV)/term value (eV), reference compound

peak nicotine nicotinic acid nicotinamide
A 398.8/6.7 398.8/6.25 398.85/6.15
B 399.6/5.45 399.75/5.25
N, ~401 ~401
C 401.7/3.8
D’ 402.1/2.95 402.2/2.8
D 402.8/2.7
E 403/3.0
F 405.1/0.4 405.0/0.05 404.85/0.15
1P 40S.5 405.05 405.0, 406.0
G 408 407.3 407.2

4032

pyridine (literature) assignment
398.8/6.1,** 398.8/6.1% 7%(b)*
see text

N, in residual gas
0*NH (pyrrolidine)

402.7/2.2,** 402.6/2.3" ¥ (by)*

402.7/2.2,* 402.6/2.3% 7%(by)*
3s/0*(HCN)*

404.9/0% higher Rydberg states

404.9%

408, 408.1% o*
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Table 8. Energies of C K NEXAFS Spectral Features of Nicotine, Nicotinic Acid, Nicotinamide, and Pyridine

resonance energy (eV), present data

resonance energy (eV), reference compound

peak nicotine nicotinic acid nicotinamide
A 284.84 284.89 284.89
B 285.00 285.03 285.00
C 285.37 285.23 285.33
D 285.50 285.36 285.48
E 285.83 285.81 285.88
F 287.14
F 287.59
G 287.60
Gy 288.04
Gy 288.19
Gy 288.31
Gy 288.49
G” 288.1
H 288.00
1 288.7
1" 288.75
J 289.28
y 289.44
" 289.34
1P, C7 295.07 294.14

pyridine (literature) assignment

284.9% C2,C3 — 7#(b,)*
vibronic state

285.5% Cl1 — 7%(by), C2 - 7*(ay)®
vibronic state

285.8% Cl - 7%(ay)*

287.3% C2,C3 = o%(a))®

Cl1 - 7*(C=0)

very similar. The most pronounced difference between con-
formers was predicted to be 210 meV at the C4 site of
nicotinamide, and the experimental spectra favor the trans
conformer, which is not consistent with the valence data. All
other calculated shifts were too small to be observed in this
experiment. This confirms the widely held view that generally
rotational isomers display weak core-level spectral changes,
unless a stronger interaction, such as intramolecular hydrogen
bonds, is involved.

We have measured and assigned the NEXAFS spectra of the
three compounds. By comparing with reference compounds and
analyzing the term values, we find evidence that the delocalized
orbitals of the pyridine ring and the substituent undergo 7*—7*
interaction. This leads to shifts in orbital energies and new
resonances in NEXAFS for nicotinic acid and nicotinamide.
Although these two compounds are isoelectronic, their
structures are different, because nicotinic acid is planar and
nicotinamide is twisted. This leads to different degrees of orbital
mixing.
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