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Valence and C1s core level photoelectron spectra of gaseous alanine have been recorded with synchrotron
radiation. Using ab initio Green’s Function calculations of the vertical outer valence ionization energies and
CMS-Xa calculations of the orbital ionization cross-sections, it is possible to account well for the features of
both the newhr = 92 eV valence photoelectron spectrum and also its differences with an éarke21.2

eV spectrum. Good agreement may be achieved by considering just the contribution of a single molecular
conformation. This agrees with previous experimental findings, but conflicts with calculations which suggest
that a range of molecular conformations would coexist in an equilibrium sample. A study of the valence
photoelectron spectrum of the amino acid threonine complements that of alanine, but unlike the latter is
limited by the effects of thermal decomposition of the sample. The C1ls core level spectrum of alanine is
reported and its peaks are assigned to ionization of the three C atoms in the molecule. A fourth minor peak
that is observed is tentatively assigned to a pep@@N\H, linkage which may be formed between alanine
monomers.

1. Introduction stability of these is dependent upon the subtle interplay of a

While the simplest amino acid is glycine (NEH,COOH), variety of intramolecular hydrogen bonding and electron cor-

. ” relation, and so precise predictions prove to vary somewhat with
Fhe next. member of the Series, ala'nlne (?CH(NHZ)CO.OH)’ . the method of computation. Nevertheless, of the thirteen
is the first chiral amino acid having distinct enantiomeric

structures; both thus provide significant prototypes for develop- conformers identified in these studies, the lowest lying are

ing our un,derstandinp of this i?n ortantpclassygf molecule P evidently so close in energy that, at the elevated temperatures
9 . 9 . P . . ) required for experiments, one could expect several to coexist
The range of inter- and intramolecular interactions that can

. . . . with comparable populations.
be envisaged for these species lends a rich variety and P Pop

- A . . Surprisingly then, the first structural determination by gas-
complexity to the possible geometric and electronic structural ; . . :
. phase electron diffractidrfound evidence for the existence of
forms that they may adopt. In the solid phase, the monomer

species exist in zwitterionic form (i.ez C(NH3;")COO™ with only a single confo_rme_rl (sr_eg Figure 1). A Ia'Fer rotational
\ ; . spectroscopy experiméritientified a second alanine conformer
a proton transferred from the carboxylic acid to the amino . . .
1o ; - . .. . structure,3, though the earlier conformet remained in an
group); while in solution cationic, anionic, and zwitterionic - ;
. . estimated 8-fold excess. A third expected struct@reyas not
structures are all found depending on the pH. Adsorption on
. . . detected, nor were a number of other conformé)s) @xpected
metal surfaces may lead to de-protonation of the carboxylic acid, . . . .
. - - - .~ to lie approximately 400 cri higher in energy. Subsequently
group with the bonding to the metal involving both carboxylic . ) ;
. . : - a second electron diffraction studyand a re-appraised data
and amino functional grougs® Finally, the potential for . . )
o . L2 . . . — analysis guided by the rotational spectroscopy résaitd
polymerization via peptide linkages is of biological significance. . PR .
Althouah it miaht then appear that the studv of isolated calculation$ has lent support to this finding of the coexistence
9N 9 pp icy of conformersl,3 in an 8:1 ratio with, essentially, an absence
molecules in the gas phase would be more straightforward, such .
. R . . of all other predicted conformers.
investigations have been very limited. Experimentally, the low . . .
- - . . A Very little other gas-phase data on alanine has been obtained
volatility of the amino acids provides a significant challenge. other than He | photoelectron spectal3 As usual. these ma
Even so, the limited data available to date raises important issue P p ) ’ Y

yet to be fully understood. Calculations suggest that while free soe interpreted to yield information on the glectronic structure
isolated alanint exists in molecular form, it may adopt a of the molecule. It has also been recently pointeddhat these

number of different conformations. The predicted relative Iow-resc_)lutlon Helphotoelectrqn spectra (PES) appear to result
predominantly from the same single conformras discussed
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2. Experimental Details and Data Analysis

Spectra were recorded on the UES56/2-PSNindulator
beamline at the BESSY Il synchrotron radiation source in Berlin
with a Scienta SES-200 hemispherical electron spectroMieter
mounted in a large spherical chamber. The beamline provides
both linearly and circularly polarized light in an energy range
extending from about 60 eV to 1400 eV. All of the spectra in
this work were measured with circularly polarized light using
a 400 I/mm grating. The hemispherical electron anahfaeas
mounted outside of the dipole plane, under a forward scattering
angle of 54.7 with respect to the beam direction. Under these
conditions the electron acceptance of the analyzer is set at the
“magic” angle so that measurements should be insensitive to
the photoelectron asymmetry paramefer,

Commercial samples of-(+)-alanine () and (Z)(3R)-(—)-
threonine () (Aldrich) were used without further purification.
These very low vapor pressure molecules are solid at room
temperature and so were sublimed in an oven immediately
before entering a gas cell inside the main vacuum chamber.
This cell has open sidearms for the synchrotron radiation beam
to pass through and a further aperture for the generated
photoelectrons to enter the Scienta input lens stack. The cell is
also equipped with a photoelectron dump to prevent backscat-
tered electrons from entering the analyzer. The temperature of

Figure 1. Conformations of.-alanine. The numbe_rlng of the low- the oven was measured with a thermoelement.
energy conformersl(5) corresponds to that used in refs 5,6,14, and . .
to I, IIB, IIA, A, lIIB , respectively, of ref 7. Structuré is a The S)(+)-alanine () valence spectrum was recorded with

postulated zwitterionic form discussed in the text. an incident photon energy of 92 eV. The spectrum was obtained

with a beamline exit slit setting 660 um, an electron analyzer

slit width of 0.2 mm and a pass energy of 40 eV, corresponding
g toan overall estimated resolution of 90 meV. To keep a constant
" pressure of approximately> 10-8 mbar in the main chamber,
the temperature of the oven was set to 268We estimate the
pressure in the photoionization cell to be one or two orders of
magnitude higher than the indicated chamber pressure. The

is the use of a free jet expansion in those experinfehtseaning
that a true thermal equilibrium was almost certainly not obtaine
However, one may assume that this objection does not apply
to the electron diffraction experiments, nor to the photoelectron
measurements. But then at th®00 K temperature of all these

experiments, the reported population ratio of at least 8:1 is many gpectra have been corrected for thEQZ instrument transmis-
t|me§ greater than the expected_ Boltzmann populz_mon ratio gion functiod®17 (whereEy is the electron kinetic energy).
predicted from calculated energies dfand 3, seeming to C1s core level spectra of alanine were recorded at photon
suggest a much bigger energy separation than is calculated. energies of 309 and 301 eV. While the 40 eV electron analyzer
Developing a better understanding of the structure of free pass energy of 40 eV was retained, the beamline exit slit was
gas-phase alanine, the existence and stability of its predictedopened to 12(xm and the electron analyzer slit set to 0.5 mm,
conformers, and the intramolecular forces which govern this is Yielding an electron energy resolution 6200 meV. In the
an important prelude to understanding the structure and inter- SPectrum to be shown here, successive scans recorded with left
molecular interactions which are so important in the condensedand right circularly polarized light are summed together to cancel
phases of this and other amino acids. There is also a real intrinsicnY residual intensity variations which might arise with an
importance to developing a full understanding of the gas_phaseenantlomerlcally pure molecular sample. This precaution was

structure(s) since it is required to guide and interpret searches"O! taken with t_he _\_/alence spectra, as such effects are not
for such a significant bio-organic species in the interstellar expected to be S|gn|f|ca_nt at the much hlgher electron energies
medium (=50 eV) encountered in these latter studies.

The (2(3R)-(—)-threonine () valence spectra were recorded

Our objective in this paper is then to develop, extend, and \yith an incident photon energy of 92 eV. The oven temperature
improve the analysis of gas-phase alanine photoelectron spectrayas varied between 147C up to ~220 °C (corresponding
The use of synchrotron radiation allows the valence ionization indicated chamber pressures wes® x 10-6 mbar) and spectra
region to be recorded with the range of ionization energies were recorded at different temperatures in this range. Low-
extending to the inner valence region and with a better sensitivity resolution spectra monitoring the temperature dependence were
than hitherto achieved across the range. The experimental databtained with a beamline exit slit setting ef180 um, an
are complemented by theoretical calculations of the vertical electron analyzer slit width of 1.0 mm, and a pass energy of 40
ionization energies and photon energy-dependent cross-sectiongV, corresponding to an overall estimated resolution of 300
for the low-lying conformers in Figure 1. We also present briefly meV. Higher-resolution spectra-@11 °C) shown here were
some complementary PES data for another amino acid, threo-recorded with settings similar to those for alanine, described
nine. In addition to the valence PES, we include measurementsabove.
of the C1s core-level X-ray photoelectron spectrum (XPS) of
alanine. Although the XPS of solid alanine has been measured>- ©
previously and used to infer its zwitterionic form, we are not Structural parameters for the various molecular conformations
aware of any previous study of the gas-phase XPS. considered in this paper were determined from density functional

omputational Details
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TABLE 1: Energies of Optimized Alanine Conformers consistent overlapping sphere modedk Yotentials were ob-
B3LYP/6-31G** MP2/6-311+G** tained for each B3LYP/6-31G** molecular geometry. These
- - neutral molecule ground-state potentials were then adapted to
absolute relative absolute relative h h £l ] Coulombic f iate to th
conformer (au.) (cmY) (au.) (cm) have the correct long-range Coulombic form appropriate to the
ionic state and were subsequently used to calculate the ground-
% :ggg;g;%g _1180 :ggg'igggég 16% state continuum matrix elements for each assumed conformation.
3 —323.756965 46 —323.102783 51 Further details of the method and procedures adopted may be
4 —323.754851 510 —323.101490 334 found in ref 25.
5 —323.754761 530 {323.100969) (449%
aValues reported in ref 7. 4. Results and Discussion
e ; ; g 4.1. Valence Photoelectron Spectrat.1.1. Alanine Valence
] & |_ Alamne Photoelectron Spectrurithe photoelectron spectrum of alanine,
i ?g hv=02 eV 9 recorded with a photon enerdgy = 92 eV, is displayed in
% +E f J = Figure 2. While the inset shows an overview of the complete
= gg 3 % 8% | g scan, the main figure shows a smoothed spectrum of the outer
b 1 1 il f £ 2 valence region in greater detail. Also included is a representation
> - i1 § ¥ % 10715 20 25 30 35 40 | of the He | spectrum? It can be seen there is a good
@ ; % %g : He | correspondence between the peak positions evident in the two
2 % I | | 5 'l% I ) | | ? spectra. Equally, it can be seen that the relative intensity of the
= LA | W] % g | | | | 2 first three visible structures is enhanced, that of the second three
1 4 | ol | |3 suppressed in they = 92 eV spectrum compared to the He |
H (hv = 21.2 eV) spectrum. The broad bands seen in the highly
§| 1 | | 4 correlated inner valence region above 25 eV fall outside the
1 [ | | | 5 scope of the independent patrticle ionization treatments adopted

8 10 12 14 16 18 20 22 o4 here, and will not be further discussed here. _
lonization Energy The B3LYP/6-31G** and MP2/6-31t+G** energies ob-

) . tained from our calculations for the various alanine conformers
Figure 2. Valence photoelectron spectrumietlanine,hv = 92 eV. 1-5 ar mmarized in Table 1. The latter r It ntiall
Calculated ROVGF/cc-pVDZ//B3LYP/6-31G* vertical ionization > are summarize abie 1. The fatter results essentially
energies for each conformdr5 are marked on the plot. A He | replicate those previously reported by Csasatthe same level,
spectrum (derived from ref 12) is included for comparison. The inset With the exception that we were unable to locate a stable
shows a full-range scan including the complete inner-valence region. minimum at this conformation; however, this author noted that

the potential surface at this point was extremely flat and also

theory full geometry optimizations undertaken to locate the local experienced similar failures for this conformer at other levels
minima. A B3LYP functiona®1®and 6-31G** basis set were  of approximation. In fact, in our MP2 calculations the conformer
used for this purpose, as implemented in the Gaussian 985 structure rapidly converts tbby a facile rotation of the COOH
package® For the main conformers of alanine alternative group, and a similar interconversion with low barrier is possible
optimized geometries were calculated at the full MP2 level using for conformer4; conformerst and5 can therefore be considered
an augmented 6-3#1+G** basis set. to form a metastable sub-group, ahdnd3 likewise constitute

Theoretical estimates of the vertical ionization energies for a closely related sub-group in the conformational space of this
each geometry were calculated using an outer-valence Green’snolecule.
function (OVGF) metho#f-??and a cc-pVDZ basis, again using The calculated vertical ionization energies (IEs) for the
the Gaussian 98 packade. B3LYP/6-31G** structuredl—5 are listed in Table 2 and their

Photoionization cross-sections were likewise obtained for the positions marked in Figure 2. It has previously been remarked
alanine conformers by a continuum multiple scattering treatment, that the ionization energies of show a distinctly better
utilizing an Xa local-exchange potential, (CMSeX.?324 Self- correspondence with the He | PES than do those obtained for

TABLE 2: Calculated (ROVGF/cc-pVDZ) Alanine lonization Energies (eV)

conformet conformef zwitteriorf

orbital no. 1 2 3 4 5 P 20 3P 6

10 24.56 24.73 24.86 24.47 24.42 24.63 24.79 24.90 26.73
11 22.03 21.84 21.80 22.01 22.13 22.08 21.86 21.83 27.35
12 19.64 19.56 19.54 19.89 19.62 19.62 19.53 19.56 22.12
13 17.30 18.26 17.59 16.98 17.21 17.37 18.23 17.64 20.49
14 17.00 16.87 17.63 16.94 17.03 16.96 17.01 17.63 18.00
15 16.60 15.99 16.42 16.98 16.78 16.67 16.08 16.47 16.58
16 15.37 15.40 15.14 15.27 15.51 15.45 15.35 15.24 15.01
17 14.84 15.04 15.10 14.66 14.76 14.78 15.09 15.07 14.40
18 14.82 14.51 14.36 14.94 14.59 14.90 14.48 14.31 14.18
19 13.59 14.06 13.93 13.39 13.30 13.57 14.07 13.95 13.73
20 13.22 12.86 12.93 13.04 13.04 13.27 12.89 13.00 12.54
21 12.58 13.01 12.96 12.73 12.62 12.62 12.99 13.00 11.77
22 11.88 10.96 11.08 11.38 11.85 11.86 10.99 11.07 8.46
23 10.77 11.16 11.05 11.67 11.42 10.79 11.19 11.05 7.56
24 9.58 9.74 9.72 9.27 9.27 9.51 9.68 9.77 7.61

aB3LYP/6-31G** optimized geometries.Alternative MP2/631%+G** optimized geometriesS No stationary pointnonoptimized geometry.



2 or 3,** and this comparison can be extended with the present
experimental results. First, it can be seen that for the three bands
above 18 eV there is little to choose between the calculations
for any of the conformers. In fact, all seem to overestimate the
experimental IEs by a small amount. We have noted just such
behavior in a study of camphirand it seems to be indicative

of the increased importance of electron correlation for these
deeper lying orbitals and corresponding limitations of the one-
particle model for ionization adopted in the OVGF treatment.

Below 18 eV, however, the calculated IEs for conforner
again seem considerably better matched to the experiment; there
is almost a 1:1 correspondence between observed peak position:
and ROVGF calculations fot. Those calculated IEs (15.37,
17.0, 17.3 eV) which do not directly correspond to distinct
structures in the spectrum may nevertheless correspond to weal
but discernible shoulders in the PES. The only significant
discrepancy is the lack of a predicted peak matching the
experimental peak at 14.3 eV. Here we draw attention to the
two nearly identical calculated IEs at 14.8 eV (orbitals 17,18,
1, Table 2). One may speculate that if either of these ought, for
some reason, to be shifted to lower IE there would then be an
improvement, reducing this one apparent flaw in the correlation

28 J. Phys. Chem. A, Vol. 107, No. 1, 2003 Powis et al.
with experiment.
Both conformer® and3 may be deemed to provide a worse
match to the experimental spectra. While neither has quite such
a problem with the 14.3 eV structure, neither predicts the correct

23
position for the experimentally very distinct third peak at 11.8 22
21

eV and2 even predicts a band in what is a clear valley in the
experiments, just above 18 eV. Neitlenor 5 provides a good
match to the experimental data in the-11B eV region. At this
point we thus conclude, as befdfeghat a dominant contribution

is made by the conformer structuie with possible weaker
contributions by2 and/or3. As discussed in the Introduction,
other experimental evidence also suggests that the dominant
structure encountered in a gaseous samplegth a much
smaller contribution fron3.91° Structuresl—3 have the lowest
calculated energies (Table 1), and since there is no significant
evidence to indicate a role for independent structdres5 in
gaseous samples we will henceforth concentrate our attention
on1-3.

The MP2 calculations (Table 1, ref 7) seem to do a better
job, inasmuch as they preditto be the most stable conformer.
We have therefore checked that using the geometrical parameters
obtained from these MP2 calculations instead of the B3LYP
results makes a negligible difference to the calculated IEs, as H-F X o
can be seen from the alternative |E values included in Table 2.

We have also taken the opportunity to consider the possible

role of a zwitterionic structureg, in these gas-phase experi- Figure 3. Representative HF/cc-pVDZ orbitals and the corresponding
ments. The isolated structure has no stable minimum, either in Xa orbitals for structurel. The orbital labeling indicates the relative
our calculations or those reported elsewternd rapidly ordering of eigenvalues in each calculation (cf. Table 2 for the HF
converts t. But even when ionization energies are calculated °itals).

at a presumed structure shown in Figure 1 they deviate so greatly gome of the computed cc-pVDZ HartreEock orbitals, used
from the experiment (see Table 2) that any involvement of for the OVGF calculation fol, are shown graphically in Figure
zwitterionic form can be readily dismissed. 3. From this figure it is seen that the outermost two orbitals, 24
4.1.2. Orbital Assignment of Alanine PES Band& may and 23, are primarily a nitrogen and carbonyl oxygen lone pair,
now discuss orbital assignments for the alanine PES, assumingespectively, although they are strongly mixed, while the next,
the dominant contribution comes froh. Of course in a 22, is an OCOs* system. This is in agreement with the
molecule such as this, which lacks elements of symmetry, thereassignments for the first three PES bands suggested by Can-
is no symmetry-based orbital classification scheme to offer nington and Hart? though earlier worket412 had suggested
convenient labeling and characterization of the orbitals, which the third band, orbital 23, be assigned as another O lone pair
somewhat hampers discussion. We therefore identify the variousrather thanr orbital.
orbitals (in Table 2 and in the following discussion) principally The next group of three orbitals, 219, are dominated by
by just a sequence number, such that they are ordered byN—H and C-H bonds with 19 being very much-aCHjs orbital
ascending eigenvalue. The HOMO is thus orbital 24. yet having some small CO characteristic. Of the next three

!
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orbitals, 18 and 17 are best described as skeletal bonding orbitals
while 16 is the very characteristic OC® bonding orbital.
Providing a succinct description of the remaining orbitals is quite
a challenge!

In comparison to the Hel PES one of the major changes seen
athv = 92 eV is an enhancement of the relative intensity of
the first three peaks. Qualitatively, this may be anticipated to
arise from the significant oxygen (and to a lesser extent the
nitrogen) atomic 2p character associated with these molecular
orbitals?” Similarly, one might, empirically, expect the enhance-
ment of the ionization from orbital 16 compared to that from
17, 18 which is observable. Changes in relative band intensities
are examined more quantitatively in the next section.

The ordering, and ultimately the characteristics, of the
molecular orbitals change when one considers the related
conformer pair2 and 3. For example, the O and N lone pairs
are still strongly mixed but with the relative ordering reversed.
And the OCOr* system shifts to lie between the predominantly
no HOMO and the interchanged, orbitals (see Figure 4). The
IEs for the OCQr* and ny orbitals then lie very close together
in both these conformers.

4.1.3. Simulation of the Alanine PE®B/e now attempt to
simulate not just the peak positions, but their relative intensity
and its dependence upon the photon energy in an attempt to
shed more light on the participation of the conformgrs3 in
the thermal sample. To do this we use the CM&Xethod to
obtain orbital ionization cross-sections. However, thel X
estimation of ionization energies (using Slater’s transition state
proceduré?) yields results that are in general (and specifically
in this case) much less reliable than those calculated by the
OVGF method. To get the closest approach to the experimental
spectra we therefore prefer to retain the latter calculations for
the positions of the peaks and to associate a CMSekoss-
section with each to model the observed peak intensities.

This procedure requires a little care to establish the corre-
sponding orbitals in the two methodologieso X a primitive
density functional method. Unlike for the familiar Hartree
Fock orbitals, Koopman'’s theorem cannot be applied to the X
orbital eigenvalues (hence the need for the above-mentioned
transition state procedure for ionization energies). But there is,
therefore, no a priori reason to suppose that the HF and X
orbitals will have the same relative ordering of eigenvalues and
will hence share the same numbering. (Indeed we observe that
there can be changes in the relative ordering of the Hartree
Fock orbitals themselves with changing size of the basis set H-F Xo
and we take care to consistently use the same cc-pVDZ basis
in the following comparisons.) We have therefore carefully
examined the HF/cc-pVDZ anddXorbitals obtained for each  Figure 4. As Figure 3 for the alternative conformer struct@e
of the three conformers in order to establish an exact 1:1

correspondence between the two sets. Some results of this ar@verall appearance. Examination of the experimental data
included in Figures 3 and 4. indicates that perhaps the peak widths increase with increasing

IE. This tendency can be rationalized as follows. At low IE,
the orbitals are predominantly non- or weakly bonding in
character with little vibrational excitation of the ion expected,
and hence a relatively narrow Frarekondon width can be

xpected for the experimental band; at higher IEs more strongly

onding skeletal electrons are ionized, with greater vibrational
Fxcitation. We consequently choose a Gaussian function with
width given by the purely empirical formula

The wider issue of the physical interpretation of Ket8ham
(KS) density functional orbital functions and their use to obtain
ionization energies other than the first has been of long-standing
interest. Recent wofR3! has affirmed that for modern func-
tionals and small molecules, at least, there is a correspondenc
between HF and KS orbitals and between both types and the
measured ionization energies. It is perhaps then of some interes
to note the similarity observed between these HF amabitals
in a larger molecule once differences in the relative ordering of IE
their eigenvalues are r_ecogmzed. _ AE = (m)

The calculated vertical IEs and the corresponding cross-
sections can then be presented as a stick spectrum (Figure 5)n order to simulate this increase, and maintain the (integrated)
into which we fold a Gaussian function to give a more realistic peak area proportional to the calculated cross-section.
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hv=21.2 eV hv= 92 eV 4.1.4. Threonine PhotoionizatioAn important experimental
task in these investigations is to identify a suitable temperature
Expt. Expt. for the source, affording a reasonable vapor pressure of the
sample molecule with consequent acceptable signal intensity.
While this proved unproblematic for alanine, significant changes
with temperature were noted with threonine, indicating thermal
decomposition of the sample. This can be seen in Figure 6. As
the temperature reachedl00 °C the main features recorded
in the PES were clearly recognizable as those #9 KIP 12.62
eV) with a second set of features attributable to CO (IP 14.01
eV) as the temperature rises further toward 200Nevertheless,
there is a clear growth of structure below the water IP at elevated
temperatures above 208C which may be attributable to
threonine, or perhaps some organic decomposition product.
In the only published reference to the threonine PES known
to usldits ionization energies are listed as 10.2, 11.05, 11.25,
and 12.3 eV. This concurs with the region of the structures we
note, but in the absence of a published reproduction of the actual
spectrum it is not known how this earlier work may have been
affected by decomposition.

To ascertain whether the features are assignable as molecular
threonine, we have again calculated the OVGF IE values for
this molecule. Four conformations-10 (see Figure 7) have
been considered, each stabilized by the formation of five-
membered hydrogen-bonded ring structures. While we have not
undertaken an exhaustive search to identify all conformers of
this molecule, it is felt that these are a representative subset.
The total energies of the B3LYP/6-31G** optimized structures
‘ \ \ are listed in Table 3, where it is seen tffais unambiguously
[V . NAVAVA N\ predicted to be the most stable.

8 10 12 14 16 18 20 22 10 15 20 25 A detailed comparison of the experimental ZCLPES with

lonization Energy (eV) lonization Energy (eV) the IE values calculated for these conformers is presented in
Figure 8. The latter are plotted as symbols whose expected

\\ ”, |

Figu_re 5. Sim_ulated alanine PES. Tr_le calcula_ted positi_ons and cross- contribution, assessed as the predicted 2C1 Boltzmann
sections (vertical bars) are folded with Gaussian functions to achieve

a realistic simulation of the final spectra df 2, 3, and their populatlons bas_,ed !Jpon the energle_s Shown_ in Table 3, Is
combination. The major tick marks on tlgeaxes are in units of 5 Mb indicated by their height from the abscissa. While this suggests

(hw = 21.2 eV, left column) and 0.2 Mth¢ = 92 eV, right column). that the higher energy conformers may effectively contribute
Note the rescaling between the 92 eV plotsfand?2, 3. Experimental to a relatively unstructured low-level background in the spectrum
PES from Figure 2 are included at the top of the relevant columns for pelow 12.5 eV, the observed peak structures do correspond
easy comparison. reasonably closely to the first four IEs (9.74, 10.63, 11.43, and

From Figure 5 it can be seen that this relatively unbiased 11-39 €V) calculated for the major conformér,
choice of Gaussian peak shapes of continuously varying width ~ 4.2. C1s Core lonization Spectrum of AlanineAn example
gives reasonably realistic looking simulated spectra. The simula- C1s spectrum of alanine is presented in Figure 9. The most
tion for 1 looks particularly close to the experiment and surprising feature is the presence of at least four peaks (the flat-
reproduces not just an overall spectral envelope, but moretopped nature of the low energy291.2 eV peak suggests it
particularly also the changes in relative band intensity at the may be a partially resolved composite). Our assignment is
two different photon energies studied. The profiles of the guided primarily by a previous study of gaseous gly&imehich
simulated spectra fo? and 3 compare less well in a direct ~ reported the following binding energies:;MCH,COOH 292.25
comparison with the experimental data. eV; H-NCH,COOH 295.15 eV. This assignment was supported

The predicted relative energies of these three conformers (andPy density functional calculations by Chctgvhich reproduce
hence the expected equilibrium populations) evidently dependsthese binding energies to within 0.2 eV.
on the computational method adopted (Table 1 and ref 7), but In earlier studies of solid zwitterionic amino acids it was also
the differences are small and almost certainly less than thenoted that the binding energies at a given functional site were
thermal energykT, at the~500 K temperature of the experi- remarkably constant across the range of 20 amino adfdse
ments. Consequently, it would be reasonable to assume, withoutassume parallel behavior is obtained in the gas phase, then the
favoring any particular calculation, that there ought to be an 292.3 eV peak in Figure 9 can be assigned asGNé&l, core
essentially equal population of the three conformers. This level and the 295.3 eV peak as tB®OH carboxyl ionization.
unbiased assumption would then suggest that an improvedThe core binding shifts in other molecular analogues may be
simulation ought to result from taking an unweighted addition examined to affirm the plausibility of this assignment; for
of the simulations for the three individual conformers. But, in example, the carboxylic C1ls binding energy in acetic acid is
fact, this isnot found to be the case (Figure 5). Moreover, itis 295.4 eV, while many methyl C1s binding energies are around
apparent that whatever population/weighting one assumes for291 eV3* We may thus tentatively extend our alanine assign-
2 and 3 the agreement with experiment is not improved over ment, identifying the 291.2 eV experimental peak as likely being
that displayed by the conformérsimulation alone. the CH3z methyl ionization.
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Figure 6. Temperature dependence of the recorded thredmirre 92 eV valence photoelectron spectrum.

TABLE 3: Energies of Optimized Threonine Conformers
B3LYP/6-31G** energy

conformer absolute (a.u.) relative (cth
7 —438.293409 0
8 —438.288796 1012
9 —438.287525 1291
10 —438.286579 1499

energies derived from the HartreBock C1s core eigenvalues.
These are given in Table 4 for each of the three principal alanine
conformers and are plotted in Figure 9, where we have employed
a single arbitrary offset of the Koopman'’s energies in order to
bring the theoretical and experimental peak positions into
approximate coincidence. In practice, any such estimates based
on HF eigenvalues are expecteddeerestimatethe binding
energy, since relaxation in the core hole state is ignored, which
argument may be used to rationalize our offsetting the plot.
Koopman’'s theorem does not strictly apply to the DFT
Kohn—Sham orbitals calculated with present-day functionals
such as B3LYP. However, studies suggest thédtive ioniza-
tion energies may still be meaningfully estimated from DFT
result§® and that the eigenvalues may be related to the
) ) i Koopman'’s theorem limit by a simple linear correlat@§iMore
Figure 7. Predicted intramolecularly hydrogen-bonded conformers of particularly, these studies find that the KekB8ham orbitals are
threonine. generally shifted to higher (less negative) energy than their HF
We support this suggested assignment with a relatively counterparts and are consequently more likelyriderestimate
unsophisticated calculation of the Koopman'’s theorem ionization the binding energy. Overall, the HF and DFT eigenvalues, which
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TABLE 4: Koopman’s Theorem? Cls Core Binding Energies (eV) for Alanine Conformers 13

HF/cc-pvDZz B3LYP/6-31G** mean of HF & DFT results
carbon site 1 2 3 1 2 3 1 2 3
—COOH 280.78 280.40 280.34 309.68 309.42 309.48 295.23 294.91 294.91
H:NCHCOOH 278.43 278.75 278.72 306.89 307.25 307.33 292.66 293.00 293.02
—CHs 277.16 277.34 277.53 305.60 305.81 306.12 291.38 291.57 291.83
1400 = F = 3 — T R =
T . o
1200 Threonine (211 °C)
hv=92eV
1000
800 -
€
=3
& 600+
400 <
1 Figure 10. L-Alanyl-L-alanine. B3LYP/6-31G** optimized structure,
200 showing stabilizing hydrogen-bonded five-membered ring formation.
0 g 2 SAA HAAE BB identified as the dominant gas-phase structure. The data shown
8 9 10 11 12 13 in Figure 9 thus corroborate both the assignments suggested
lonization Energy for the major peaks and the dominant contribution made by

. . . conformerl.
Figure 8. Detail of threoninehv = 92 eV valence photoelectron . . . S
spectrum. The symbols indicate calculated vertical IE values for the It remains to identify the smallest 294.15 eV peak which is

conformers7—10, and their height above the axis is proportional to & fairly reproducible feature seen in spectra recorded at differing
the expected thermal equilibrium population of that conformer. The photon energies. It seems unlikely to be a thermal decomposition
He | PES of HO is overplotted. product. Unlike threonine, where such products are clearly

visible in the valence PES, there is no indication of decomposi-

Koopman's Theorem I.E. tion in the same source and at the same temperature in the

304 306 308 310 . . . .
r . . . . . r - valence spectrum of alanine itself. Moreover, no indication of
3000, L-Alanine C 1s ] potential decomposition products such as CO (BE 296.2 eV)
hv=301eV >C(NH,)COCH ] or CO, (BE 297.7 eV) was found in either of these regions and

further browsing through Jolly’s compilation of core binding
energie¥* fails to reveal any plausible organic decomposition
products, or sample contaminants, having peaks in the vicinity
of 294 eV.

However, we speculate that the minor 294.15 eV peak might
possibly result from a polymerization rather than thermal
decomposition, and that this may, in some way, be initiated by
soft X-rays (hence not seen in the VUV experiments). Certainly,
in studies of the solid amino acid lysine at the same photon
energies Bozack et & detected structural changes after
00 2:2 204 206 exposure which were deduced to be photolytically induced

Experimental lonization Energy (rather than related to some substrate heating effect). The
Figure 9. The hv = 301 eV C1s level core ionization spectrum of endo?’ed nature of the source cell _gmployed in the current
alanine. The HF/cc-pVDZ core eigenvalues (Koopman's theorem |Es) €Xperiments may, however, also facilitate such a process due
are also marked with a scale offset chosen to cause them to coincideto the proximity of heated surfaces or simply by helping retain
with the experimental peaks (see text). any such products in the source region.

The most likely outcome of a polymerization would be
are also given in Table 4, should generate estimates whichformation of a peptide linkage, CONH. Chong et*ahave
bracket the experimental ionization energy and both should recently published calculations of the core binding energies for
reliably indicate the expectemlative shifts. two model dipeptides which return value®93.9+ 0.15 eV

The final columns in Table 4 present the mean binding energy for the carbonyl carbon in the peptide bond. This is the closest
estimates derived from the HF and DFT treatments. Of course match found for the minor peak in the alanine spectrum. To
there is no rigorous scientific basis for such a simple averaging, explore this hypothesis more specifically we have then extended
but it serves to emphasize that the experimental values areour Koopman's theorem calculations to treat the simplest
indeed rather symmetrically bracketed by the two estimates, andpossibility, formation of the dipeptide alanylalanine from two
that the relative splittings in either case are in close accord with alanine monomers.
experiment. Figure 10 shows the lowest energy alanylalanine conformation

It can be seen from Figure 9 that the Koopman’s theorem we located with B3LYP/6-31G** geometry optimization. A very
binding energies, particularly those for struct@renap closely recent papéf has undertaken the same calculation as part of a
onto the three major peaks of the spectrum after the correctionalmore extensive study of small dipeptide molecules, identifying
offset is applied. Conformatioh has, of course, already been the same conformation as that here. C1s eigenvalues have then

-CO0

1000 +

| — A, |
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TABLE 5: Koopman’s Theorem? Cls Core Binding Energies (eV) forL-Alanyl-L-alanine

aton? description HF/cc-pvDZ B3LYP/6-31G** mean of HF and DFT results
C1 Chy 305.61 276.97 291.29
Cc2 C(NH2)(Me)(CG-) 306.85 278.16 292.50
C3 CO-NH 308.98 279.77 294.37
C4 C(NH-)(Me)(COOH) 307.60 278.95 293.27
C5 Ch 305.86 277.31 291.58
C6 COOH 310.52 281.39 295.96

2j.e., the negated orbital eigenvaluéSee Figure 10.

been calculated following the same procedures as for alaninesuch extremely small differences, should be method-dependent.
and the results presented in Table 5. These are not expected téWhat is significant is the clear inference from either that
be highly sensitive to any changes in the conformation of the essentially equal thermal populations would be expected. It
dipeptide. remains to be seen whether even higher level calculations would
The HF Koopman's theorem estimates from Table 5 are revise this prediction, which is otherwise seen to be at odds
marked on the spectrum in Figure 9, using the same offset scalewith the experimental findings of a dominant conformatibn
as was used for marking up the analogous alanine binding The experiments on another amino acid, threonine, are limited
energy estimates. This means that in making a visual comparisonby the very evident decomposition, producing at leagd ldnd
of the predictions and the experimental peak positions using CO at the elevated temperatures required to produce a sufficient
this figure we are effectively assuming the same correction for sample vapor pressure. Nevertheless, broad features seen below
the neglected core relaxation energy as was empirically adoptedi2 eV would appear to be attributable to molecular threonine
for alanine. While this may be an imperfect assumption it can as they correspond reasonably well to the vertical ionization
be seen that, as anticipated from the much more sophisticatecenergies predicted by calculation for this species. Even the rather
calculation by Chong et af’ the estimated peptide C1s peak |ow definition may be in part due to an underlying contribution
position maps closely to the minor experimental peak, while from many less stable conformers in the equilibrium sample.
the other C1s binding energies obtained for this dlpepthe could The experience with threonine does, however, provide some
conceivably be substantially obscured beneath the major peaks;gnfigence that alanine is not so afflicted by thermally induced
pre\_n_ously assigned to ala_nlne. In fact, it requires onl_yasmall decomposition, for none of the very clear evidence in the
additional offset to the estimated energies to make this suggeSypreonine PES is seen with alanine. This is important in the
tion look very convincing. analysis of the C1s alanine spectrum. The three major peaks
) are fairly readily assigned to the three carbons in the alanine
5. Conclusions molecule-most likely, as mentioned above, in conformation
Using ab initio calculations of the vertical ionization energies 1. A fourth minor peak is somewhat more difficult to explain.
and adding information obtained from CMSeXcalculations There is no internal evidence in either the valence or core spectra
of the orbital ionization cross-sections it is possible to account for the production of C@ which might accompany thermal -
well not just for the features of a new = 92 eV photoelectron  dissociation, nor have we been able to identify any such organic
spectrum of gaseous alanine, but also the differences seen irProducts which might give rise to the minor peak. However,
earlierhy = 21.2 eV spectra, considering just a single possible SPeculation that alanine may be polymerizing via the formation
conformer, that labeled. Even the much simpler analysis ©Of peptide linkages can be supported by calculations that make
offered for the C1s core level spectrum looks most convincing the assignment of the minor peak @NH plausible.
for 1. Photoelectron spectroscopy does not offer a definitve ~ Though a priori unexpected there may be arguments to
identification of the conformations present, but especially in explain such condensation stemming from the use here of a
the valence region it is quite evident that no real improvements heated gas sample cell. First it provides heated (maybe catalytic)
to the simulated spectra result from considering even partial surfaces in proximity to the ionization volume. Second, the
contributions made by other candidate structuesyr 3, and pressure in the cell is intentionally elevated, probably by at least
unambiguouslyl is the dominant structure. This contrasts with 2 orders of magnitude over that we measure in the main
an analogous study performed with butan-2-ol where evidence chamber. Third, the continuous irradiation by energetic soft
for the contributions made by alternative molecular conforma- X-rays may itself induce sample reaction. Finally, any products
tions present in the thermal sample could be clearly identified. that are created will be partially trapped in the cell and may
The conclusion arrived at in the present case corroboratestend to accumulate with time (though we noticed no temporal
other experimental gas-phase studies of al&fif@which have ~ variation in this peak’s intensity). In the future, repeated
1in at least an 8-fold excess. This greatly exceeds the range ofexperiments made with a molecular beam source, continuously
thermal population differences based upon various calculationsswept from the ionization region, may help shed further light
of the relative conformational energies. This conundrum has on this matter.
already been considered at lerfgthto which discussion we Assuming, however, that the dipeptide hypothesis has some
can add that the present deduction is based on experiments usingubstance, it is necessary to consider whether it could play a
not a molecular beam but a heated gas cell; a true thermalrole in the valence spectrum. Identical experimental conditions
equilibrium can be assumed. Thus the anomaly does not restpertained, except for the use of a lower energy photon beam.
upon nonequilibrium relaxation effects that may arise in a beam Thus three of the four preceding arguments remain as valid.
source. The principal deficiency noted between the experiment and the
The B3LYP/6-31G** calculations and the previous MP2/6- best simulations was in the region 245 eV where the
311++G** calculationd repeated here both indicate that the experimental peak structure was not well reproduced theoreti-
conformersl—3 are very close in energy, so much so that it is cally. This has been examined by calculating ionization energies
no surprise that the predicted energetic ordering, based uponin just the same fashion as for the other species detailed here.
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The greater size of alanylalanine means that there is an increased (13) Cannington, P. H.; Ham, N. 8. Elec. Spectrosc. Relat. Phenom.

density of ionic states in the-91.8 eV region. Hence, while the

calculation does suggest a peak at 14.46 eV, this is just one of

1983 32 (2), 139-151.
(14) Powis, 1.J. Phys. Chem. 200Q 104 (5), 878-882.
(15) Weiss, M. R.; Follath, R.; Sawhney, K. J. S.; Senf, F.; Bahrdt, J.;

many which are found distributed pseudo-uniformly over the Frentrup, W.; Gaupp, A.; Sasaki, S.; Scheer, M.; Mertins, H. C.; Abramsohn,
range. In other words, the overall correlation of predicted D.; Schders, F.; Kuch, W.; Mahler, WNucl. Instrum. Methods Phys. Res.

features with experiment is poor. So while a definitive answer

A 2001, 467 (1), 449-452.
(16) Martensson, N.; Baltzer, P.; Bwiler, P. A.; Forsell, J.-O.; Nilsson,

cannot be reached, there is no compelling reason to invoke aj :“stenborg, A.; Wannberg, Bl. Elec. Spec. Relat. Phenott994 70
contribution from this or from any other species considered other (2), 117-128.

than alanine conformet.

This then drives one back to examine differences between

(17) Seah, M. PSurf. Interface Anal1993 20 (3), 243-266.
(18) Becke, A. D.J. Chem. Phys1993 98 (7), 5648-5652.
(19) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37 (2),

the VUV and X-ray experiments and to the consideration that gz g9

effects of the more energetic photon beam may be the key factor.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

Photon-induced “damage” to solid samples caused by intenseM. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

synchrotron X-ray beams is of course a recognized phenomeno

. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

and has been previously reported to affect amino acid saﬁ?plgs; R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
perhaps in the conditions of our experiment the energy depositedPetersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;

by the beam is resulting in creation of reactive ion and radical

fragments which could be polymerizing on recombination.

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

Notwithstanding these questions, the present work has suc-m. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
ceeded in proving the ability to interpret gas-phase electron Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

spectra of biologically important molecules using electronic

structure calculations.
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