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Abstract: Experimental momentum profiles (orbital images) corresponding to the electron density distribution in
the outer valence shell of gaseous glycine have been obtained by electron momentum spectroscopy measurements
conducted over the binding energy range ef2§ eV at an impact energy of 1200 eV binding energy. The
experimental data are compared with theoretical momentum profiles calculated using Haorkeand Kohp-

Sham density functional theories. The calculated momentum profiles correspond to a Boltzmann weighted sum of
the five dominant conformers predicted to be present at the experimental temperature®@f 16be importance

of basis set size and flexibility is investigated in the case of the Harffeek results by performing calculations

using a series of basis sets ranging from minimal (STO-3G) to the near-HaRoek limit (aug-cc-pVTZ). The
sensitivity of the density functional theory calculations to the type of exchange-correlation potential energy functional
is investigated by comparing results using the local density approximation with those obtained with nonlocal functionals
proposed by Becke, Perdew, and Lee, Yang, and Parr. It is found that the experimental results are generally best
modeled by the density functional theory calculations, with only small differences noted among the results obtained
using the different potential energy functionals. In the case of the Harfreek calculations, increasing the basis

set size beyond that of the 6-3t1+G** basis set has no discernible effect on the calculated momentum profiles,
which in comparison to the experimental momentum profiles tend to underestimate the intensity at low values of
electron momentum, particularly for the outermost valence orbitals of glycine. This suggests that a consideration of
electron correlation effects is necessary for correct modeling of the chemically sensitive outer spatial regions of the
electron density of the outer valence orbitals of glycine.

Introduction electron density in such regions is often not well modeled in
guantum mechanical calculations unless very large saturated and
diffuse basis sets and correlated treatments such as multirefer-
ence single and double configuration interaction (MRSD-CI)
or density functional theory (DFT) are used.

The above theoretical conclusions have been strongly guided
by experimental results obtained for the frontier orbitals of small
hydride§—1! using electron momentum spectroscopy (EMS).
EMS is an experimental techniqiié? capable of imaging the
electron density of binding energy selected electrons (i.e.,
effectively imaging the electron density of individual atomic
and molecular orbitals). This experimental “orbital imaging”
is in momentum space rather than the more familiar position
space. EMS is most sensitive to regions of low momentum
which strongly emphasize the chemically sensitive outermost
spatial regions of electron density because of the Fourier
transform relationship between momentum and position space.

A detailed understanding of the electronic structure and orbital
electron density distribution in biomolecules such as amino acids
is of considerable interest and importance from a fundamental
standpoint. Such information is relevant to applications in
protein biochemistry and medicinal chemistry and also necessary
to provide meaningful input for computer-aided molecular
design and reactivity studies. In particular, a detailed knowledge
of the electron density distributions and motion of electrons in
the frontier orbitals is required to understand and model the
tendency for reactivity and structural concepts such as intramo-
lecular hydrogen bondiny. For many problems involving
molecular recognition and reactivity the long-range (i.e., outer
spatial) region of the frontier orbital electron density is an
important consideratiofr* However, it has been show that
even in some simple molecules such agOHand NH the
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each emphasizes a different region of space. The total energyexperimental temperature and summed together prior to com-
(small r), dipole moment (medium), and EMS momentum  parison with the EMS experimental data. DFT is now offering
profiles (larger) have proven to be effective choices to guide a computationally less intensive approach to quantum mechan-
the development of “universal” wave function? The fact ical calculations with inclusion of electron correlation effects
that the low momentum (largg regions of EMS momentum  via the exchange-correlation potential. It is also noteworthy
profile measurements are particularly sensitive to the role of that DFT has satisfactorily reproduced high-level MRSD-CI
electron correlation effects has been clearly demonstrated in thecalculations in comparisons with EMS measurements for
experimental and theoretical momentum space studies of thesmalP202! and intermediate si?e molecules and thus may
highest occupied molecular orbitals (HOMOs) os(H and provide a viable approach to the theoretical investigation of the
NH3.>~" The usefulness of working in momentum space when role of electron correlation effects in the valence orbital densities
considering chemical reactivity has also been recently demon-of larger molecules.

strated in theoretical work by Allan, Cooper, and co-workers,  The ahove advances have been used in the present work to
who have found that molecular similarity indices calculated ¢agijitate a detailed and comprehensive experimental and
using momentum space electron densities are capable Ofiheoretical investigation of the outer valence orbital electron
rationalizing physical and chemical properties and biological yensity distributions of the simplest amino acid glycine ¢NH
activity in cases where analyses using position space electronc,cooH), which is of fundamental biological interest as well

densities are not defini_tivé%13 For example, such_ theor_etical _as being a prototype for larger systems. The roles of basis set
momentum space studies have been able to predict satisfactorily,o anq composition and also electron correlation effects in

the relative effectiavgness of anti-HIV phospholipids observed 1, qeling the outer valence orbitals of this molecule have been

in clinical testing?* ) ) - studied by comparing the experimental measurements to HF
To date, most EMS studies of orbital densities (momentum ang DFT calculations using a range of basis sets.

distributions) have been made on small molecules which are

gg?eer:si%isii cl)ErM\g)larlEfaslﬁrlgr?]Sen?ts rgg(rjn tfénﬂiﬁtﬂr;ﬁerﬂgf considerable recent theoretical work. The conformational
P yflexibility of the neutral glycine molecule, the form found in

guantum mechanical calculations to larger molecular systems . .
- . : the gas phase, results in several stable conformers, considerably
such as amino acids poses a number of challenging problems

both experimentally and theoretically. Experimental difficulties increasing the challenge of accurate theoretical modeling. Much

encountered with larger molecules include decreased dataOf the theoretical work on glycine to date has focused on

. : etermining the geometries and relative energies of these stable
accumulation rates and, in most cases, much more closely spaceg gtheg : 9 .
conformers. Itis apparent from this quantum mechanical work

orbital (binding) energies and the lower sample volatility that the results for glycine are very sensitive to the theoretical
frequently associated with liquids and solids of higher molecular method employed and to the nature of the basis set used. In

weight. These difficulties have been significantly reduced by particular, it has been found that the results from semiempirical

improvements in instrumentation. Recently reported multi- . . .
channel EMS spectrometéfsi® have substantially improved and HF calculations vary consideraB3fy.Conclusions based
on HF calculations regarding the geometries and relative

the sensitivity over that of earlier single channel instruméhts. . . -
energies of the glycine conformers that are energy minima on

The increased coincidence count rates2Q times, with the glycine potential energy surface are strongly basis set
significant further improvements possible) have also permitted ) . L
g P P ) P nt2-24 The use of flexible basis sets containing both

a somewhat improved energy resolution to be employed. Thed_epende L ) .
development of a solid sample heated reservoir pfobas diffuse and polarization functions appears necessary in perform-

enabled the stable sublimation of low vapor pressure solid "9 meaningful geometry optimization calculations on glycine,
samples into the EMS collision region over long periods of time. IKely due to the presence of several nonbonding electron pairs

These improvements have been demonstrated in a recent stug@nd intramolecular hydrogen bongfs. Electron correlation

of the valence electron density of acet&hand in preliminary ef_fects hQV? also_been shown to play a significant role in glycine,
reportd819of the HOMO electron densities of dimethoxymethane With their inclusion, whether through MaliePlesset (MP)
and glycine. From a theoretical standpoint, computational Perturbation theory;=2¢ CI,2” or DFT **#having a particularly
complexity rapidly increases with molecular weight even at the Significant effect on the relative conformer energies. With
Hartree-Fock (HF) level, and high-level correlated treatments €Spect to determining geometries, there is some disagreement
such as configuration interaction (CI) quickly become unfeasible @S to the necessity of employing theoretical methods that take
for larger molecules. The conformational mobility of many —— - — - .
larger molecules further increases the computational difficulties Daslziggyn?lIg_bggﬁfr},%%i\fggsjigé ?%S%%’_Y" Brion, C. E.; Wang. Y.
since separate calculations of orbital electron density are required  (21) Duffy, P. A Combined Experimental and Theoretical Study of the
for each stable conformer (potential energy minimum) present Electronic Structure of Molecules by Electron Momentum Spectroscopy
under the particular experimental conditions. The individual and Density Functional Theory. Ph.D. Thesis, University of British

; - Columbia, 1995.
conformer calculations must then be Boltzmann weighted at the — (22) Jensen, J. H.; Gordon, M. $.Am. Chem. Sod.991, 113 7917

The molecular structure of glycine has been the subject of

7924.
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account of electron correlation effects in glyci{é%3! Regard-
less, recent high-level calculations using large basis sets and
MP225 CI,27 and DFT including the HF exchange enei®s?

are in fairly close agreement not only for the conformer
geometries but also for their relative energies.

The need to perform relatively large calculations in order to
obtain dependable results for the geometries and relative energies
of glycine conformers raises the question as to the sensitivity
of other calculated properties of glycine to basis set size and
composition and to electron correlation effects. Because of the
importance of the outer valence orbitals and in particular the
HOMO electron density to chemical reactiv33? it is of
particular interest to investigate the importance of the consid-
erations mentioned above to the valence orbital electron density
distributions in glycine. As noted above, EMS measurements
and associated calculations have clearly shown that electron
correlation effects are a determining factor in the long-range
(low momentum) parts of the outer valence orbital electron
density distributions in N&F7 and the methylamine¥. There-
fore, since for most conformers of glycine the HOMO electron
density is predominantly located on the nitrogen atom, it is of
interest to see if similar electron correlation effects are also a
determining factor in the valence orbital electron density
distributions of glycine.

Several other previously published studies are pertinent to
the current work. The outer valence photoelectron spectrum

J. Am. Chem. Soc., Vol. 118, No. 43, 19985

of glycine has been reported by Debies and Rab#lais1 974
and by Cannington and Ha&fin 1983 using He(l) and He(ll)

resonance radiation, respectively. Both studies found three
peaks in the low binding energy region, at 10.0, 11.1, and 12.1
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eV, assigned as ionizations from nonbonding nitrogen (HOMO), Figure 1. Conformers predicted to be energy minima on the glycine

carbonyl oxygen, and hydroxyl oxygen orbitals, respectively.

potential energy surfacé.Following the labeling scheme used in ref

The two studies made the same assignments for the symmetrn25, p denotes aCs symmetry conformer andv a C; symmetry

of the second and third orbitals’(and & respectively) but
differed on the symmetry of the HOMO, with Debies and
Rabalais predicting an out-of-plané’ (gorbital and Cannington
and Ham predicting an in-plane’ (porbital.

conformer. The calculated abundance of each conformer based on the
relative free energies (see the Theoretical Methods and Table 2) at the
experimental temperature of 18& is also indicated.

As stated above, there are several stable conformers of glycindnstrumental sensitivity and estimated absorption coefficients
present in the gas phase. In fact, theoretical studies have foundOr conformersilp andliip , initially led to the prediction of

as many as eight conformé#s2527.28(see Figure 1 and ref 37).

an upper limit of 0.2 for the abundanceldip relative to that

However, only a few of these conformers have been observed©f [P at the experimental temperature of 235. In contrast,

experimentally. Both conformetp andllp have been identi-
fied by microwave spectroscog§.#? In the recent study by
Godfrey and Browrf? the nonobservance of conformers other
thanlp andllp, in combination with a consideration of their

(30) Csaza, A. G. J. Mol. Struct 1995 346, 141-152.

(31) Ramek, M.; Momany, F. A.; Miller, D. M.; Scfer, L. J. Mol.
Struct 1996 375 189-191.

(32) Fukui, K. InApplied Quantum Chemistry, Proceedings of the Nobel
Laureate Symposium on Applied Quantum ChemiSnith, V. H., Jr.,
Schaefer, H. F., Ill, Morokuma, K., Eds.; Reidel: Boston, 1986; pj23.

(33) Fukui, K.; Yonezawa, T.; Shingu, H. J. Chem. Phys1952 20,
722-725.

(34) Hollebone, B. P.; Brion, C. E. Unpublished work.

(35) Debies, T. P.; Rabalais, J. \l/.Electron Spectrosc. Relat. Phenom
1974 3, 315-322.

(36) Cannington, P. H.; Ham, N. 3. Electron Spectrosc. Relat. Phenom
1983 32, 139-151.

(37) The conformer labels are those used bysZa®® wherep andn
denote planars symmetry) and nonplana€() heavy atom frameworks,
respectively.

(38) Suenram, R. D.; Lovas, F. J. Mol. Spectrosc1978 72, 372—
382.

(39) Brown, R. D.; Godfrey, P. D.; Storey, J. W. V.; Bassez, MJP.
Chem. Soc., Chem. Commu®78 547—548.

(40) Schier, L.; Sellers, H. L.; Lovas, F. J.; Suenram, R. D.Am.
Chem. Soc198Q 102, 6566-6568.

(41) Suenram, R. D.; Lovas, F.J.Am. Chem. S0d98Q 102, 7180-
7184.

(42) Godfrey, P. D.; Brown, R. DI. Am. Chem. S0d995 117, 2019~
2023.

the most elaborate theoretical studfe:28 predict that con-
formerlllp should be present in a proportion considerably larger
than this. In this regard, Godfrey and Brot¥point out that
their limited observations (onlyp andllp) could be due to
relaxation of the other conformers Ip in the expanding gas
jet. A recently published theoretical stfdyf the barriers to
interconversion between glycine conformers indicates that this
explanation is likely correct. This is further supported by
recently reported evidence for a third conformer, obtained by
an infrared spectroscopy study of glycine trapped in inert gas
matrices**

The results of the microwave studié4? are in agreement
with an electron diffraction stud§ and the various theoretical
calculations that predict that the most stable conformép is
In the case of conformdt, the microwave data indicate that
this conformer hasCs symmetry with a planar heavy atom
framework (i.e.]Ip). Atthe highest levels of theory employed
thus far?>27.28the geometry-optimized structure isCa sym-
metry conformerl{n ) resulting from a slight out-of-plane twist

(43) Godfrey, P. D.; Brown, R. D.; Rodgers, F. M.Mol. Struct.1996
376 65-81.

(44) Reva, I. D.; Plokhotnichenko, A. M.; Stepanian, S. G.; Ilvanov, A.
Y.; Radchenko, E. D.; Sheina, G. G.; Blagoi, Y.Ghem. Phys. Letl.995
232, 141-148; ErratumChem. Phys. Lettl995 235 617.

(45) lijima, K.; Tanaka, K.; Onuma, S. Mol. Struct 1991, 246, 257—
266.
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of the planar heavy atom skeleton. These calculations alsodetermined by high-resolution photoelectron spectroscopy (PHSE

indicate that structurdlp is a saddle point between two
equivalentlin structureg224.2527 However, the energy differ-
ence between thBp andlin forms is calculated to be quite
small and is less than the calculated zero-point vibrational
energy. Therefore, while the equilibrium geometry may cor-
respond tdIn, the average geometry is expecdtett 2527440
bellp, in agreement with the microwave studies. In the case
of the third conformer, the calculated energy minimum is either
theCs symmetrylllp or theC; symmetryllin form, depending

widths of the fitted peaks were fixed at values obtained by convoluting
the EMS instrumental energy resolution function (fwhmnl.5 eV)

with the Franck-Condon widths of the ionization peaks estimated by
fitting Gaussian functions to the high-resolution PES spectrum reported
by Cannington and Har#. The distribution of fitted peak areas for an
individual ionization process as a function of momentum is the desired

The experimental energy resolution function (1.5 eV fwhm) and the
momentum resolution~0.1 au fwhm) of the spectrometer were
determined from measurements of the helium' bénding energy peak

upon the theoretical method and basis set used. However, theand the momentum profile of the argon 3p orbital, respectively. Helium

highest level post-HF and DFT calculatiéhd™2° all predict
llilp to be the true energy minimum, although the energy
difference fromllin is very small (0.03 kJ/mol). Of the
remaining predicted energy minima, thréeér(, Vn, andVliin )

are ofC; symmetry and two\{Ip andVlIp ) are ofCs symmetry.
TheseC; symmetry conformersl\n, Vn, andVllin ) differ
considerably from thei€s symmetry analogs in terms of both
geometry and energy, in contrast to the situationlfor and

Ilin described above.

Experimental Methods

Details of the construction and operation of the energy dispersive
multichannel electron momentum spectrometer used in the present wor
have been described previoudlyln this spectrometer, gas phase target
molecules are ionized by impact with a high-energy (1206teMnding

energy) electron beam and the two outgoing electrons are angle and
energy selected before being detected in coincidence. The experiment%
geometry, referred to as symmetric noncoplanar, is such that the two

outgoing electrons are selected at equal polar angles (0. = 45°)

relative to the forward-scattered electron beam. Position sensitive
detectors at the exit planes of two hemispherical electron analyzers

gas was admitted into the collision chamber during data acquisition
for glycine to serve as an internal standard for energy calibration and
to aid in the monitoring of the experimental conditions. In particular,

it was necessary to ensure that no charging effects occurred on
condensed glycine deposits which built up inside the spectrometer
during the experiment. No change in the width or position of the sharp
He 1s?! peak was detected during the long data accumulation period.

Theoretical Methods

EMS Theory. Using symmetric noncoplanar kinematics, the EMS
cross-section for randomly oriented (e.g., gas phase) molecules in the
plane wave impulse approximation is proportional to the spherically
averaged square of the overlap of the initial neutral molecule wave

ifunction | Wi'Cand the final ion wave functiof¥f' 'Cas given by?

oems 0 f dQ | (WY Wi @)
herep refers to the momentum of the ionized electron. If the many-
body wave functiong®'Oand |W}''Tare replaced by the indepen-
dent particle determinants of target Hartrd@ck orbitals (the target
Hartree-Fock approximatiot?), then eq 2 simplifies to

each detect electrons over a range of kinetic energies from 596 to 604

eV. Only events where electrons arrive at each detector simultaneously

and where their summed energy is in the range 1208.5 eV are
recorded® The momentum of the struck electron prior to ionization
is monitored by varying the relative azimuthal angldbetween the
two analyzers. Under the binary encounter requirem&mts high
impact energy and high momentum transfer, the momemwhthe
ionized electron prior to impact is related to the azimuthal angle by

p=[(2p, cosf; — po)* + (2p; sin 6, sin@/2)1"* (1)
wherepo, p1, andp; (p. = p2) are the momenta of the ionizing and
each of the two outgoing electrons, respectively. In the present work

6—27 eV were recorded sequentially at relative azimuthal angles of
0°, 1°, 2°, 3, 4, 6°, 8, 11°, 14, 17, 20°, 25°, and 30 by scanning

the energy of the incident electron beam. Many scans were accumulate
over an appreciable measuring timel(100 h) in order to improve the
signal to noise ratio. A heated sample prbacorporating a glass

sample holder was used to admit gaseous glycine into the experimentalt

interaction region by sublimation of the solid sample (from MCB
Chemicals) at 165C. Earlier experiments have shown that when

glycine is sublimated in this temperature range using glass sample

holders, sample decomposition does not odefit.

In EMS experiments, individual orbitals are selected for study
according to their characteristic binding (ionization) energies. The
variation in experimental signal (cross-section) as a function of
momentum (determined fromh using eq 1) for a particular binding
energy-selected orbital is the experimental momentum profile, or XMP,
for that orbital. In the case of glycine, the FrargRondon widths

and close energy spacing of the ionization peaks necessitated the use Computational Details.

of a fitting procedure to obtain individual orbital XMPs. The set of

S ; ’ final ion stateW;
binding energy spectra of gaseous glycine over the energy range of

oems 0 S [ dQ Iyy(B)? 3)
wherey;(p) is the momentum-space representation of the molecular
orbital from which the electron was ionized and the spectroscopic factor
§ is the probability that the final ion stat}' " contains a hole in
orbital ;. Thus, within the approximations involved in eq 3, EMS
provides imaging of the orbital electron density in momentum space
(lpiM1?. Ininstances where a single particle model of ionization holds,
as is typically the case for ionization from the outer-valence orbitals
of molecules, the spectroscopic factor will be near unity. However,
when this model starts to break down, ionization from an orhijtal
may occur at several ionization energies, each leading to a different
N-1 Within the target HartreeFock approximation,
each of these ionization processes will yield an EMS cross-section
having a shape characteristic of orbitgl and given by eq 3. Note

dthat the momentum space orbitakp) is the Fourier transform of the

more familiar position space quantit(r).

Recently, eq 2 has been reinterpreted in the context of K&imam
density functional theor§#® In a manner similar to that described for
he target HartreeFock approximation above (eq 3), the ieneutral
overlap term in eq 2 can be expressed in terms of the K&ram
orbitals{1¥S} to give the target KohnSham approximatioh*?

Ogms U fdQ was(ﬁ)lz 4)

The target KohaSham approximation of the EMS cross-section
provides for the inclusion of electron correlation and exchange in the
target ground state through the exchange-correlation potential energy
functional.

In the present work, HF and DFT
calculations were performed for each of the eight MP2/643t&**

13 binding energy spectra (BES) were fitted using Gaussian peaks for geometry optimized conformers shown in Figure 1 and predicted by
each ionization process located at published vertical ionization energiesCsaza?® to be energy minima on the glycine conformational potential

(46) Gross, D.; Grodsky, GI. Am. Chem. Sod 955 77, 1678-1680.
(47) Junk, G.; Svec, Hl. Am. Chem. Sod 963 85, 839-845.

energy surface. Following the labeling scheme used bisfas#

(48) Casida, M. EPhys. Re. A 1995 51, 2005-2013.
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Table 1. Computational Details and Selected Calculated Properties for Glycine

basis set

contracted functions total energy dipole momertt(D)
key method name [heavy atoms/H] (hartrees)p Ip lip
st HF STO-3G [2s,1p/1s] —279.114 538 1.1850 4.6378
4g HF 4-31G [3s,2p/2s] —282.403 960 1.2707 6.9355
69 HF 6-311CG [4s,3p/3s] —282.768 248 1.2581 6.9138
6p HF 6-311++G** ¢ [5s,4p,1d/4s,1p] —282.921 717 1.2861 6.3021
it HF trun-pvTZ [5s,4p,3d/4s,3p] —282.942 077 1.2752 6.0976
tz HF aug-cc-pVTZ [5s,4p,3d,2f/4s,3p,2d] —282.951 366 1.2764 6.0966
Id DFT-LDAP trun-pvTZ [5s,4p,3d/4s,3p] —282.326 642 1.2100 5.7153
bp DFT-BP trun-pVTZt [5s,4p,3d/4s,3p] —284.572 595 1.1819 5.5910
b3 DFT-B3LYH trun-pvVTZ [5s,4p,3d/4s,3p] —284.548 905 1.1988 5.6892

experiment 1.0-1.4 4.5-4.6

aTheoretical values are for a nonrotating, nonvibrating moleciléie Vosko, Wilk, and Nusait local exchange-correlation potential energy
functional was used.The Becke exchan§eand Perdew correlatibhgradient corrections to the exchange-correlation potential energy functional
were used? See ref 55¢ Internal basis set of GAUSSIANG?. ' The trun-pVTZ basis set is the aug-cc-pVTZ basis set with the f functions on the
heavy atoms and the d functions on the hydrogens removed (see réfajn refs 49 and 50 Suenram and Lovasdetermined:, of conformer
Ip to be 1.04 0.15 D andus #= O, ua > un. ' Brown et al®® found u, of conformerllp to be 4.5 D ande, < 1 D.

Table 2. Thermodynamic Quantities for the Conformers of Glycine Calculated at the Experimental Temperature éf 438 K
conformer  AE°®(kJ/mol) A(AE*®®) (kJ/mol) AS*8(J/(mokK)) AG*3%8(kJ/mol) abundance (%) exptl energy (kJ/mol)

Ip 0.0 0.0 0.0 0.0 52.61

IIn 2.058 0.308 —9.321 6.449 8.96 546.7¢5.9+ 1.8
lp 6.663 0.153 10.764 2.100 29.56 383

IVn 5.156 —0.199 —5.720 7.463 6.78

vn 10.503 0.026 —4.852 12.655 1.63

Vip 19.750 —0.603 1.498 18.491 0.33

Vlilp 24.081 —1.018 0.136 23.004 0.10

Vilin 25.265 —0.711 —4.420 26.491 0.04

a All values are relative to those for conformigr. Vibrational frequencies and rotational constants from ref 25 were used to calculate the relative
entropies AS) and relative thermal energieA(AE)) for all conformers exceptlp , for which the vibrational frequencies from ref 27 were used.
b Best MP estimates from ref 25Infrared spectroscopy of glycine (14050°C) isolated in an inert gas matrix, ref 44Microwave spectroscopy
(170-180°C), ref 41.

calculations were carried out for ti@& symmetry conformerip, llp , the Gaussian-weighted planar grid method of Duffy et®alThe

Illp , VIp, andVllp (having a planar heavy-atom skeleton) andGhe theoretical cross-sections including the effects of the instrumental
symmetry conformersVn, Vn, and VIlin . The llp and Illp angular resolution are referred to as theoretical momentum profiles
geometries were used for this study even though they are saddle pointd TMPSs).

rather than energy minima on the MP2/6-3G** potential energy For comparison with the experimental momentum profiles, the TMPs
surface because, as discussed in the Introduction, in both cases thdor the five lowest energy conformertp( llp, Illp , IVn, andVn)
effective ground state structures are expected to b&Ctrmymmetry were Boltzmann weighted according to the experimental temperature

conformers. The HF calculations for each of these eight conformers of 165 °C and their calculated Gibbs free energies at that temperature
were performed using a series of basis sets of increasing complexity, relative to the free energy of the most stable conformer, and summed
ranging from the STO-3G (st) minimal basis set with 30 contracted together. The remaining three conformev(, Vlip , andVliin ) were
Gaussian functions (CGFs) to the 345-CGF near-Hartree-Fock limit not included in this sum since the free energy calculations indicate
aug-cc-pVTZ (tz) basis set of Dunning and co-workiée8. Theoretical that they will account for only~0.5% of the sample at the experimental
EMS cross-sections for the valence orbitals of each of the conformers temperature. The use of free energies for the TMP weighting is a more
were obtained using eq 3 with each of the HF wave functions. Cross- physically realistic treatment than the use of electronic energies alone,
sections were also calculated using eq 4 from the Keinam orbitals as was done in a preliminary analysis of the glycine HOMO electron
obtained from DFT calculations. The KS-DFT calculations were density?® The calculated thermodynamic quantities are summarized
performed with a variant of the aug-cc-pVTZ basis set, referred to in in Table 2. The relative free energies at 185 differ significantly

the present \_Nork as the trun-pVTZ (tt) b_a5|s set, from which the heavy- (49) Dunning, Jr., T. HJ. Chem. Phys1989 90, 10071023,

atom f functions and hyd_rogen d functions havg b_een removed (2_40- (50) Kendall, R. A.; Dunning, Jr., T. H.; Harrison, R.1.Chem. Phys
CGF)3 The DFT calculations were performed within the local density 1992 96, 6796-6806.

approximation using the Vosko, Wilk, and Nusafunctional (Id) and (51) This truncation was necessary because the version afei®n

also using two nonlocal functionals: the first (bp) including the Perdew DFT program used cannot process f functions.

correlatioff® and Becke exchanéfegradient corrections and the second 12£512) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~

(b3) being the B3LYP hybrid function&®. Further computational (53) Perdew, J. PPhys. Re. B 1986 33, 8822-8824
details and selected calculated properties are shown in Table 1. All  (54) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.
HF calculations were performed using GAUSSIAN®And internal (55) The B3LYP functional is a modification of the hybrid functional

basis sets with the exception of the aug-cc-pVTZ and trun-pVTZ basis proposed by Becke and incorporating the exact exchange energy, with
sets mentioned above. DFT calculations with the Id and bp functionals ;hned I‘/?/Zh}?ng' and P&frcorrelation potential replacing that of Perdew
were performed using the deMdit®density functional program with (56) Frisch, M. J.; et alGaussian 92/DFT Revision F.4; Gaussian,
an “extrafine nonrandom” grid while the b3 DFT calculations were |- Pittsburgh PA, 1993.
performed using GAUSSIAN92 with the “l=tFineGrid” option. (57) St-Amant, A.; Salahub, D. RChem. Phys. Lett199q 169, 387—

To compare the cross-sections calculated using egs 3 and 4 above392.

; ; : - (58) Salahub, D. R.; Fournier, R.; Mlanarski, P.; Papai, |.; St-Amant,
with the experimental momentum profiles, the effects of the finite A.; Ushio, J. InDensity Functional Méthods in Chemistiyabanowski, J..

spectrometer acceptance angles (i.e., the momentum resolution) in bothng,eim, 3. Eds.; Springer-Verlag: New York, 1991; pp-100.
6 and ¢ (A6 = £0.6° and Ap = £1.2°) must be folded into the (59) Duffy, P.; Casida, M. E.; Brion, C. E.; Chong, D. @em. Phys
calculated cross-sections. This has been done in the present work using.992 159, 347—363.
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from the relative electronic energies of the glycine conformers. Free conformers. Although the XMPs as measured are on a common
energies were calculated with the harmonic oscillatigid rotor relative intensity scale, the data are not absolute. Therefore, a
approximation using standard statistical-mechanical fornfdlaBhe single normalization between theory and experiment is necessary
final predictions of Cssza?® for the relative conformer energies were before the calculations and measurements may be compared.
used for the relative electronic energi®E®. The rotational constants This has been done by comparing the XMP obtained by
and vibrational frequencies reported by €£#5 for the MP2/6- . - ST .
summing fitted peaks a, b, and c (ionization potentials (IPs)

311++G** geometry optimized conformers were then used to calculate ; .
the relative zero-point vibrational energies, thermal energies, and 10.1, 11.2, and 12.1 eV) with the corresponding b3 DFT TMP

entropies of the conformers. The vibrational frequencies of conformer for the sum of molecular orbitals (MOs) 248, as shown in
lllp were not reported by Csaa, so the relative thermodynamic ~ Figure 3. A least-squares fit of the XMP to the b3 DFT TMP
properties for this conformer were calculated using the vibrational was then performed since this theoretical distribution provides
frequencies reported by Schaefer et’aind calculated at the HF/DZP  the best overall agreement for shape with the experimental data.
level. Relative Gibbs free energies at 438 K were then calculated using A|| experimental profiles for glycine were then scaled using
the equation the factor resulting from this fit, with all HF and DFT theoretical
profiles kept on a common intensity scale.
AG*8= AE? + A(AE®® — 438058 (5)
] ] ) Discussion
whereAE® + A(AE*®) is AH*® and A(AE*®) consists of the relative
zero-point vibrational energies and relative thermal energies. Previously  Glycine is a 40-electron molecule, with 15 valence orbitals.
reported experimentally determined energies for conforrtipraand The PES study of Cannington and Hafras well as the HF
llip relative to conformerp are also included in Table 2. The cg|culations performed in the present study, indicate that
experimental values fdlp are in agreement with the calculated relative ionizations from the 12 highest energy valence orbitals should
Gibbs free energy for this conformer. The disagreement between the be observable in the energy range studied in the current work.

calculated and experimental values fdp could be a result of the In th f theC f iaht of th
use of HP rather than MP2 vibrational frequencies to calculate the n the case of thels symmetry conformers, eight of these

free energy of this conformror uncertainties in the experimental ~ Orbitals have asymmetry and four have"asymmetry. The
value, determined in a challenging experiment involving infrared remaining three valence and five core orbitals outside of the

spectroscopy of glycine trapped in an inert gas mdfrix. energy range of this study are all dfsymmetry. By analogy
with atomic orbitals, momentum profiles having a maximum
Results at zero momentum are commonly referred to as s-type and those

The glycine binding energy spectra obtained at relative having a minimum at zero momentum and a maximum at some
azimuthal angles of0and 8 are shown in Figure 2, with the ~ Othér momentum value are referred to as p-type. In the case of
fitted Gaussian peaks used to obtain the experimental momen-d!ycine, ionizations from the "asymmetry orbitals ofCs
tum profiles shown as dashed lines. The high-resolution PES Symmetry conformers will result in p-type momentum profiles.
spectrum, digitized from Figure 1 of ref 36, from which the AS & consequence of the nodal plane in these orbitals, the
vertical ionization peak positions and Frard®ondon widths ~ corresponding momentum profiles will have no intensity at zero
used for the fitting procedure were determined, is shown in the Momentum except for the small contribution from instrumental
bottom panel of Figure 2. The reported ionization potentials Momentum resolution effecs. lonizations from asymmetry
and fitted Gaussian functions are indicated by vertical bars and ©rbitals of theCs symmetry conformers and from the orbitals
dashed lines, respectively. The absolute energy scale of the®f the C1 symmetry conformers may give rise to either s-type
BES was established using the He lnization peak at 24.58 ~ O P-type momentum profiles, depending upon the nature of
ev. the orbital in question. For example, molecular orbitals that

The experimental momentum profiles (XMPs) for the valence Strongly resemble atomic p orbitals will have p-type momentum
orbitals of glycine, obtained from the peaks fitted to the 13 BES, Profiles, although because of the lack of a nodal plane in these
are shown in Figures 3, 4, ané-62 (see below). Also shown molecular orbitals, greater intensity at zero momentum may be
in these figures are the calculated TMPs produced using the©PServed than in the case of the momentum profiles.
range of theoretical models discussed above. The TMPs used Binding Energy Spectra. As a result of the close energy
for comparison with the experimental data are a sum of the Spacing of the glycine valence orbitals, it is not possible for
TMPs for the five conformerslig, llp, lllp , IVn, and Vn) the most part to identify individual ionization peaks in the EMS
predicted to be the most prevalent in the sample mixture BES. However, examination of the= 0° and 8 BES shown
(>99.5%), Boltzmann weighted according to their relative Gibbs in Figure 2 reveals five distinct regions. The lowest energy
free energies and the experimental temperature of°Gg%s ~ region, between approximately 9 and 12 eV, contains peaks due
explained in the previous section. Also shown in Figures 4, 6, 0 ionization from the three outermost orbitals of glycine (MOs
7, and 10 are the individual TMPs for these five most stable 20, 19, and 18). The observed intensity in this energy region

. - . _ is greater at = 8°, indicating that these orbitals are predomi-
19%0) McQuarrie, D. AStatistical MechanicsHarper & Row: New York, a4y ntype. This is as expected since these orbitals, centered

(61) In a recent density functional theory study of glyctieiagler et predominantly on the nitrogen and two oxygen atoms, are
al. found that the use of vibrational frequencies calculated using the MP2 largely “lone pair” in character. The second region, from
or B3LYP-DFT method rather than the HF method resulted in a significantly approximately 12 to 16 eV, is of greater overall intensity than
greater relative free energy for conforntiép . This difference was primarily he fi icularly in th f — O°
attributed to a very low value for the first vibrational frequency of this t e '.rSt one, particularly in the ca§e 0 tlfj’e_ spectrum..
conformer when calculated at the HF level of theory. The impact this has This is because of the presence of ionizations from four orbitals
on the Boltzmann-weighted conformer sum TMPs discussed in the following (MOS 17-14, with IPs of 13.6, 14.4, 15.0, and 15.6 eV, from

sections has been investigated by setting the relative free energy of : ;
conformerlllp to 12.02 kJ/mol, the value reported by Hagler et°br PES%) in this energy range and also because the overall

the temperature of 473 K (as opposed to 438 K used in the presently reportegSymmetry of these bands is s-type, as a consequence of the
experiments) obtained using vibrational frequencies calculated at the MP2/ predominantlyo-bonding nature of these orbitals. The third

DZP level of theory. Although this has a rather large effect on the estimated region, of comparable intensity to the second, runs from 16 to
conformer abundances, particularly for conformerandlllp , the changes ! . . !
in the conformer sum TMPs for glycine are minor and do not alter the ~18.5 @V and is due to ionization from MOs 13, 12, and 11

discussion in the remainder of this paper. (IPs 16.6, 16.9, and 17.6 e¥j. The overall symmetry in this
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Figure 2. Binding energy spectra of glycine. The top two panels show ld’ljzp;’g IVE 1d,bp,b3 1\(/_32/
the EMS BES from this work for the binding energy range ef2g P 6.8% 1z,1t,6p U7/
eV at relative azimuthal angles ¢f= 0° and &, obtained at an impact
energy of 1200 e\# binding energy. The approximate corresponding 5r b 20a(N) T 20a(N) |
electron momenta, calculated using eq 1, are also indicated. The dashed 4g 6g
. ) . . st 4g
lines represent the result of a least-squares fit of Gaussian functions to &
the ionization peaks, and the solid curve is the summed fit (see the
Experimental Methods for details). The areas indicated by as a
function of angle (momentum) give the XMPs for orbitals or sums of 00 * 1' * é o 1' é * 3

orbitals shown in Figures 3, 4, and-62. The lower panel shows the
He(ll) PES spectrum reported by Cannington and Hairhe vertical Momentum (au)

ionization energies corresponding to the respective MOs are indicatedFigure 4. Experimental momentum profile for the HOMO (MO 20,
by vertical lines. The fitted Gaussian functions used to estimate the IP 10.1 eV) of glycine and the corresponding theoretical momentum
Franck-Condon widths of the ionization processes are indicated by profiles. The XMP and the TMPs for the conformer sum are shown in
dashed lines. The sharp peak in the PES at 12.7 eV has been attributethe top-left panel. The remaining panels contain profiles for each of

by Debies and Rabaldfsto HCI. the five most abundant conformers, as indicated. The corresponding
MO symmetry labels are indicated in each panel, along with the atom
16 g ‘ i on which the greatest proportion of the electron density for that MO is

MOs 20-18 centered. The key to the TMP labels is given in Table 1.

* peaksatbic all of the theoretical profiles correctly predict the general shape
of the experimental profile, only the DFT results (Id, bp, and
b3) are in good quantitative agreement with the experimental
data. The HF calculations predict the profile maximum to occur
at a higher momentum than is found experimentally for these
orbitals and also underestimates the intensity in the low
momentum region. Not surprisingly, the discrepancy between
the HF TMPs and the XMP is greatest for the 30-CGF minimal
o ‘ { { basis set calculation (st) and decreases as the basis set size

0 1 2 3 increases. However, there are no significant differences between

Momentum (au) the 145-CGF 6p TMP and the 345-CGF tz TMP, suggesting

. . ) that no further improvement in the agreement between the HF
Figure 3. Experimental momentum profile for the sum of BES peaks TMPs and experiment would be obtained by using a yet larger
a, b, and ¢ (IPs 10.1, 11.2, and 12.1 eV; see Figure 2) of glycine and . . )
corresponding theoretical momentum profiles for the sum of MOs 20 Pasis set. Although the calculated momentum profile, which

18. The key to the TMP labels is given in Table 1. The XMP has been €mphasizes t_he smap (predominantly larger) region Qf
normalized to the b3 TMP. electron density, appears converged at the HF level using the

6p basis set, further improvements in the total energy and dipole

region is p-type. The fourth “region”, located at 20 eV, arises moments (see Table 1), which emphasize small and medium
from ionization from MO 10 and is s-type, although the intensity respectively, are obtained using the larger tt and tz basis sets.
at 8 is comparable to that at’0 The final region in the BES  This demonstrates the importance of considering a number of
shown in Figure 2 is dominated by the He isalibration peak properties emphasizing different regions of electron density
at 24.6 eV. However, a p-type lower energy shoulder is evident when the accuracy of a wave function is evaluated.
at ~23 eV due to ionization from MO 9 of glycine. The highest occupied molecular orbital of glycine, MO 20,

Momentum Profiles. The momentum profile for the sum  has a binding energy of 10.1 eV as determined by EMS and a
of the three outermost valence orbitals of glycine (Figure 3) p-type momentum profile (Figure 4). The theoretical calcula-
exhibits p-type symmetry, as expected from the above examina-tions indicate that this orbital is predominantly centered on the
tion of the BES. The atomic p-orbital-like nature of MOs 20, nitrogen atom and, in the case of tBesymmetry conformers,
19, and 18 results in the minimum at zero momentum. Although is symmetric with respect to reflection through the plane of the

Relative Intensity
[o-]
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Figure 5. Position—space electron density maps for the HOMOs of the three lowest energy conformers of glycine. The maps were calculated using
the results of the b3 DFT calculation. The electron density in the symmetry plane of the molecule is shown. The contour lines in the upper panels
represent 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10.0, 30.0, and 99.0% of the maximum density.

heavy-atom framework (i.e., of @aymmetry). Note that this  been included for comparison with the other XMPs of glycine
agrees with the PES assignment of Cannington and #dumt, in the present work. Note that the use in the present work of
not the earlier assignment by Debies and Rab&faiThe free energies for the Boltzmann weighting of the TMPs together
exception is thdlp conformer, for which the HOMO electron  with the determination of the XMP by fitting the BES has
density is predominantly located on the carbonyl oxygen resulted in further improved agreement between the HOMO
(indicated by @ in Figure 4). This is illustrated by the XMP and the DFT TMPs compared with the earlier preliminary
position—space electron density maps for this orbital for analysist® In this earlier analysis, the XMP was obtained by
conformersip, llp, and Illp, shown in Figure 5. This = summing the experimental data over a range of binding energies,
difference in the nature of the HOMO is most likely a result of and electronic energies (rather than free energies) were used
conformerlp being the only one of the five most stable glycine for the Boltzmann weighting of the TMPs.

conformers containing an intramolecular hydrogen bond to the  Molecular orbitals 19 and 18 (Figures 6 and 7) have binding
nitrogen atom (see Figure 1). This will stabilize the nitrogen energies of 11.2 and 12.1 eV, respectively. While both may
lone pair electron density and consequently increase the bindinggenerally be described as p-type profiles, the MO 19 profile
energy of the electrons in this orbital. Concurrently, the has considerably more intensity at zero momentum than does
carbonyl oxygen nonbonding orbital of conformép is the profile for MO 18. There is some disagreement among the
destabilized by the unfavorable anti orientation of the acid group. theoretical calculations as to the symmetries of these orbitals.
The minimum in the experimental profile at zero momentum In the case of conformerkp, IVn, andVn, all calculations
results from the nodal surface between the two lobes of electronperformed predict MOs 19 and 18 to be predominantly oxygen
density in this largely atomic p-like orbital. The intensity that lone pair orbitals centered on the carbonyl oxyges)(@nd on

is observed at zero momentum results from the small contribu- both the carbonyl and hydroxyl oxygensq@y), respectively.
tions to this orbital from electron density at other parts of the In the case of conforméHp , the DFT calculations predict MO
molecule, such as the-bonding character between the two 19 to be predominantly centered on the carbonyl oxygen and
carbon atoms evident from the electron density maps in Figure of & symmetry and MO 18 to be centered on both oxygen atoms
5. The three DFT TMPs (Id, bp, and b3) provide the best and of & symmetry, with the situation reversed for the HF
agreement with the experimental data. The higher level HF calculations. For conformeip, the Id and bp DFT results
TMPs (tz, tt, and 6p) are essentially indistinguishable from one predict the electron density of MO 19 to be predominantly
another and in fair agreement with the XMP, correctly predicting located on the nitrogen atom and dfsymmetry and that of
the position of the profile maximunpax), but underestimating MO 18 to be concentrated on the two oxygen atoms and' of a
the intensity at low momentum. The smaller basis set HF symmetry. The reverse is true for the HF and b3 DFT
calculations, in contrast, differ markedly from the experimental calculations. A comparison of the two XMPs and the various
data. The 6g and 4g calculations correctly predict the qualitative TMPs helps to clarify the situation. The XMP obtained at 11.2
shape of the momentum profile but plaggax at too great a eV (MO 19) has significant intensity at zero momentum while
momentum. The minimal basis set st profile fails to get even the 12.1 eV XMP (MO 18) essentially drops to zero near zero
the qualitative features of the momentum profile correct. momentum. This drop to zero is consistent with thé a
Because of this poor agreement, the 4g and st TMPs have notsymmetry momentum profiles, which have no intensity at zero
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Figure 6. Experimental momentum profile for MO 19 (IP 11.2 ev)  Figure 7. Experimental momentum profile for MO 18 (IP 12.1 eV)

of glycine and the corresponding theoretical momentum profiles. The of glycine and the corresponding theoretical momentum profiles. The
XMP and the TMPs for the conformer sum are shown in the top-left XMP and the TMPs for the conformer sum are shown in the top-left

panel. The remaining panels contain profiles for each of the five most panel. The remaining panels contain profiles for each of the five most
abundant conformers, as indicated. The corresponding MO symmetry abundant conformers, as indicated. The corresponding MO symmetry
labels are indicated in each panel, along with the atom on which the labels are indicated in each panel, along with the atoms on which the
greatest proportion of the electron density for that MO is centered. greatest proportion of the electron density for that MO is centered.

The key to the TMP labels is given in Table 1. The key to the TMP labels is given in Table 1.

momentum due to the nodal plane in these orbitals. In contrast, 10 ' '

the & symmetry profiles for conformeli$p andlllp have some 2,1,6p,62
intensity at zero momentum. Therefore, for conformbgrsand

lllp, MO 19 may be assigned as ansgmmetry orbital and

MO 18 as an ‘asymmetry orbital. This symmetry assignment

is consistent with that of Cannington and Ham from a
consideration of the PES of glycine and related molecifiés.
Figures 6 and 7, the inverse ordering of orbitals 19 and 18 for
conformerdlp andlllp has been corrected as indicated to allow

a more meaningful comparison of the theoretical and experi-
mental momentum profiles. Reasonable overall shape agree-
ment between the XMP and TMPs for each of MOs 19 and 18 . ,
is obtained. However, a comparison of the XMPs for these 0 1 2 3

orbitals reveals a correspondence between some experimental Momentum (au)

data points which are lower than the theoretical profiles in the rigyre 8. Experimental and theoretical momentum profiles for the
one case and higher in the other (consider in particular the pointSsum of MOs 19 and 18 of glycine. The key to the TMP labels is given
between 0.3 and 0.7 au). This is most likely a result of in Table 1.

limitations in the energy resolution (1.5 eV) and the resulting

uncertainties in the deconvolution procedure used to obtain case of some conformers, an energy spacing between MOs 19
experimental momentum profiles for these energetically closely and 18 of considerably less than 0.9 eV. However, a sufficient
spaced orbitals. In addition to the challenge of separating two gap is predicted between the highest energy MO 20 and the
momentum profiles differing in binding energy by only 0.9 eV, lowest energy MO 19 and likewise between MOs 18 and 17 to
the situation for glycine is complicated by the fact that the provide reasonable confidence that a sum of fitted peaks b and
energies for particular molecular orbitals vary to at least some c¢ will account for all intensity due to ionization from MOs 19
degree with changes in molecular conformation. The HF/aug- and 18 without introducing intensity resulting from ionization
cc-pVTZ calculations conducted in the present study indicate from MO 20 or 17. In Figure 8, the XMP obtained by summing
variations in orbital energy among conformépsthroughVn these two experimental profiles is compared with the corre-
of approximately 0.5 eV for each of MOs 19 and 18 and, in the sponding TMPs for the sum of MOs 19 and 18. The resultant

£z,1t,6p

Relative Intensity
(9]
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Figure 9. Experimental and theoretical angle profiles for the sum of i 1a
MOs 17-11 of glycine. The key to the TMP labels is given in Table = -
1. The dashed line represents the b3 DFT TMP sum for MOs117 © HF from
minus 20% of the b3 profile for MO 11 (see the text for details). o MO12

XMP is in good quantitative shape agreement with the three
DFT TMPs. In contrast, the HF TMPs give a poor representa-
tion of the experimental data in the low momentum region below
p=0.7 au.

In the case of molecular orbitals 472 (binding energy range
~13-17 eV), the energy separation between orbitals is quite
small and prevents the determination of meaningful momentum
profiles for individual orbitals. For this reason, a sum of fitted
peaks has been considered in this region and is compared in
Figure 9 with theoretical profiles for the sum of MOs-171.

MO 11 has also been included in the sum to avoid complications Momentum (au)

resulting from differing predictions of orbital ordering by the Figure 10. Experimental momentum profile for MO 11 (IP 17.6 eV)
HF and DFT calculations. This issue is addressed further below of glycine and the corresponding theoretical momentum profiles. The
for MO 11. The data are plotted using a relative azimuthal XMP and the TMPs for the conformer sum are shown in the top-left
angle ¢) rather than momentum scale due to the variation of panel. The remaining_pa_nels contain profiles fo_r each of the five most
momentum with electron binding energy for a given azimuthal :E;?g;g‘;gg?;”g;:”ﬂ%‘ﬁfﬁIgek‘;o”tisfﬁgiﬁpw'lgbzg‘get%e}ibﬁ:s
angle (eq 1). Thesg Orbltal.s are responsible for the bulk of the Table 1. The dashed Iirrl)e represents §0% of the b3 DFT TMPg(see the
molecular bonding in glycine, and the-bonding nature of

. . ! . text for details).
several of them results in the considerable intensity observed
in the profiles at low values ap. Only qualitative agreement  symmetry conformers, this is aff arbital, in agreement with
is obtained between the shapes of the experimental profile andihe DFT predictions. An examination of the MO calculations
all of the theoretical profiles. The DFT profiles are consistent jndicates that this orbital may be primarily thought of as a
with the experimental data at small and large valueg,dfut  pseudar orbital responsible for Nbi o-bonding, but with
are hlgher than the eXperimental results for intermediate angles.significant contributions to CHbond”']g as well. For com-
The HF calculations, in contrast, fall below the experimental parison between theory and experiment, the TMPs for the HF
data at lowg and agree at intermediate and high values. In oritals having the appropriaté aymmetry are shown in Figure
view of the good agreement between the DFT TMPs and the 10 (j.e., MO 13 forlp and MO 12 forllp andllip ). Although

experimental data for MOs 2618, a likely explanation for the  there are also clear differences between the HF and DFT TMPs
behavior observed for MOs %711 is that one or more of the  for the C; conformersiVn andVn, the lack of symmetry in
ionization processes occurring in this region have spectroscopicthese conformers makes it difficult to determine the correct MOs
factors of less than 1 (see eq 3). If 20% of the pole strength to yse for comparison with the XMP. Consequently, the
for MO 11 is removed from the b3 DFT TMP sum for MOs  predicted MO 11 TMPs have been used. Because of the small
17-11, the resulting dotted line (Figure 9) shows somewhat rejative populations of conformet¥n and Vn, this will not
improved agreement with experiment (see the following para- sjgnificantly affect the Boltzmann-weighted conformer sum
graph and Figure 10 below, where the remaining 80% of the T\MPs that are compared with experiment in the upper-left panel
MO 11 b3 DFT TMP fits the XMP for MO 11 quite well). Itis  of Figure 10. It is evident from Figure 10 that there are only
well known that inner valence ionization processes frequently sjight differences between calculations for this orbital and that
show a range of energy poles due to final ion state electron 5| TMPs shown are consistent with the shape of the XMP. There
correlation effect§? is, however, a considerable discrepancy in terms of intensity
Experimental and theoretical momentum profiles for the petween theory and experiment. The b3 TMP must be scaled
ionization process at 17.6 eV, arising from ionization from MO by 80% to bring it into agreement with the XMP. This
11, are shown in Figure 10. There is disagreement betweenyepresents a breakdown of the single particle model of ionization
the HF and DFT calculations as to the symmetry of this orbital. gye to final state correlation and relaxation effects. The missing
However, a comparison of the shape of the XMP with those of 2094 intensity would be expected to be observed as satellite
the various TMPs clearly indicates that, in the case of@he  peaks at other binding energies, possibly outside of the energy

(62) von Niessen, W.; Schirmer, J.; Cederbaum, LCSmput. Phys. range examined in the curreny study. This “missing intensity”
Rep.1984 1, 57—126. at least partly explains the disagreement between theory and
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Figure 11. Experimental momentum profile for MO 10 (IP 20.0 ev) ~ Figure 12. Experimental momentum profile for MO 9 (IP 23.2 eV)

of glycine and the corresponding conformer sum theoretical momentum Of glycine and the corresponding conformer sum theoretical momentum
profiles. The key to the TMP labels is given in Table 1. The dashed Profiles. The key to the TMP labels is given in Table 1. The dotted
line represents the b3 DFT TMP sum (MO 3016% MO 11). The dashed line corresponds to the shape of the He 1s TMP obtained using

inset shows the XMP- b3 TMP difference (open circles) compared ~ the highly correlated He wave function reported by DavidSofhe
with 16% of the b3 TMP for MO 11. short dashed line represents 56% of the b3 DFT TMP for MO 9. The

long dashed line is the sum of the dottethshed and short dashed

. PR— lines. The open circles are the result of subtracting the He 1s TMP
experiment seen for the sum of MOs-1¥1 in Figure 9 at (dotted-dashed line) from the measured XMP.

intermediate relative azimuthal angles (see above discussion).
The shape of the MO 11 momentum profile would result in a profile (open circles) which fits well to the b3 DFT TMP scaled
significant drop in experimental intensity for the MO -1¥1 by 56%.

sum at intermediate angles, but very little change at lower or

higher angles if the spectroscopic factor for this ionization Conclusions

process at 17.6 eV is lower than unity. The present study of glycine has demonstrated the feasibility
In the case of MO 10 (Figure 11, electron binding energy of obtaining gas-phase experimental momentum profiles for
20.0 eV), all theoretical momentum profiles are in reasonably valence orbitals of low vapor pressure solids such as amino
close agreement, differing, however, in the relative magnitudes acids which exist as a mixture of conformers. In addition, the
of the maximum at 0 au and the minimum near 0.5 au. AllHF range of targets that have been investigated by EMS has been
and DFT calculations indicate that MO 10 consists primarily extended to include a molecule of greater size and complexity
of carbon 2s electron density. However, there is also a than would have been feasible to study using single channel
significant o-bonding component, particularly between the EMS spectrometers. A joint consideration of the experimental
hydroxyl oxygen and hydrogen. The XMP is consistent with and theoretical results has allowed for the determination of
the general features of the theoretical profiles, although therethe nature and ordering of many of the valence orbitals of
is a significant difference in intensity for the region between glycine.
approximately 0.2 and 1.0 au. One possible explanation for In comparing the various theoretical profiles with the
this additional experimentally observed intensity is the presence experimental data, it was found that the profiles for the
in this binding energy region of satellite peaks from the MO chemically important outer valence orbitals (MOs-2®8) are
11 ionization process (see discussion in previous paragraph andnost sensitive to changes in the basis set or theoretical method
Figure 10). An examination of the momentum profile obtained used and those for MOs 1P are relatively insensitive to
by subtracting the b3 TMP for MO 10 from the 20.0 eV XMP changes in the computational method. There is a steady
(see inset of Figure 11) supports this explanation. The resultingimprovement in the agreement between the HF TMPs and the
profile is consistent with the b3 MO 11 TMP scaled by 16%. XMPs with increasing basis set size. The minimal basis set
Including this additional intensity in the b3 TMP (dashed line, STO-3G HF calculations (st in Figures 3 and 4) produce TMPs
Figure 11) eliminates the discrepancy between theory andthat differ dramatically from the experimental profiles. This
experiment. basis set clearly does not have the necessary flexibility to
Molecular orbital calculations indicate that MO 9, like MO  accurately describe the outer valence molecular orbitals of
10, is comprised to a considerable degree by carbon 2s electrorflycine. Some improvement occurs in going to the 4-31G (49)
density. However, the two orbitals differ in that MO 9 also and 6-311G (6g) split-valence basis sets. However, the outer
contains significant nitrogen 2s density and no appreciable valence TMPS calculated using these basis sets still tend to agree
bonding character. Upon examination of the XMP for this inner POOrly with the XMPs, particularly at low momentum. The
valence orbital (Figure 12), it is apparent that the spectroscopic addition of diffuse and polarization f_unctlons to th(_a 6_—311G basis
factor for this ionization process must be significantly less than S€t (the 6-313+G** (6p) calculations) results in improved
1. In addition to this intensity difference between theory and 2dreement between theory and experiment for many of the
experiment, the XMP (solid circles) is higher than all of the orbitals. This is typified by an increase m_the predicted intensity
TMPs near zero momentum and appears to peak at a slightlyat Io_w momentum and a shift of the maxima of the momentum
lower momentum than do the TMPs. These last two observa- Profiles @wax) toward zero momentum in the case of p-type
tions could be a result of some contamination of this xMp Profiles. This is a consequence of the improved description
with signal from the adjacent and considerably more intense of _the spatially d'ﬁuif regions of the electron density w_hen
s-type He 1st ionization calibration peak (see Figure 2). This using the 6-313+G* basis set. Because of the Fourier
seems likely since, as shown in Figure 12, the XMP (solid transform relationship between position and momentum
circles) minus the scaled He 1s TKfRgives a momentum (63) Davidson, E. RInt. J. Quantum Chenl99Q 37, 811-819.
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space, these outer regions of electron density roughly correspondhe outer spatial regions of the valence orbital electron distribu-
to the low momentum regions in momentum space. Further tions of glycine, and this finding is consistent with the
increases in basis set size from the 145-CGF 6+3tG** observation that some accounting of electron correlation is
basis set to the 240-CGF trun-pVTZ (tt) and 345-CGF aug- necessary for the accurate calculation of other properties (e.g.,
cc-pVTZ (tz) basis sets result in no further appreciable change relative conformer energies) of glycide. The reasonable

in the momentum profiles. It would therefore appear unneces- agreement between the KS-DFT momentum profiles and the

sary to employ such large basis sets for Hartieéeck calcula- experimental data for glycine suggests that DFT is an effective
tions of momentum profiles and perhaps other properties of choice for accounting for these electron correlation effects and
glycine that are predominantly dependent on the “larde- modeling the longer range electron den$ttylt is of interest

regions of the electron density. It is important to note, however, to note that similar results have been found for the HOMO of
that further improvements in both total energy and dipole NHj3;by comparing EMS measurements with calculations using
moment were obtained by using the two larger basis sets (seeMRSD-CFE7 and also DF¥ methods.
Table 1). The importance of accounting for electron correlation effects
The apparent near convergence of the HF results for and using relatively large, diffuse basis sets when momentum
momentum profile, total energy, and dipole moment suggests profiles are calculated for glycine suggests that this may also
that the HF limit has been closely approached. However, a be necessary for other larggroperties of glycine and for other
discrepancy still remains between these theoretical profiles andamino acids and proteins. If this is the case, the size of the
the experimental data, particularly in the region of low molecule for which it will be feasible to perform accurate
momentum where the HF results tend to underestimate thecalculations will be quite restricted using post-HF theoretical
intensity. This discrepancy is essentially removed when the methods. For this reason, the success of the less computationally
KS-DFT profiles are considered. The DFT calculations predict intensive DFT in the current work is particularly encouraging.
a further shift toward low momentum in the maxima of the The current work indicates that in particular the long-range outer
p-type momentum profiles from those predicted by the HF spatial regions of the electron density in the frontier orbitals of
calculations. The orbital ordering predicted by the DFT glycine are more adequately described when correlation effects
calculations also appears to be more consistent with theare included. This may prove important for problems of
experimental data than that predicted by the HF calculations. modeling reactivity, molecular recognition, and molecular
The improved agreement between theory and experiment,similarity involving amino acids and proteins in computer-aided
particularly at lower momentum<(1 au), can be attributed to  molecular design.
the inclusion of electron correlation effects via the exchange-
correlation potential energy functional in DFT. Although there
are small differences in the momentum profiles obtained from
the DFT calculations using different potential energy functionals,
it is not evident that one calculation provides markedly better
agreement with experiment. However, it is important to note
that a recent theoretical study of the geometries and relative
energies of the conformers of glycine determined using DFT
found that, among the functionals considered, only the hybrid
B3LYP functional reproduced the energetic ordering of the JA9613015
glycine conformers predicted in studies using post-HF meth- — (4) Note that for extremely long range regions of electron density,
ods28 currently available functionals are in error as a consequence of their incorrect
The discrepancies between even the large basis set H@S{?Sg‘g%%grf_bj_ Chenm. Phys1093 98, 5648-5652.
calculations and the experimental momentum profile data (gg) Lee, C.: Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.
indicate the inadequacy of noncorrelated methods for calculating (67) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244-13249.
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