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Temporary anion states of selected amino acids

K. Aflatooni,? B. Hitt,”) G. A. Gallup, and P. D. Burrow
Department of Physics and Astronomy, University of Nebraska—Lincoln, Lincoln, Nebraska 68588-0111

(Received 29 May 2001; accepted 27 July 2001

Vertical attachment energies for the formation of low-lying temporary anion states of glycine,
alanine, phenylalanine, tryptophan, and proline in the gas phase are reported using electron
transmission spectroscopy. Electron attachment into the emiptyrbital of the —COOH group was
observed in all the compounds. Temporary anion states associated with the side groups in
phenylalanine and tryptophan are found to be stabilized with respect to those in the reference
compounds toluene and indole, respectively, by approximately 0.2 eV. We attribute this to
electrostatic effects and explore, using simple theoretical models, the extent to which such anion
states could be further stabilized if these amino acids were in zwitterionic fornrRO@L American
Institute of Physics.[DOI: 10.1063/1.1404147

INTRODUCTION carried out. In this study, we report results for glycine, ala-
nine, phenylalanine, tryptophan, and proline. Data in cys-
The energy required to attach an electron into the lowesteine are also presented but are compromised in part by sig-
unoccupied molecular orbitd UMO) of a molecule in the nals from CQ, a decomposition product. To support our
gas phase is a fundamental property that bears on numerogaion assignments, we also include the results of quantum-
chemical processes related to the ease with which the mokhemical calculations of the lower virtual orbital energies of
ecule may be reduced. Determined at the equilibrium geomthese amino acids.
etry of the neutral molecule, this quantity is called the verti-
cal attachment energyVAE), and its value provides a
reference point from which the effects of solvation or other
changes in the molecular environment may be stutiiedi- The ETS technique has been amply discussed in the lit-
thermore, the gas phase value gives a benchmark for calibrarature along with its applications to complex molec@iés’
tion of theoretical calculations that do not attempt to includeBriefly, an energy-selected electron beam is directed through
solvent effects. a gas cell containing a sufficient density of the target com-
For molecules in which VAEO, the resulting anion pound to partially attenuate the beam. The scattered electrons
states are short-lived and decay primarily by ejection of theare rejected at a retarding electrode following the collision
electron back into the continuum. Low energy electron scatregion, and the transmitted current, comprising the unscat-
tering techniques such as electron transmission spectroscopgtred electrons, is collected. A sharp dip in this current as a
(ETS),% in which the anion states appear as resonances in thfenction of electron energy signals the presence of a peak in
scattering cross section, are therefore natural and convenietite scattering cross section arising from the formation of a
means to locate these transient stdtt$he valence anion temporary anion state. To accentuate this structure, the en-
states of the most fundamental biological constituents havergy of the electrons is modulated in the collision cell with a
received little attention in the gas phase using such methodsmall ac voltage and the derivative of the transmitted current
Temporary anion states in the four DNA bases and uracil, fowith respect to energy is acquired using a synchronous
example, have been reported only recentlVhis work detectof Each “resonance” is therefore characterized by a
showed that the lowest-lying valence anion states of the latminimum and a maximum in the derivative signal. The en-
ter molecules are not stable at the equilibrium geometries ofrgy of the midpoint between these is assigned to the VAE.
the neutrals and provided the VAEs associated with filling  In the present work, the collision cell and an oven source
the LUMOs and several higher lying empty orbitals. containing the compounds were separately temperature con-
In the present work, we extend such measurements ttolled. To minimize problems with surface charging of the
several of the amino acids, the fundamental constituents afntrance and exit apertures, the collision cell was generally
proteins. The experimental difficulties of working with the kept at a higher temperature than the oven. The amino acids
amino acids in the gas phase, namely their tendency to thewere obtained from Aldrich with quoted purities of 99% or
mally decompose, are well known from earlier photoelectror®9+%. Each was loaded into the oven without further treat-
spectroscopyPES studies® As a general guide, we find that ment, the system was evacuated to its base pressure of
ETS can be used in most molecules for which PES has beei3—4)x 10~ Torr, and the temperatures of the cell and oven
slowly increased until attenuation of the electron beam was

dCurrent address: Department of Physics, Fort Hays State University, Hays()‘bserVEd' The ovenicollision cell temperatues) were ap-
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KS 67601-4099. proximately as follows: glycine 155/165, alanine 152/--, phe-
PCurrent address: J. A. Woollam Co., Lincoln, NE. nylalanine 160/--, tryptophan 185/254, proline 120/190, and
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cysteine 136/145Unfortunately the collision cell tempera- are those generated from the starting geometry produced by

tures for alanine and phenylalanine were not recojdéol-  SPARTAN. The more detailed study carried out for glycine

lowing measurements in each compound, the sample ovendicated that the VAEs for attachment into th& —COOH

was cleaned and the apparatus baked until no backgrouratbitals for the four lowest lying conformers, of eight stud-

signal could be seen. ied, were spread by only 71 meV. This accuracy will be
In their PES studies, Cannington and Hawhserved the sufficient to support our anion assignments.

production of CQ from thermal degradation of the COOH

group to some degree in all the amino acids upon heating. IResy| TS

our case, the pronounced temporary anion state at 3.57 eV in

CO, can be used as an indicator for this particular decompo- ~ With unsaturated compounds, the dominant resonances

sition process. In the compounds reported here, howevefPPearing in electron scattering cross sections arise from

CO, was only observed in cysteine. We have no other meandémporary occupation of normally empty* orbitals. In

in situ, to observe decomposition products. We note that ETSUCh compounds made up of first row elements, the empty

is not a particularly sensitive method for detecting small ad-™ orbitals lie higher in energy and the associated anion

mixtures of impurities unless the structures they produce istates have shorter lifetimes and thus greater spreads in en-

the transmission spectra are quite narrow. The features w&¥9y, making them harder to isolate and identify. In each of

observe are sufficiently broad and their association with théhe amino acids therefore, we expect to observe a pro-

reference molecules so strong that it seems unlikely that thefounced feature characteristic of the normally emgptyor-

result from impurities, save for the case of cysteine. In oufital of the —COOH group common to the compounds. If the

unsuccessful measurement in asparagine, the only signal oplde groups are also unsaturated, as in the case of phenyla-

served by ETS was that of GQindicating that the other lanine and tryptophan, we expect additional low-lying

decomposition products did not produce low-lying tempo_anion states similar to those of toluene and indole, respec-

rary anion states. tively. At higher energies, broad features associated with the
The VAEs of the amino acids were energy calibrated to¢™ (C—C,C-N, C—ﬂ orbitals will appear, however, we will

within + 0.05 eV by admitting Mto the cell and referring to NOt attempt to assign these states. _

well known features arising from the ,Ntemporary anion. Table | summarizes VAE andEgp, the dip to peak -

The electron energy resolution cannot be determined directi§nergy separation of the derivative structure in the transmis-

from our data since there are no known features in the spe&ion spectrum, for each of the temporary anion states, to-

tra sufficiently sharp to test it on. Prior to heating the ovengether with the orbital attribution, and the calculated virtual

and cell, the beam “turn-on” indicates a full-width at half- @nd scaled orbital energies.

maximum of approximately 60—80 meV. Glycine and Alanine

We begin with the simplest of the amino acids, having
THEORETICAL side groups of —H and —Cfirespectively, neither of which
will introduce low-lying anion states. The ET spectra are
Ab initio SCF calculations were carried out using the gpown in Fig. 1 along with that of HCOOH, which we use as
GAMESS program® Geometries of the neutral molecules were 5 reference molecule for the —COOH group, and,G@hich
optimized in the 6-31G basis set, and virtual orbital ener- e include to indicate where this decomposition product
gies were obtained with the same basis set. It is well knowRyoyid appear in the spectra. The vertical lines in each panel
that such orbital energies are in substantial disagreemef{gicate the energies of the VAEs. ET spectra of HCGBH
with experimental_ VAEs ir_l_an absolute sense. The relativeyq CQ (Ref. 12 taken close to ambient temperatures have
values, howevenyithin families of related moleculesan be  peen published previously and show weak vibrational struc-
usefully employed. By scaling the virtual orbital energies toy,res. These are likely to be obscured at the higher tempera-

VAEs determined by ETS in a few prototypical molecules, yres used here because of the greater population of excited
predicted VAEs for other similar compounds can be derivedy;iprational levels of the molecules.

Anumber of schemes for scaling have been put fiththe The close similarity of the ET spectra of glycine and
present work, we employ the one in our DNA stuoﬁeslng alanine to that of HCOOH, with respect to the energies at
as standards the measured VAEs of the lowest anion states @fich the features appear and their width&,,, confirms
benzene, naphthalene, pyridine, and pyrimidine. We founghe origin of these anion states to temporary occupation of
that VAE=[e,,—2.5553/1.3749, wheree,, is the calcu-  the * orbital of the ~COOH group, in agreement with the

lated virtual orbital energy in eV. _ theoretical results. No sign of structure owing to the presence
At the temperatures of our measurements, a mixture ofy CO, was observed.

conformers of the amino acids will be present. When treating
molecules with many conformers, automatic geometry opti- .
o . . Phenylalanine

mization programs, such asAMESS can arrive at various

local energy minima depending upon the starting point of the  Figure 2 shows the spectra of phenylalanine and toluene,
optimization. On the other hand, initial geometry-building a reference molecule for the side group. The spectrum of the
software, such as that incorporatedsimarRTAN,*® uses some latter has been reported earlier with higher energy
simple rules to make conformation choices. Except for gly-resolution** The major feature in the toluene spectrum near
cine, where we studied different starting points, our results.21 eV derives from the doubly degenerajg( 7 ;) orbit-
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TABLE I. Measured vertical attachment energies, dip to peak widths, calculated virtual orbital energies in the
6-31G" basis set, and scaled virtual orbital energies as described in the text. All values are in units of elec-
tronvolts.
Amino acid Molecular orbital VAE AEgp VOE Scaled VOE
Glycine m* (~COOH 1.93 0.96 5.1171 1.863
Alanine m* (~COOH 1.80 0.93 4.9215 1.72
Phenylalanine 77}, (-¢) 0.87 0.57 3.8074, 3.9013 0.911, 0.979
5 (~COOH 185  >0.33 5.1226 1.867
s (=) 451 1.00
Tryptophan  (s.9)° 0.68 0.37 3.7269 0.852
w5 (s.9), 75 (~COOH 1.60 0.49 4.8739, 5.1773 1.686, 1.907
i 2.50 0.39 6.1090 2.585
Proline m* (~COOH 1.91 1.03 5.3688 2.0463
5.4 2.37
Cysteine 7* (~COOH 1.98 0.91 4.3277 1.289
5.4026 2.0709
(CO, decomp). 3.59 0.92
Reference
molecules
HCOOH 7* (~COOH 1.73 0.82 5.1082 1.857
COo, 3.58 0.93
Toluene 5, 1.21 0.66 4.0828, 4.1394 1.111, 1.149
3 4.80 0.72
Indole ¥ 0.90 0.33 3.7615 0.877
5 1.85 0.40 4.9746 1.7603
5 271 0.56 6.2475 2.685
Pyrrolidine o*? 1.77 1.33 6.1253 ?
a* 6.01 212
*See text.
bs.g=side group.
T T L B T T T T T
als of benzene. Although the additional structure between 1.93
1.25 and 1.65 eV has the appearance of a separate anic NH,
state, ther} , orbitals in toluene are believed to be spaced by H-(coon
only 33 me\A* Because similar structure exists in the ben- Gl“ .
zene spectrum, the origin of the structure in toluene appear:-‘g yeme
not to arise from large splitting of the two orbitals. The upper = | : : : :
feature at 4.8 eV in toluene derives from the benzene-g
bag(73) orbital. % -
Each of the “toluene” resonances is observed in the phe- g CH.—h—coon
nylalanine spectrum, along with that from the —COOH group g l
near 1.85 eV. The latter is overlapped by the contribution © Alanine
from the 1.1 eV structure owing to the side group, and its E ; ' } ; '
energy cannot be determined as precisely. No sign of the'g
CO, decomposition product is observed. We note that theg L
anion states arising from the side group are estelbilized &
relative to those in toluene, the lowéquasi-degenerate
state by 0.23 eV and the upper by approximately 0.37 eV. 2 HCOOH
§ : : : i i
Tryptophan 8
A 3.58
Figure 3 shows the ET spectra of tryptophan and indole,
the reference molecule for its side group. The spectra are
quite similar, although the anion states associated with the co
side group of tryptophan are stabilized by about 0.2 eV rela- T T - T R
tive to those in indole. The tryptophan anion state associatec 1 2 3 4 5
with the —COOH group, normally expected to lie near 1.8 Electron Energy (eV)

eV, does not appear as a separate feature. This resonance >

likely to be obscured by the second anion state arising frongg. 1. The derivative with respect to energy of transmitted electron current

the side group. In support of this, we note that the seconds a function of electron energy in glycine, alanine, HCOOH, ang. CO
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FIG. 2. As in Fig. 1, for phenylalanine, toluene, and £O Electron Energy (V)

FIG. 3. As in Fig. 1, for tryptophan and indole.

resonance in tryptophan is considerably larger in magnitude
relative to the first resonance than it is in indole, consistent
with the overlap of two anion states. but note that it could well overlap and obscure a smaller and
A feature in the tryptophan spectrum occurs near 3.5 e\Vproader contribution from the five-membered ring. No evi-
close to the value expected from a Cimpurity. However, dence for thermal production of G@s observed.
the width of this resonance is narrower than that of,C&and
it is likely to be associated with a core-excited anion state in
tryptophan. Cysteine
Of several other amino acids that were attempted, in-
cluding cysteine, histadine, asparagine, and arginine, none
Figure 4 shows the ET spectra of proline and a referencgave ET spectra that were free of €QVe present in Fig. 5
molecule, pyrrolidine. Proline is an anomalous amino acid inonly the results in cysteine as an example of the least prob-
that the side group consists of three Lgtoups added in lematic of these. The lower resonance is entirely consistent
cyclic fashion to the CH-NH structure. The resulting five- with that arising from the —COOH group with respect to
membered ring is saturated, and we would not expect a lowenergy and width. The —Cj3H side group is best modeled
lying anion state to arise from it. Surprisingly, the pyrrolidine by CH;SH. ETS studies in this compound were carried out
reference spectrum clearly shows a feature at 1.77 eV iby Dezarnaudet al!® who reported a very broad feature
addition to a higher lying resonance at 6.0 eV. The assignfAEy,~2.5eV) centered at 2.85 and attributed to a
ment of the lower feature is not clear, and our virtual orbitalo* (C—S) orbital. These characteristics are not in good
calculations do not yield such a low-lying anion state. Weagreement with the upper resonance observed in cysteine.
cannot rule out the possibility that the structure in the ETThe properties of the upper feature, however, are entirely
spectrum arises from an impurity, although the feature and aonsistent with those of CQO Since thermal production of
similar one in cyclopentane have been observed indeperz0O, is done at the cost of the —COOH group, the presence of
dently elsewheré&® both resonances seems to imply that comparable amounts of
The proline spectrum shows its most prominent structuréhe parent compound as well as the decomposition products
at 1.91 eV. The width and profile of this feature match verycould be present. We suggest that the anion state associated
well those of the —COOH#* resonances in glycine and with the o* (C—S) orbital is so weak and broad that it is
alanine, and we attribute it primarily to this orbital in proline obscured by the —COOH and G@sonances.

Proline
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NH— CH- COOH
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FIG. 4. As in Fig. 1, for proline and pyrrolidine. FIG. 5. As in Fig. 1, for cysteine and GO

DISCUSSION N-protonated and O-deprotonated phenylalanine. With a
. . 6-31G" basis, this hypothetical structure cannot be subjected
VAEs for the amino acids and the reference moleculeﬁP an unconstrained geometry optimization without having

studied here are in good agreement with the scaled Orb't%ne of the protons in the —NHgroup migrate to an oxygen

energies, considering the limited exploration of the various | _CG, returning the structure to the normal gaseous

conformers. The only puzzle is the low-lying resonance ob- - .
. - ; form. Constraining some of the positions, however, allows us
served in pyrrolidine, which warrants further study, both ex-

perimentally and theoretically. to carry out a computer investigation of the effect of the large

A noteworthy feature of the results we have presente(fj'pme moment of the zwitterionic group on the energies of

. . - .
here is the roughly 0.2 eV stabilization of thé& anion states the = +reson_ances in the phenyl ring. As aﬂrst test, the —
associated with the side groups of the amino acids with recHNHz: —CGO; fragment of the molecule, which we lab)

spect to the corresponding states in the reference moleculé¥as rotated rigidly about the single bond attaching it to the —
A possible source of this stabilization is the electric dipoleCH2—CeHe fragment containing the benzene ring. The over-
field of the portion of the amino acid away from the side &/l dipole moment varied over a range of about 1 Debye
group. The magnitude of this stabilization encouraged us t@ound the value of 12.7 Debye as A executed a 360° rota-
consider how the energies of the anion states of the side tion. As expected, the electric potential of the dipole at the
groups would be modified by the large dipole momentbenzene ring changes sign during the rotation, producing an
present in the zwitterionic form of the amino acids. In this approximately sinusoidal variation in the LUMO energy as a
structure, the —COOH group loses a proton to become ~~COfunction of angle.
and the —NH group becomes —NH producing a very large The minimum LUMO energy occurs at an angle only a
local dipole moment that, if oriented correctly, could sub-few degrees away from the geometry at which the total en-
stantially stabilize the LUMOs of phenylalanine and tryp- ergy is minimized. At this latter geometry, we find that the
tophan. We next examine at a crude theoretical level th& UMO of the phenylalanine “zwitterion” has a calculated
possible extent of this stabilization in phenylalanine. virtual orbital energy ofe,,=2.7353 eV. Using the scaling
There is no firm evidence that stable zwitterions of theprocedure given earlier, this corresponds to a VAE of 0.13
amino acids can occur in the gas phase. Nevertheless, w/; that is, the lowest valence anion statevestically un-
may construct a hypothetical zwitterion species of phenylastable by only 0.13 eV, a stabilization of 0.74 eV with respect
lanine using appropriate bond distances and angles froro its value in normal phenylalanine. Similar calculations
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