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Dipole-Bound Anions of -Alanine: Canonical and Zwitterionic Conformers
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The remarkable stabilities of the dipole-bound anions of the canonical and zwitterionic conforrfiexanine

are predicted at the high level of theories, in which the former is the global minimum and the latter, the anti
zwitterionic anion, is the local minimum. In contrast to the dipole-bound anions of glycine, the gauche
zwitterionic anion off-alanine is an unstable conformer. The vertical electron detachment energies for the
canonical and anti zwitterionic anions are 58 and 1145 meV, respectively. The photodetachment electron
spectrum of the canonical anion is theoretically simulated on the basis of the F@onkion factor
calculations.

1. Introduction the photodetachment of the canonical ari®Moreover, the
theoretical calculations indicate that the canonical and zwitter-

Novel properties of anionic species attract great interest of oic anions of arginine are energetically degenerate but have
both experimental and theoretical studies. In particular, an eXCeSYyistinctly different VDE valued!

electron can be captured and supported for a considerably long
time by the molecular strong electrostatic fields regarding dipole
and quadrupole moments (noted as dipole- and quadrupole-
bound anions, respectively)As far as biological molecules,
both valence-bound (the excess electron occupies at one empt
molecular orbital of the neutral) and dipole-bound anions can
be formed for the free nucleic acid bageie dipole-bound
anions are found for glycine and arginine conformietsyhile

the instabilities of valence-bound anions of the isolated amino
acids have been provéd.Amino acids have a quantity of
conformers in gas phase due to the intramolecular rotation
freedoms. Recently, a stability rule for the neutral isolated amino
acids was derived from the experimental data and computational
results, namely, the bifurcated N++O (carbonyl) hydrogen

In this work, a theoretical approach of the dipole-bound
anions off-alanine is reported, which is potentially a reference
of experimental work in the future. Furthermore, although the
conformations and the stability order Gfalanine are similar
Yo those of glycine, the extremely strong intramolecular HB N
--HO in $-alanine significantly affects the electronic structure
of the neutraf® Whether or how this intramolecular interaction
affects the stability of the canonical anion is a very interesting
topic. On the other hand, it is well-known that there are two,
gauche and anti, zwitterionic conformers @flanine. About
20 kcal/mol energy difference between the gauche and anti
conformers in gas phase is remarkably reduced within solvent
effects, and the anti conformer is slightly preferred in solufion.
Although neither of these two neutral zwitterions is stable in

Eong!ng (HBf) conformhers are the mt(?st Stta%l.?ﬁ%nd thetl-ﬂot the gas phaséwhether they can be stabilized by an excess
onding conformers have comparative stabilifiés. contras electron is another topic of this study.

to the gas-phase conformers, the amino acids usually exist as
zwitterions NH+*—CHR—COO- in the condensed pha3e. ,

However, instabilities of the gas-phase zwitterionic coF;lformers 2. Theoretical Methods
of the neutral amino acids have been demonstiaiBte N-- As demonstrated by Gutowski and co-workérslectron

HO bonding canonical and zwitterionic conformers of the correlation and proper basis set are important to describe the
neutral amino acids clearly have the large dipole moments; diffusely bounded electron of the dipole-bound anions. The
therefore, they can support the dipole-bound anions. The dipole-geometrical parameters of all possible conformésg, B-,
bound anions based on the canonical and zwitterionic structuresBz-, Cz~) shown in Figure 1a were fully optimized with the

of glycine and arginine are found to be stat#éeThe electron- second-order MgllerPlesset (MP2) perturbation methbend
solvated zwitterion (the dipole-bound anion) of glycine is alocal the stationary points both of neutral and anions were examined
minimum, and it is 3167 cmt energetically higher than the by the harmonic vibrational frequency calculations. The Dun-
singly HB (N---HO) canonical anion, which is the global ning’s correlation consistent doublebasis set, aug-cc-pVDZ,
minimum33The vertical electron detachment energy (VDE) of was supplemented with the additional even-tempered 5s and
the canonical glycine anion is predicted to be 668 tica. 83 5p symmetry functions centered on N atom. The extra 5s5p
meV) 3 which is appealingly close to the experimental value diffuse set was built from the lowest s and p exponents included
of 95 meV3* The VDE of arginine anion is measured to be in the aug-cc-pVDZ, and the geometric progression ratio was
256+ 30 meV, which may arise from the photodetachment of set to 3.2, according to the previous wfk"8 The energetic

the zwitterionic anion; the shoulder at 180 meV in the extrapolation calculations were carried out at the coupled cluster
photodetachment electron spectrum (PES) can be explained bylevel of theory with singlet, double, and noniterative triple
excitations CCSD(T}? In calculations for the doublet anion,

* E-mail: sxtian@ustc.edu.cn. the value of($?0never exceeded 0.7501 for the SCF wave
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Figure 1. (a) Structures of the neutrgl-alanine at the different
stationary points on the MP2 potential energy surface. The artificial
neutral state oBz andCz are shown with the geometries of the stable
dipole-bound anion8- (the additional N-H bond length is 1.02 A)
andCz-, respectively. The broken lines represent the hydrogen bonds.
(b) Singly occupied molecular orbital of the aniorfiealanine at the

B~ andCz™ stationary points.

TABLE 1: Energies (in meV) of the Neutral and Anionic
Species with Respect to the Neutral A Conformer and the
Dipole Moments of the Neutral f-Alanine (in D)

MP2+ ZPVER CCSD(TY dipole momerft
A 0 0 1.42
B 25 20 6.57
B~ —-20 —36 6.63
Cz- 959 1011 17.18

aWith the zero-point vibrational energy correctidrOver the MP2
optimized geometries.Over the respective (neutral or anionic) MP2
optimized geometries.

function. The reliability of the present theoretical methods was
proven by reproducing the results of the dipole-bound canonical
and zwitterionic anions of glycin& and the saturation of the
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locating the stable dipole-bound aniBa—, and the geometrical
optimization always moved downhill in energy B>. This is
distinctly different from the zwitterionic anion of glycine, which
is a local minimum on the potential energy surfde@n the
other hand, in our previous study of tffealanine cations, the
ionization for the highest occupied molecular orbitaBakads

to the spontaneous hydrogen shift fromt®N atom, indicating
the stability of the zwitterionic catioff. A conclusion may be
derived forB that the ionization can much more easily result
in the intramolecular hydrogen shift than the slow-energy
electron attachment. However, the anti zwitterionic ar@a

(Cs symmetric) is found to be at the local minimum on the
anionic potential energy surface.

Table 1 lists the energies of the neutral and anionic conform-
ers with respect to the neutral Both the MP2 (including the
zero-point vibrational energy (ZPVE) corrections) and energy
extrapolated CCSD(T) calculations indicate tHzit is the
energetically lowest whil€z~ is much higher in energyCz~
andBz (the artificial anionBz™ is constructed with the dipole-
bound aniorB~ structure) are predicted to be almost degenerate
in energy at the MP2 level, which is similar to the relative
stabilities between the neutrl8kz andCz.” Cz~ is stable while
Bz~ is unstable. The dipole-bound ani&t should be at the
global minimum of the electronic ground-state anionic potential
surface. Thereby, the adiabatic electron affinity eéf B can
be estimated to be 56 meV by the energy difference betiBeen
andB~ at the CCSD(T) level. The diffuse character of the singly
occupied molecular orbital (SOMO) describing the loosely
bound electron is shown in Figure 1b. In Table 1, we find that
the neutral dipole moment of the dipole-bound anionic structure
of B~ is slightly different from that ofB, and this can be
explained since the neutral equilibrium structure is relaxed after
the excess electron attachment. This is an important factor that
we may observe some weak vibrational structures in the PES
of the dipole-bound aniori§:4e We will discuss this in the
following text.

The MP2 energy profiles for the transitions between the
neutral canoniceB and zwitterionidBz, and between the anionic
B~ andBz™ are shown in Figure 2a. The broad plateaus of the
HB lengths 1.6-1.3 A for N:-HO are found for the neutral
and anion. However, there are no stationary points in this range,
indicating the instabilities oBz andBz~. On the other hand,
the formation of the stable zwitterionic ani@e~ is unlikely
via the direct intramolecular hydrogen shift from thg-H3yroup
to N atom. One possibility is to be produced through the
intramolecular bond rotation, namely, the variance of the

basis set was examined by adding more diffuse functions. Thedihedral angle D(gC,C:N). The MP2 energy profile in Figure

above calculations were performed with the Gaussian 98
programt! Molecular orbital electron density maps were plotted
using the MOLDEN prograf? with the contour values-0.02

in arbitrary unit.

3. Results and Discussion

In Figure 1a, the neutral zwitterionic conform&s (gauche)
andCz (anti) are not at the minima of the electronic ground-

state potential surface, in agreement with the previous conclu-

sion87 Geometrical optimizations enforce the hydrogen atom
binding with nitrogen atom iBz or Cz to be rebounded with
oxygen (Q) atom (to formB) or to be depronated directly. The

2b is obtained by scanning the relaxed potential energy surface
of the dipole-bound anion froB~ to Cz~. Two main features
should be addressed: there is a very low energy barrier for the
transition fromCz~ to B™; the H atom can spontaneously shift
from the QH group to N atom when the dihedral angle
D(C3C,CiN) is about 77.5. The latter is easily observed from
the R(N--H) distance profile.

The VDE values of the stabB~ andCz~ are calculated at
the different levels of theory. In Table 2, one can find that the
higher level consideration of electron correlation effect leads
to the larger VDEs. The VDE (1145 meV) 6z is about two
times larger than that (58 meV) Bf, while the dipole moment

dipole-bound anions may be formed on the basis of the canonical(17.18 D) ofCz is three times larger than that (6.57 D) Bf

structure ofB and the zwitterionic structures &z and Cz,
because their calculated dipole moments (6.57 B ahd 17.18

D of Cz) shown in Table 1 exceed the critical dipole of ca. 2.5
D required to bind an excess electrotiHowever, we failed in

Although the VDE values of the dipole-bound anions definitely
increase with the increase of the dipole moments, they are also
related to the chemical environments for the attached elegtron.
The unexpected lower VDE of Cz™ is due to the excess
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(a) 020 TABLE 3: Geometrical Parameter Changes and Vibrational
Frequency Shifts of B~ with Respect to B
a R
—~ 0164 O --- B bond length angle
B @ = ﬁ. — o— neutral B (=103 A) (=0.02 deg)
£ 5_{}:&- . —o— anion B~
b - 5N 0,—H +3.2 ANNCC)) —-0.03
S ; Ne++H -1.9 A(C0:N) +0.21
& D(O,HNCy) —-0.02
5 0084
v frequency frequency
& Bz (unstable) mode shift (cnm?) mode shift (cnm?)
— (i
5 oo 13(C1C2Cs bending) +4.7  ux(CsOustretching)  —7.7
1 Bz (unstable v11(NH2,OoH wagging)  +5.6  vsy(OH stretching)  —65.3
0,004 v13(O-H wagging} +18.8  w3(NH; stretching) =75
. . . . v14NH2,CH; wagging)  +4.8  vsg(NH; stretchingy ~ —9.5
06 08 10 12 14 16 18 v23(O:H wagging} +8.6
R(N---H) (angstrom) a2 Out-of-plane (QCsCy). P In-plane (QCsCy). ¢ Symmetric.d Asym-
(b) 088 22 metric.
Cr-
T i $ |30 TABLE 4: Theoretical Values of Franck—Condon Factors
g . and Transition Energies (cnm?) in the Photodetachment
— i - i 1 —)a
§ —m By 1322 1% Electron Spectrum of the Canonicalf-Alanine Anion (B~)
E 090+ & ——N---H ” '=2 transition position FC factér
= e g o 0 1.000
& 091 2 4= 2! 204 0.004
+ = B 9
! w1 A 35 281 0.003
= oo L 128 6 484 0.001
- g 104 813 0.001
e A T 8t 864 0.001
e 12t 992 0.001
T T T T % T T T T 08 ]_4% 1021 0.002
&0 80 100 120 140 160 180 16 1091 0.001
D(C3C2CIN) (degree) 17; 1241 0.001
Figure 2. (a) MP2 energy profile for the neutrB- and anionB~ for 19; 1306 0.003
the hydrogen shift process. (b) The relaxed potential energy profile 24% 1485 0.001
for the transition fromB~ to Cz~ by varying the dihedral angle 25(1) 1664 0.001
D(C3C2C1N) #) and the corresponding-NH distances®), predicted 29(1) 3131 0.003
at the MP2 level. The details can be found in the text. 30§ 3160 0.002
) . N 31 3254 0.003
TABLE 2: Vertical Electron Detachment Energies (in meVy 32 3504 0.008
MP2 MP3 MP4(SDQ¥ CCSD(T) - = ,
- 24 45 47 =8 a Position of the 6-0 transition was set to 0 crh P In Figure 3, the
B transitions with the FC factors larger than 0.0001 are included. 2:
Cz 1093 1102 1102 1145 C3C,CiN torsion; 3: GC.Cs bending; 14: NH,CH, wagging; 19:

aOver the MP2 optimized geometri€sThe third-order perturbation ~ CHzNHz wagging; 29: GH; stretching (asymmetric); 30: -85
method.c The forth-order perturbation using single, double, and Stretching (asymmetric); 31: @ stretching; 32: NH stretching
guadruple substitution space. (symmetric).

electron density distribution that is a little delocalized. In Figure to the corresponding ones d. In particular, the small
1b, the bonding and anti-bonding relations with the main lobe elongation $0.0032 A) of the bond ©-H leads to the
of SOMO of Cz~ can be observed by the small amplitudes on significant red-shift {65.3 cntl) of the Q—H stretching
the NH; group and @atom. This case, similar to the zwitterionic ~ frequency. The FranekCondon (FC) factors (i.e., the squares
dipole-bound anion of arginingjndicates that there is no clear  of the overlap integrals between vibrational wave functions of
border between the dipole-bound and valence-bound anions. AsSB~ andB) are calculated in the harmonic approximation. The
mentioned aboveZz~ may be produced via the rotation from  theoretical details can be found in ref 14. The intensity for the
B~ (see Figure 2b). However, this possibility can be ruled out 0—0 transition is normalized to one and the others are scaled
because the VDE oB~ is much smaller than the energy accordingly. The FC factors, transition assignments, and energy
difference betwee~ and Cz~. The intramolecular rotation  positions respective to the-® transition are listed in Table 4.
by varying D(GC,C;N) angle can lead to the electron autode- There are only a few vibrationally excited levels populated in
tachment ofB~. the photodetachment experiments, because of the similarity of
The canonical anioB~ is only one to be detected experi- the equilibrium structures betwe&nm andB. The 0-0 transition
mentally. To simulate its PES, first we compare the geometrical energy corresponding to the E#&s 56 meV calculated at the
parameters and harmonic vibrational frequencie®ofwith CCSD(T) level. In the simulated PES shown in Figure 3, the
those of the neutraB at the MP2 level. As shown in Table 3, 0—0 transition predominatea, while the others are extremely
the geometrical parameters are almost unchanged. The angleveak. If we enlarge the spectrum in 6:2.6 eV of the electron
A(C30:N) is widened with 0.2%, correspondingly, the HB  binding energy, one can find several peaks around 0.2 and 0.5
length R(N--H) is a little shortened. It is interesting that the eV that are due to the excitation transitions related to X
frequency blue-shifts and red-shifts are predicted for the XH = C, N) wagging and stretching modes, respectively. These
(X =C, N, O) wagging and stretching modes®f with respect scenarios are in line with the above-mentioned active vibration



Dipole-Bound Anions off-Alanine

1.0+ n
~~
g 0.8+ E 0.03 y(c3c2CINtorsion)#(CIC2C3bending)
. s 0.2 WXH,(X=C )N)wagging)
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Figure 3. Theoretical photodetachment electron spectrum of the
canonical anion gf-alanine simulated with the FraneiCondon factors
(larger than 0.0001). Each transition is convoluted with the Gaussian
profile shape (fwhm= 20 meV). The italics and a represent the
symmetric and asymmetric vibrational modes, respectively.

modes (e.g., they show the vibrational frequency shifts).
Moreover, the similar structures are also observed in the
experimental PES of the canonical dipole-bound anion of
glycineZ>dHowever, the intensities of X4{X = C, N) wagging
and stretching modes that appeared in the PESre a little
higher. As proposed by Bailey et &F resonant and vibronic
effects together with the FC factors may play role in the
photodetachement of the dipole-bound anions.

4. Conclusion

The remarkable stabilities of the dipole-bound anions of the
canonical and zwitterionic conformers @falanine are dem-
onstrated by the high-level calculations, in which the former
(B) is the global minimum and the latter, an anti zwitterionic
anion (Cz"), is the local minimum. In contrast to the dipole-
bound anions of glycin&Pthe gauche zwitterionic aniadBz~
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