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In this contribution, we consider the interaction of glycine, a small, model biomolecule, and its zwitterion
with fast ion radiation. The object of the study is to determine the differences in properties among various
conformers and orientations of the neutral molecule and the zwitterion and to determine if these differences
will have implications in terms of radiation protection and radiation therapy. To this end, quantum mechanical
calculations were carried out on three conformers of the neutral molecule and two of the zwitterion to determine
both the isotropic and directional components of the moments of the dipole oscillator strength distribution in
each case. It is these moments that determine the interaction of swift radiation with a molecule.

1. Introduction

The spectral moments of the dipole oscillator strength
distribution (DOSD) of a biomolecular system are of consider-
able interest, as they describe many aspects of the electronic
interactions of a biomolecule with its surroundings. Theµth
momentsS(µ), L(µ), andIµ are defined as

and

whereE andf label the excitation energies and dipole oscillator
strengths of the system, respectively.

The I values are referred to as the mean excitation energies
of the system and describe the energy deposition or stopping
(µ ) 0) and broadening or straggling (µ ) 1) in the collision
of a swift, massive ion with the target molecule. The mean
excitation energies are the target parameters that determine the
characteristics of energy deposition, and thus radiation damage,
when ionizing radiation interacts with biomolecules.1 The S
moments can be related to other physical properties of a system,
such as the Lamb shift (µ ) 2), electronic excitations (µ )
-1), and the static polarizability (µ ) -2).2

There has been considerable interest in the spectral moments
of smaller molecules over the years,3 but little attention has been
paid to biomolecular systems, with the exception of water. It is

the purpose of this contribution to consider the spectral moments
of the DOSD of a simple, model, bioorganic molecule and its
zwitterions, namely, glycine (NH2CH2COOH), and especially
the implications for energy deposition and radiation damage to
this molecule.

2. Calculations

Structure calculations were first carried out on glycine using
density functional theory (DFT),4 with the B3LYP functional5

and the 6-31+G(d,p)6 basis. Geometry optimizations were done
starting from several rotamers/conformers, as several local
minima are available near to the global minimum, and the
starting geometry may determine which of these minima is found
by the optimization routine. As the energy minimized geometry
depends somewhat on the starting structure, we ran the
optimization starting from many different rotamers and report
the resulting lowest energy structures. Figure 1 depicts the
minimum energy geometry (conformer A), which correlates well
with the experimental7,8 and other theoretical9 ground-state
geometries. We note, however, that we have no guarantee that
we have found the true global minimum. The coordinate system
is chosen for convenience of comparison among structures. In
all cases, the positivex-axis lies along the C-C bond with the
C-C-N group in thexy-plane. In conformers A and B, as well
as the gas-phase zwitterion conformer, the O-C-O groups are
also in thexy-plane, whereas it is slightly twisted out-of-plane
in the other conformers.

Conformer A is the most stable neutral structure (theoretically,
and experimentally7 by micro- and millimeter wave rotational
spectroscopy). The C-N and O-H bonds are both synperiplanar
to the CdO bond. There is, therefore, a bifurcated hydrogen
bond from the amino group to the carbonyl oxygen, NH2‚‚‚OdC,
as well as a second hydrogen bond (within the carboxyl group)
from the hydroxy group to the carbonyl oxygen OH‚‚‚OdC.

Conformers B and C in Figure 1 correspond to the two lowest
local minimum structures. Conformer B is the least stable of
the three neutral structures. The structures have been experi-
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mentally determined by matrix isolation IR spectroscopy in an
Ar matrix below 13 K.8 The OH and CdO groups are still
synperiplanar which implies again a hydrogen bond within the
carboxyl group, but the C-N bond is now antiperiplanar to the
CdO bond. As a result, there is only a weak bifurcated hydrogen
bond between the amino group and the hydroxy group: NH2‚
‚‚OH.

Conformer C is the second most stable conformation and is
also observed in micro- or millimeter wave rotational spectros-
copy.7 Here, the C-N and O-H bonds are antiperiplanar to
the CdO bond. Only this structure is converted to the zwitte-
rionic structure: zwitter-water. One notes that the energy

difference between the ground state and the lowest local
minimum, ∆EAC, is only 0.018 eV or 0.412 kcal/mol.

Similarly, Figure 2 depicts the glycine zwitterion in its gas-
phase minimum energy geometry and in the geometry it has
when in aqueous solution. The latter was developed from
Conformer C using the PCM continuous solvation model10 as
implemented in Gaussian 03.

Once the molecular geometries were established, the elec-
tronic structure was calculated,11 using a method based on the
polarization propagator scheme.12 To evaluate the moments in
eqs 1-3, one needs the complete sets of excitation energies
{E0n} and dipole oscillator strengths{f0n} for glycine. These

Figure 1. Conformers A, B, and C of glycine. Conformer A is the lowest energy structure.

Figure 2. Glycine zwitterions in the configuration determined for the gas state and in water solution.
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are obtained in the dipole length approximation as the residues
and poles of the polarization propagator

wherera is a component of the dipole operator. From the poles
(E0n ) En - E0) and the residues (〈0|rb|n〉) of the propagator,
the oscillator strengths in the dipole length approximation can
be calculated

Experience has shown that some correlation is necessary to
obtain reliable spectral moments of the DOSD, and conse-
quently, we carried out the calculations reported here in the
random phase approximation (RPA). (It should be noted that
dipole oscillator strengths can be calculated in dipole velocity,
dipole length, or mixed representation, depending on which
operators are used. In the RPA used here, the result should be
identical, if the computational basis were complete.13,14) The
calculations are carried out using a finite basis set that yields a
finite number of excitations equal to the number of particle-
hole excitations allowed by the basis. As a result, we ap-
proximate the continuum with a finite number of discrete
excitations (pseudo-states) placed such that they represent the
continuum. We have found that this discretization of the
continuum works well when sums over the entire excitation
spectrum are taken, but no significance attaches to the individual
pseudo-states.

As in RPA, the length [SL(0)] and velocity [SV(0)] forms of
the Thomas-Reiche-Kuhn (TRK) sum rule should be identical
for a complete basis, the adherence to13

provides a figure of merit for the basis set used in calculation.
For glycine, the total number of electrons is 40, so that the best
calculation will be that with the closest agreement of theSL(0)
andSV(0) moments with that number. We first tried the 6-31+G-
(d,p) basis set which was used in the optimization of the
structures. But with 33.9 and 27.4 forS(0) in length and velocity
representation, respectively, it clearly fails to satisfy the TRK
sum rule. We have therefore investigated a large series of
standard basis sets (Pople type basis sets,6 Sadlej’s medium size
polarized valence triple-ú basis set,15 and Dunning’s correlation-
consistent and correlation-consistent core/valence basis sets16)
as well our own modifications of them using a preliminary
geometry for conformer A. A summary of most of the results
is given in Table 1, where we presentS(0) andI0 calculated for
conformer A of neutral glycine.

One of the main conclusions of this basis set study is that
neither fulfillment of the TRK sum rule nor convergence of
the mean excitation energy can be achieved by simply augment-
ing standard energy optimized valence double and triple-ú basis
sets, 6-31G and 6-311G,6 with diffuse and polarization functions.
Furthermore, Sadlej’s medium size polarized basis set,15 which
is optimized for the calculation of dipole polarizabilities, that
is, for the SL(-2) sum rule, gives almost perfect agreement
between theS(0) sum rules in length and velocity representation,
but the value of the TRK sum rule is not in agreement with the

TABLE 1: Calculation of the Thomas-Reiche-Kuhn Sum for Glycine Using Various Basis Setsa

basis number of functions SL(0) SV(0) I0 (eV)

6-31Gb 3s2p/2s 55 21.9 14.7 36.0
6-311Gb 4s3p/3s 80 26.7 20.4 53.0
6-31+G(d,p)b 4s3p1d/2s1p 115 33.9 27.4 43.6
6-311G(2d,2p)b 4s3p2d/3s2p 160 36.8 34.9 52.8
6-311++G(2d,2p) 5s4p2d/4s2p 185 36.6 35.3 52.2
Sadlej pVTZc 5sts3p2d/3s2p 165 31.6 31.4 39.1
cc-VTZd 4s3p/3s 80 26.2 19.7 48.9
cc-VQZd 5s4p/4s 105 28.5 23.3 61.1
cc-CVTZd 6s5p/3s 120 31.9 24.4 86.4
cc-CVQZd 8s7p/4s 165 31.4 25.1 83.1
cc-VTZ uncontracted 10s5p/5s 150 31.7 24.6 85.8
cc-VQZ uncontracted 12s6p/6s 180 31.4 25.1 83.8
cc-CVTZ uncontracted 12s7p/5s 190 32.1 24.7 89.7
cc-CVTZ+(3d)e 6s5p3d/3s 195 40.0 39.3 72.0
aug-cc-CVTZ+(3d)f 7s6p3d/4s 220 40.0 38.8 71.8
cc-CVTZ+(3df) g 6s5p3d1f/3s 230 40.1 39.1 71.7
cc-CVTZ+(3d,p)h 6s5p3d/3s1p 210 40.1 39.2 71.6
cc-CVTZ+(3d,p)&s+p-recontractedi 4s5p3d/3s1p 200 40.0 39.4 70.8
cc-CVTZ+(3d,p)&recontractedj 4s5p2d/3s1p 175 39.6 39.2 69.4
cc-CVTZ+(3df,p)&recontractedk 4s5p3d1f/3s1p 210 39.6 39.3 69.6

a The associated mean excitation energy is also included to illustrate its variation with basis set quality. TheS moments are pure numbers, and
the mean excitation energies are in electronvolts.b Reference 6.c Reference 15.d Correlation-consistent polarized and correlation-consistent polarized
core/valence basis sets16 cc-pVTZ, cc-pVQZ, cc-pCVTZ, and cc-pCVQZ without the polarization functions, that is, without p-, d-, and f-type
functions on hydrogen and without the d-, f-, and g-type functions on C, N, and O.e Correlation-consistent polarized core/valence triple-ú basis set
cc-pCVTZ16 without the polarization functions, that is, without p- and d-type functions on hydrogen and without the d- and f-type functions on C,
N, and O. Three sets of spherical d-type functions were added to C (with exponents 1.097, 0.318, and 0.1), N (with exponents 1.654, 0.469, and
0.151), and O (with exponents 2.314, 0.645, and 0.214).f Augmented correlation-consistent polarized core/valence triple-ú basis set aug-cc-pCVTZ16

without the polarization functions, that is, without p- and d-type functions on hydrogen and without the d- and f-type functions on C, N, and O.
Three sets of spherical d-type functions were added to C (with exponents 1.097, 0.318, and 0.1), N (with exponents 1.654, 0.469, and 0.151), and
O (with exponents 2.314, 0.645, and 0.214).g cc-CVTZ+(3d) basis set plus one set of spherical f-type functions added to C (with exponent 0.268),
N (with exponent 0.364), and O (with exponent 0.5).h cc-CVTZ+(3d) basis set plus one set of p-type functions added to H (with exponent 0.388).
i cc-CVTZ+(3d,p) basis set with the s- and p-type functions contracted with the contractions coefficients given in Tables 2-5. j cc-CVTZ+(3d,p)
basis set with the s-, p-, and d-type functions contracted with the contractions coefficients given in Tables 2-5. k cc-CVTZ+(3df,p) basis set with
the s-, p-, and d-type functions contracted with the contractions coefficients given in Tables 2-5.

〈〈ra;rb〉〉E ) ∑
n*0

[〈0|ra|n〉 〈n|rb|0〉

E - En + E0

-
〈0|rb|n〉〈n|ra|0〉

E + En - E0
] (4)

f0n
L ) 2

3
〈0| rb|n〉〈n| rb|0〉 (En - E0) (5)

SL(0) ) SV(0) ) N (6)
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number of electrons, and the mean excitation energyI0 is far
from converged. This illustrates: (a) that agreement between
length and velocity representation is a necessary but by no means
a sufficient criterion for the completeness of the basis set and
(b) that good reproduction of negative index sum rules such as
S(-2) does not guarantee equally good reproduction ofS(0). It
indicates furthermore that the problem might not be an insuf-
ficient number of diffuse or polarization functions but rather
the omission of compact core and or valence functions.

Converged results can be obtained within the series of the
correlation-consistent or correlation-consistent core/valence basis
sets by Dunning and co-workers16. However, these basis sets
become rather quickly prohibitively large and are furthermore
optimized for post-Hartree-Fock methods. Since we have to
calculate the whole excitation spectrum and are aiming at larger
systems than glycine in the future, we need to use basis sets
that are as small as possible. We thus decided to generate a
nonstandard basis set optimized for the calculation ofS(0) and
L(0) based on Dunning’s correlation-consistent or correlation-
consistent core/valence basis sets guided by our experience
obtained in the calculation of mean excitation energies of small
molecules.17,18 First, we have investigated the convergence of
the core and valence functions in the basis set. For that purpose,
we have removed the polarization functions from Dunning’s
correlation-consistent polarized valence triple and quadruple-ú
basis sets, cc-pVTZ and cc-pVQZ, as well as their core/valence
versions, cc-pCVTZ and cc-pCVQZ. The resulting basis sets
are called, cc-VTZ, cc-VQZ, cc-CVTZ, and cc-CVQZ in Table
1. Comparison of the results using these basis sets with those
obtained from the totally uncontracted versions shows that the
contraction in energy optimized basis sets is not optimal for
the calculation of sum rules and in particular mean excitation
energies. This is not unexpected because earlier basis set studies
for calculations of indirect nuclear spin-spin coupling con-
stants19 showed also that the contraction scheme in energy
optimized basis sets is too restrictive for property calculations.
However, adding the core/valence s- and p-type functions to
the cc-VTZ or cc-VQZ basis set, that is, the cc-CVTZ or cc-
CVQZ basis sets, has almost the same effect as uncontracting
the basis set. Further uncontraction of the cc-CVTZ basis set
gives only very small additional changes in the TRK sum rules
and a small increase in the mean excitation energy. Going to
the larger cc-CVQZ basis set, on the other hand, does not
significantly change the TRK sum rules and reduces the mean
excitation energy by the same amount as uncontracting the cc-
CVTZ basis set. We have therefore based our further basis set
investigation on the cc-CVTZ basis set.

Adding a set of three polarization functions (d-type functions)
to C, N, and O brings the length version of the TRK sum rule
in perfect agreement with the number of electrons, whereas
adding second polarization functions (f-type functions) on C,
N, and O or the addition of extra diffuse s- and p-type functions
(in the aug-cc-CVTZ+(3d) basis set) leads to no further changes.
The velocity representation of the TRK sum rule, on the other
hand, becomes almost fulfilled by adding a set of polarization
functions also on hydrogen.

Finally, we have investigated the possibility of reducing the
size of the basis set by recontraction with contraction coefficients
(see Tables 2-5) optimized for the calculation of TRK sum
rules and mean excitation energies. Recontracting the s- and
p-type functions has almost no effect on the sum rules and mean
excitation energies, whereas contracting also the d-type functions
leads to a small change in the length representation ofS(0) and
in I0.

The main conclusion of this basis set study is thus that for a
good reproduction of theS(0) andL(0) sum rules one needs
both compact core and valence functions in addition to the
diffuse and polarization functions necessary for, for example,
static polarizabilitiesS(-2). The optimized basis sets are

TABLE 2: Contraction Scheme for the Hydrogen Basis Set
in the cc-CVTZ+(3d,p)&s+p-recontracted,
cc-CVTZ+(3d,p)&recontracted, and
cc-CVTZ+(3df,p)&s+P+d-recontracted Basis Sets

type exponents contraction coefficients

s 33.87 0.006068
5.095 0.045308
1.159 0.202822
0.3258 0.503903 1.0
0.1027 0.383421 1.0

p 0.388 1.0

TABLE 3: Contraction Scheme for the Carbon Basis Set in
the cc-CVTZ+(3d,p)&s+p-recontracted,
cc-CVTZ+(3d,p)&recontracted, and
cc-CVTZ+(3df,p)&s+p+d-recontracted Basis Sets

type exponents contraction coefficients

s 8236.0000000 0.00053039 -0.00009616
1235.0000000 0.00411048 -0.00073384
280.8000000 0.02102507 -0.00388514
79.2700000 0.08208202 -0.01492588
25.5900000 0.23228295 -0.05030603
11.8760000 0.02042596 0.03590025
8.9970000 0.40422973 -0.16231761
4.2920000 0.03866581 0.10233061
3.3190000 0.31455823 -0.23112567
0.9059000 0.05110149 0.13118148 1.0
0.3643000 -0.02426862 0.38255332
0.1285000 0.00123195 0.09169152 1.0

p 33.1900000 0.00254781
18.7100000 0.00388847
8.7780000 0.00747443
4.1330000 0.05132879 1.0
1.2000000 0.19294628 1.0
0.3827000 0.31564511 1.0
0.1209000 0.14272280 1.0

d 1.0970000 0.02390918
0.3180000 0.03102782
0.1000000 0.00727386 1.0

TABLE 4: Contraction Scheme for the Nitrogen Basis Set
in the cc-CVTZ+(3d,p)&s+p-recontracted,
cc-CVTZ+(3d,p)&Recontracted, and
cc-CVTZ+(3df,p)&s+p+d-recontracted Basis Sets

type exponents contraction coefficients

s 11420.000000 0.00052237 -0.00009931
1712.000000 0.00404930 -0.00076776
389.300000 0.02072418 -0.00399186
110.000000 0.08097449 -0.01583512
35.570000 0.23088188 -0.05001146
16.201000 0.01947062 0.00818409
12.540000 0.40623622 -0.12436409
5.952000 0.03217617 0.01407455
4.644000 0.32184579 -0.15513058
1.293000 0.04795555 0.10615035 1.0
0.511800 -0.01517467 0.50123660
0.178700 -0.00099723 0.18731114 1.0

p 44.849000 0.00245271
26.630000 0.00545538
11.871000 0.00565961
5.948000 0.05952630 1.0
1.742000 0.19962019 1.0
0.555000 0.35241933 1.0
0.172500 0.18373684 1.0

d 1.654000 0.01221608
0.469000 0.02451854
0.151000 0.00175787 1.0
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therefore similar to the basis sets needed for calculation of the
diamagnetic contributions to magnetizabilities or nuclear mag-
netic shieldings in the Geertsen or CTOCD-DZ formulations.20

We thus choose the cc-CVTZ+(3d,p)&s+p-recontracted basis
as the computational basis, and all further results will be reported
using that basis.

3. Results

As molecular orientation has considerable importance in the
consideration of the interaction of biological molecules with
radiation, it is of interest to determine the anisotropy of a
molecule with respect to such an interaction. Such processes
as energy deposition by swift ions with the concomitant
possibility ionization and fragmentation (I0) and electronic
excitation (I-1) of biomolecules are possibilities.

In Tables 6 and 7, we present the directional components of
theSandL moments of the dipole oscillator strength distribution
in the length formulation for conformer A of glycine. It is clear
that the in-plane components of the moments are similar (the
more so for largerµ), while the out-of-plane component is
somewhat different.

A similar observation can be made concerning the mean
excitation energies, which are presented in Table 8, again for
conformation A and in the length formulation. As expected,
the directional mean excitation energies, and especially theI0

values which govern energy deposition, are nearly identical in

the in-plane directions and somewhat different in the perpen-
dicular direction.

5. Discussion and Conclusions

From the foregoing tables, it is clear that the properties of
glycine which are derivative of the DOSD have a directional
dependence and that, although glycine itself is not symmetric,
properties related to the directions defined by the NCC plane
are similar, while those related to the direction perpendicular
to that plane are somewhat different.

The particular example of interest here is energy deposition.
The energy deposition, or stopping power, of a target molecule
can be written in the simple Bethe approximation21 as

The energy loss per unit path length in a material is related to
the velocity, V, of the projectile and the appropriate mean
excitation energy,I0. Directional stopping is obtained from the
proper directional mean excitation energies.22 Here,Z1 andZ2

are projectile charge and target electron number respectively,n
is the number density of scattering centers, and the other symbols
have their usual meaning. From the differences in the directional
mean excitation energies for conformer A, it is clear that the
energy deposited in an oriented glycine molecule by a swift
ion will depend on the orientational relationship of the ion beam
to the molecule. This relation will then determine into which
electronic and vibrational states of the molecule energy can be
deposited and thus which possible fragmentation channels can
be expected.23,24Which fragmentation channels are open should
be detectableVia the angular dependence of the fragment
distributions and perhaps via IR spectroscopy of the collision
fragments. This information, in turn, gives information on
possible directions for experimental study for radiation protec-
tion and therapy.

We note that electronic excitation of a molecule occurs only
for excitations with polarization perpendicular to the direction

TABLE 5: Contraction Scheme for the Oxygen Basis Set in
the cc-CVTZ+(3d,p)&s+p-recontracted,
cc-CVTZ+(3d,p)&recontracted, and
cc-CVTZ+(3df,p)&s+p+d-recontracted Basis Sets

type exponents contraction coefficients

s 15330.000000 0.00050761 -0.00010352
2299.000000 0.00393359 -0.00080359
522.400000 0.02020158 -0.00416521
147.300000 0.07940170 -0.01680503
47.550000 0.22886974 -0.05236510
21.032000 0.01927424 -0.00355842
16.760000 0.40713471 -0.11539093
7.845000 0.02874500 -0.02019752
6.207000 0.32757525 -0.13431817
1.752000 0.04688125 0.11618187 1.0
0.688200 -0.01128573 0.54849053
0.238400 0.00518242 0.27067058 1.0

p 57.437000 0.00273723
34.460000 0.00653498
15.159000 0.00603795
7.749000 0.06890813 1.0
2.280000 0.22247282 1.0
0.715600 0.37580377 1.0
0.214000 0.16393722 1.0

d 2.314000 0.00516448
0.645000 0.02393086
0.214000 0.01270063 1.0

TABLE 6: Directional Components and Total Isotropic S
Moments of the Dipole Oscillator Strength Distribution for
Conformer A of Glycine, in the Dipole Length Formulation
and in Hartree Atomic Units

Sx (m) Sy (m) Sz (m) S(m)

S(-6) 569.9 512.3 225.9 436.0
S(-5) 254.3 237.6 120.1 204.0
S(-4) 124.0 119.7 69.0 104.2
S(-3) 67.2 66.7 43.5 59.1
S(-2) 41.6 42.1 31.0 38.2
S(-1) 31.1 31.6 26.9 29.9
S(0) 40.0 39.9 40.1 40.0
S(1) 337.2 336.0 343.6 338.9
S(2) 12766.4 12774.1 12823.4 12788.0

TABLE 7: Directional Components and Total Isotropic L
Moments of the Dipole Oscillator Strength Distribution for
Conformer A of Glycine, in the Dipole Length Formulation
and in Hartree Atomic Units

Lx (m) Ly (m) Lz (m) L (m)

L(-6) -482.1 -411.9 -151.0 -348.3
L(-5) -194.6 -173.4 -71.4 -146.5
L(-4) -82.8 -76.4 -35.3 -64.9
L(-3) -37.1 -35.2 -17.7 -30.0
L(-2) -16.7 -16.3 -8.0 -13.7
L(-1) -4.4 -4.7 0.4 -2.9
L(0) 37.3 36.4 41.6 38.4
L(1) 1069.6 1068.9 1080.7 1073.1
L(2) 50302.3 50343.5 50461.3 50369.0

TABLE 8: Directional Components and Total Isotropic
Mean Excitation Energies (I moment) for Conformer A of
Glycine in the Dipole Length Formulation in Electronvolts

Im
x Im

y Im
z Im

I-6 11.7 12.2 13.9 12.2
I-5 12.7 13.1 15.0 13.3
I-4 13.9 14.4 16.3 14.6
I-3 15.7 16.1 18.1 16.4
I-2 18.2 18.5 21.0 19.0
I-1 23.6 23.5 27.6 24.7
I0 69.1 67.7 76.8 71.1
I1 649.2 655.0 632.2 645.3
I2 1399.4 1400.6 1392.3 1397.4

- dE
dx

) n
4πe2Z1

2Z2

mV2
ln

2mV2

I0
(7)
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of projectile motion.25 Thus, we can define18 a mean excitation
energy corresponding to the stopping power orthogonal to the
major molecular plane,I0

o ) (I0
y I0

z)1/2, and one parallel to the
plane,I0

p ) I0
x. For conformer A, we findI0

o ) 72.1 eV, while
I0

p ) 69.1 eV. The increasing mean excitation energy corre-
sponds to increasing compactness of the electron density of the
target and thus an increased local plasma frequency for the
electron density. In this case, the mean excitation energy is
largest, and thus the stopping is smallest, orthogonal to the major
molecular plane. Thus, one might expect that, for interactions
of swift ions with DNA, stopping, and thus damage, would be
less for interactions perpendicular to the major base planes, that
is, along the axis of the helix, rather than crosswise to it. Another
way to look at this is that it is generally observed that the
spectrum of pseudo-states polarized perpendicular to the “mo-
lecular axis” (Π r Σ) has components at higher energies than
does the spectrum of pseudo-states polarized along the axis (Σ
r Σ). This implies that the L sum rule, which is weighted by
ln E, is larger in the perpendicular direction and thus leads to
a larger I0

o. Similar trends are found for several linear mol-
ecules and small polyatomics such as CH2O.25

As a biological environment might make a preferred molec-
ular orientation more likely, it becomes of interest to know more
about the orientational properties of biomolecules, of which
glycine is a prototype.

The isotropic mean excitation energies for the three conform-
ers of glycine and the two conformers of the glycine zwitterions
studied here are presented in Table 9. It is clear that, even though
there are significant differences in the geometries of the three
conformers of glycine, the isotropic mean excitation energies
(I0) are nearly identical. The implication of that is that the DOSD
is similar in the three conformers, leading to the conclusion
that they will have nearly the same energy deposition properties.
Such behavior is not unexpected, as the connectivity of all three
conformers is the same. As the stopping for a molecule can be
estimated within an accuracy of approximately(15% using a
Bragg-like rule,26 and all three conformers have the same kind
and number of cores and bonds, it would be expected that their
energy deposition characteristics would be similar. Similarly,
the connectivity in the zwitterions is identical and very close
to that of glycine: a single N-H bond in neutral glycine is
replaced by an O-H bond in the zwitterion, and these differ
by only 10 eV in the bond mean excitation energy.17 Thus, as

expected, it does not appear that there is much difference in
the energy deposition properties among all five systems studied.
Thus, one would expect only small differences in the energy
deposition properties of the glycine conformers and the isolated
molecule or solvated forms of the zwitterion. There is no
experimental or theoretical value of the mean excitation energy
of any of the forms of glycine with which to compare.

Table 9 also presents the anisotropy in the DOSD defined
as18

The anisotropy difference, the difference in theI moments of
the DOSD between glycine and its zwitterion, is somewhat more
pronounced. The largest differences among the different forms
of glycine and between glycine and its zwitterion are, however,
found in the higherSmoments of the dipole oscillator strength
distributions, some of which are displayed in Table 9. The
significant differences in theS moments appear forS(µ), µ e
-3, of which the even moments can be measured via the
frequency-dependent dipole polarizability,R(ω). The frequency-
dependent dipole polarizability may be expanded as:
R(ω) ) Σn)1

∞ ω2n-2S(-2n). The first three terms in the
expansion are listed in Table 9. These moments could be
measured by making frequency-dependent polarizability mea-
surements and fitting the results to the power series.

Anisotropy is also reflected in the dipole moments of the
various conformers under study, calculated at the same level at
which the geometries were determined [B3LYP/6-31+G(d,p)].
These are presented in Debye units in Table 10. As is not
unexpected, the dipole moments of the conformers indicate that
there is little electronic anisotropy in the direction perpendicular
to the molecular plane (z), and the anisotropy is much greater
in the zwitterions than in the neutral molecule. This property
should not be difficult to measure.

In Table 9, we also presentI1, the mean excitation energy
for straggling,27,28which measures the peak width, or statistical
fluctuation, of the energy loss of a swift ion passing through
matter. As theI1 values for the various conformers are virtually
identical, no differences in the energy deposition profiles are
expected among the conformers.

Finally, it should be noted that, although there is considerable
difference in the electronic structure of the glycine molecules
and their zwitterions parallel to and perpendicular to the main
molecular plane, there is considerably less difference in the
isotropic properties. In the context of energy deposition and its
consequences on radiation protection and therapy, this means
that one might use the properties of oriented molecules to their
advantage, but there is not enough difference in the properties
of the isotropic systems to discriminate among them.
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