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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 electroni
interactions of a biomolecule with its surroundings. Tita
momentsS(x), L(u), andl, are defined as

S(ﬂ)=fE“dd—ledE 1)
_ [ df
L) = [E'In E g dE 2)
and
L(w)
In Iu :% (3)

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

C

the purpose of this contribution to consider the spectral moments
of the DOSD of a simple, model, bioorganic molecule and its
zwitterions, namely, glycine (N)CH,COOH), 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 (DFTwith the B3LYP functiondl
and the 6-33G(d,pf 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 experiment@® and other theoreticdlground-state

Thel values are referred to as the mean excitation energies geometries. We note, however, that we have no guarantee that
of the system and describe the energy deposition or stoppingye have found the true global minimum. The coordinate system

(« = 0) and broadening or straggling & 1) in the collision

is chosen for convenience of comparison among structures. In

of a swift, massive ion with the target molecule. The mean g cases, the positive-axis lies along the €C bond with the
excitation energies are the target parameters that determine thes_c_ group in thexy-plane. In conformers A and B, as well

characteristics of energy deposition, and thus radiation damage 55 the gas-phase zwitterion conformer, the@-O groups are

when ionizing radiation interacts with biomolecufe3he S

also in thexy-plane, whereas it is slightly twisted out-of-plane

moments can be related to other physical properties of a system;, the other conformers.

such as the Lamb shifiu(= 2), electronic excitationsu(=
—1), and the static polarizability«(= —2).2

There has been considerable interest in the spectral moment

of smaller molecules over the yedrsut little attention has been
paid to biomolecular systems, with the exception of water. It is
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Conformer A is the most stable neutral structure (theoretically,
and experimentalf/by micro- and millimeter wave rotational
Spectroscopy). The-€N and O-H bonds are both synperiplanar
to the CG=0 bond. There is, therefore, a bifurcated hydrogen
bond from the amino group to the carbonyl oxygen, ,N{D=C,
as well as a second hydrogen bond (within the carboxyl group)
from the hydroxy group to the carbonyl oxygen ©+D=C.

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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Figure 1. Conformers A, B, and C of glycine. Conformer A is the lowest energy structure.
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Figure 2. Glycine zwitterions in the configuration determined for the gas state and in water solution.

mentally determined by matrix isolation IR spectroscopy in an difference between the ground state and the lowest local
Ar matrix below 13 K& The OH and &O groups are still minimum, AEac, is only 0.018 eV or 0.412 kcal/mol.
synperiplanar which implies again a hydrogen bond within the  Similarly, Figure 2 depicts the glycine zwitterion in its gas-
carboxyl group, but the €N bond is now antiperiplanar to the  phase minimum energy geometry and in the geometry it has
C=0 bond. As aresult, there is only a weak bifurcated hydrogen when in aqueous solution. The latter was developed from
bond between the amino group and the hydroxy group:>*NH Conformer C using the PCM continuous solvation métias
+OH. implemented in Gaussian 03.

Conformer C is the second most stable conformation and is Once the molecular geometries were established, the elec-
also observed in micro- or millimeter wave rotational spectros- tronic structure was calculaté8using a method based on the
copy’ Here, the G-N and O-H bonds are antiperiplanar to  polarization propagator schert€To evaluate the moments in
the G=0 bond. Only this structure is converted to the zwitte- eqs 1} 3, one needs the complete sets of excitation energies
rionic structure: zwitterwater. One notes that the energy {Eon} and dipole oscillator strengtidon} for glycine. These
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TABLE 1: Calculation of the Thomas—Reiche-Kuhn Sum for Glycine Using Various Basis Set$

basis number of functions S(0) S'(0) lo (eV)

6-31@ 3s2p/2s 55 21.9 147 36.0
6-311Q@ 4s3p/3s 80 26.7 20.4 53.0
6-31+G(d,py 4s3pld/2slip 115 33.9 27.4 43.6
6-311G(2d,2p) 4s3p2d/3s2p 160 36.8 34.9 52.8
6-311++G(2d,2p) 5s4p2d/4s2p 185 36.6 35.3 52.2
Sadlej pvVTZ 5sts3p2d/3s2p 165 31.6 31.4 39.1
cc-vTZd 4s3p/3s 80 26.2 19.7 48.9
cc-vQZH 5s4pl4s 105 28.5 23.3 61.1
cc-CvVTZH 6s5p/3s 120 31.9 24.4 86.4
cc-CvQZ 8s7plas 165 31.4 25.1 83.1
cc-VTZ uncontracted 10s5p/5s 150 317 24.6 85.8
cc-VQZ uncontracted 12s6p/6s 180 314 25.1 83.8
cc-CVTZ uncontracted 12s7p/5s 190 32.1 24.7 89.7
cc-CVTZ+(3dy 6s5p3d/3s 195 40.0 39.3 72.0
aug-cc-CVTZA-(3dY 7s6p3d/4s 220 40.0 38.8 71.8
cc-CVTZ+(3df) 9 6s5p3d1f/3s 230 40.1 39.1 71.7
cc-CVTZ+(3d,p) 6s5p3d/3s1p 210 40.1 39.2 71.6
cc-CVTZ+(3d,p)&s+p-recontracted 4s5p3d/3slp 200 40.0 39.4 70.8
cc-CVTZ+(3d,p)&recontracted 4s5p2d/3slp 175 39.6 39.2 69.4
cc-CVTZ+(3df,p)&recontracte 4s5p3d1f/3slp 210 39.6 39.3 69.6

2 The associated mean excitation energy is also included to illustrate its variation with basis set quaByndiments are pure numbers, and
the mean excitation energies are in electronvélReference 6¢ Reference 15¢ Correlation-consistent polarized and correlation-consistent polarized
core/valence basis s&ixc-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, afi€C@rrelation-consistent polarized core/valence tripleasis set
cc-pCVTZ8 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.Z1)gmented correlation-consistent polarized core/valence tfiplasis set aug-cc-pCVTZ
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 0.21%)c-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 0.53c-CVTZ+(3d) basis set plus one set of p-type functions added to H (with exponent 0.388).
" cc-CVTZ+(3d,p) basis set with the s- and p-type functions contracted with the contractions coefficients given in F&blesc2CVTZ+(3d,p)
basis set with the s-, p-, and d-type functions contracted with the contractions coefficients given in Fehles2CVTZ+(3df,p) basis set with
the s-, p-, and d-type functions contracted with the contractions coefficients given in Tatiles 2

are obtained in the dipole length approximation as the residues As in RPA, the length$-(0)] and velocity BY(0)] forms of
and poles of the polarization propagator the Thomas Reiche-Kuhn (TRK) sum rule should be identical

for a complete basis, the adherenc®to
O[r ntdm|r, /00 [O|r,/nt|r,|O

e Zo E-E,+E E+E,—E @ SO=S0)=N ©)

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 $h)
andSY’(0) moments with that number. We first tried the 6+33-
(d,p) basis set which was used in the optimization of the
2 structures. But with 33.9 and 27.4 f§0) in length and velocity

fOnL =3 [O|T [nl| T |0XE, — Ey) (5) representation, respectively, it clearly fails to satisfy the TRK

sum rule. We have therefore investigated a large series of

Experience has shown that some correlation is necessary tostand_ard basis sets_(PopIe _type EaSIS%EEjl_ej'S, medium Size
obtain reliable spectral moments of the DOSD, and conse- polar]zed valence trlplé-'bass sef, and Dunning’s correlation-
quently, we carried out the calculations reported here in the consistent and correla.tl.()n-ponsmtent core/\{alence ba;i'é)sets
random phase approximation (RPA). (It should be noted that @5 well our own modifications of them using a preliminary
dipole oscillator strengths can be calculated in dipole velocity, 9€°metry for conformer A. A summary of most of the results
dipole length, or mixed representation, depending on which IS 9iven in Table 1, where we prese3{0) andlo calculated for
operators are used. In the RPA used here, the result should b&onformer A of neutral glycine.
identical, if the computational basis were compléi&) The One of the main conclusions of this basis set study is that
calculations are carried out using a finite basis set that yields aneither fulfilment of the TRK sum rule nor convergence of
finite number of excitations equal to the number of particle- the mean excitation energy can be achieved by simply augment-
hole excitations allowed by the basis. As a result, we ap- ing standard energy optimized valence double and tilasis
proximate the continuum with a finite number of discrete sets, 6-31G and 6-311Gwith diffuse and polarization functions.
excitations (pseudo-states) placed such that they represent th&urthermore, Sadlej's medium size polarized basi$%ehich
continuum. We have found that this discretization of the is optimized for the calculation of dipole polarizabilities, that
continuum works well when sums over the entire excitation is, for the S-(—2) sum rule, gives almost perfect agreement
spectrum are taken, but no significance attaches to the individualbetween th&0) sum rules in length and velocity representation,
pseudo-states. but the value of the TRK sum rule is not in agreement with the

wherer, is a component of the dipole operator. From the poles
(Eon = En — Ep) and the residued{T|nl) of the propagator,
the oscillator strengths in the dipole length approximation can
be calculated
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number of electrons, and the mean excitation enésgy far TABLE 2: Contraction Scheme for the Hydrogen Basis Set

from converged. This illustrates: (a) that agreement betweeninctgf\él %E'f(\égzptggé%)rﬁfﬁééeCé)r?éraded’
length and velocity representation is a necessary but by no meaﬂ%;_chz+(3d1",p)&S+P+d-recdntracted Basis Sets

a sufficient criterion for the completeness of the basis set and

(b) that good reproduction of negative index sum rules such as_YPe __ exponents  contraction coefficients

S(—2) does not guarantee equally good reproductiof(0f. It s 33.87 0.006068

indicates furthermore that the problem might not be an insuf- 5.095 0.045308

ficient number of diffuse or polarization functions but rather ééggs 8‘?,8%3(2)% 10

the omission of compact core and or valence functions. 0.1027 0.383421 1.0
Converged results can be obtained within the series of the p 0.388 1.0

correlation-consistent or correlation-consistent core/valence baSiSTABLE 3- Contraction Scheme for the Carbon Basis Set in
sets by Dunning gnd co-wqué?sHowever, these basis sets o cc—CVTZ+(3d,p)&s+p-recontracted,

become rather quickly prohibitively large and are furthermore cc-cvTZz+(3d,p)&recontracted, and

optimized for post-HartreeFock methods. Since we have to  cc-CVTZ+(3df,p)&s+p-+d-recontracted Basis Sets
cal(;ulate ttrr:e whlolg exgitatt:]onfs?ectrum and 3r:3 aimin% at .Iargetr type exponents contraction coefficients
systems than glycine in the future, we need to use basis sets 8236.0000000 0.00053039 —0.00009616

. . S
that are as small as possible. We thus decided to generate a 1235 0000000 000411048 —0.00073384

nonstandard basis set optimized for the calculatio§(0f and 280.8000000 0.02102507 —0.00388514
L(0) based on Dunning’s correlation-consistent or correlation- 79.2700000 0.08208202 —0.01492588
consistent core/valence basis sets guided by our experience 25.5900000 0.23228295 —0.05030603
obtained in the calculation of mean excitation energies of small 1&-33‘738888 8-%23%332 Oq-gggfgglzf’
17,18 £ i i . . -V
molecules-”18 First, we ha\_/e |n_vest|gate<_j the convergence of 4.2920000 0.03866581 0.10233061
the core and valence functions in the basis set. For that purpose, 3.3190000 0.31455823 —0.23112567
we have removed the polarization functions from Dunning’s 0.9059000 0.05110149 0.13118148 1.0
correlation-consistent polarized valence triple and quadrfiple- 0.3643000 —0.02426862 0.38255332
basis sets, cc-pVTZ and cc-pVQZ, as well as their core/valence 0.1285000 0.00123195  0.09169152 1.0
versions, cc-pCVTZ and cc-pCVQZ. The resulting basis sets P $3.1900000 0.00254781
; 18.7100000 0.00388847

are called, cc-VTZ, cc-VQZ, cc-CVTZ, and cc-CVQZ in Table 8.7780000 0.00747443
1. Comparison of the results using these basis sets with those 4.1330000 0.05132879 1.0
obtained from the totally uncontracted versions shows that the 1.2000000 0.19294628 1.0
contraction in energy optimized basis sets is not optimal for 0.3827000 0.31564511 1.0
the calculation of sum rules and in particular mean excitation 0.1209000 0.14272280 1.0

. s . . . 1.0970000 0.02390918
energies. This is not unexpected because earlier basis set studies 0.3180000 0.03102782
for calculations of indirect nuclear spirspin coupling con- 0.1000000 0.00727386 1.0

stantd® showed also that the contraction scheme in energy

optimized basis sets is too restrictive for property calculations. ;AtﬁléEc C‘lic\(;?;tfzggog) gg—tgn:gc?r:tﬁggtycjltrogen Basis Set
However, adding the core/valence s- and p-type functions to CC_C\/TZ+(3d,p)&Récontracted, and '

the cc-VTZ or cc-VQZ basis set, that is, the cc-CVTZ or cc-  ¢c-CvTZ+(3df,p)&s+p-+d-recontracted Basis Sets
CVQZ basis sets, has almost the same effect as uncontracting

the basis set. Further uncontraction of the cc-CVTZ basis set_YP¢ exponents contraction coefficients
gives only very small additional changes in the TRK sum rules S 11420.000000 0.00052237 —0.00009931
and a small increase in the mean excitation energy. Going to l;ég'gggggg 8'8%%2% :8'88%8122
the larger cc-CVQZ basis set, on the other hand, does not 110:000000 0:08097449 —0:01583512
significantly change the TRK sum rules and reduces the mean 35.570000 0.23088188 —0.05001146
excitation energy by the same amount as uncontracting the cc- 16.201000 0.01947062 0.00818409
CVTZ basis set. We have therefore based our further basis set 12.540000 0.40623622 —0.12436409

5.952000 0.03217617 0.01407455

investigation on the cc-CVTZ basis set. 2644000 032184579 —0.15513058

Adding a set of three polarization functions (d-type functions) 1.293000 0.04795555 0.10615035 1.0
to C, N, and O brings the length version of the TRK sum rule 0.511800 —0.01517467 0.50123660
in perfect agreement with the number of electrons, whereas 0.178700  —0.00099723 ~ 0.18731114 1.0
adding second polarization functions (f-type functions) on C, P 44.849000 0.00245271

do he additi f diff d f . 26.630000 0.00545538

N, and O or the addition of extra diffuse s- and p-type functions 11.871000 0.00565961
(in the aug-cc-CVTZ-(3d) basis set) leads to no further changes. 5.948000 0.05952630 1.0
The velocity representation of the TRK sum rule, on the other 1.742000 0.19962019 1.0
hand, becomes almost fulfilled by adding a set of polarization 8-??2238 8-?23‘%232 1-8
functions also on hydrogen. - , d 1654000  0.01221608 '

Finally, we have investigated the possibility of reducing the 0.469000 0.02451854
size of the basis set by recontraction with contraction coefficients 0.151000 0.00175787 1.0

(see Tables 25) optimized for the calculation of TRK sum

rules and mean excitation energies. Recontracting the s- and The main conclusion of this basis set study is thus that for a
p-type functions has almost no effect on the sum rules and meangood reproduction of th&0) andL(0) sum rules one needs
excitation energies, whereas contracting also the d-type functionsboth compact core and valence functions in addition to the
leads to a small change in the length representatic@@fand diffuse and polarization functions necessary for, for example,
in lo. static polarizabilitiesS(—2). The optimized basis sets are
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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

J. Phys. Chem. A, Vol. 110, No. 28, 2008315

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

type exponents contraction coefficients Ly (M) Ly (m) L, (m) L (m)
S 15330.000000 0.00050761 —0.00010352 L(—6) —482.1 —411.9 —151.0 —348.3
2299.000000 0.00393359 —0.00080359 L(—5) —194.6 —-173.4 —-71.4 —146.5
522.400000 0.02020158 —0.00416521 L(—4) —82.8 —76.4 —35.3 —64.9
147.300000 0.07940170 —0.01680503 L(—3) —37.1 —35.2 —-17.7 —30.0
47.550000 0.22886974 —0.05236510 L(—=2) —-16.7 —16.3 —-8.0 —13.7
21.032000 0.01927424 —0.00355842 L(—1) —4.4 4.7 0.4 —-29
16.760000 0.40713471 —0.11539093 L(0) 37.3 36.4 41.6 38.4
7.845000 0.02874500 —0.02019752 L(1) 1069.6 1068.9 1080.7 1073.1
6.207000 0.32757525 —0.13431817 L(2) 50302.3 50343.5 50461.3 50369.0
1.752000 0.04688125 0.11618187 1.0
0.688200 —0.01128573 0.54849053 TABLE 8: Directional Components and Total Isotropic
0.238400 0.00518242 0.27067058 1.0 Mean Excitation Energies { moment) for Conformer A of
p 57.437000 0.00273723 Glycine in the Dipole Length Formulation in Electronvolts
34.460000 0.00653498 | I | |
m m m m
15.159000 0.00603795
7.749000 0.06890813 1.0 I-6 11.7 12.2 13.9 12.2
2.280000 0.22247282 1.0 [ 12.7 131 15.0 13.3
0.715600 0.37580377 1.0 l-4 13.9 14.4 16.3 14.6
0.214000 0.16393722 1.0 I—3 15.7 16.1 18.1 16.4
d 2.314000 0.00516448 l—2 18.2 18.5 21.0 19.0
0.645000 0.02393086 I-1 23.6 235 27.6 24.7
0.214000 0.01270063 1.0 lo 69.1 67.7 76.8 71.1
I 649.2 655.0 632.2 645.3
TABLE 6: Directional Components and Total Isotropic S P 1399.4 1400.6 1392.3 1397.4
Moments of the Dipole Oscillator Strength Distribution for
Conformer A of Glycine, in the Dipole Length Formulation the in-plane directions and somewhat different in the perpen-
and in Hartree Atomic Units dicular direction.
S (m) S (m) S (M) S(m) ) . ]
S—6) 569.9 5123 2259 436.0 5. Discussion and Conclusions
5(_2) igi-g ﬁ;g 158-3 fgj-g From the foregoing tables, it is clear that the properties of
g((_gg 672 66.7 435 50 1 glycine which are derivative of the DOSD have a directional
S-2) 416 2.1 31.0 382 dependence and that, although glycine itself is not symmetric,
S-1) 31.1 31.6 26.9 29.9 properties related to the directions defined by the NCC plane
§0) 40.0 39.9 40.1 40.0 are similar, while those related to the direction perpendicular
S(1) 337.2 336.0 343.6 338.9 to that plane are somewhat different.
S2) 12766.4 127741 128234 12788.0 The particular example of interest here is energy deposition.

The energy deposition, or stopping power, of a target molecule

therefore similar to the basis sets needed for calculation of the can be written in the simple Bethe approximatibas

diamagnetic contributions to magnetizabilities or nuclear mag-

netic shieldings in the Geertsen or CTOCD-DZ formulatighs.
We thus choose the cc-CVHA3d,p)&st+p-recontracted basis

as the computational basis, and all further results will be reported

using that basis.

3. Results

dE _ 4At€Z°Z, om?
Tk n > In I
my 0

()

The energy loss per unit path length in a material is related to
the velocity, v, of the projectile and the appropriate mean
excitation energylo. Directional stopping is obtained from the

As molecular orientation has considerable importance in the proper directional mean excitation energigslere,Z; andZz;
consideration of the interaction of biological molecules with are projectile charge and target electron number respectively,
radiation, it is of interest to determine the anisotropy of a is the number density of scattering centers, and the other symbols
molecule with respect to such an interaction. Such processeshave their usual meaning. From the differences in the directional
as energy deposition by swift ions with the concomitant mean excitation energies for conformer A, it is clear that the
possibility ionization and fragmentatiorig( and electronic  energy deposited in an oriented glycine molecule by a swift
excitation (-1) of biomolecules are possibilities. ion will depend on the orientational relationship of the ion beam

In Tables 6 and 7, we present the directional components of to the molecule. This relation will then determine into which
theSandL moments of the dipole oscillator strength distribution electronic and vibrational states of the molecule energy can be
in the length formulation for conformer A of glycine. Itis clear deposited and thus which possible fragmentation channels can
that the in-plane components of the moments are similar (the be expected324Which fragmentation channels are open should
more so for largemu), while the out-of-plane component is be detectablevia the angular dependence of the fragment
somewhat different. distributions and perhaps via IR spectroscopy of the collision

A similar observation can be made concerning the mean fragments. This information, in turn, gives information on
excitation energies, which are presented in Table 8, again for possible directions for experimental study for radiation protec-
conformation A and in the length formulation. As expected, tion and therapy.
the directional mean excitation energies, and especiallyqsthe We note that electronic excitation of a molecule occurs only
values which govern energy deposition, are nearly identical in for excitations with polarization perpendicular to the direction
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TABLE 9: Isotropic Mean Excitation Energies (lo in expected, it does not appear that there is much difference in
fe|ec|1£]l’0r{>10|_ts) afgj Tfheir Anis?tg)lpie_s (inu d“i.ts ‘%f electrons) the energy deposition properties among all five systems studied.
L Coormcr of GIYche nd s Zwleion.  Thus, one would expect only smll diferences in he eneray
Excitation Energy for Straggling, I (in Hartree atomic deposition properties of the glycine conformers and the isolated
units), and the First Few Negative, Even, HigherS Moments molecule or solvated forms of the zwitterion. There is no
(vide infra) experimental or theoretical value of the mean excitation energy
lo A I S-2) S-4) S-6) of any of the forms of glycine with which to compare.
conformer A 7110 3.38 64118 3822 10422 436.03 Table 9 also presents the anisotropy in the DOSD defined
conformer B 71.08 3.73 641.23 38.23 104.13 437.73 as®
conformer C 71.03 3.35 641.28 38.17 103.65 440.43
Zw@tterﬁon—gas 70.91 2.65 64157 39.05 116.31 588.40 | 2
zwitterion—water 70.79 2.93 641.83 39.23 11857 625.27 A=2Z,ln 00 (8)
) . . I X)2
TABLE 10: Dipole Moments (Debye units) for the Various (o
Conformers of Glycine and its Zwitterions Calculated at the
B3LYP/6-31+G(d,p) Level The anisotropy difference, the difference in theoments of
L 1y s Liotal the DOSD between glycine and its zwitterion, is somewhat more
conformer A 051 110 0.00 121 pronounced. The largest differences among the different forms
conformer B —0.42 —1.01 0.00 1.95 of glycine and between glycine and its zwitterion are, however,
conformer C 549 —2.17 0.05 5.90 found in the highe& moments of the dipole oscillator strength
zwitterion—gas 9.65 —4.62 —0.00 10.70 distributions, some of which are displayed in Table 9. The
Zwitterion—water 1288  —5.39 2.18 14.13 significant differences in th& moments appear fd®(u), u <

—3, of which the even moments can be measured via the

frequency-dependent dipole polarizabilifw). The frequency-

dependent dipole polarizability may be expanded as:
- : = 3*  w?29—2n). The first three terms in the

lane, |’ = 1% For conf A, we find® = 72.1 eV, while @) = Zpy @ *F—2n). The

pane, o = fo. For conformer A, We findo ev. whre expansion are listed in Table 9. These moments could be

Iy = 69.1 eV. The increasing mean excitation energy corre- measured by making frequency-dependent polarizability mea-
sponds to increasing compactness of the electron density of the y g reg y-dep P Y

target and thus an increased local plasma frequency for thesurements anq fitting the result.s o the.power Series.

electron density. In this case, the mean excitation energy is Anlsotropy is also reflected in the dipole moments of the
largest, and thus the stopping is smallest, orthogonal to the majorvar_Ious conformer; under study, cglculated at the same level at
molecular plane. Thus, one might expect that, for interactions which the geometries were determm_ed _[BSLYP/GHG(d,p)]_.

of swift ions with DNA, stopping, and thus damage, would be These are presented in Debye units in Table 10. As is not

less for interactions perpendicular to the major base planes, thalunexp.ec.ted, the dlpqle mpments (.)f the cqnformers mdmgte that
is, along the axis of the helix, rather than crosswise to it. Another there is little electronic anisotropy in the direction perpendicular

way to look at this is that it is generally observed that the to the molecular planez), and the anisotropy is much greater

spectrum of pseudo-states polarized perpendicular to the “mo-N the zwitterion.s .than in the neutral molecule. This property
lecular axis” {1 — X) has components at higher energies than should not be difficult to measure.

does the spectrum of pseudo-states polarized along thexaxis (!N Table 9, we also preseit, the mean excitation energy
— 3). This implies that the L sum rule, which is weighted by fof straggling?”-?6which measures the peak width, or statistical

In E, is larger in the perpendicular direction and thus leads to fluctuation, of the energy loss of a swift ion passing through
a larger! 2. Similar trends are found for several linear mol- matter. As thd; values for the various conformers are virtually
0-

ecules and small polyatomics such as,OHS identical, no differences in the energy deposition profiles are

As a biological environment might make a preferred molec- exp_ected among the conformers. ) )
ular orientation more likely, it becomes of interest to know more _Finally, it should be noted that, although there is considerable

about the orientational properties of biomolecules, of which difference in the electronic structure of the glycine molecules
glycine is a prototype. and their zwitterions parallel to and perpendicular to the main

The isotropic mean excitation energies for the three conform- Molecular plane, there is considerably less difference in the
ers of glycine and the two conformers of the glycine zwitterions 1SOtropic properties. In the context of energy deposition and its
studied here are presented in Table 9. It is clear that, even thougtFonsequences on radiation protection and therapy, this means
there are significant differences in the geometries of the three that one might use the properties of oriented molecules to their
conformers of glycine, the isotropic mean excitation energies 2dvantage, but there is not enough difference in the properties
(Io) are nearly identical. The implication of that is that the DOSD  ©f the isotropic systems to discriminate among them.
is similar in the three conformers, leading to the conclusion ) )
that they will have nearly the same energy deposition properties. Acknowledgment. This work has been supported in part
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