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The molecular conformation of diglycine zwitterion and neutral diglycine is determined by the ab initio
calculations at the Hartred~ock level using the basis sets 6-3j(d), 6-3+g(d,p), and 6-31g(d,p). The
infrared and Raman spectra of the diglycine zwitterion are assigned using the ab initio force field and the
vibrational spectra of its nine selectively C-, N,C-, and N-deuterated®hdotopic species. The effect of
solvation on the conformation and vibrational spectra of diglycine zwitterion in solvents of dielectric constant
2.2 and 78 has been investigated by the self-consistent reaction field theory. The inclusion of a solvent reaction
field has a strong influence on the total energies, conformation, and vibrational spectra. The frequency shifts
in the solvents support stabilization of the nondipolar amide structure in polar solvents, unlike in neutral
amide molecules where the dipolar structure is stabilized in polar solvents. Ab initio calculations have also
been made on neutral diglycine in the gas phase and in a solvent mediam8(0) at the HartreeFock and

B3LYP level using the basis sets 6-8d(d) and 6-3%-+g(d,p) and for the zwitterion in the solvent medium

(e = 78.0) at B3LYP level using the latter basis set.

and its nine differently labeled N, C-, C- and N-deuterated and
15N isotopic species have been investigated by Destrade%t al.,

important model systems for the theoretical and experimental and the as&gnmgnts for—glycylglycmg zwitterion .have been
made on the basis of a normal coordinate analysis employing a

studies of amide linkages in proteins and polypeptides. StUdiesvalence force field. The Raman and infrared Spectra of alv-
on dipeptides have been motivated by the expectation that a : N . p gl
cylglycine zwitterion and its N-deuterated analogue have also

fundamental understanding of the structural constraints in been investigated by Lagant et’aChev have carried out a
proteins and their role in controlling biological functions require 9 y -ag ey ha .
normal coordinate analysis for tleecrystalline form using a

a deep understanding of the structure and dynamics of themodified Urey-Bradley force field.

individual amide linkages in peptides. Proteins are linear o - - .
9 pep Ab initio self-consistent field calculations have been per-

polymer chains composed of amino acid residues linked byf d both | dialvei di o X 2e1
amide bonds. These linear polymer chains fold into specific ormed both on neutral diglycine and its zwitterion using a 2s1p
Gaussian basis set, and the barrier to rotation about the peptide

three-dimensional structures; the steric and electrostatic con- i
straints involve the limited flexibility of the amide bond, due bond was found to be 22.9 and 23.9 kcal/m_ol, r_espectﬁﬂely.
For the neutral molecule as well as the zwitterion, the trans

to the planarity of the double bonded amide linkage and the isomer was found to be more stable than the cis, and the latter

preference of secondary amides for trans configuration. Gly- ¢ dicted 1o b tonly t ller eXtent
cylglycine (Gly-Gly) zwitterion is the smallest dipeptide and conformer was predicted to be present only to a smatler extent.
From molecular dynamics studies too, the minimum-energy

can be considered as a model biomolecule. conformer of diglycine zwitterion was identified as the trans
The ground-state structure of Gly-Gly has been experimen- .
9 y-ol P conformert? From H and 13C NMR spectral studies of the

tally characterized by a variety of technique$® The X-ray L .
and neutron diffraction studies of the structureooff, andy svvg';t?r:'fz?r’e%dmgen bonding between NH and COgroups

conformers of diglycine zwitterion have been repoetiThe L . . .
The determination of the structure of biomolecules in solution

o form of diglycine zwitterion is the most stable one among . ) o
the o, 3, andy forms and in thea form, the dihedral angle 25 well as the calculation of their spectral properties is a problem
o i of current interest. Solvation plays an important role in

between the plane of the amide group and that of the carboxylate

Introduction
Glycylglycine (Gly-Gly) and other dipeptides serve as

COO™ group is 22.4, whereas th@ andy forms have coplanar
amide and COO groups. Nonplanarity of diglycine zwitterion

permits better molecular packing with stronger hydrogen bonds

and van der Waals interactions. THE NMR spectra of the
form showed that diglycine zwitterion crystallized from aqueous
solution possesses tlieform and on dehydration it changes
over to thea form?8 Infrared, Raman, and INS spectra of

diglycine zwitterion and its N-deuterated analogue have been

reported’-®10The infrared spectra af-glycylglycine zwitterion

* Corresponding author. E-mail:dns@ipc.iisc.ernet.in. Telephone: (91)
80 293 2827 (Office). Fax: (91) 80 360 1552.

determining conformations and other quantities of chemical and
biochemical interest*1°In the present work, our endeavor is
to determine the minimum-energy conformatioroeéliglycine
zwitterion and its force field that will reproduce experimental
vibrational frequencies of the zwitterion and its nine selectively
15N- and deuterium-labeled species. We show that the choice
of an appropriate basis set at the Hartr€eck level can
stabilize the diglycine zwitterion. This is of interest since the
structural and spectroscopic studies are available only for the
diglycine zwitterion, and in aqueous solution, at biological pHs,
it exists predominately in this form. Since the intrinsic features
of an empirical force field used in the earlier normal coordinate

10.1021/jp0309791 CCC: $25.00 © 2003 American Chemical Society
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Figure 1. Selected conformers of diglycine zwitterion in the gas phase and in aqueous medium. For abbreviations, see Table 1.

treatments lie in their uncertainty, particularly with respect to geometry with imaginary frequencies. Similar finding have been
the interaction force constants, it is desirable to obtain a good made for L-alanyl-L-alanine zwitterion using B3LYP/6-31g(d)
quality force field by the ab initio method. In this context, an and MP2 method¥’ That is, on the B3LYP/6-31g(d) potential
ab initio study of glycylglycine zwitterion EN*TCH,CONH- energy surface, there is no barrier to proton transfer from the
CH,COO™ (d,) at the Hartree Fock (HF) level using the three  positively charged Nb&i" group to the negatively charged
basis sets, 6-3tg(d), 6-3++g(d,p), and 6-3%g(d,p), is carboxylate group or from the Nf group to the adjacent
presented. The binding energy of the peptide bond of diglycine carbonyl oxygen and from the amide nitrogen to the carboxylate
zwitterion has been calculated. The effect of solvation on the group. Ab initio calculations carried out on diglycine zwitterion
conformational equilibria and vibrational spectra of glycylgly- in a solvent of dielectric constant 78.0 using the B3LYP/
cine zwitterion is also examined by the ab initio method using 6-31++g(d,p) method showed the zwitterion to be stable. The
the self-consistent reaction field (SCRF) theory for solvents of results are presented and discussed.
dielectric constant 2.2 and 78 corresponding to carbon tetra-
chloride and water, respectively, employing the dipole (Onsager) computational Details
methodst® The present work should be of value to the
fundamental understanding of polypeptides. The ab initio calculations at the HartreBock and B3LYP

Ab initio calculations have also been made for neutral levels have been performed by employing the Gaussian 98
diglycine both in the gas phase and in a solvent medium of program!® The fully optimized geometry of neutral diglycine
dielectric constant 78.0 both at the Hartrdeock and B3LYP and its zwitterion was obtained by the analytical gradient

level using the basis sets 6-8f(d) and 6-3%-+g(d,p). methods. The HartreegFock Cartesian force constants, vibra-
Comparison of the geometrical parameters and the total energytional frequencies, and infrared and Raman band intensities were
of neutral diglycine with the zwitterion is made. obtained for the optimized geometry of diglycine zwitterion and

Attempts to study a gas-phase zwitterionic species of digly- neutral diglycine. The atoms in Figures 1 and 2 for diglycine
cine using the density functional theory (DFT) B3LYP/ zwitterion and neutral diglycine, respectively, have been
6-31g(d) and the MP2 level of theory have not been successful;numbered for one structure in each to define the bond lengths,
the calculations converged to a neutral structure or to an unstablebond angles, and dihedral angles and to specify the internal
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Figure 2. Selected conformers of neutral diglycine in gas phase and
in aqueous medium. For abbreviations, see Table 1.

coordinates used in the calculation of vibrational spectra. The

full geometry optimization was carried out for diglycine
zwitterion at the HartreeFock (HF) level using the basis sets
6-31+g(d), 6-3x+g(d,p), and 6-3tg(d,p). The input for
diglycine zwitterion was taken from the X-ray and neutron
diffraction studieg® The ab initio vibrational frequencies and
their assignments were calculated for diglycine zwitterion and
its N-deuterated EN*CH,CONDCH,COO™ (d,), C-deuterated
HsN*CD,CONHCH,COO™ (dy,), HsN*CH,CONHCD,COO-
(cp), and HNTCD,CONHCD,COO™ (daus), C,N-deuterated
D3N*CD.,CONDCHCOO" (dss), DsN*CH,CONDCD,COO™
(deg), and BNTCD,CONDCD,COO™ (dg), and '°N-labeled
H3!N+TCH,COBNHCH,COO™ and D:SN+TCH,CO™NDCH,-
COO isotopic forms. The input for neutral diglycine was taken
from the ab initio studied! The full geometry optimization was
carried out for neutral diglycine at the Hartreleock (HF) and
B3LYP levels using the basis sets 643j(d) and 6-3%+g(d,p).
The effect of solute-solvent interaction was taken into
account within the framework of the ab initio self-consistent
reaction field (SCRF) theordf This method is based on
Onsager’s reaction field theory of the electrostatic solvation
model!® In the SCRF theory, the solvent is considered as a
uniform field of dielectric constart. The solute is assumed to
occupy a spherical cavity of radiug, in the solvent. The
permanent dipole of the solute will induce a dipole (reaction
field) in the surrounding medium, which will interact with the
molecular dipole leading to stabilization. In the SCRF MO
formalism, the solutesolvent interaction is treated as a
perturbation of the Hamiltonian of the isolated molecule. The
reaction field is updated iteratively until self-consistency is
achieved for the intramolecular electric field. The solvation
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set 6-31+g(d,p), the cavity radius, of 4.21 A was obtained

for the zwitterion. Both at the Hartred-ock and B3LYP levels,
the cavity radiusa, obtained for neutral diglycine was 4.10 A
for the basis set 6-3+g(d,p). The geometry optimizations and
vibrational frequencies were obtained by analytical methods by
fixing the cavity in the presence of the reaction field in solvents
of dielectric constant 2.2 and 78 corresponding to carbon
tetrachloride and water, respectively.

The binding energy of the peptide bond of diglycine zwit-
terion was calculated at the Hartreleock level using the basis
set 6-31-+g(d,p) following the procedure of Chauduri and
Camuto!® The binding energy of the peptide bond of neutral
diglycine has already been reported by them.

Results and Discussion

The equilibrium geometry of diglycine zwitterion obtained
from the ab initio calculations is discussed first, and later a brief
discussion of the vibrational spectra and solvent effects is
presented. The equilibrium geometry of neutral diglycine is also
discussed.

Conformation. In the case of peptides and proteins, the
torsional angleg(C'i—-1—N;—C%—C';) andy(N;—C%—C'—Nj+1)
represent the rotation about the{€%) and (&—C) bonds,
respectively. A set of torsional angles {) thus represents the
conformation at thet-carbon atom. The torsional angl€C*—
C—N-C% provides an estimate of the nonplanarity of the
peptide group. Thus, the torsional anglesy(w) specify the
conformation in the case of simple dipeptidés.

Diglycine zwitterion has many conformers which are rela-
tively low in energy and are present at room temperature. The
values of¢, y, w, and total energy for the conformers of
diglycine zwitterion lying in the local and global minima both
in the gas phase and in the solvent media as obtained by all the
three basis sets 6-39(d), 6-3-+g(d,p), and 6-31tg(d,p) are
given in Table 1. Similar results for neutral diglycine, obtained
by the basis sets 6-3(d) and 6-3%+g(d,p) both at the
Hartree-Fock and B3LYP levels are also included in Table 1.
The conformers of diglycine zwitterion and neutral diglycine
which lie in the local and global minima of the potential energy
scan calculated at HF/6-3t-g(d,p) are shown in Figures 1
and 2, respectively. From the total energy of each of the
conformers shown in Figure 1, it was found that for the
zwitterion the conformer withd, ) of nearly (180.0, 180.0)
is more stable than all the other conformers. It corresponds to
the o form of diglycine zwitterion. The orientation of Nf
and COO groups of diglycine zwitterion may also influence
the stability of the conformer besides ¢#gisandy values. In the
gaseous phase, in order keep the charges separated, the
zwitterion has NH' in a staggered conformation with respect
to the NCC plane. The COQgroup is coplanar with the NC'
plane.

The planarity of the peptide group of diglycine zwitterion is
determined by the torsional angie and the calculated value
of w is 178.49,—179.99, and—179.99 for the basis sets
6-31+g(d), 6-3++g(d,p), and 6-31g(d,p), respectively. The
experimental values of( v, w) for diglycine zwitterion are
(177.7, 156.2, 178.7), (154.6, 152.3, 174.5), (157.1, 151.0,
176.1) and (157.1, 151.0, 176.1) as noted from the Xiray,
X-ray,2 neutron® and electron diffraction studi€sgespectively.

energy calculated by the SCRF method corresponds to theThe X-ray structure of the-form of diglycine zwitterios has

electrostatic contribution to the free energy of solvation. At the
Hartree-Fock level, the cavity radia, of 3.88, 4.12, and 4.08
A were obtained for the basis sets 643j(d), 6-3H-+g(d,p),
and 6-31-g(d,p), respectively. At the B3LYP level, for the basis

shown the peptide group to be planar, and the carboxylate and
amide groups inclined at an angle o2a@ each other. Although
the experimental values op( ) show a nonplanar skeleton,
the ab initio calculations ap andy always converged to (180.0,
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TABLE 1: Conformers of Diglycine Zwitterion and Neutral Diglycine and Their Total Energies in the Gas Phase and in
Solvent Media

dihedral angles

conformers basis set € ¢ Y 0} total energ§® rel energy
Diglycine Zwitterion
6-31+g(d) 1 177.85 167.43 178.49 —485.579 85
2.2 —177.54 170.20 176.89 —489.645 90
78.0 177.45 —179.61 176.44 —489.745 28
(ggl) 6-34-+g(d,p) 1 179.97 179.98 —179.99 —489.601 48 0.0
(992) 1 —150.0 —180.0 —192.0 —489.600 79 1.68
(993) 1 —180.0 150.0 —181.7 —489.600 0 3.75
(g94) 1 —150.0 150.0 —193.4 —489.599 04 6.27
(995) 1 —180.0 120.0 —177.4 —489.594 77 17.49
(g96) 1 —150.0 120.0 —188.96 —489.593 33 21.27
(997) 1 —180.0 90.0 —174.19 —489.589 66 30.90
(998) 1 —150.0 90.0 —186.6 —489.587 59 36.30
6-31++g(d,p) 2.2 177.99 —172.08 —177.33 —489.644 97
(g9l) 6-3H+g(d,p) 78.0 179.98 —179.99 179.98 —492.518 89
(gol) 6-3H+g(d,p) 78.0 179.97 —179.98 179.99 —489.725 71 0.0
(992) 78.0 —150.0 —180.0 [-489.696 69 76.2
(993) 78.0 —180.0 150.0 1+489.658 86 175.5
(994) 78.0 —150.0 150.0 1489.633 59 242.0
(g95) 78.0 —180.0 120.0 1£489.417 99 808.0
(9gb) 78.0 —150.0 120.0 1489.396 87 863.4
(997) 78.0 —180.0 90.0 £488.851 61] 2295.0
(998) 78.0 —150.0 90.0 1488.836 2§ 2335.2
6-31+g(d,p) 1 179.95 179.99 —179.99 —489.600 85
2.2 —179.99 179.94 179.99 —489.645 18
78.0 —179.98 179.93 179.97 —489.726 91
Neutral Diglycine
(dgn1) 6-31-+g(d,p) 1 179.20 146.61 177.19 —489.684 89
(dgn2) 1 180.0 180.0 180.0 —§89.591 04 246.4
1 150.0 150.0 180.0 -1489.654 7§ 79.1
1 180.0 120.0 180.0 —1489.643 44 108.8
(dgn3) 78.0 —179.52 153.36 174.18 —489.68641
6-31++g(d,p) 1 178.83 147.53 176.88 —492.481 28
78.0 —177.82 156.34 173.73 —492.483 14

2 Energy in Hartrees and relative energy in kJ/mol and the valugs 9f w are in degree<. Conformers (ggl) to (gg8) are shown in Figures
1 and 2, values in the brackets are single point energjigartree-Fock level.d By B3LYP method.

180.0), representing a planar skeleton for diglycine zwitterion. N—H suggest nonplanarity of the molecular skeletbfowever,
This deviation between the experiment and the ab initio results the calculated values demonstrate nearly planar skeletal structure
may be traced to the fact that in the solid state the zwitterion for diglycine zwitterion as discussed above.
forms a network of intermolecular hydrogen bonds which is  Neutral diglycine is not planar but its peptide group is planar.
absent in the gas phase and to which the results of the ab initioThe conformation of neutral diglycine defined by, ¢/, ) is
study refer to. 180.0%, 150.0, 180.0, respectively, as derived both at the
The atoms involved in the peptide linkageC(=O)N(H)— Hartree-Fock and B3LYP level using the basis set 6:31g(d,p).
are coplanar as a consequence of the delocalization of the CJFor neutral diglycine, a potential energy scan was made by
O, and N electrons to form a three-centeredsystem. The varying (@, y) values in the gas phase as well as in the solvent
occurrence of such coplanarity is often assumed to be of generalmedium of dielectric constant 78.0 at HF/6-3%g(d,p).
importance in determining the secondary structure of proteins. Selected conformations obtained with single point energies are
This interpretation is reinforced by the marked shortening of listed in Table 1 and shown in Figure 2. The optimized
the C-N bond. conformation of neutral diglycine, which lies in the global
The observed geometrical parameters of diglycine zwitterion minima, has ¢, vy, o) of (179.2, 146.6, 177.2), showing
from the X-ray and neutron diffraction stud?e® are compared deviation from planarity. The energy differences between the
in Table 2 with those calculated at the HF level using the basis various conformations of neutral diglycine are considerable as
set 6-34-+g(d,p). The calculated geometrical parameters of given in Table 1.
diglycine zwitterion were nearly the same in all the three basis  The energy difference between the conformers lying in the
sets, and hence only the values derived at HF/-8a(d,p) global minima of the zwitterion and neutral diglycine is higher,
are given. The calculated bond lengths and bond angles are in—219 kJ/mol, showing that the neutral form is more stable than
good agreement with the experiment. The calculated bond the zwitterion. However, the zwitterionic form of glycine and
lengths of G=0 and C=0 are smaller by 0.071 and 0.022 A, other amino acids is 2060 kcal/mol more stable than the
respectively, than the experiment. This may be expected sincecorresponding neutral form. Inclusion of electron correlation is
the two C=0 groups are involved in intermolecular hydrogen essential in evaluating the stability of the zwitterion over the
bonding in the solid state. The calculated bond angles™fN  neutral form.
C—C, C-C=0, and C-N—C' are lower than the experimental The geometrical parameters of diglycine zwitterion are
values by nearly § while the calculated value of €N—C' is compared with those of the neutral molecule in Table 2. A
higher by about 8than that observed. The experimental values comparison of the geometrical parameters of neutral diglycine
of the dihedral angles NC—C=0, N—C'—-C'=0, and C-C— obtained at the HF level in the gas phase with those of the
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TABLE 2: Experimental and Calculated Geometrical Parameters of Diglycine Zwitterion and Neutral Diglycine

diglycine zwitterion calculated (6-31+g(d,p))
experiment diglycine zwitterion neutral diglycine
parameters X-ray? neutrort gas €e=22 e=78.0 e=78.C ga® e=780 =780
N+t—C 1.491 1.484 1.496 1.496 1.496 1.512 1.445 1.446 1.460
c-C 1.519 1.518 1.543 1.539 1.541 1.553 1.518 1.519 1.530
C=0 1.249 1.240 1.226 1.214 1.220 1.227 1.204 1.206 1.232
C—N 1.319 1.333 1.291 1.314 1.362 1.373 1.347 1.344 1.355
N—-C' 1.451 1.453 1.461 1.459 1.462 1.473 1.437 1.438 1.447
c-C 1514 1.524 1.560 1.549 1.551 1.564 1.505 1.507 1.515
C=0 1.230 1.235 1.244 1.260 1.260 1.254 1.19 1.19 1.213
Cc-0" 1.232 1.251 1.217 1.234 1.263 1.284 1.32 1.321 1.344
Nt—H2 1.001 1.037 1.005 1.009 1.021 1.036 1.0 1.00 1.019
NFT—HP 1.035 1.040 1.042 1.022 1.013 1.029 0.999 0.999 1.015
C—H 1.094 1.101 1.080 1.080 1.082 1.094 1.093 1.092 1.104
N—H 1.023 1.020 1.015 1.002 0.996 1.013 0.995 0.996 1.014
C—-H 1.103 1.103 1.082 1.083 1.084 1.096 1.085 1.084 1.097
O—H 0.949 0.950 0.974
N*—C-C 109.5 109.3 104.5 106.73 111.52 111.10 109.62 110.05 109.71
C-C=0 120.4 119.9 115.4 116.88 119.72 119.48 121.59 121.71 121.64
C-C—N 116.3 116.6 115.4 116.79 118.33 116.09 115.61 115.56
C—-N-C 121.2 120.6 128.4 123.80 119.69 120.12 121.02 121.67 122.23
C—N—-H 120.7 120.6 123.7 123.17 121.97
N-C—-C 112.4 1125 106.2 110.21 117.12 109.64 109.28 108.95
c-C=0 117.9 118.4 113.9 115.89 120.05 119.50 125.03 124.60 124.41
c-C-0" 1155 116.6 114.7 114.37 114.21 114.33 111.7 111.71 111.53
N—-C—-C=0 —30.9 -32.2 —0.016 9.1 0.02 0.04 —36.21 —29.43 —26.1
C-C—N-C 174.5 176.1 —179.99 —177.33 179.99 —179.98 174.18 173.73
C—-C—N-H —-4.6 -11.3 —0.01 1.062 0.0 —6.6 -3.9 -33
N-C'—-C' -0~ —169.7 —169.1 180.0 —179.99 —179.99 —180.0 179.29 179.03 178.93
N-C'-C'=0 115 10.7 0.003 0.23 0.02 0.0 -0.8 -1.07 -1.2

aBond lengths are in A, bond angles and dihedral angles in degrees; a: in plane, b: out of plarieee-Fock level.c By B3LYP method.

zwitterion shows that NC, C—C, N—H, and amide &0 bond derived at the HF/6-3t+g(d,p) level; the calculated total
lengths decrease by 0.05 A or less as we go from the zwitterion energy for the lowest energy conformer (gg1) was a minimum
to the neutral molecule, while the amide-® bond length in this basis set as compared to that obtained from the other
increases, showing increased contribution of the covalenttwo basis sets as noted from Table 1. The ab initio force
resonance form in neutral diglycine for the amide group. The constants were not modified using the scale factors to bring
carboxylate group of the zwitterion shows a small decrease for the calculated frequencies nearer to the observed frequencies,

the G=0 bond length and a similar increase for the-GH which is generally the practidd However, as discussed below,
group as expected for the neutral diglycine. The@®+C=0 the calculated frequencies were scaled according to Scott and
and C-C—N—H dihedral angles in neutral diglycine show paqom2 to obtain a better agreement between the calculated
nonplanarity of the molecular skeleton. and experimental frequencies. The calculated scaled frequencies

Binding Energy. The binding energy of diglycine zwitterion ,nqer harmonic approximation are compared with the observed
was obtained as the difference in energies for the formation of infrared and Raman bands of thediglycine zwitteriod%1%in
diglycine zwitterion from two_glycine Zwitterions with the Table 3, wherein the assignments from the potential energy
release of a molecule of water. The total energies were calculated :

. o - ) . distributions (PED) are also given. Similar results for the
for glycine zwitterion, diglycine zwitterion, and water molecule . . .
. . S . .~ N-deuterated zwitterion ¢l are presented in Table 4. It is
using the same basis set. The binding energy for diglycine

zwitterion neglecting zero point energy corrections was found satisfying tc_> note that the Rar_nan bands have been (_)bse_rved
to be —172.12 and—199.5 kJ/mol respectively, as calculated corresponding to each of the infrared bands of the diglycine
using the basis sets 6-3%g(d,p) and 6-3¢g(d). The method zwitterion in most cases. The observed and calculated frequency
of Chauduri and Camut®,who have calculated the binding ~ Shifts for *N isotopic molecule ofr-diglycine zwitterion (d)
energy for neutral diglycine, was followed. and its N-deuterated species)(dre listed in Tables 3 and 4,
respectively. The predictedN shifts are in satisfactory agree-

HH H gy ment with the experiment.
g C .o n_© ¢ © HC - 0 It is well-known that the ab initio harmonic frequencies are
N, €+ H N+ o oM T eN € smpo typically by about 10% overestimated from the experimentally
H o) H Y H ¢ O .
H o] observed fundamentals. Errors arise because of the neglect of

anharmonicity and electron correlation and due to the use of a
glycine zwitterion ~ glycine zwitterion diglycine zwitterion finite basis set. Scaling factors are usually applied to the ab
initio force constants to obtain a good overall agreement between
Vibrational Spectra. The lowest energy conformer of the calculated and observed frequenéiess mentioned before.
a-diglycine zwitterion (ggl) possessing the point group sym- However, Scott and Radéfhhave proposed from a compre-
metry C; yielded all real frequencies at the HF level for all the hensive study scaling factors for the theoretical harmonic
three basis sets mentioned earlier. Harmonic frequencies andrequencies themselves rather than for the force constants. They
their assignments were calculated by utilizing the force constantshave recommended a scale factor of 0.9054 for the harmonic
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TABLE 3: Observed and Calculated 1N Shifts and Scaled Harmonic Frequencies (cmt) of Diglycine Zwitterion and Their
Assignment

exptk N1® shifts calcd
IR7 IR® Ramani obsd calcd scaled! PED
11 3431 NHas(100)
3282 3282 3285 7.5 6 3364 N85(61), NHas(39)
3288 3285 7.5 9 3234 NHs(99)
3055 3055 3062 0 3024 Chhs(100)
3015 3020 3013 0 2982 (H,as(100)
3015 3014 2960 0 2964 Ch5(99)
2925 2968 2927 0 2934 @H,5(99)
2925 292 2874 6 2854 Nhkas(57), NHss(42)
1676 1674 1682 0 1 1724 COs(31), CNs(29), COOas(16)
1658 1668 1647 4 8 1722 COO0as(42), COOs(21), CNs(13), COs(11)
1627 1629 1629 0 2 1636 NEb(97)
1598 1605 1611 0 4 1607 NBlo(74), NHsb(15)
1554, 1533 1532 1531, 1503 12 17 1523 NHb(28), COs(21), CNs(19)
1478 1482 1481 0 0 1463 Gb(78)
1441 1441 1447 0 1457 'B2b(85)
1408 1406 1408 0 6 1404 NBb(57)
1388 1385 1399 0 0 1361 COOs(44)03(18), COOas(15), ‘Elb(15)
1333 1337 1338 0.6 3 1340 Gl46), CCs(10)
1310 1311 1315 0.4 2 1300 'I43t(45), CHt(18)
1251 1252 1249 1.2 5 1284 GHB7), NHw(22)
1231 1233 1242 1.9 2 1195 "I8:t(91)
1157 1157 1158 0.9 0 1191 NHb(43)Hzt(26)
1129 1134 1136 4.4 2 1074 NW(36), CHbr(34), CHw(19)
1094 1097 1100 8.1 9 1073 Nig53), NCCh(10)
1037 1040 1046 3 12 1037 NEE51), NHr(11)
1001 1001 1007 0.9 1 996 "B (62), coo(28)
965 964 968 3.2 12 960 NCs(42), CCs(16), COb(16)
918 918 918 1.8 7 911 NCs(36), CCs(13)
895 900 910 2.2 1 902 GMI(45), NHw(35), TTco(15)
2 863 CC's(41), COOb(31)
2 846 HNH(46), TCN(37) TNC’(14)
735 734 730 2 2 704 CCs(23), COb(22), NCCh(21),CO0b(12)
711 710 718 0.9
664 663 665 1.2 2 654 COOb(33),@s(20), COb(19)
588 592 598 3 1 587 Hcoo(37), CHaw(19), TTeo(12)
580 585 588 0.8 1 556 Mco(38), CHW(19), coo(12),CHaw(10)
522 532 535 16 5 542 CODb(40), CCNb(16)
440 402 396 4 391 NCCb(29),COb(25)
400
310 314 317 2 321 CCNb(26)/COb(11), NCs(10) NCCh(10)
298 2 268 NOC'b(34), NCCb(14)
231 232 221 0 243 Tniy(61), NHsab(30)
207 207 182 1 181 e (29), Ton(24), ITnn(17), Tkg(11)
(118¥ 167 1 165 CN@(42), CCNb(27), NG'b(16)
(79)c 0 84 ch(47), HNH(ZZ), TCN(14)
(56)C 1 48 TNH3(35)7 ‘Ecc(24), ‘L’Nc'(18), HNH(ll)
(36)C 0 14 TNH3(51)1 ‘L'cc(35)

acm . P ss= symmetric stretching, as asymmetric stretching, sb symmetric bending, ak= asymmetric bending; = torsion,II = out of
plane bend, t twisting, w = wag, r= rocking. ¢ Values in the parenthesis are calculated values from ref 9.

frequencies calculated at HF/6-8%g(d,p). Accordingly in the mode, respectively. The present assignment differs from that
present work the ab initio harmonic frequencies have been scaledbf Destrade et &.who have assigned the latter band to NH
down by using a scale factor of 0.9054. The agreement betweendeformation and a band at 1605 thto COO™ stretching.
the calculated scaled harmonic frequencies and the observedAccording to the present results, their assignments for the 1660
frequencies is satisfactory. However, the NHstretching and 1605 cm! bands need to be reversed. However, there is
frequencies show comparatively larger deviation from the broad agreement regarding the assignment of the other frequen-
experimental frequencies, which may be due to hydrogen cies considering the inherent limitations of the earlier normal
bonding and larger anharmonicities involving hydrogen stretch- coordinate analysis with empirical force fields. Chakraborty and
ing vibrations. The COO stretching modes also show a Manogara®® have calculated the vibrational frequencies of
somewhat larger deviation, possibly since the CQffoup is glycylglycine hydrochloride from the ab initio force field
involved in hydrogen bonding. obtained at the HF/6-31g(d) level for the lowest energy
The assignment of the observed infrared and Raman bandsconformer. They have also assigned a few of the experimental
of diglycine zwitterion is accomplished by noting the agreement frequencies. The present assignments are in good agreement
between the observed and calculated frequencies for the parenwith them. In particular, the assignments of asymmetricsNH
molecule and its isotopomers. Two intense infrared bands atbending modes at 1630 and 1605 ¢rand the symmetric Nt
about 1675 and 1660 crhfound for diglycine zwitterion are  bending at 1406 cnt are compatible with those in diglycine
assigned to the amide | band and asymmetric C@ttetching hydrochloride? Similarly the assignment of N§t rocking and
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TABLE 4: Observed and Calculated >N Shifts and Scaled Harmonic Frequencies (cmt) of N-Deuterated Diglycine Zwitterion
and Their Assignment

exptk N1° shifts calcd
IR IR® Ramar obsd calcd scaled freq PED
3020 3012 0 3024 Clas(100)
2960 2958 0 2982 ‘El,as(100)
2925 2923 0 2964 Ci3(99)
2870 0 2934 @H,5(99)
2434 2463 14 16 2533 NRs(99)
2418 2434 2431 11 2445 NB5(49), NRas(49)
2290 2408 13 2376 NDs(97)
2154 8 2083 NBss(49), NDas(48)
1660 1659 1673 2 0 1718 COO0as(59), COOs(30)
1645 1640 1633 2 9 1708 COs(43), CNs(43)
1485 1488 1480 14 14 1485 COs(28), CNs(19), CCs(12)
1442 1443 1445 0 14 1459 Gb{76)
1402 1407 1403 1 1456 'B2b(81)
1367 1358 1358 45 0 1359 COOs(44)CB(18), COOb(15), COOas(14)
1345 1348 3 1330 Ci(74)
1307 1311 1310 1.0 0 1284 "184(75)
1280 1280 1280
1240 1243 1242 0.25 3 1248 @itB4)
1165 1170 1168 1.0 2 1195 "Idor(91)
1165 1170 1168 1.0 6 1182 N&b(47), NDsh(39), NCs(11)
1150 1154 6 1178 NEab(97)
1107 1108 10 10 1069 N@b(36), NQsb(31), NCs(18)
1042 1047 1044 1 11 1030 N&E(55)
1020 1027 1020 3 2 1016 G(53), 7co(17), CHr(13), NDaw(11)
1000 994 995 05 0 995 "Bw(61), 7coo(28)
992 989 982 35 6 983 NDb(24), CCs(23),COb(18)
935 935 924 0.6 4 930 Ng(23), NCCh(21), NDb(11)
35 3 892 NCs(36), NDb(23)
850 858 864 1.0 0 863 'C's(42), COOb(31)
843
782 786 787 1 7 809 N#D(40), NCs(15), COb(11)
710 704 696 0 2 742 Niv(74)
658 654 656 1.4 1 673 CCs(22), COOb(20), COb(11)
658 654 656 1.4 2 648 CODb(29),CO0b(24)CB(17)
2 628 o (40), 7en(28), coo(11)
582 593 586 1.1 0 584 Hcoo(33), CHaw(17), TICO(14)
584
537 532 534 2.7 2 547 co(32), CHW(18), TTno(13), Meoo(11)
495 492 504 1.0 5 529 'C'Ob(43), CCNb(14)
403 387 382 2 368 C'0b(27), NCCh(21)
310 304 1 311 CCND(20), COb(12), CNIT12), NCCh(11), NG(10)
300
287 2 255 NGC'b(29), NCCb(20)
214 214 1 188 TND3(27)1 ND3&b(22) ,HND(14), ch(l3), ‘Ecc(lz)
(182}2 1 177 TND3(31), ‘[CN(lg), ch(lg)
(114F 1 99 CNCDb(41), CCNb(27), NG&'b(16)
(76)C 1 83 ch(54), HND(lg), ‘L'CN(16)
(55)C 1 43 TND3(34)1 ‘L’cc(zz), ‘L’NC'(ZO), HND(13)
(34)C 0 13 TND3(51)1 ch(35)

acm . P ss= symmetric stretching, as asymmetric stretching, sb symmetric bending, ak= asymmetric bending; = torsion,II = out of
plane bend, & twisting, w = wag, r= rocking.¢ Values in the parenthesis are calculated values from ref 9.

wagging modes respectively near 1100 and 1134'dm the and out of plane &0 bending modes, respectively, may be
infrared spectrum are in accord with those in diglycine attributed to the infrared bands observed near 665 and 585 cm
hydrochloride?® The observed stretching frequencies of ;NH respectively.
CO, and COO groups are considerably lower than their Spectra of Isotopic MoleculesVibrational frequencies for
respective calculated frequencies. This is expected since theseselectively N-, C-, and C,N-deuterated diglycine zwitterions have
groups are involved in intra- and intermolecular hydrogen been calculated using the force constants derived employing
bonding. The calculated frequencies refer to the isolated the basis set 6-3t+g(d,p) and the calculated frequencies are
zwitterion in the gas phase. scaled down according to Scott and Radéamd compared with

The symmetric COOstretching is assigned to a fairly intense the observed ones in Table 5. For all the fundamentals of the
band observed in the infrared and Raman spectra near 1385ine isotopomers of diglycine zwitterion the agreement between
cmL. The assignment of the amide Il band to an infrared band the observed frequencies and the calculated scaled harmonic
at 1532 cm! is consistent with that in diglycine hydrochloride frequencies is good. Thus the ab initio force field successfully
as well as with the experimental assignment of Lagant ét al. reproduces the experimentally observed fundamentals for all
The assignment of the characteristic amide Il band (duetblC  the isotopic species includingN isotopic shifts of diglycine
stretching) is rendered difficult because of its highly coupled zwitterion. Some deviations between the observed and calculated
nature. However, the amide IV and VI bands due to in plane frequencies (or the shifts) may be attributed to the larger
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TABLE 5: Observed and Calculated Scaled Harmonic
Frequencies (cn?) of Variously Deuterated Diglycine
Zwitterion 2

doa dops daop
obsd calcd obsé calcd obsé calcd
3288 3234 3288 3233 3288 3233
2982 3228 3024 2855
1673 1723 1674 1722 1670 1721
1650 1721 1653 1721 1650 1720
1629 1636 1626 1636 1627 1636
1599 1606 1606 1607 1598 1606
1543 1522 1539 1522 1539 1521
1481 1457 1442 1463 1409 1400
1445
1404 1400 1409 1405 1328 1359
1334 1361 1388 1359 1228 1255
1298 1312 1336 1335 1208 1155
1227 1208 1263 1284 1151 1135
1207 1195 1263 1234 1115 1101
1136 1152 1127 1100 1078 1084
1136 1135 1076 1074 1053 1057
1086 1089 1076 1071 1017
1051 1047 1049 1055 947 978
1000 996 1017 998 921 913
961 989 949 953 921 906
925 903 928 913 895 885
910 877 909 903 878 878
887 854 887 889 868 863
837 844 867 887 835 836
837 819 838 804 823
804 793 823 804 792
703 682 720, 704 698 701 673
657 648 649 631 642 628
589 581 573 564 544 512
562 537 536 518 526 510
496 493 499 491 481 477
399 389 400 389 397 388
309 316 310 320 306 314
267 266 265
226 243 226 243 228 243
177 161 157
100 100 100
83 84 83
43 44 43
14 14 13
dee. des dg
obsd calcd obsd calcd obsd calcd
2982 3024 2434 2533
2434 2376 2434 2376 2216
1655 1718 1657 1716 1620 1716
1638 1706 1636 1707 1590 1704
1482 1482 1487 1484 1477 1481
1447 1456 1442 1459 1410 1359
1405 1362 1410 1359 1220 1186
1313 1285 1357 1330 1171 1181
1202 1195 1282 1248 1150 1157
1170 1186 1173 1182 1118 1093
1170 1181 1173 1178 1118 1090
1142 1146 1149 1111 1077 1077
1077 1081 1080 1089 1034 1045
1036 1052 1080 1068 957 982
1009 1018 1003 1016 957 981
996 987 938 920
975 981 936 943 938 912
948 953 898 912 915 905
908 898 898 890 904 881
908 888 868 886 904 878
882 869 824 868 854
853 786 805 858 823
781 750 780
727 692 742 725 691
695 665 695 665 678 650
638 638 644 627 630 625
638 626 644 623 630 618
587 574 587 558 544
524 525 514 507 514 503
486 486 485 487 468 471
385 367 387 367 379 365
311 308 304 310 295 306
254 220 253 253
215 186 186 210 185
175 159 156
97 98 97
81 83 81
43 43 43
12 13 12

aFor abbreviationsly, g, daag, dse, dss, andds, see text.

Nandini and Sathyanarayana

anharmonicity associated with hydrogen involving vibrations
and the effect of hydrogen bonding.

Solvent Effects.Amino acids and peptides exist in aqueous
solutions as zwitterions rather than in their neutral form as
supported by the ab initio calculations carried out, for example,
for glycinel” Zwitterion formation in solution occurs by means
of an intramolecular proton transfer from oxygen to amine
nitrogen. Solvent effects on the conformation of diglycine
zwitterion were investigated by the ab initio method using the
basis sets 6-3tg(d), 6-34-+g(d,p), and 6-3tg(d,p) for
solvents of dielectric constant)(2.2 and 78, corresponding to
carbon tetrachloride and water, respectively, using the dipole
method.

The Onsager continuum model is a method to predict the
solvation effects on the properties of the solute without
considering explicit solvent molecules. This model has been
used to predict the spectral and structural changes occurring
due to the solvent in good agreement with the experirtetit.

The results have shown that the success of the Onsager reaction
field model is largely due to the cancellation of errors. The
unrealistic cavity shape cancels errors due to the neglect of
higher order electrostatic terms. Other cavity shapes such as an
ellipsoid or an approximation to the van der Waals sufface
have been used; the effect of higher moments has also been
examinec?®> 27 However, the simple model remains the only
one for which analytical gradients and second derivatives are
available. They are needed for efficient geometry optimization
and the calculation of vibrational frequencies in the presence
of the reaction field. The more general Onsager reaction field
approach with judicious choice of the basis set and the radius
of the molecular volume in a particular dielectric medium
appears to give a more appropriate description of the amino
acid zwitterions.

The structures obtained in the gas-phase geometry optimiza-
tions were used as initial structures for the optimizations within
the Onsager model using the HF and B3LYP methods employ-
ing the 6-31-+g(d,p) basis set. All the structures optimized to
stable structures.

The calculated total energies for the conformers of diglycine
zwitterion lying in the global minima of the potential energy
scan at the HF level made using the three basis setstx@t),
6-31++g(d,p) and 6-31g(d,p) in solvents of dielectric constant
2.2 and 78.0 are given in Table 1. The conformers lying in the
local minima of the potential energy scan calculated at HF/
6-31+-+g(d,p) in solvent of dielectric constant 78 are shown in
Figure 1. The potential energy scans were made by varying both
¢ andy from 180.0 to 0.0 and the minimum energy was again
found to correspond t@, v values of 180.0, 180.0 in the
aqueous medium. A study of the rotation of the COgyoup
in aqueous medium showed that the COgdoup coplanar with
the diglycine skeleton represents the minimum energy confor-
mation. In the solvent of dielectric constant 2.2, diglycine
zwitterion tends to be slightly nonplanar wighand 1 values
of 177.99 and—172.08, respectively. Table 1 shows that the
total energy of diglycine zwitterion decreases with increase in
the dielectric constant of the solvent due to solvation effect.
The extra stability of the zwitterion in the solution (or solid
state) over that in the gas phase seems to come from the
intermolecular interactions and the interactions with the solvent.
Thus the effect of the solvent environment and intermolecular
hydrogen bonding cannot be ignored in the theoretical studies
of the dipeptide zwitterion.

Ab initio calculations on diglycine zwitterion in a solvent of
dielectric constant 78.0 were also carried out using the B3LYP/
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TABLE 6: Calculated Scaled Frequencies (cm?) of Diglycine Zwitterion in Solvents of e = 2.2 and 78

HF/6-31+g(d) HF/6-31+g(d,p) B3LYP/6-31-+g(d.p)
gas €e=22 e=78.0 gas €e=22 e=78.0 e=78.00
3422 3435 3505 3431 3417 3506 3590
3359 3371 3324 3364 3386 3342 3458
3263 3331 3278 3234 3334 3307 3424
3041 3234 3161 3024 3108 3217 3328
3020 3029 3006 2982 3016 2995 3145
2998 2982 2969 2964 2970 2950 3091
2980 2972 2956 2934 2959 2941 3089
2952 2943 2918 2854 2928 2916 3057
1727 1716 1757 1724 1709 1739 1750
1722 1662 1668 1722 1670 1624 1658
1664 1661 1649 1636 1634 1622 1654
1625 1630 1588 1607 1619 1612 1629
1533 1516 1580 1523 1513 1540 1549
1478 1502 1481 1463 1470 1466 1493
1472 1477 1473 1457 1462 1461 1482
1451 1473 1425 1404 1446 1441 1419
1366 1391 1395 1361 1383 1387 1370
1361 1368 1345 1340 1350 1346 1337
1316 1317 1330 1300 1304 1316 1327
1296 1306 1263 1284 1288 1283 1288
1215 1229 1250 1195 1213 1240 1242
1206 1199 1122 1191 1190 1155 1159
1083 1082 1076 1074 1074 1073 1079
1082 1077 1070 1073 1068 1065 1070
1036 1035 1025 1037 1038 1029 1032
1000 1000 992 996 996 992 974
964 970 949 960 968 963 970
911 916 906 911 916 913 916
896 890 875 902 906 872 882
863 865 828 863 866 845 845
843 700 687 846 710 686 681
702 685 631 704 694 626 629
653 640 620 654 645 619 626
591 603 597 587 597 602 599
563 552 506 556 547 516 526
537 529 415 542 535 471 492
397 359 323 391 368 334 338
328 303 254 321 307 264 263
276 234 250 268 238 198 196
213 178 189 243 189 195 183
184 111 155 181 165 150 135
105 110 129 165 108 119 117
84 92 118 84 83 111 106
68 82 86 48 70 75 63
30 57 65 14 —64 49 —90

aNot scaled.
o] o~
6-31++g(d,p) method. Diglycine zwitterion was found to be \\c N/ \C_}t‘/
stable in the solvent medium at the B3LYP/643tg(d,p) level, / \ / — \

unlike in the gas phase. At the Hartreleock and B3LYP level,
the cavity radiia, of 4.12 and 4.21 A, respectively, were
obtained for the basis set 6-8%g(d,p). The conformer (ggl),
which lies in the global minima at HF/6-31+g(d,p), was
considered for geometry optimization at B3LYP/6+3tg(d,p) 2.2 and 78 calculated at HF level using the basis setst@@l)

for the solvent of dielectric constant 78.0. The total energy and and 6-3%-+g(d,p) are given in Table 2.

geometrical parameters obtained for the ab initio calculations The geometrical parameters of diglycine zwitterion in the
carried out at the B3LYP level are given in Tables 1 and 2, solvent ofe = 2.2 do not show much variation from those in
respectively. The values op( vy, w) from the HF and B3LYP the gas phase. The variations are slightly higher for the solvent
methods for the basis set 6-8%g(d,p) are (179.97-179.98, of e = 78. Interestingly, the calculated amide=O and N—-H
179.99) and (179.98;179.99, 179.98), respectively. The total bond lengths are slightly shorter and the amideNCbond is
energy obtained at the B3LYP level of theory includes electron slightly longer in the solvent of higher dielectric constant
correlation too. The calculated bond lengths, bond angles, andcompared to their values in the gas phase. This suggests the
dihedral angles for diglycine zwitterions at the B3LYP level in stabilization of covalent resonance form (a) over the dipolar
solvent of dielectric constant 78.0 are very nearly the same asform (b) shown in Figure 3 in solvents of higher dielectric
those obtained at the HF level, confirming the presence of a constant, unlike for the neutral amide molecules where the
dipolar structure in polar solvents. The geometrical parametersdipolar resonance structure is stabilized in polar solvé&itse

of diglycine zwitterion in the two solvents of dielectric constant bond length of &0 of the carboxylate group of the zwitterion

(a) (b)
Figure 3. Resonance structures for the amide group.
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shows a decrease, while that of the @~ group shows a slight  in the latter. The minimum energy conformation in the gas phase

increase in the aqueous medium. The bond angle-e€€0 and in aqueous medium possesses planar skeletal geometry. The
shows an increase, while the bond angle CM@s found to vibrational spectra of diglycine zwitterion have been assigned
decrease in the aqueous medium by aboutfdm their using the theoretical ab initio frequencies and their assignments,

calculated values in the gas phase. The dihedral angles do noaind the spectra of nine selectively C-, N,C-, and N-deuterated
register much variation in the two solvents from their values in and!°N-labeled isotopic species.
the gas phase. The shifts in bond lengths and bond angles Neutral diglycine is apparently more stable than the zwitter-
demonstrate considerable interaction of diglycine zwitterion with jonic form in the gas phase. The zwitterionic form is stabilized
the surrounding solvent molecules. at the B3LYP level in the solvent medium. The equilibrium

Ab initio calculations were carried out for neutral diglycine geometry and the vibrational frequencies of diglycine zwitterion
both at the HF and B3LYP levels using the basis set in the solvent medium calculated at the HF level are consistent
6-31+-+g(d,p) in solvent of dielectric constant 78.0. It was found with those obtained by the B3LYP method.
by both the methods that the conformer lying in the global
minimum possesses a nonplanar conformation in the solvent.References and Notes
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