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Thirteen conformers of nonionized glycine identified previously in ab initio correlated calculations at the
MP2/6-31H-+G** level of theory are investigated by means of the atoms in molecules (AIM) theory. The
study focuses on properties directly derived from the electron dep@ily The topological features qf(r)

are used to identify intramolecular hydrogen bonds in some structures. The intramolecular effects related
with the stability of every conformer are explored by analyzing the potential energy contributions arising
from the molecular fragments NHCH,, CO, and OH computed within the AIM framework. This study of
intramolecular interactions using information provided by #©® complements previous studies on glycine
based on traditional empirical considerations and may be valuable for further studies on more complex amino

acids.
Introduction He [
As the simplest amino acid (NHCHR—COOH), glycine / v
(R = H) has received special attention. Glycine crystallizes in Os

C
the solid phase as a zwitterion WHCH,COO™. Neutron H ¢ zg\ /
diffraction* and X-ray > structures have been reported, with 1° c
the first X-ray work dating back to 1939The crystal structure Hom—N;
has been characterized in X-ray studies at room temperature
(combined with neutron diffractiorf)at 120 K* and recently at
23 K5 In aqueous solution glycine presents the zwitterion form, 0,
but because the absorption due to water interferes with that of T~—H
glycine itself, IR and Raman spectra are scasmethat recent
spectroscopic data on condensed phases refer to crystalline ¢=0° y=0° 6=0°
glycine’ On the theoretical side, zwitterionic glycine in the
liquid phase has been the subject of ab initio calculatiams!
its vibrational spectrum in the aqueous medium recently stddied.

Much more evidence, both experimeAfal* and theoreti-
cal >3 exists for nonionized glycine in the gas phase. Glycine
has three internal rotational degrees of freedgmy, and6,
associated with bonds-€N, C—C, and C-0O, respectively, seen ]
in Figure 1. This leads to eight rotamers@fsymmetry depicted 7 = 180° 7, = 180° 7 = 180
in Figure 2 with roman numerals and the letter p to indicate rigyre 1. (Top) Atomic numbering scheme and internal rotational
planar heavy-atom arrangements (we follow the notation degrees of freedong, v, and 6 for nonionized glycine. (Bottom)
proposed by Csza?%. Small torsional changes permit slight Newman projection of the dihedral angle{NsC,C104), 72 (NaC2C10s),
stabilizations leading to other minima in the potential energy andrs (C;Ci104Hg) used in ab initio calculations.
surface (PES) displayed in Figure 2 with the letter n to denote
nonplanar heavy-ator@; arrangements.

Two microwave studies of glycine were reported in 19782
Brown et all® suggested that llp should be the dominant species
in the gas phase, whereas Suenram and L'4¥psoposed the
mixture of Ip and llp. These authdt8 measured in 1980 the
microwave spectrum of Ip, but due to uncertainties in the relative

0, Os He

Ng N3 Cz

abundance of rotamers and the magnitude of dipole moments,
it was not possible to determine the dominant species. ljima et
all? reported in 1991 electron diffraction data and concluded
that Ip is the most stable conformer, accounting for 76% in the
gas phase; the remaning 24% should correspond to a mixture
of llp and Illp.12 Godfrey and Brow#? used a free expansion
supersonic jet microwave spectrometer to confirm the dominant
« Corresponding author (e-mail Ipacios@montes.upm.es). mixture of Ip and Ilp and suggested also thq presence oﬂllp.
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Conformers of Gaseous Glycine
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Figure 2. Conformers of glycine and sets of anglgs ¢, 6) and (1, 72, 73) found in MP2/6-31%+G** calculations?® Dashed lines represent

assumed hydrogen bonds.
spectroscopy, finding an excellent agreement between theirby Vishveshwara and Popewho computed HF/4-31G ener-
distribution and the theoretical distribution obtained with a gies of rotamers generated af@tervals ing, 1, andf angles.
weighted conformational average of the ab initio geometries of They identified Ip as the lowest lying conformer and Ilp at 2.2
Csxza?® composed by Ip (55%), Ilp (20%), Illp (9%), IVn  kcal/mol higher. Sellers and Sdeé&® optimized the geometries
(13%), and Vn (3%}# of these two rotamers at the HF/4-21G le¥&lpbtaining a new
Pioneering ab initio work on glycine was reported in 1977 estimate of 2.5 kcal/mol for their relative energy and suggesting
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a third intermediate conformer Illp at 1.9 kcal/mol abovéap. TABLE 1: Relative Energies (AE) of Glycine Conformers
Using th|S informationl Suenram and Lovas improved their O_btained with Different Correlated Calculations and MP2
previous microwave spectrdfnand reported new resul Dipole Moments {)*

confirming Ip as the global minimum. Unfortunately, small AE

changes in the basis sets used led to large fluctuations in the conformer MP2 MP4 MPo® BLYPY ACMY e
relative energies: at the end of the 1970s HF/DZ was the only

s o . Ip 0.0 0.0 0.0 0.0 0.0 1.19

ab initio level affordable to optimize geometries, but the lip 059 066 0.70 0.17 011 5.68
resulting theoretical evidence was not conclusive enough to  IIn 0.53 1.01 0.64 0.12 0.08 5.58
elucidate the PES of glycine. Iip 1.59 1.54 1.52 1.44 1.56 1.77
Dykstra et alt” reported in 1981 the first correlated calcula- :I\I/r; i:gg }1'.?6)32 i'_gg él.(s)g &13'.?2 %'_gg
tions and showed that electron correlation stabilizes llp much |\ 126 131 131 1.72 159 2.05
more than Ip, decreasing their energy separation from 2.5 kcal/  vp 538 534 5.34 5.27 565 2.03
mol (HF value) to 1.0 kcal/madl’ In the 1990s, Jensen and Vn 220 218 217 3.01 3.04 240
Gordort® undertook an extensive study at the HF/6-31G* level ~ VIP 570 549 548 517 5.52  2.95
and computed MP2 energies at the HF geometries. All of the g::ﬁo 1613'% 18'3% 1%‘%% 1%%%1 161'2803 ‘;‘0581
conformers in Figure 2 except Ilin were identified, but their Vilin 709 692 6.91 6.96 713 430

results suggested (misled by the small basis sets employed) that . ) )
electron correlation had little effect on the relative stability. 3115””9*'95 n kcal/m‘.’".d'p.c"r‘;o";‘oments in debyeBull MP2/6-
Ramek et al? explored the influence of correlation to optimize -+ G™ geometry Opt'mlz_at'o ' **Smgle'pom-t ME n£6-311+G

- calculations at the MP2/6-31G** geometries® ¢ DFT/DZVP
geomet”es fOI‘ Ip, ”p, and IIn at the MP2/6'3116** |eVe| and geometry Optimizationgil eComputed at the MP2/6-311HG**
found significant changes that demonstrated the importance ofgeometries with the same basis set (this work).
using flexible basis sets. In 1992 Gga?° reported MP2/6-
311++G** geometries for all of the conformers, giving thus molecular system into its atomic fragments defined by the
the first complete PES of glycine obtained with correlated gradient vector field ofo(r). The AIM framework makes a
calculations and extended basis sets. The information ac-bridge between the methods of quantum mechanics and
cumulated since the publication of the ‘Gga work has traditional chemical concepts. The study here presented is thus
confirmed the high reliability of his results. In a nearly intended not only to explore the conformational PES of glycine
simultaneous work apparently unaware of this study, Hu®tal. but to provide a way to analyze intramolecular interactions of
reported geometries at the CISD/DZP level for seven conformersfurther interest in amino acids.
with results very similar to Csxa’s. Shortly after publication The paper is organized as follows. The first section presents
of the Csaza and Hu et al. papers, Barone et?akeported a brief account of the relative stabilities of glycine. The next
LDA, BLYP, and B3LYP geometries and frequencies using DZ section studies the intramolecular hydrogen bonding in the
basis sets for eight rotamers and B3LYP/TZ2P results for Ip in conformers. After reviewing the existing information that has
a first attempt to explore the performance of DFT. They found been obtained from conventional arguments relying on inter-
that only the hybrid B3LYP method provides a reliability atomic distances and vibrational frequencies, we use the AIM
comparable to that of MP2, although their results could be theory to study the topology of(r) for characterizing the
hampered by the inadequacy of the basis set used. Nguyen epossible intramolecular H-bonds. The third section presents a
alz® have recently carried out DFT calculations with nonlocal study of the energetic contributions of the molecular groups to
functionals and larger basis sets, obtaining results in good the different stabilities of the conformers. Finally, we present
agreement with the CsZa data. All of these studies have our main conclusions.
thoroughly demonstrated the importance of electron correlation
in ab initio calculations on glycine. Recent evidence points to Relative Energies
the.need .of an(;luding correlation in any calculation involving The conformers of neutral glycine found by Gga at the
amino acids:* MP2/6-31H-+G** level of theory identified with his notatici{

The relative energies of the rotamers have been rationalizedare displayed in Figure 2. Intramolecular hydrogen bonds
in traditional terms used in chemistry in a qualitative manner. sypposedly existing in most conform&3 are indicated in
Thus, the competing effects of electron repulsions (particularly the form of dashed lines. Roman numerata/lil reflect the
between N and O lone pairs) and steric strain on one side andincreasing relative energies of the heavy-atom plaGar
intramolecular hydrogen bonding on the other side should stryctures corresponding to the three rotational degrees of
account for that relative stability. The subtlety of these effects freedom ¢, v, and 6 in Figure 1) labeled with the letter p.
should be the main reason for the discrepancies found in small changes of the torsional angles, f», andzs in Figure
theoretical studies depending on the different methodologies 1) yjeld the heavy-atom nonplan@s arrangements identified
employed. with the letter n. Both sets of angles are given for every rotamer

It is surprising that in all of the studies so far published on in Figure 2.
neutral glycine the information provided by the electron density ~ Table 1 lists relative energieSE computed with different
p(r) has been ignored. We feel that a further understanding of methods. MP values are in close agreement except for the llp
the interactions underlying the relative stabilities can be achievedIin difference, which changes from 0.06 kcal/mol in MP2 and
with more rigorous tools applied to the electron distribution of MP results to 0.35 kcal/mol in MP4. Csza also calculated
the rotamers. Because the’€&a results provide a reliable PES  single-point CCSD(T) energies for some conformers, obtaining
consisting of a large enough number of structures, glycine is a AE values essentially identical to the MPn oR&FT results
good candidate to explore the characterization of intramolecular were obtained by Nguyen et @with a DZVP basis set, which
effects in terms of information directly derived fros(r). With is a standard 6-31G** set but optimized for DFT. A larger basis
this goal, we use in this work the atoms in molecules (AIM) set termed TZVP (equivalent to 6-311G**) was explored, and
theory2%-27 which provides a rigorous procedure to partition a negligible differences with respect to DZVP results were found
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TABLE 2: Relative MP2/6-311++G** Energies (AE),
ZPE-Corrected Relative Energies AEy), and Total Free
Energies at 473 K AGy73 of Glycine?

MP2/6-311+G** b

Intramolecular Hydrogen Bonds

In all of the theoretical work hitherto done on nonionized
glycine, it has been commonplace to attribute a dominant role
to the intramolecular hydrogen bonds indicated by dashed lines

conformer AE A AGurs in Figure 2 for understanding the relative stability of the
Ip 0.0 0.0 0.0 conformerst®23 In the most complete study of Gsza,
::B 8'23 8'32 é'gé intramolecular H-bonds of different strengths are identified on
IVn 1.26 1.27 1.80 the basis of computed interatomic distances and vibrational
Iln 1.44 frequencies. For instance, the existence of two equaHN-O
Ip 1.59 2.00 2.81 bonds in Ip and one ©H--*N bond in llp and IIn was
vn 2.20 2.25 2.67 suggested? After examining a previous proposal by Barone et
IVp 4.68 al. 22 Hu et al?* suggested the following four types of hydrogen
Vp 5.38 . . :
Vip 5.70 5.27 5.10 bonds (see Figure 2): (1) ans©He--Os bond present in
Vilp 6.97 6.43 6.49 conformers Ip, llip, llin, IVp, IVn, Vp, and Vn; (2) an ©-
Vilin 7.09 6.72 7.19 He:+-N3 bond in lIp, lin, and VlIp; (3) a bifucarted arrangement
Vilip 11.19 between hydrogens in NHand the @ atom of carbonyl in Ip

and VIp; and (4) a similar arrangement but now with the O
atom of hydroxyl in lllp and llin. This study was made in terms

of interatomic distances and (in some selected cases) associated
(however, we think that the use of diffuse functions could have red shifts in the vibrational frequencies of stretching modes in
modified the pattern of their data). The authors reported energiesNH and OH bonds upon formation of the H-bond. Types 1 and
computed with two DFT approaches, BLYP and the adiabatic 2 were suggested as the most favorable bonds, and the five-

2 Energies in kcal/mol® ZPE corrections from ref 20 scaled by 0.97.
AGy73 values were determined from data in ref 23.

connection method (ACM) of Beckg,obtaining AE results
consistently within 0.4 kcal/mol for both methods except in
VIlIp, where they differ by 1 kcal/mol. Because the other DFT
calculations reportédused DZP basis sets, the study by <&a

membered ring type 2 was identified as the main factor in the
stabilization of rotamers Iin and llp (Il and Il in the notation
used in ref 21). However, the authors did not discuss Vlip (VIII
in their notation), which in principle can present a similar

may be considered to be the best post-HF treatment available H-bond. Types 3 and 4 were considered to be less important

With regard to MP2 dipole moments listed in Table 1, only
three conformers display significantly larger values than the
rest: llp, lin, and VllIp. The last one is the most unstable
rotamer, so its presence in gaseous glycine must be unnoticeabl
but Illp and IIn are near the minimum and they must be easily
observable in microwave spectra. The structure identified by

all of the methods as the most stable conformer, Ip, happens to

have the smallest dipole moment in all of the conformational
PES.

Using MP2 vibrational frequencies (scaled by G%;7one

obtains the zero-point energy (ZPE) corrected relative energies

AEp in Table 2, where conformers have been arranged in
ascending order oAE. The most noticeable effect of ZPE
corrections is thaAE for IIn and llp increases by 0.37 and
0.19 kcal/mol, respectively, inverting their relative ordering.
Nguyen et af? derived from microwave intensities an expres-
sion for the conformational free energy difference at 473 K,

than types 1 and 2 and, after the relative acceptor properties of
oxygen atoms on carbonyl and hydroxyl were taken into
account, type 4 was discarded as a true hydrogen Bond.
Nguyen et ak3 analyzed these same kinds of H-bonds (without

e >

using that classification) and studied the influence of basis sets
and choice of DFT functionals on the interatomic distances
involved. Their study on intramolecular hydrogen bonding relies
exclusively on geometrical information, particularly NHD and
OH---N distances. Considering the especially shajiti§--N3
distance 1.9 A) in conformers llp and IIn, the authors
concluded that the H-bond stabilizes especially these struéfures.
In an attempt to characterize hydrogen bonds in a rigorous
manner with the help of AIM theory, Popelier studied systems
with well-known intermolecular H-bonds and proposed eight
AlM-based criteria indicative of hydrogen bondifc?® Four
of them refer to topological properties of the electron density:
(@) a bond critical point (BCP) with the consistent«3)
topology must exist; (b) the(r) at the BCP p,, must present

also listed in Table 2. The scarce thermodynamical data availableg \4jye within the range of 0.062.04 au; (c) the Laplacian
suggest that entropic contributions affect the relative stabilities ¢ p(r) at the BCPV2p,, must be positive, with values within

of some rotamers, particularly IIn and #pOnly two experi-
mental values 0AG,73 have been reported, 2% and 1.7 kcal/
mol 12 both attributed to IIn.

the range of 0.0150.15 au; and (d) hydrogen and acceptor
atoms must mutually penetrate. The other four criteria refer to
integrated properties of the H atom, which upon formation of

Summarizing, the energetic picture of the conformational PES an H-bond must exhibit (e) an increase of the net positive atomic

of neutral glycine is the following. There are three isomers, Ip, charge (loss of charge), (f) energetic destabilization, (g) a
IIn, and llp, within 1 kcal/mol, with Ip as the most stable decrease in the dipolar polarization, and (h) a decrease in the
structure. Four rotamers, IVn, llin, lllp, and Vn, follow at atomic volume. Popelier stated that possible H-bonds which fail
relative energies between 1.3 and 2.2 kcal/mol above the one or more of these criteria cannot be designated real H-bonds
minimum. There is a small gap, and then three conformers, IVp, and assumed that they are equally appliable to intermolecular
Vp, and Vlp, displayAE values between 4.7 and 5.7 kcal/mol. and intramolecular hydrogen bonds.

Two structures, VIIp and Vllin, follow at 7 kcal/mol, and finally We have calculated the MP2/6-3t3G** electron density
Vlllp is the most unstable conformer by 11 kcal/mol. A p(r) of all the conformers in Figure 2 at the optimized
somewhat striking result is that nonplai@risomers have lower  geometries of Csza with the GAUSSIAN98 packag®. The
energies than their plan&s counterparts. This difference is  topological analysis ofo(r) and the integration of atomic
very low in pairs Il and 111 (0.1 and 0.2 kcal/mol, respectively), properties are carried out with the programs EXTREME, which
and much more marked in pairs IV (3.4 kcal/mol), V (3.2 kcal/ locates and classifies the critical points, and PROAIM, which
mol), and VIII (4.1 kcal/mol). performs the numerical integratidh32 With the exception of
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Figure 3. Contour map of the MP2/6-3#1+G** electron density
for conformer Ip in the plane containing the heavy atoms agddpen
circles indicate the projection of Hand H, atoms. Crosses indicate
bond critical points. The outermost contourp§) = 0.001 au, and
the remaining contours increase in the ordex 20", 4 x 10", and 8
x 10", withn= -3, -2, —1, and 0.
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Figure 4. Contour map of the MP2/6-31#1+G** electron density

for conformer llp in the plane containing the heavy atoms apdiHe
projection of H and H, atoms is shown as open circles. Crosses indicate
critical points. See Figure 3 for contour values.
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lIp, lIn, and VlIp, the only BCPs found in all cases are those
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Figure 5. Contour map of the MP2/6-3#1+G** electron density

for conformer IIn in a plane passing through heavy atoms and ke
projection of H and H, atoms is shown as open circles. Crosses indicate
critical points. See Figure 3 for contour values.
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Figure 6. Contour map of the MP2/6-3#1+G** electron density
for conformer VlIp in the plane containing the heavy atoms apd H
The projection of Hand H, atoms is shown as open circles. Crosses
indicate critical points. See Figure 3 for contour values.

deficient systems observed beféfdBoth features indicate that
the Ns---HgO4 hydrogen bond in VlIp is unstable, which is

located at the interatomic paths defined by covalent bonds asconsistent with the N--Hg distance, 2.239 A, much larger than

illustrated in Figure 3 where we have plotte@) for the most

stable conformer Ip in the plane containing the heavy atoms

plus Hs. Figures 4, 5, and 6 display mapsggf) for conformers
lip, 1In, and VlIp, respectively. Only in these three rotamers
have we found (i) an extra (3,1) BCP in the path joining B
and H atoms and (ii) a (3t1) ring critical point (RCP) in the
interior of the five-membered ring formed byGh, C,C1, C104,
O4Hs, and H+-+N3 paths. Conformers llp (Figure 4) and lin
(Figure 5) display similar features and near values of the N
--He distance (1.890 A in Ilp and 1.904 A in lIn) and the
distance between thesN-Hg BCP and the RCP (0.533 A in
llp and 0.494 A in IIn). However, Vlip (Figure 6) displays a
different situation. In fact, the close proximity between BCP

that of llp and lIn.

Table 3 lists values of the electron density and its Laplacian
at the critical point,, andV 2py,, as well as bond ellipticities
e for conformers lIp, 1In, and VlIp. It must be recalled that the
two negative eigenvaluds andA, of the Hessian of the density
in a (3—1) BCP are used to define = [(11/42) — 1]. The
ellipticity is taken as a measure of the extent to whjicks
accumulated in the plane defined by the axes of curvature
and/,, both perpendicular to the bond patthas been related
to thesr character of a bond: it is nearly zero in single bonds
and increases to 0.176 for the CC bond in benzene and to 0.298
in ethene?®27 The features of the BCPs in covalent bond paths
for all of the conformers under study are found to be very similar

and RCP (0.127 A) reveals a clear instability in the associated and also agree with those of BCPs in experimental electron

bond?” Moreover, the N:+H path is noticeably inwardly curved
away from the perimeter of the ring, a property of electron-

densities in other amino acids suchcashistidine,bL-aspartic
acid, orL-alanine?® Although distinct values of are shown in
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TABLE 3: Critical Point Properties of the MP2/
6-311++G** Electron Density of Glycine Conformers llp,
lIn, and VIIp 2
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TABLE 4: Integrated Atomic Properties of the He Atom
and Interatomic Distances to Both Oxygens in the Carboxyl
Group in Glycine Conformers?

path Pb V2pop € conformer q(Q2) E(Q2) w(Q) V() d(OsHe) d(OsHe)
Ip Ip 0.599 -0.3571 0.162 21.81 0.968 2.294
C—C 0.252 —0.611 0.103 lp 0.618 —0.3449 0.140 15.57 0.981 2.978
Co—N3 0.259 —0.694 0.048 1IN 0.614 —0.3450 0.141 15.94 0.980 2.979
C1—04 0.303 —0.374 0.023 Ip 0.600 —0.3569 0.162 21.75 0.968 2.280
C1—0s 0.412 —0.076 0.106 1n 0.600 —0.3567 0.162 21.74 0.968 2.283
Os—He 0.340 —2.395 0.016 IVp 0.597 —-0.3588 0.164 21.93 0.967 2.291
Co—Hqzg 0.278 —0.945 0.034 IVn 0.600 —0.3569 0.162 21.75 0.968 2.291
N3—Hag,10 0.335 —1.591 0.047 Vp 0.594 -0.3604 0.165 22.00 0.968 2.263
N3++-Hs 0.038 +0.109 0.114 Vn 0.601 -—-0.3561 0.161 21.69 0.968 2.290
(34+1) RCP 0.029 +0.170 - Vip 0581 —0.3720 0.168 2238 0964  3.006
ln Vlip 0.579 —-0.3703 0.168 20.07 0.966 2.990
_ _ Villp 0573 —0.3762 0.172 22.70 0.964  3.007
g;—cN:z 8%23 _ggég 882; VIlin 0.584 —0.3702 0.166 21.96 0.963 3.001
Ci—04 0.302 —0.377 0.022 aq(Q) is the atomic chargds(Q) the total energy(Q) the dipolar
C1—0s 0.413 —0.075 0.108 polarization, and/(Q) the atomic volume. All of these values are in
Os—Hs 0.341 —2.406 0.016 atomic units. Interatomid(O—Hs) distances are in A.
Co—Hy 0.278 —0.948 0.034
Co—Hs 0.277 —0.943 0.031 basinQ of the atom: due to the boundary condition of zero
Na—Hy 0.335 —1.579 0.045 flux to defineQ, it must be zero. Values df in Table 4 are in
Ns—Hio 0.335 —1.591 0.046 the range of 5.1x 10 to 2.5 x 10-,%> which is known to
N3++-Hs 0.037 +0.108 0.126 re in th . f iesd-* hartree<
(3+1) RCP 0.029 40.167 present errors in the estimates of energies artrees!
Vil Because we are examining intramolecular hydrogen bonds, the
Ci—C, 0.250 P 0601 0.106 change in the a;omic properties d_escribed by criteria eannot
Co—Ns 0.266 ~0.730 0.032 be evaluated with respect to the isolated monomers but to other
C,—04 0.291 —0.361 0.041 conformers where similar H bonds are not possible. As for data
C1—0s 0.415 —0.055 0.108 in Table 4, the increase of atomic charge, energetic destabiliza-
Os—Hs 0.358 —2.510 0.018 tion, decrease of dipolar polarization, and decrease of atomic
ﬁZ_:w 8'%2 _2'2?8 8'821 volume in conformers llp and lin when compared to the rest of
Nz.”HQélO 0.020 +0.072 1.973 rotamers are eyident. However, VIIp'faiIs to meet criteridhe
(3+1) RCP 0.020 +0.084 and therefore it cannot form a true intramolecular H-bond. In

aExcept the (3t+1) ring CPs indicated, the rest are {3,) bond
CPs.p, and V?p;, are the electron density and its Laplacian at the CP
(both in atomic units)e is the ellipticity.

Table 3 for GO, and GOs bonds, as expected from their
different electron environment, the@, bond has an ellipticity
similar to that of hydroxyl, whereasfor carbonyl GOs is nearly
identical to GC; bond, which is more surprising. On the other
hand, the large negative values ¥, in OH and NH bonds

light of these criteria, the properties of the H-bond in Ilp and
[In are nearly indistinguishable. Note how the hydroxyl bond
length in these rotamers increases, as should be expected upon
formation of the N---He¢O, hydrogen bond according to
traditional chemical criteria.

It has been customary in the bibliography to treat the
interaction between fand Q atoms in carboxyl as a true
H-bond in all of the rotamers witld = 0°. Although on the
grounds of Popelier’s criteria no hydrogen bonds other than

indicative of concentration of charge are consistent with the those identified in llp and IIn exist, the properties in Table 4
close proximity to hydrogens of the BCPs in these bonds (seereveal valuable information on the interactions involving the

Figures 3-6), which explains the high values of thesg too.
The (3;-1) BCP in the N-:-Hg path and the (3;1) RCP

Hg atom. Excluding the already analyzed rotamers llp and IIn,
atomic charges and total energies fay ¢&n be collected into

support the existence of intramolecular hydrogen bonds in Ilp, two groups. On the one hand, conformers with 18C° (Vlp,

lIn, and Vllp. However, the anomalous ellipticity of the BCP
in Vllp, 1.973, a consequence of its close proximity to the
RCPZ reveals the instability of this hydrogen bond as noted
above. The BCPs in N--Hg paths shown in Table 3 meet
criteria a—c. The prescription given by PopeRé#°to quantify

Vlip, Vllip, and VIlIn) display q(2) between 0.573 and 0.584
andE(Q) between—0.3702 and-0.3762 au. On the other hand,
conformers withh = 0° exhibit increased charges between 0.594
and 0.601 and destabilized energies betwe&h3561 and
—0.3588 au. Dipolar polarizations are slightly larger in the first

the effect of criterion d consists of comparing the nonbonded group, whereas atomic volumes show no clear separation. If

radii (r% of both atoms with the corresponding bonded radii
(), so that the mutual penetration means tat— ry > 0 and

r% — rg > 0. Whereas? is estimated as the distance from the
nucleus to a given density contour (typically 0.001 au) in the
H-bond directiony is simply the distance from the nucleus to
the BCP. This criterion is obviously fulfilled in intramolecular
cases such as those displayed in Figuress,4where the
outermost contour op is just 0.001 au.

Table 4 lists the AIM integrated properties concerning criteria
e—h for the H atom in all of the conformers. Interatomic
distances from Kto both oxygens in carboxyl are also given
in this table. A check on the accuracy of the numerical
integrations is provided bi(Q), the integral ofV?p over the

one looks at the interatomic distances in Table 4, the second
group of conformers happens to display a consistghis®ond
length of 0.968 A, longer than the length in the first group,
0.964 A. This lengthening should be the expected result if the
hydroxyl were involved in the formation of a hydrogen bond,
which indeed could be also supported by the changes shown
by q(2) and E(2). However, according to Popelier’s criteria
no real intramolecular H-bond may be identified in conformers
with @ = 0°, although an interaction somewhat reminiscent of
hydrogen bonding seems to exist betweera@d H; in them.

To analyze the bifurcated arrangements involving amino
supposedly forming H-bonds of types 3 and 4, we list in Table
5 the atomic properties of thegtatom (rotamers llp, lIn, and
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TABLE 5: Integrated Atomic Properties of the Hg Atom TABLE 6: Nuclear —Electron Potential EnergiesVp for the

and Interatomic Distances to Nitrogen and the Nearest NH,, CH,, CO, and OH Fragments and the Whole Molecule

Oxygen O, x = 4 or 5, in Some Glycine Conformers in Glycine Conformers?

conformer q(<2) E(Q) u(R) V() d(NsHg) x d(OHy) conformer  NH CH. CO OH total
Ip 0.357 —0.4874 0.194 3278 1014 5 2.806 Ip —208.8914 —163.6356 —392.5239 —260.3431 —1025.3940
Ip 0.356 —0.4885 0.192 32.70 1.014 4 2.683 IIp —211.2217—-164.1756 —388.1356 —264.7713 —1028.3042
Ilin 0.364 —0.4855 0.188 31.64 1.014 4 2531 ln —211.2656 —164.4050—388.1530—264.9918 —1028.8154
IVp 0.363 —0.4852 0.194 32.37 1.010 5 3.521 Ip —209.4454—-163.3494 —389.3453-263.8411 -1025.9812
IVn 0.373 —0.4782 0.190 3088 1.015 5 2.412 Ilin —209.3673—-163.4279—389.4349—-263.7752—1026.0053
Vp 0.362 —0.4857 0.195 3252 1.010 4 3.389 IVp —208.5648-163.8130—391.4166 —260.2814 —1024.0758
vn 0.366 —0.4832 0.190 31.40 1.014 4 2.426 IVn —209.4885—164.1385—392.7781—260.5347 —1026.9398
Vip 0.362 —0.4849 0.191 3251 1.014 5 2.781 Vp —209.2095—-163.7104—389.0737 —263.3357 —1025.3293
Vilp 0368 —0.4830 0.192 32.19 1.009 5 3.500 vn —2898)-2855—123-2735 —ggg-gégg—ggg-gggg—iggggég

_ Vip - .8573—-164.3138— . - . - .

Vilin 0.384 0.4728 0.185 29.68 1015 5 2322 Viip —210.1986 —163.3873 —388.5856 —263.5720—1025.7435
a (<) is the atomic chargds(€2) the total energyy(€2) the dipolar Villp  —208.5671—-164.3864—390.8703—259.7609 —1023.5847

polarization, and/(R2) the atomic volume. All of these values are in Vilin - —209.5323—-164.7793 —392.3552—-260.1028 —1026.7696

atomic units. Interatomid(Ns—Hs), d(O—Hg) distances are in A. aComputed with the MP2/6-3#1+G** electron density. Values

VIlp are omitted). Popelier’'s criteria—eh for conformers Ip, are in atomic units.

Ilip, llin, and Vlp, for which these H-bonds have been TABLE 7: Repulsion Potential EnergiesVie, = Von + Veo

assumed!” % reveal no evidence even of interactions reminis- Sum of Electron—Electron Repulsion EnergiesVee plus

cent of hydrogen bonding like those noticed above. However, Nuclear—Nuclear Repulsion EnergiesVn,, for the NH;, CHo,

Table 5 suggests some interaction betwegrmitl G atoms in CO, and OH Fragments and the Whole Molecule in Glycine
. Conformers?

rotamers 1Vn and Vllin and betweengkdnd O, atoms in Ilin

and Vn. Increased charges, destabilized energies, decreasegonformer  NH CH, co OH total

dipolar polarizations, and smaller atomic volumes with respect Ip 96.8157 85.6517 166.7040 108.0238 457.1952
to their p counterparts are readily seen in these four conformers. llp 99.1052 86.1482 162.4270 112.4236 460.1040
This behavior agrees with the information provided by the I 99.1499  86.3645 162.4445 112.6537 460.6126
eratomic disances: nfact, Shorter O (inand vmyand 1P 73638 2532 Leasals 1ilerso aor o
Os—Ho (IVn and Vllin) distances are found in those rotamers.  }y, 96.4773 85.8358 165.6115 107.9701 455.8947
Note, however, that the $-Hg distances are lower than the IVn 97.4249 86.1145 167.0042 108.2139 458.7575
0Os—Hg distances, which parallels the different magnitude of  Vp 97.1199 85.7368 163.3018 110.9968 457.1553
the changes ig(Q), E(Q), u(X), andV(RQ), larger in IVn and Vn 97.8002 85.9421 163.6423 111.7191 459.1037

; : , Vip 96.7929 86.2864 166.2317 107.5583 456.8693
Vilin than 'I” Hin ab”d h\'/nk" Th'ﬁ Coﬁldhbde ””‘ljerStOOd M Vip 980717 854354 162.8220 111.2355 457.5646
conventional terms by thinking that the hydroxyl oxygenis a vy p  96.4829 86.3722 165.0872 107.4697 455.4120

worse hydrogen acceptor than the carbonyl oxygen. If the viin  97.4771 86.7148 166.6079 107.7989 458.5987
information in Tables 4 and 5 is c.on3|der'ed together, rotamer @ Computed with the MP2/6-311+G** electron density. Values
IVn appears to be favored by interactions involving both .. "Jiomic units

hydrogens, K and H. Note indeed that IVn is placed in the '

stability ordering in Table 2 immediately after llp and lin, the TABLE 8: Total Potential Energies V1 = Ve + Viep for the

unique rotamers with a true intramolecular H-bond. NHz, CH,, CO, and OH Fragments and the Whole Molecule
in Glycine Conformers?

Potential Energies conformer  NH CH; co OH total

With the aim to complement the study of intramolecular :F —ﬂggzgg —%-gggg —ggg-%gg —iggggg —gggéggg
ey ; : ; p —112. —78. —225. —152. —568.

hydrogen bonding in the preceding section, we now discuss the 17579757 75,0405 —225.7085 —152.3381 —568.2028
competing effects Ieadlng to the Stabl“'[y of every rotamer in lip —112.0820 —77.9752 —225.8135 —152.3261 —568.1968
terms of the potential energy contributions of the molecular 1iin —112.0716 —77.9845 —225.8156 —152.3249 —568.1966
fragments NH, CH,, CO, and OH. AIM theory allows us to IVp —112.0875 —77.9772 —225.8051 —152.3113 —568.1811
obtain the different potential energy terms of an atom in a V0~ —112.0636 —78.0240 —225.7739 —152.3208 —568.1823
lecule Vr(Q) = VidQ) + VedQ) + V(). computed for Vp —112.0896 —77.9736 —225.7719 —152.3389 —568.1740
molecule, vt n e nn32), compute vn —112.0580 —78.0311 —225.7709 —152.3278 —568.1878
the basinsQ.262” The sum over the atomic basins gives the  vip —112.0644 —78.0274 —225.7989 —152.2999 —568.1906
corresponding quantity for the total systeBwVi(Q) = V[ Vilp  —112.1269 —77.9519 —225.7636 —152.3365 —568.1789

while partial sums can be used to obtain contributions from x:”p *ﬂg-gg‘s‘g *;g-géfé *ggggi% *igg-ggég *ggg-gg;
fragments NH, CH,, CO, and OH. We list in Table 6 the n : : : : :

nuclear-electron attraction term¥,e in Table 7 the total @ Computed with the MP2/6-3H1+G** electron density. Values
repulsion energy terméep = Vee + Vin (Vee being the electron are in atomic units.

electron repulsion and,, the nucleatnuclear repulsions), and

finally the total potential energiegr = Vie + Viep in Table 8. evidence of intramolecular H-bonds was found (llp, 1In, and
L(Q) values for all of these energies are in the range of 5  VIlIp), whereas the torsional changes in going from p to n
103to 2 x 10°°for heavy atoms and in the range of&510~* rotamers in pairs IV, V, and VIII reduce thig,. Figure 7

to 2 x 107° for hydrogens. reveals an opposite behavior &V, in carbonyl and hydroxyl

The differences from the minimum in every column of Table with huge oscillations for both groups. Conformers wjth=
6 for Ve are plotted in Figure 7, where it is readily seen that 0° (llp, lIn, llip, llin, Vp, Vn, and Vllp) display systematically
these attractive energies vary dramatically along conformers for low AV, values for OH and higiAV,,e values for CO, whereas
the fragments and the whole molecule as well. The amino group the opposite effect is found in the rest of cases wien 180°.
shows lowAV,e values in the structures for which topological Note the particularly low values for carbonyl in IVn and VIlIn,
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_ T o — ] Figure 8. Differences with respect to the minimum in repulsion
Figure 7. Differences with respect to the minimum in nucleatectron potential energies for the molecular fragments,;NEH,, CO, and OH
potential energies for the molecular fragments;NEH,, CO, and OH and the whole molecule for the conformers of nonionized glycine.

and the whole molecule for the conformers of nonionized glycine.

for which an interaction involving ®was suggested inthe | ———— NH2
preceding section. Finally, CHdisplays less pronounced — — — - CHa»
variations with a maximum relative change of 0.87%. Total
attractive energies for the whole molecule resulting from
fragment contributions also show large fluctuations. Conformers 8 | -=-=----- OH
llp and lin display the two minimum values of totd} due to oL L _— Total /
the especially low contributions of NHand OH, as expected L - I
from the demonstrated existence of H-bonds in them. The 60 - | | Lt
following set of low totalVye values is 1Vn, Vn, and Vllin, r | AN "
three rotamers sharing the above suggested interaction involving = - W

—-—- coO

Ho related to the lowAVye values of amino mainly responsible £ 4, - ) VIRV v/
for those low totalV,e The higher attraction energies are § B | A < ‘-\,’ N l\/\\‘{/
determined by the higl\Vye values of hydroxyl in IVp and = %0 \,,’ \ ,'\,/ NS f<r/"‘1 F0 A \/‘,\’f/ h
Vlilp. Rotamers Ip, Vp, and VIp exhibit less unfavorable 3 T AN ¢ A WA

conformations with highV,e mainly due to OH in Ip and VIp .
and CO in Vp. Finally, llip, llin, and VlIp present intermediate 10 =
values resulting from a compromise between highfor CO
and low Ve for OH. Except for the pair lllp-llin, where the
difference is nearly indistinguishable, a common feature of Lo
nonplanar arrangements is the significantly lowgg values [ b p U llp fin Np Nn Vp V¥m Vip Viip Vilp Villn |

for all of the molecular fragments. Figure 9. Differences with respect to the minimum in total potential
The differences from every minimum for total repulsive energies for the molecular fragments Ni€H;, CO, and OH and the
energies listed in Table 7 are plotted in Figure 8. The variations Whole molecule for the conformers of nonionized glycine.
in AViep along conformers are of the same order of magnitude
as AVpe, although the behavior displayed by both potential  Table 8 lists total potential energid for the molecular
energies is just the opposite as far as conformations allowing fragments and for the whole molecule; the differences from the
low nuclear-electron attractions imply close proximity of  minimum in every columnAVy, are plotted in Figure 9. Note
groups and accordingly high repulsions among nuclei and the scale in this figure: the maximumVy values for NH,
electrons. Maxima in Figure 7 parallel thus minima in Figure CH,, CO, and OH fragments are 45, 71, 70, and 35 kcal/mol,
8, so that conformers most favored by the two lowest attractive respectively, whereas the maximuxiy for the whole molecule
energies, llp and lIn, are disfavored by the highest total repulsive is 20 kcal/mol. The huge changes found in attraction and
energies. However, although the attractions in amino and repulsion energies nearly cancel each other, leaving these small
hydroxyl are equivalent in the pair Hglin, the repulsions differences. Moreover, even theV/; values for the fragments
suffered by NH are not as strong as those of OH, and cancelto a great extent, yielding the subtle final changes in the
consequently the repulsive destabilization in these conformersmolecular potential energy, which are next discussed.
is due to hydroxyl, a reasonable result due to the different The conformer of lowest potential energy is lin (to which
numbers of lone electron pairs in N and O atoms. we assigrivr = 0.0 kcal/ mol), whereas its planar counterpart
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lIp is the second stable conformer at 1.63 kcal/mol. The torsional to Ilp, but although this increase is small ins @ kcal/mol),

change converting llp into lin yields a lowa&fr in lin as a
balance between a global increase of 6.59 kcal/mol fop,NH
CO, and OH and a decrease of 8.22 kcal/mol for,CFhe
stability shared by Ilp and lIn is to a great extent determined
by NH, and OH groups (due in turn to their [0V energies)

in agreement with the intramolecular H-bond found in them.
The following conformer is Ip, with a relativér of 2.51 kcal/
mol resulting from the low potential energies of OH and
especially CO, which presents the minimi#nfor this fragment

in Table 8. From Figures 7 and 8 the special stability of this

it is 5 times larger in € (22 kcal/mol). This agrees with the
geometrical distortion suffered by carbonyl in Vp, large in C
and nearly unnoticeable insOlIn fact, GOs bond lengths
(1.2095 Ain llip and 1.2127 A in Vp) and 105 bond angles
(123.12 in lllp and 123.38 in Vp) are similar in both
conformers, whereas the changes i®gbond lengths (1.3559
Ain lllp and 1.3451 A in Vp) and €C,0s bond angles (123.93
in lllp and 122.08 in Vp) are larger.

Finally, the least stable conformers are VIlIp and VIlIn with
V= 18.9 and 20.0 kcal/mol, respectively. The four molecular

rotamer, identified by all of the theoretical methods as the lowest fragments in VIlIp present intermediateVr values in a very

lying, seems to be the consequence of low repulsions ip CH
CO, and OH and low attractions in NH

The pair of conformers llipllin appears then &+ = 3.77
and 3.89 kcal/mol, respectively. Their similar stabilities are

narrow rangel; the result of this situation is the lack of any
stabilization factor in this rotameAV+ values of CO and NK

in VIlIn are even higher than in VllIp as a consequence of their
larger repulsions. Despite GHtabilization due to the torsional

brought about by a nearly complete cancellation between a highchange from Vilip to VliIn, this rotamer presents the highest

AVt mainly due to large repulsions in Ntnd OH and a low
AVt in CH, and CO produced by small repulsions and low
attractions. It is difficult to predict any difference between Illp
and llin if they actually exist as separate structures. After a
gap of~4 kcal/mol, Vlp is found aVt = 7.66 kcal/mol. The
four molecular fragments displapjVr values in a narrow
interval for this rotamer, the only one with all of the groups in
antiperiplanar conformationp(= 180, v = 180, § = 180°)

at which neither stabilizing nor destabilizing effects are evident.

The next structure in order of increasing potential energy is
Vn atVr = 9.41 kcal/mol. This conformer displays a higlvt
for amino and nearly identicahVy values for the rest of the
molecular fragments resulting from a similar cancellation of

V7 in Table 8. With regard to this special stability of ghive
have found in VllIn effects the opposite of those mentioned
above for Vlip: shorter @, bond length and smaller48,C;
angle.

Concluding Remarks

Thirteen conformers of nonionized glycine previously identi-
fied in ab initio calculations at the MP2/6-31#G** level of
theory have been studied in terms of properties directly
obtainable from the electron density. We have used the rigorous
tools of AIM theory to analyze topologically the(r) and
calculate the atomic contributions to nucleatectron attraction
and nuclearnuclear and electrorelectron repulsion potential

attractive and repulsive effects (see Figures 7 and 8). The markecenergies. We have thus characterized the intramolecular interac-

decrease in thé\\V/; of CH, produced by the corresponding
torsional change places Vn below its Vp counterpart. The
following conformers are 1Vn and IVp with't = 12.9 and 13.6
kcal/mol, respectively. As noted before, IVp is the second

tions in the conformers by means of fundamental properties of
the electron density itself. This analysis casts new light on the
nature of the intramolecular effects in the set of rotamers, which
constitutes the conformational PES of glycine and complements

conformer most disfavored by high attraction energies especially previous studies carried out in terms of qualitative empirical

due to hydroxyl (see Figure 7), and although the low repulsion
reduces to a great extent this effesl/r remains high for OH
in IVp. All of these effects are inverted in IVn, leading to a net
slight stabilization with respect to IVp mainly produced by the
large decrease inVr for CH,, in agreement with the synclinal
conformation of CH and NH: groups in IVn. The torsional
movement in going from planar to nonplanar heavy-atoms
geometries yields the stabilization of gHhoticeable in all of
the pairs p-n.

The next conformer is Vllp aVt = 15.0 kcal/mol. The

considerations common in chemistry. Because the glycine
molecule is the simplest amino acid, this first study of
intramolecular interactions in terms of the electron density may
serve as a methodological reference for further studies on amino
acid systems. The following general conclusions can be drawn
from the present study.

Contrarily to previous assumptions, we found evidence of
intramolecular hydrogen bonds in only two rotamers, llp and
[In. A third conformer, VIIp, meets the requirements to form
an intramolecular H-bond, but the topology reveals an internal

topological evidence discussed above on a possible intramo-stability that precludes its formation. Other interactions in which

lecular H-bond with an internal instability agrees with the low
potential energies of NpHand OH groups. It is, however, the
high AVt values of CO and especially GHjroups that make
this rotamer so unstable. Inspecting its geometrical paranigters,
one finds a @C; bond length longer and asl8,C; bond angle

a hydrogen atom displays features reminiscent of H-bonds were
found in some conformers. €H---O interactions within car-
boxyl were identified in Ip, llip, llin, IVp, IVn, Vp, and Vn,
whereas N-H---O interactions were found in 1Vn, VllIn, and,

to a lesser extent, Vn. The dominant effect of such interactions

significantly larger than those of the rest of the conformers. The is the decrease of the nuclealectron attraction energy of the

instability in the five-membered ring seems to distort the,CH
group, which in turn originates its anomalous higk’r. Note
how this instability makes VIIp much more unstable than Iip,
the equivalent rotamer witlp = 0° and§ = 18C°. The next
conformer, Vp, shows the same= 0°, & = 0° conformation
as lllp and llin, yet itV is 18.1 kcal/mol, well above the values
of these rotamers. From theV/r contributions of the molecular

fragments in these three conformers, the distinctive feature in

Vp is the larger instability of carbonyl due in turn to its high
attraction energy. Inspecting the atomic contributions in CO,
we found increases in thér of both atoms in Vp with respect

groups involved. However, the opposite effect of both nuetear
nuclear and electrerelectron repulsions cancels that stabiliza-
tion to the extent of even raising the total potential energy of
the groups in some conformers. Nevertheless, significantly lower
total potential energies were found in llp and IIn, in which the
criteria posed by AIM theory to identify intramolecular H-bonds
are fulfilled.

The cancellation between opposite attractive and repulsive
effects leaves a final subtle balance of total potential energies
with differences within 20 kcal/mol for the 13 conformers.
Potential energy effects point to the pair-Hpn as the lowest
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lying structures in agreement with the role played by their
intramolecular H-bonds. The special stability of Ip due to a
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