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The aspects of N–H⋯O_CNH, N–H⋯O_CO and C–H⋯O_CNH interactions are analyzed by applying ab initio
and DFT methods as well as Bader theory. We investigated geometry, binding energies, 17O, 15N chemical shift
tensors, and Atoms in Molecules (AIM) properties of α-glycylglycine (α-glygly) clusters, via MP2, B3LYP and
PW91XC methods. Dimer stabilization energies and equilibrium geometries are studied in various levels of
theory. MP2 and DFT calculations reveal that for α-glygly clusters, stability of N–H⋯O and C–H⋯O hydrogen
bonds are enhanced significantly as a result of cooperativity effects. Furthermore, a covalent nature is also
detected for some hydrogen bondings. The n-dependent trend of 17O and 15N chemical shift tensors was
reasonably correlated with cooperative effects in hydrogen-bond interactions. Regarding the various N–
H⋯O_CNH, N–H⋯O_CO and C–H⋯O_CNH hydrogen bondings, capability of the α-glygly clusters for
electron localization at the N–H⋯O and C–H⋯O bond critical points, depends on the cluster size. This leads to
cooperative changes in the hydrogen-bond length and strength as well as 17O and 15N chemical shift tensors.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

It is becoming increasingly apparent that many-body (or coopera-
tive) effects in intermolecular interactions play an important role in
the modern view of condensed matter [1]. Since the equations of
classical electrostatic include only pair-wise additive interactions of
localized monomers, the existence of these effects can be considered
as a departure from the classical electrostatic model of hydrogen
bonding (H-bonding), indicating the inadequacy of considering its
electrostatic picture alone, and, perhaps even more important,
suggesting the presence of significant electronic delocalization [2–
6]. Various physical and chemical properties are influenced by
cooperativity effects, including geometry, binding energy, vibrational
and nuclear magnetic resonance (NMR) properties [5–14]. For
example, secondary and tertiary structures of biomolecules and
related assemblies may be stabilized due to the cooperativity effect.
Dannenberg et al. [15] reported an unusually high degree of
cooperativity in hydrogen-bond chains of formamide and their
implications in protein modeling. They also indicated that coopera-
tivity effects play an important role in energetics of the association of
β-strands form β-sheets [16]. Kar and Scheiner [17] have just recently
conducted a comparative study between the cooperativity in C–H⋯O
and O–H⋯O hydrogen bonds. Rather interesting results are found
revealing that although cooperativity of the C–H⋯O and O–H⋯O bonds
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is similar, solvent effects, represented by a continuumwith a dielectric
constant, may reduce cooperativity in all systems.

It is well-known that there are two kinds of cooperativity in H-
bonding theory [18]. The first one is connected with π-electron
delocalization, and resonance assisted hydrogen-bonded (RAHB)
systems. The second kind is related to σ-bonds connected to each
other via a chain or a cycle. Species with N–H⋯O interactions, i.e.,
O_CNH⋯O_CNH⋯O_CNH between the chains are suitable examples.
Such a situation often occurs in crystals where the subsystem is
reduplicatedwithin the chains in linewith the translational symmetry
required. Influence of the cooperative effects on the H-bond proper-
ties was investigated recently using experimental microwave and
theoretical techniques for H3N⋯HF and H3N⋯HF⋯HF complexes [19]. It
is found that addition of the second HF molecule to the H3N⋯HF
complex leads to a 0.21(6) Å reduction in the N⋯H hydrogen bond. In
other words, the cooperativity effect exists in clusters where the
monomer can participate concertedly as donor and acceptor. There are
also numerous theoretical investigations on the cooperativity effect
[20,21]. For example, cooperativity in N–H⋯O_CNH hydrogen bond in
benzamide [22] and acetamide [23] was investigated. Results
indicated that cooperative effects enhance the H-bond strength and
decrease the covalent nature of the proton donating bond. The effects
are evidenced as elongation and a red shift in the corresponding
stretching mode. In case of acetamide, cooperativity down-shifting
was detected for calculated 14N nuclear quadrupole coupling
constants (NQCCs). There are other types of H-bonds, for example
C–H⋯F, where an enhancement of blue shift is observed as a result of
cooperativity [24]. Cooperativity may exist for different kinds of
hydrogen bonds, so-called conventional and unconventional ones.
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There are very interesting π-hydrogen-bonded interactions analyzed
at the MP2/6-311++G(2d,2p) level of approximation [25]. The other
example where the H-bond cooperativity analyzed for chains of acetic
acid molecules [26] is a very important contribution. It is found that a
rather small cooperativity, 1.2 kcal/mol (at the HF/6-31G⁎⁎ level of
theory), is present along the acetic acid molecules.

A number of theoretical investigations have been performed
concerning cooperative effects on structural and spectroscopic para-
meters of H-bonds in model peptides [27,28]. However, little informa-
tion is available for the biologically important O_CNH⋯O_CNH and N–
H⋯O_CO groups. α-Glycylglycine (α-glygly) looks like a simple
molecular model for the presence of the cooperative effects in the
O_CNH⋯O_CNH and N–H⋯O_CO interactions. Owing to the impor-
tance of these interactions in proteins and polypeptides stability, α-
glygly has received most attention from theoretical [29–31] and
experimental [32–36] points of view. Although the importance of H-
bonding interactions in crystalline structure of α-glygly has been
previously shown [31], the investigations on the cooperative effects of
α-glygly clusters have not been done from survey. The present work is
designed to theoretically address H-bonding cooperativity for linear
crystalline α-glygly clusters in a systematic manner. In addition to the
energetics, calculations address the lengths of the H-bonds, including
perturbations induced in the internal geometry of each monomer.
Spectroscopic aspects of the interactions are considered as well, in
particular theNMRchemical shift isotropyand anisotropy parameters of
relevant nuclear centers. We also focus on the electron density
redistribution, induced by hydrogen-bond formation, and its variation
by increasing theunits in the chain. Topological parameters, such as total
energy density (HC) and Laplacian of electron density at bond critical
point (∇2ρC), are useful to classify the covalent nature of interactions.
Thus, the topic of covalency for cooperative H-bonded interactions is
also discussed.

2. Methods of calculations

2.1. MP2 and DFT calculations

Molecular orbital calculations were performed using DFT and MP2
methods. All the computations were carried out using Gaussian 98
program [37]. A personal computer with a 3 GHz Pentium IV processor
and 1024 MB of RAM was used for computations. The geometry
optimization of monomer and dimer α-glygly was performed using
the B3LYP, PW91XC andMP2methodswith 6-31+G⁎, 6-31++G⁎⁎, cc-
pVDZ and aug-cc-pVDZ basis sets. For geometry optimization of linear
(α-glygly)3–5 clusters, the B3LYP method with 6-31+G⁎ basis set is
applied (Fig. 1). Although, it has been extensively shown that
counterpoise-correction (CP) [38] is necessary for obtaining correct
geometries of H-bonding clusters [39]. However, the (α-glygly)1–5
geometries were not optimized on the CP surface as a result of CPU
Fig. 1. Hydrogen-bonding network of (α-glygly)5
time limitations. Only the interaction energies obtained at the MP2
and DFT levels were corrected for the basis set superposition error
(BSSE) [38]. The BSSE corrected energies were determined as

ΔE = En −
Xn
i

Ei ð1Þ

where En is the total energy of the cluster of size n, and Ei is the energy
of the individual monomers, in the cluster geometry, calculated using
all the basis set of the cluster. According to the results presented by
Novoa and Sosa [40], MP2 correlation method provides a better
description of the energetics of H-bonded complexes than DFT
methods.

17O and 15N chemical shift calculation was computed using gauge-
includingatomicorbital (GIAO)approach [41] at theB3LYP/6-311++G⁎⁎
level of theory. The method has been to produce rather accurate data for
hydrogen-bonded systems [42,43]. The principal components calculated
using chemical shift tensor (σ11≤σ22≤σ33)were applied to compute the
chemical shift isotropy, σiso, and anisotropy, Δσ, parameters. These
parameters are defined as [44]:

σ iso ppmð Þ = σ11 + σ22 + σ33

3
ð2Þ

Δσ ppmð Þ = σ33 − σ11 + σ22

2

� �
: ð3Þ

Since quantum chemical calculations yield absolute chemical shift
values, one must establish the absolute shift values for a particular
nucleus to obtain a direct relation between the calculated results and
experimentally reported data. To evaluate the chemical shift tensor
components, δii, from the calculated σii,cal. values, we used

δii; = σ ii;ref : − σ ii;cal:

where σii,ref refers to the absolute chemical shift of liquid water and
liquid ammonia with the σiso,ref=287.50 and 244.6 ppm, respectively
[45,46].

2.2. Atoms in Molecules (AIM) calculations

AIM analysis was performed using AIM 2000 code [47]. For atom–

atom interactions such as intermolecular contacts or valence bonds,
the characteristics of the corresponding bond critical point (BCP) are
very important [48] for determination of electron density (ρC) and its
Laplacian (∇2ρC). The energetic properties of BCPs are often
considered as the electron energy density at BCP (HC) and its
components: the kinetic electron energy density (KC) and the
potential electron energy density (VC). There is a relation between
these energetic characteristics, HC=KC+VC. It is also known from the
cluster optimized at B3LYP/6-31+G⁎ level.



Table 1
Calculated structural properties of monomer and dimer α-glyglya.

Parameter Method 6-31+G⁎ 6-31++G⁎⁎ cc-pVDZ aug-cc-pVDZ

Monomer
rN–H B3LYP 1.0193 1.0183 1.0210 1.0207

PW91XC 1.0279 1.0267 1.0313 1.0269
MP2 1.0214 1.0189 1.0216 1.0210

rC_O B3LYP 1.2435 1.2410 1.2498 1.2415
PW91XC 1.2540 1.2518 1.2620 1.2532
MP2 1.2468 1.2411 1.2449 1.2531

rC–N B3LYP 1.3313 1.3310 1.3353 1.3342
PW91XC 1.3407 1.3403 1.3406 1.3404
MP2 1.3303 1.3301 1.3327 1.3319

Dimer
rN–H B3LYP 1.0216 1.0209 1.0231 1.0221

PW91XC 1.0320 1.0312 1.0348 1.0316
MP2 1.0264 1.0251 1.0279 1.0262

rC_O B3LYP 1.2535 1.2531 1.2518 1.2501
PW91XC 1.2638 1.2630 1.2695 1.2629
MP2 1.2520 1.2517 1.2565 1.2552

rC–N B3LYP 1.3242 1.3225 1.3270 1.3252
PW91XC 1.3330 1.3326 1.3351 1.3332
MP2 1.3281 1.3277 1.3291 1.3240

rN–H⋯O_CNH B3LYP 2.1696 2.1617 2.1685 2.1624
PW91XC 2.1348 2.1322 2.1364 2.1326
MP2 2.0981 2.0814 2.0917 2.0903

rN–H⋯O_CO B3LYP 1.6475 1.6360 1.6959 1.6823
PW91XC 1.6645 1.6606 1.7222 1.7194
MP2 1.6601 1.6441 1.7011 1.6942

rC–H⋯O_CNH B3LYP 2.4898 2.4818 2.5070 2.4972
PW91XC 2.6046 2.6023 2.6157 2.6061
MP2 2.5912 2.5991 2.6091 2.5945

a Distances in angstroms.

Table 2
Structural parameters for (α-glygly)1–5 optimized at B3LYP/6-31+G⁎ levela.

Parameter n=1 n=2 n=3 n=4 n=5 Exp.b

rN–H 1.019 1.022 1.024 1.024 1.025 0.090
1.025 1.024 1.024 1.025

1.028 1.023 1.024
1.028 1.023

1.028
rC_O 1.243 1.243 1.245 1.245 1.246 1.228

1.253 1.242 1.247 1.248
1.251 1.246 1.246

1.247 1.247
1.245

rC–N 1.331 1.328 1.328 1.326 1.326 1.326
1.324 1.328 1.326 1.326

1.321 1.326 1.326
1.326 1.326

1.326
rN–H⋯O_CNH – 2.170 1.978 1.977 1.977 2.091

1.932 1.958 1.968
1.980 1.960

1.980
rN–H⋯O_CO – 1.907 1.717 1.711 1.718 1.908

1.905 1.825 1.717
1.909 1.713

1.913
rC–H⋯O_CNH – 2.490 2.404 2.404 2.404 2.413

2.488 2.404 2.404
2.420 2.416

2.425

a Distances in angstroms.
b Experimental values for crystalline α-glygly from Ref. [32].
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virial theorem that 1/4∇2ρC=2KC+VC. The negative value of the
Laplacian of the electron density at BCP designates the concentration
of the electron charge among the nuclei of interacting atoms and is
typical for covalent bonds-shared interactions. In some studies it is
also stated that for ∇2ρCN0 and HCb0, the interaction may be
regarded as partly covalent in nature. For positive values of∇2ρC, there
is a depletion of electron charge between the atoms, indicating an
interaction of closed-shell systems: ions, van derWaals interactions or
H-bonds. Hence, the Bader theory arbitrarily provides the character-
istics of BCPs depending on the covalent nature of interaction.

3. Results and discussion

3.1. Analysis of structural parameters

Glygly is composed of two glycine residues; however, in the solid
state, it forms three different polymorphs, designated as α, β and γ by
Bernal [49]. In crystalline structure, α-glygly presents three types of
intermolecular interaction: N–H⋯O_CNH, N–H⋯O_CO, and a weak
C–H⋯O_CNH type. The arrangement of molecules within each layer
resembles the anti-parallel β-sheet motif observed in proteins; in α-
glygly the motif is constructed through NH⋯O_CNH hydrogen bonds
rather than covalent amid link.

The calculated structural parameters for monomer and dimer α-
glygly using the DFT and MP2 methods at the 6-31+G⁎, 6-31++G⁎⁎,
cc-pVDZ and aug-cc-pVDZ basis sets are presented in Table 1. For the
monomer α-glygly, a general comparison reveals that all calculated
bond distances are slightly longer than the experimental values
obtained for α-glycine from microwave study (rN–H=1.01 Å) [50].
Furthermore, for a given method, addition of the diffuse and
polarization functions into the basis set produces no significant
influence in geometrical parameters. A similar result is obtained for
linear chains of formamide [51] and acetamide [23] molecules, in
which a variety of basis sets at MP2 and DFT levels were employed.
The rC_O and rC–N bond distances obtained from 6-31++G⁎⁎ basis
set are found to be lower, compared to other theoretical methods at
different basis sets.

Surveying the calculated results using the DFT and MP2 methods at
different basis set levels reveals that changes in themonomer geometry
are relatively considerable upon dimer formation. As in Table 1, a small
elongation in the N–H and C_O bonds, involved in hydrogen bond, and
a very slight contraction in C–N bond distance are evidenced as dimer
molecules are produced. A similar trend is present for other systems
involving N–H⋯O_CNH hydrogen bond [23,27,28,51]. Among all the
applied theoretical methods, MP2 gives the maximum rN–H length
change, ca. 0.0050–0.0062 Å, at the four basis set levels. The main
difference between the results provided by various methods was
observed in the intermolecular distance between the atoms involved
in hydrogen bond. The N–H⋯O_CNH distance is decreased at all basis
set levels (with B3LYPNPW91XCNMP2 order). Thus, with the aug-cc-
pVDZ, the P3LYPmethod provides distances about 0.0721 Å longer than
those obtained with the MP2 method, and the PW91XC method gave
intermediate values. On the other hand, addition of diffuse and
polarization functions to the 6-31+G⁎ and cc-pVDZ basis sets shortens
N–H⋯O_CNH, N–H⋯O_CO, and C–H⋯O_CNH distances.

As in Table 2, cooperative effects lead to interesting geometries for
the differentα-glygly clusters. Geometry changes aremore prominent
for interior molecules, reflecting the considerable influence of
cooperative effects. According to our results, all of the N–H bonds
acting as H-donors and the C_O bonds acting as H-acceptors are
almost elongated relative to the isolated α-glygly molecule (1.019 Å).
The calculated rN–H and rC_O distances for pentamer cluster are given
as follows: (1.023, 1.024, 1.025, 1.025, 1.028 Å) and (1.245, 1.246, 1.246,
1.247, 1.248 Å), respectively. On the other hand, a regular decrease in
rC–N is generally observed upon cluster enlargement from dimer to
pentamer. The relation between average rC_O and rN–H bond distances
in the linear α-glygly clusters is obtained by (Fig. 2):

rC¼O = 0:939rN–H + 0:282 R2 = 0:964
� �

ð4Þ

which suggests the C_O bond order to be correlated with an increase
in N–H bond distance. The n-dependence variations in either N–H and



Table 4
Calculated binding energies, ΔEe, and BSSE corrected binding energies, ΔEeCP, with
6-311++G⁎⁎ basis set for (glygl)n=2–5 clustersa.

Parameter Method n=2 n=3 n=4 n=5

ΔEe B3LYP −55.023 −62.132 −64.977 −65.022
MP2 −61.241 −66.897 −69.884 −70.112

ΔEeCP B3LYP −54.962 −62.084 −64.714 −64.811
MP2 −61.014 −66.852 −69.795 −69.893

Cooperativity B3LYP – 7.122 9.752 9.849
MP2 – 5.838 8.781 8.879

a All calculated energies in kcal mol−1.

Fig. 2. Correlation of rC_O with rN–H bond distance.

Table 5
Calculated 17O NMR parameters (in ppm) for various α-glygly clusters.

Model δ11 δ22 δ33 δiso Δδ

Monomer 602.49 412.27 −62.54 317.41 427.63
Dimer 553.88 394.16 −41.19 302.28 377.40

599.9 412.2 −68.15 314.65 427.88
Trimer 556 399.2 −38.06 305.71 375.43

605.31 401.93 −69.41 312.61 439.05
561.93 390.37 −32.91 306.46 383.20

Tetramer 556.94 389.09 −40.08 301.98 382.44
557.56 400.88 −37.34 307.03 375.79
556.51 390.14 −35.68 303.66 379.28
617.51 406.06 −65.24 319.44 447.10

Pentamer 554.85 386.02 −39.82 300.35 381.75
558.82 402 −39.99 306.94 377.82
555.25 389.73 −34.63 303.45 377.70
557.26 401.1 −38.45 306.64 375.94
618.33 406.63 −65.38 319.86 447.71

Exp.a 546(562) 382(410) −132(−108) 265.33(288) 421(411)

a Experimental 17O NMR values for solid state α-glygly (polyglycine β-sheet) from
Ref. [33].

Table 6
Calculated 15N NMR parameters (in ppm) for various α-glygly clusters.

Model δ11 δ22 δ33 δiso Δδ

Monomer 261.87 92.75 64.89 139.84 183.05
Dimer 262.51 87.51 70.96 140.33 183.28

263.94 95.78 73.04 140.25 179.53
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C_O bond distances can therefore serve as a good evidence for H-
bond cooperativity in (α-glygly)n=1–5 clusters. The calculated rC–N
bond length for central molecule in the pentamer model, 1.326 Å,
differs from the isolated α-glygly by 0.005 Å. This value is in excellent
agreement with available experimental data [32]. Furthermore, it is
evident from Table 2 that intermolecular N–H⋯O_CNH, N–H⋯O_CO
and C–H⋯O_CNH bond lengths are also notably changed by the
cooperative nature of hydrogen bond. It is also seen that adding a third
molecule considerably reduces rN–H⋯O_CNH bond length by 0.215 Å.
This distance decreases by 9% from dimer to pentamer. On the other
hand, cooperative effects induce 0.142 and 0.078 Å reduction to N–
H⋯O_CO and C–H⋯O_CNH bond length, respectively. Calculated
cooperative effects in the geometry structure of α-glygly chain can be
compared to other H-bonded systems. All the above results obtained
forα-glygly clusters are compatible to those obtained at the DFT levels
for formamide [51], N-methyl-formamide [52], acetamide [23],
polyalanine chains in α-helical and extended structure and anti-
parallel β-sheet models [53].

3.2. Binding energies

Table 3 presents the binding energies for optimized dimer α-glygly,
providedby the three computationalmethods (B3LYP, PW91XC andMP2)
with the 6-31+G⁎, 6-31++G⁎⁎, cc-pVDZ and aug-cc-pVDZ basis sets.
Results are consistentwithother theoretical predictions. Forexample, the
ΔEe value from PW91XC/6-31+G⁎ (−57.457 kcal mol−1) is consistent
with B3LYP/D95⁎⁎ (−58.98 kcal mol−1) value reported by Dannenberg
et al. [16]. According to Table 3, various theories and basis sets produce
different effects on the interaction energies. Investigating the basis set
dependence reveals a decrease in the stabilization energy as the diffuse
and polarization functions, for both 6-31+G⁎ and cc-pVDZ basis sets, are
concerned. However, B3LYP/6-31++G⁎⁎ calculations produce the
smallest binding energies. It can be also observed from Table 3 that for
the (α-glygly)2 cluster, the BSSE corrected binding energies, ΔEeCP, are
found to be −55.553, −57.007 and −58.391 kcal mol−1, using the
smallest basis set, at the B3LYP, PW91XC andMP2 levels, respectively. The
Table 3
Binding energies, ΔEe, and BSSE corrected binding energies, ΔEeCP, for (α-glygly)2
clustersa.

Parameter Method 6-31+G⁎ 6-31++G⁎⁎ cc-pVDZ aug-cc-pVDZ

ΔEe B3LYP −56.023 −55.673 −61.708 −56.756
PW91XC −57.457 −56.763 −66.614 −58.045
MP2 −59.381 −57.365 −68.325 −60.552

ΔEeCP B3LYP −55.553 −55.303 −61.188 −56.656
PW91XC −57.007 −56.473 −66.034 −57.905
MP2 −58.391 −57.025 −67.665 −60.352

a All calculated energies in kcal mol−1.
data are about3.427kcalmol−1 smaller than theCP corrected interaction
energy for peptide (Gly4)2 calculated at the B3LYP/D95⁎⁎ level [16]. On
the other hand, stabilization energy of the dimer tends to decrease, by
0.25–1.366kcalmol−1,when a larger basis set (6-31++G⁎⁎), containing
second polarization anddiffuse functions, is adopted. However, changing
the cc-pVDZ basis set to aug-pVDZ produces a considerable difference in
binding energy, about 8 kcal mol−1, at the B3LYP and PW91XC levels.
Furthermore, the effect of BSSE on the binding energies is quite selective.
Since the BSSE introduces a nonphysical attraction between the
monomers, the CP correction makes the chain less stable, which is
observed to be larger for the MP2 calculations compared to the DFT
methods.

For optimized linear α-glygly clusters, H-bonding interaction
energies calculated at the MP2/6-311++G⁎⁎ and B3LYP/6-311+
+G⁎⁎ levels of theory, are presented in Table 4. The average binding
Trimer 263.47 93.83 70.36 142.55 181.38
262.11 90.52 69.72 140.78 181.99
260.79 89.65 71.27 140.57 180.33

Tetramer 266.41 101.96 74.90 142.42 177.98
264.35 90.90 72.06 142.44 182.87
262.34 93.36 69.48 141.73 180.92
263.26 92.14 70.67 142.02 181.86

Pentamer 260.82 88.59 71.55 140.32 180.75
261.87 92.75 64.89 139.84 183.05
272.44 104.45 75.25 150.71 182.59
262.51 87.51 70.96 140.33 183.28
265.94 98.78 74.04 146.25 179.53

Exp.a 220.80 79.70 46.80 115.80 157.55

a Experimental 15N NMR values from Ref. [34].
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energy deviation from dimer is another evidence for hydrogen-bond
cooperativity. Both MP2 and B3LYP calculations predict an increase in
cooperative effects for α-glygly clusters. Cooperative enhancement
stabilizes the average H-bond interaction in the pentamer by about
−64.811 and−69.893 kcal mol−1, at the B3LYP and MP2 levels, which
is equivalent to adding 9.849 and 8.879 kcal mol−1 to the dimer H-
bonding energy, respectively. The ΔEe is increased by 18% at the B3LYP
and 15% at the MP2 levels of theories, which is smaller than the
extrapolated percent in one dimensional chains of formamide (200%)
[51] and urea molecules (55%) [27].

3.3. NMR chemical shift tensors

Tables 5 and 6 show the 17O and 15N chemical shift eigenvalues and
their associated isotropy and anisotropy values for various (α-
glygly)n=1–5 clusters calculated at the B3LYP/6-311++G⁎⁎ level.
Besides, available experimental 17O and 15N NMR data [33,34] are also
tabulated in order to validate of our calculated data. It has been
extensively reported [54,55] that down-shift of the 17O and 15N
chemical shift isotropy value involved in the N–H⋯O_CNH hydrogen-
bonded systems generally increases with the H-bonded cluster size;
Fig. 3. Molecular graphs of the fully optimized systems: (A) dimer and (B) pentamer clus
attractors and small ones to critical points.
which is a reflection of cooperative effect. Therefore, displacement in
17O and 15N NMR isotropy values is always an indicator of the nature of
cooperativity.

The intermolecular interactions are expected to strongly affect
electronic environment at the hydrogen-bonded nuclei. Thus, the
cooperative effects in electronic structure induced by N–H⋯O_CNH,
N–H⋯O_CO and C–H⋯O_CNH hydrogen-bond formations influence
the chemical shift of the 17O nuclei in (α-glygly)2–5 clusters. According
to the B3LYP/6-311++G⁎⁎ calculations (Table 5), the calculated δ11
value decreases for all interior molecules in the (α-glygly)1–5 clusters.
The calculated δ11(17O) value for central molecule in pentamer cluster
is 555.25 ppm which differs from the monomer by 47.24 ppm.
Although the calculated δ11 value for this model deviates slightly from
their experimental counterparts (546 ppm) [33], the agreement is still
good considering the uncertainties in experiment and theory. For the
intermediate component, δ22, the magnitude of these changes is
found to be 22.54 ppm, though the shift change is relatively large from
tetramer to pentamer cluster. On the other hand, the δiso(17O) value
decreases from 317.41 ppm for the monomer to 303.45 ppm for the
central molecule in pentamer; while the associated anisotropy
parameter increases from −332.52 to −294.94 ppm. By increasing
ter. Graphs were obtained at the B3LYP/6-311++G⁎⁎ level. Big circles correspond to



Table 7
Topological parameters for the optimized system analyzed herea.

Interaction Model ρC ∇2ρC KC VC HC − KC
VC

N–H⋯O_CO Dimer 0.0262 0.1055 0.0028 −0.0321 −0.0293 0.087
Trimer 0.0312 0.1231 0.0023 −0.0369 −0.0346 0.062
Tetramer 0.0338 0.1375 0.0021 −0.0385 −0.0364 0.055
Pentamer 0.0417 0.1692 0.0003 −0.0423 −0.0420 0.007

N–H⋯O_CNH Dimer 0.0143 0.0532 0.0021 −0.0174 −0.0153 0.121
Trimer 0.0211 0.0589 0.0024 −0.0247 −0.0223 0.097
Tetramer 0.0214 0.0927 0.0026 −0.029 −0.0264 0.090
Pentamer 0.0215 0.0933 0.0028 −0.0318 −0.0290 0.088

C–H⋯O_CNH Dimer 0.0083 0.0213 0.0008 −0.0037 −0.0029 0.216
Trimer 0.0091 0.0301 0.0014 −0.0072 −0.0058 0.194
Tetramer 0.0098 0.0341 0.0015 −0.0114 −0.0099 0.132
Pentamer 0.0099 0.0363 0.0015 −0.0119 −0.0104 0.126

a All, ρC, ∇2ρC, KC, VC and HC values in atomic unit.

Fig. 4. Correlation of calculated 17O chemical shielding isotropy values with charge
density at N–H⋯O_CNH bond critical point.
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the cluster size, from dimer to pentamer cluster, the chemical shift
eigenvalues reach a limit. This indicates that, in agreement with the
previous sections, the cooperative effects on 17O chemical shift tensor
decrease by increasing the number of monomers in the clusters.

Experimentally obtained accurate magnitudes of the principal
components of the 17O NMR tensors of α-glygly and polyglycine (β-
sheet) enabled the examination of the accuracy of our calculated
values. As Table 5 indicates, all calculated values for central molecule
in pentamer cluster are in significant agreement with experimental
values with the exception of δ33(15N) component. It should be noted
that NMR parameters primarily depend on the local chemical bonding
environment, within a few Å of the nucleus under consideration. Thus,
to make an accurate description of NMR chemical shielding of
hydrogen-bonded systems, high quality basis sets is really demanding.
Based on the theoretical calculations, Oldfield et al. [56] concluded
that basis set size primarily affects the absolute shielding and very
good correlations can he obtained simply by including slightly larger
basis sets on a small number of selected atoms. Assuming a correct
starting geometry, there are three sources of errors that may cause the
DFT method to falter and to predict incorrect 17O chemical shifts. The
first is an insufficient basis set. In particular, the diffuse functions left
out for reasons of computational efficiency in the calculations of 17O
chemical shielding tensors. The second source of error is improper
inclusion of intermolecular interactions. Since the linear H-bonding
network was included for α-glygly, only the effect of long-range
electrostatic interactions must be considered. The final possible defect
is the improper incorporation of electron correlation effects. Although
a detailed study is missing, an incorrect isotropic radial dependence of
the electron density presumably would have a much smaller effect on
the orientation of the 17O chemical shielding tensor than on the
magnitude of the principal elements of chemical shielding tensor.

15N NMR chemical shift values calculated for various α-glygly
clusters are compared in Table 6. As evident from Table 6, the
calculated 15N chemical shift values at the amide site exhibit a rather
strong dependency on cooperative effects. This is consistent with the
δiso(15N) increasing by the cooperative effects [53]. The results also
show a noticeable increasing of the principal components from the
monomer to the central molecule in pentamer: Δδ11=10.87 ppm,
Δδ22=11.70 ppm, and Δδ33=10.36 ppm. The calculated average δiso
(15N) values per cluster are as follows: 140.29, 141.30, 142.15 and
143.49 ppm, which means an increase of 3% with the greatest jump of
1.36 ppm from tetramer to pentamer. In addition, the magnitudes of
calculated δii(15N) components, isotropic and anisotropic values are
generally underestimated for central molecule in pentamer cluster.

3.4. Atoms in Molecules analyses

Bader theory is applied here to analyze the characteristics of N–
H⋯O and C–H⋯O bond critical points (BCP). In the equilibrium
geometry, an interatomic interaction line is regarded as bond path
[48]. For such an equilibriummolecular structure, there is a virial path
for each bond path of interacting atoms [57].

Molecular graphs of optimized dimer and pentamer α-glygly
clusters are depicted in Fig. 3. For N–H⋯O_CNH, N–H⋯O_CO, and C–
H⋯O_CNH interactions, there are corresponding bond paths and
critical points (CPs) within the equilibrium structures. As indicated in
previous studies, characteristics of proton⋯acceptor BCPs are very
useful to estimate the cooperative effects in hydrogen-bonded
systems [58]. Parameters such as electron density at the proton⋯ac-
ceptor BCP (ρC) and its Laplacian (∇2ρC) often correlate with the H-
bond energy or other parameters, like proton⋯acceptor distance, the
proton donating bond length, and etc. [48]. As presented in Fig. 3,
there are specific bond paths and BCPs for every N–H⋯O_CNH, N–
H⋯O_CO and C–H⋯O_CNH connections. Therefore, the first topolo-
gical criterion of the existence of H-bonding interaction is fulfilled. As
in Table 7, the calculated electron densities at N–H⋯O_CO, N–
H⋯O_CNH, and C–H⋯O_CNH bond critical points are found to be
0.0262, 0.0143 and 0.0083 a.u. in dimer system, respectively. These
values increase by 59.6, 50.35 and 19.3% by moving from dimer to
pentamer, respectively. A 0.064 a.u. increase is observed for
corresponding ∇2ρ(rcp) values of N–H⋯O_CO, which is larger than
those of N–H⋯O_CNH (0.040 a.u.) and C–H⋯O_CNH (0.015 a.u.) for
the same clusters. The order of cooperativity enhancement in ρ and
∇2ρ(rcp), calculated forα-glygly clusters, supports the fact that degree
of cooperativity is proportional to the strength of hydrogen bond.

As also evident from Table 7, cooperative effects tend to increase
the total electron density value, HC, of all intermolecular interactions.
For pentamer cluster, the calculated HC values N–H⋯O_CO, N–
H⋯O_CNH, and C–H⋯O_CNH interactions are found to be −0.0420,
−0.0290 and−0.0104 a.u., respectively. It was claimed that, in case of
positive ∇2ρ(rcp) and negative HC, the H-bonding interaction is partly
covalent in nature [59].HC is the electron energy density at BCP, which
is equal to the sum of kinetic electron energy density (KC) and
potential electron energy density (VC). The latter value is negative, and
the previous one is positive. The balance between those two values
determines the nature of interaction. Therefore, the characteristics of
−KC/VC may define covalent and noncovalent interactions. For linear
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α-glygly clusters, one can observe all tendencies, indicating the role of
cooperative effect: an increase in N–H⋯O interaction and HC amount
and a decrease in −KC/VC as the number of α-glygly molecules
increases. Similar tendencies are observed for C–H⋯O interaction
(Table 7). However, in the former case, all N–H⋯O interactions may be
treated more covalent in nature than C–H⋯O, as the HC values are
more negative.

Fig. 4 shows the dependency of 17O chemical shift isotropy to the
electron density at the corresponding N–H⋯O_CNH bond critical
points. The obtained linear correlation coefficient is equal to 0.982.
This correlation indicates that the two representations of N–
H⋯O_CNH strengths, based upon NMR and AIM approaches, are
approximately equivalent. Thereby, regarding the cooperativity of N–
H⋯O_CNH interaction, it is believed that the capacity of the linear α-
glygly clusters to concentrate electrons at the N–H⋯O BCP is sensitive
to the cluster size. Hence, the average value of ρC (0.0215 a.u.) for the
pentamer is 1.5 times greater than that for the dimer (0.0143 a.u.).

4. Conclusion

The influence of cooperativity effect on N–H⋯O_CNH, N–

H⋯O_CO, and C–H⋯O_CNH was investigated for (α-glygly)1–5
clusters. It is understood that the equilibrium geometries and
interaction energies of dimer α-glygly depend considerably on the
level of theory. For trimer cluster, more stability, 7.109 kcal mol−1, was
obtained at the B3LYP/6-311++G⁎⁎ level of theory, due to formation
of the second hydrogen bond. Our calculations indicated that, as
cluster size increases, the calculated 17O chemical shift isotropy values
shift to lower values. Furthermore, the capacity of α-glygly clusters to
concentrate electrons at the N–H⋯O_CNH, N–H⋯O_CO, and C–
H⋯O_CNH BCP increases with the cluster size. Such cooperative
effects help rationalize the common occurrence of similar H-bonding
interactions in biosystems.
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