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Abstract
The influence of the hydrogen bond formation on the NMR spin–spin coupling constants (SSCC),

including the Fermi contact (FC), the diamagnetic spin-orbit, the paramagnetic spin-orbit, and the

spin dipole term, has been investigated systematically for the homogeneous glycine cluster, in gas

phase, containing up to three monomers. The one-bond and two-bond SSCCs for several intramo-

lecular (through covalent bond) and intermolecular (across the hydrogen-bond) atomic pairs are

calculated employing the density functional theory with B3LYP and KT3 functionals and different

types of extended basis sets. The ab initio SOPPA(CCSD) is used as benchmark for the SSCCs of

the glycine monomer. The hydrogen bonding is found to cause significant variations in the one-

bond SSCCs, mostly due to contribution from electronic interactions. However, the nature of varia-

tion depends on the type of oxygen atom (proton-acceptor or proton-donor) present in the

interaction. Two-bond intermolecular coupling constants vary more than the corresponding one-

bond constants when the size of the cluster increases. Among the four Ramsey terms that consti-

tute the total SSCC, the FC term is the most dominant contributor followed by the paramagnetic

spin-orbit term in all one-bond interaction.
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1 | INTRODUCTION

Glycine (with chemical formula NH2CH2COOH) is the simplest naturally occurring amino acid. Unlike other amino acids, glycine (abbreviated as GLY

henceforth in this article) contains just a single hydrogen atom as side-chain, which makes it highly flexible from the structural point of view. This

structural flexibility, conversely, helps GLY to play vital functional role in the maintenance of conformational stability of proteins. Because of its

many important biochemical and physiological activities that include interorgan metabolic regulations, anti-oxidative reactions, and neurological

function, GLY is frequently studied in the areas of biotechnology, biomedical, and agricultural sciences. In quantum chemistry related areas, GLY is

regularly used as a suitable model molecule to investigate different biomolecular structures, properties, and interactions, both experimentally and

theoretically.[1–12] Applications of different quantum chemical methods to study different properties of this model molecule is also helpful, as a by-

product, in assessing the quality of different theoretical approaches. The importance of GLY, in fact, goes far beyond the terrestrial limit as intense

search is on to find it definitively in the extraterrestrial atmosphere.[13–18] Identification of interstellar glycine in the direction of the hot molecular

cores Sgr B2(N-LMH), Orion KL, and W51 e1/e2 has already been reported,[17] although it became a debatable issue.[18] However, detection of gly-

cine in comets and their coma is confirmed by now.[19,20]

In recent years, nuclear magnetic resonance (NMR) has turned into a powerful tool for investigating biomolecular structures in different environ-

ments. In the area of high resolution NMR spectroscopy, investigation of spin–spin coupling constants (SSCC) is very important since these experi-

mentally measurable parameters may provide very useful information about the structural and conformational characteristics of molecules and their

complexes. Conversely, the formation of hydrogen bond (H-bond) is essential in the stabilization of many molecular clusters and complex multia-

tomic molecular structures in chemical and biological environments. Since H-bonded interactions affect the electron density of the participating
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atoms, SSCCs can be useful in the detection and analysis of the nature of hydrogen bonds. A significant progress regarding the calculation of the

SSCCs for H-bonded molecular systems has been made in last few years.[21–34]

Several highly sophisticated correlation-consistent wavefunctions-based methods like the multiconfigurational self-consistent field (MCSCF)

theory,[35–38] second-order polarization propagator approach (SOPPA),[39–42] Equation of motion coupled cluster with single and double excitation

(EOM-CCSD),[43–45] iterative approximate coupled cluster singles, doubles, and triples (CC3) model[46–48] have been developed, in last few decades,

to study the electronic structure of molecular systems. These first-principle correlation-consistent methods, although predict the SSCCs quite accu-

rately, they are generally costly from the computational point of view. Thus, applications of these methods are limited in most cases to small molecu-

lar systems. Density functional theory (DFT)-based methods utilizing hybrid functionals, conversely, have emerged as suitable alternative to the

traditional first-principle theories as it allows to treat relatively large molecules with relative ease providing a good compromise between computa-

tional cost and numerical accuracy. They are being routinely tested and utilized to calculate SSCCs and other NMR parameters of different types of

molecular systems.[23,31,49–57]

Despite the structural simplicity, GLY is capable of forming complex H-bonded networks as it possesses multiple sites available for H-bonding.

With the help of the polar C@O, CAO, OAH, and NAH bonds, it can form the conventional OAH���O or NAH���O type H-bonds with other mole-

cules like water. Conversely, it can also form nonconventional CAH���O type H-bond through the CaAH bond, which, albeit weaker than conven-

tional H-bond, plays important role in the dynamics of protein folding or stabilization of protein secondary structures in biological systems. In last

few years, several experimental and theoretical works have been performed to investigate the H-bonded interaction of GLY with water

molecule.[11,58–67] However, very few studies have been reported on the noncovalent interactions of GLY with itself[7,9,68–70] or with molecules

other than water like HCN[4] and THF.[71]

In the present study, we use different quantum chemical models to calculate several intramolecular and intermolecular SSCCs for the isolated

GLY molecule and its H-bonded clusters, containing up to three monomers in gas-phase. The main objective of this work is to observe the effect of

hydrogen bond formation on SSCCs, choosing a suitable basis set that offers best compromise between cost and precision. Although some elaborate

calculations on the trans-hydrogen-bond coupling constants for peptide molecular systems have been performed recently,[28,29,32] no such calcula-

tions on glycine cluster has been reported yet. Conversely, gas-phase NMR measurements are also limited to small molecular systems due to the

inherent difficulties to perform such experiments.[72] In this context, the present study is important as it may provide some new information regard-

ing the effect of H-bond formation on the SSCCs of ACOOH group containing molecules.

2 | METHODS

The most stable gas-phase conformation of isolated GLY molecule is fully optimized without any constraint using the gradient corrected B3LYP

(three parameter hybrid exchange functional of Becke with the Lee–Yang–Parr correlation) density functional[73–76] with Pople’s 6–3111G(d, p)

split-valence basis sets.[77–79] This optimized GLY is considered as the monomer to build the initial structures of H-bonded glycine dimer (GLY���GLY)
and trimer (GLY���GLY���GLY) which are then optimized individually by the same model, B3LYP/6–3111G(d,p) with no constraints. Each optimiza-

tion is followed by the computation of analytical vibrational frequencies at the same level of calculation to confirm that each optimized configuration

is a local energy minimum at the potential energy hypersurface. Construction of the initial molecular structures and postcalculation structural analy-

sis are done with molecular structure visualization softwares, ArgusLab[80] and Gaussview 4.1.[81] All the calculations for geometry optimizations and

vibrational frequency are performed by using the Gaussian 03 suite of program.[82]

The SSCCs for isolated GLY monomer are then calculated by using the following quantum-chemical models with the geometry optimized at the

B3LYP/6–3111G(d,p) level:

SOPPA/aug-cc-pVTZ-J//B3LYP/6–3111G(d,p)

SOPPA(CCSD)/aug-cc-pVTZ-J//B3LYP/6–3111G(d,p)

B3LYP/aug-cc-pVTZ//B3LYP/6–3111G(d,p)

B3LYP/aug-cc-pVTZ-J//B3LYP/6–3111G(d,p)

B3LYP/aug-pcJ-n (n50,3)//B3LYP/6–3111G(d,p)

KT3/aug-cc-pVTZ-J//B3LYP/6–3111G(d,p)

KT3/aug-pcJ-n (n50,3)//B3LYP/6–3111G(d,p)

In all above cases, the model “B3LYP/6–3111G(d,p)” after the “//” symbol denotes the quantum chemical model for geometry optimization

and the model before “//” is the one used for the NMR calculations. We could not successfully use the aug-pc-4 basis for the infrastructural limita-

tion. The aug-pc-4 basis for GLY, with 1165 contracted basis functions, is far too expensive compared to the aug-cc-pVTZ-J basis that contains 330

basis functions for the same molecule.

The second-order polarization propagator approximation, SOPPA is based on second-order Møller–Plesset (MP2)[83,84] perturbation theory con-

sidering the corresponding singlet or triplet double excitations added to single excitations considered at the level of the random phase approxima-

tion (RPA).[85–87] Replacement of the MP2 correlation coefficient in the SOPPA equations with the coupled cluster single and double (CCSD)
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excitation amplitudes yields the SOPPA(CCSD) scheme.[88] Hence, both methods consider the electron correlation effects which are important for

the coupling among the electronegative atoms. SOPPA has been found to produce very reliable one-bond and long-range spin–spin coupling con-

stants not only in small molecules, but also in a wide range of hydrocarbons.[89] SOPPA(CCSD) results have been considered as the benchmark for

the present work.

Among the DFT-based models, B3LYP is one of the most popular hybrid functional which has already been employed successfully in many dif-

ferent types of quantum-chemical investigations over the years. KT3,[90] conversely, belongs to the group of general gradient approximation

exchange-correlation (GGA xc) functionals, which has been designed specifically to provide high quality NMR shielding constants and chemical shifts.

Three different extended basis sets have been used to calculate the SSCCs: (i) the diffuse function augmented correlation consistent aug-cc-pVTZ

basis of Dunning and coworkers,[91–93] (ii) the diffuse function augmented spin–spin optimized polarization consistent aug-pcJ-n (n50–4) basis of

Jensen,[94,95] and (iii) the diffuse function augmented contracted correlation-consistent triply split polarized aug-cc-pVTZ-J basis of Sauer and

coworkers.[96] The last one, in particular, permits an adequate treatment of the cusp of the wave function at the nucleus and, therefore, gives a very

good description of the FC term.[97] The aug-cc-pVTZ-J basis is optimized for the calculation of NMR indirect nuclear spin–spin coupling constants

with either correlated wavefunction methods such as SOPPA and SOPPA(CCSD) or DFT methods. Results obtained by previous applications of this

basis set with different methods were found to be in very good agreement with experiment and it serves as an excellent alternative to calculate

SSCCs in large molecules, particularly with B3LYP functional.[97,98]

The calculations with SOPPA and DFT/KT3 functional are performed with the Dalton 16 program package[99] while those with B3LYP are done

with Gaussian 09[100] suit of programs. Pople’s and Dunning’s basis sets are implemented in Gaussian. Sauer’s and Jensen’s basis set is available

from the EMSL basis set library.[101,102]

Besides the glycine monomer, the SSCC parameters for the dimer (GLY���GLY) and trimer (GLY���GLY���GLY) are also calculated, however, only

with DFT functionals with aug-cc-pVTZ-J and aug-pcJ-n, (n50,1) basis sets only. Calculation with SOPPA becomes prohibitive for this systems with

our current computational infrastructure. The aug-pcJ-n basis sets with n>2 are also found to be too costly for dimer and trimer.

In this work, we calculate the one bond 1J (A-B), two bond 2J (A,B) as well as the one-bond 1hJ(H���Y) and two-bond 2hJ(X,Y) coupling constants

across the XAH���Y hydrogen bond to investigate the effect of the hydrogen bond formation where A, B represent any constituent atom of GLY

and X, Y are the nonhydrogen atoms. Besides total indirect spin–spin coupling constants, all the individual terms that contribute to the SSCCs,

according to Ramsey approach,[103] namely, the Fermi contact (FC), spin dipole (SD), paramagnetic spin-orbit (PSO), and diamagnetic spin-orbit

(DSO) have been evaluated for GLY and its H-bonded complexes. The FC and SD terms account for the transmission mechanisms of the spin inter-

action between nucleus and electrons, while the PSO and DSO contributions treat the interaction between nuclear spins and the orbital angular

momentum of the electrons.

3 | RESULTS AND DISCUSSIONS

3.1 | Intramolecular SSCCs—isolated glycine

Glycine in gas-phase, as confirmed by experimental and theoretical investigations,[58,63,104–110] exists predominantly in the neutral form

(NH2CH2COOH). However, it possesses many different conformations due to the internal rotational degrees of freedom associated with the CAC,

CAN, and CAO bonds and possible formation of intramolecular H-bond. The optimized structure of the glycine molecule used in the present work,

as shown in Figure 1, corresponds to the most stable and abundant Cs conformations,[105] obtained earlier by ab initio calculations[4,7,58,68,71] and

identified experimentally.[63,107–109]

Since the structural parameters of this conformation have already been discussed in details in an earlier publication,[66] we focus our attention

directly on the SSCC parameters, the main subject of interest of the present work. Table 1 presents all the intramolecular total one-bond SSCCs, 1J

(X,Y) for isolated glycine obtained by different models, as aforementioned.

FIGURE 1 The B3LYP/6–3111G(d,p) optimized structure of isolated glycine
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Comparing the 1J (X,Y) values of different models with that of benchmark SOPPA(CCSD), reported in Table 1, we observe that the DFT/B3LYP

functional, either with aug-cc-pVTZ-J or with aug-pcJ-n (n51–3) basis, performs better than KT3 . Among the basis sets, curiously, the double-zeta

aug-pcJ-1 is the one that possesses least deviation from SOPPA (CCSD) and performs slightly better than its higher-order family members, aug-pcJ-

2 or aug-pcJ-3, as can be seen from Figure 2. In Figure 2, we compare the performance of some of the methods, utilized in the present work, in

terms of deviation from SOPPA(CCSD), as defined in the figure itself. The basis sets with triple-zeta quality (aug-cc-pVTZ-J and aug-pcJ-2), con-

versely, provide similar results for 1J (X,Y) values. However, aug-cc-PVTZ-J works at a lower computational cost. Going from aug-pcJ-2 to aug-pcJ-3,

we do not observe significant variation in the 1J (X,Y) values, as can be seen in Table 1, but the computational cost increases manifold. There are a

few specific cases in other models, where we observe an excellent agreement. For example, at the KT3/aug-pc-1 level of calculation, 1J

(15N1A
1H9)5267.57 Hz, while at the SOPPA(CCSD) level, it is 267.49. The calculated values of 1J(15N1A

13C2)526.82 Hz, 1J(13C3A
17O5)5

28.38 Hz and 1J(17O5A
1H6)578.08 Hz by B3LYP/6–3111G(2d,2p) are also close to the corresponding SOPPA(CCSD) results. However, consider-

ing the factors of computational cost, quality of the basis set and the overall agreement in case of the one-bond interactions in glycine, the perform-

ance of aug-cc-pVTZ-J is by far the best one.

We further observe, in Table 1, that the 1J(X, H) absolute values are, in general, higher than those of 1J(X, Y) in all models, where X, Y denote

the nonhydrogen atoms of GLY. Among all the interactions, 1J(13C2A
1H7) coupling constants possess highest absolute values, while the 1J

TABLE 1 One-bond spin–spin coupling constants (in Hz) in the isolated glycine, 1J(X,Y), with X,Y5C, N, O, or H, calculated by different
models

Method Basis 15N1A
13C2

13C2A
13C3

13C3A
17O4

13C3A
17O5

15N1A
1H9

13C2A
1H7

17O5A
1H6

SOPPA aug-cc-pVTZ-J 25.22 55.63 30.05 32.49 269.41 140.25 287.05

SOPPA(CCSD) aug-cc-pVTZ-J –5.24 54.60 28.69 31.11 –67.49 135.04 –84.92

DFT-B3LYP 6–3111G(2d,2p) 26.82 89.49 11.60 28.38 252.47 92.29 278.08

DFT-B3LYP aug-cc-pVTZ 1.50 40.20 46.92 44.49 262.03 122.01 273.40

DFT-B3LYP aug-cc-pVTZ-J 22.65 53.87 32.42 40.57 269.71 144.35 276.58

DFT-B3LYP aug-pcJ-0 1.11 40.33 50.01 46.97 256.28 127.69 249.19

aug-pcJ-1 23.97 55.20 29.75 38.28 268.71 142.45 276.27

aug-pcJ-2 22.80 53.22 32.15 40.10 269.17 142.89 276.42

aug-pcJ-3 22.79 53.68 32.39 40.48 269.82 144.03 277.22

DFT-KT3 aug-cc-pVTZ-J 0.56 46.57 39.05 46.93 271.99 154.36 271.89

DFT-KT3 aug-pcJ-0 4.58 33.13 54.26 52.01 255.81 136.26 240.97

aug-pcJ-1 1.32 42.35 40.12 46.02 266.53 145.08 264.61

aug-pcJ-2 2.18 40.91 41.99 47.60 267.57 146.26 265.67

aug-pcJ-3 1.25 44.13 40.71 47.49 270.36 151.16 269.84

FIGURE 2 Deviations in the 1J(X,Y) values when compared with SOPPA(CCSD), as explained in the text
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(15N1A
13C2) values are the lowest ones. Thus, both the highest and lowest interaction constants involve the alpha-carbon (Ca) of glycine. Among

the interactions between the nonhydrogen atoms, the highest value is observed for 1J(13C2A
13C3)—again involving the same Ca atom.

3.2 | Effect of H-bonding on the intramolecular and intermolecular SSCCs

In Figure 3, we show the equilibrium structure H-bonded GLY dimer, GLY���GLY, utilized in the present work. Although the dimer, may contain sev-

eral conformations due to multiple H-bond sites of GLY, the one containing double H-bonding through the carboxyl group, as shown in Figure 3, is

the most stable one in gas-phase.[11] The Figure 4 shows the optimized geometry of the GLY trimer, GLY���GLY���GLY.
The optimized geometry of GLY���GLY is a centro-symmetric structure where two H-bonded carboxyl groups lie in a plane. However, the H-

bonded GLY trimer is slightly different. It forms a closed cyclic structure, as shown in Figure 4, where again the main noncovalent stabilizing interac-

tions reside among the three carboxyl groups that do not form a perfect planar structure. The two H-bonds of the dimer are equal, at both length

and angle. The trimer, conversely, contains three H-bonds, where the H-bond lengths are almost equal to each other, but the angles are not. The H-

bond O���H distances and OAH���O angles are shown in the figures.

Since the H-bonded interactions among the carboxyl group atoms are mainly responsible for the stabilization of the GLY clusters, we attempted

to observe the effect of H-bonding on the short-range (one-bond) and long-range (two- and three-bond) SSCCs of these elements in the GLY mono-

mer. In Table 2, we report some of these intramolecular and intermolecular SSCCs as obtained by the models B3LYP/aug-cc-pVTZ-J and B3LYP/

aug-pcJ-1. Due to the high computational cost, the calculations of SSCCs for dimer and trimer with the aug-pcJ-2 and aug-pcJ-3 basis became pro-

hibitive in our available infrastructure. Thus, the column called “monomer” in the table shows the values of intramolecular SSCCs when GLY is iso-

lated, some of which have already been reported in Table 1. The columns named “dimer” and “trimer” actually show the modified values of the same

monomer SSCCs, when GLY is no longer isolated, but H-bonded with another one or two GLY molecules. The cases where we observe appreciable

changes, the numbers are written in bold fonts. The last two lines of Table 2 show the intermolecular or across the H-bonding SSCCs.

FIGURE 3 B3LYP/6–3111G(d,p) optimized structure of the glycine dimer

FIGURE 4 B3LYP/6–3111G(d,p) optimized structure of the glycine trimer
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In the case of intramolecular interactions, as we observe in Table 2, the changes in the SSCCs involving the interaction of the proton-acceptor

oxygen (O4) atom are higher than those involving the proton-donor oxygen (O5), when H-bond is formed. For example, the computed value of
1J(O5AH6) changes from 276.58 Hz to 280.57 Hz when the dimer is formed, which means a variation of about 5% with respect to the mono-

mer value at the B3LYP/aug-cc-pVTZ-J level of calculation. When the trimer is formed, the variation corresponds to about 15% of the mono-

mer value. In the case of the two-bond interaction between the alpha-carbon, C2 and the proton-donor O5,
2J(C2AO5)5221.27 Hz for

monomer, but 217.52 Hz for dimer that signifies a variation of about 18% with respect to monomer. Conversely, the calculated value of two-

bond, 2J(C2AO4) changes from 1.97 Hz (monomer) to 0.34 Hz (dimer) to 0.90 Hz (trimer)—a variation of 83% when dimer is formed and 54%

when trimer is formed. The B3LYP/aug-pcJ-1 values also demonstrate very similar trend in all cases.

In the context of the present work, it might be interesting to observe the effect of H-bonding on the 17OA17O interactions with special care. It

is well known that oxygen is one of the most important elements in biomolecular systems. Among all the naturally occurring oxygen isotopes, 17O is

the only one that possesses nonzero nuclear spin (I55/2). However, it has extremely low natural abundance (�0.037%). Moreover, the nuclear spin

I55/2 implies a nonzero nuclear electric quadrupole moment which tends to cause the broadening of the NMR line widths making the experimental

detection of 17O NMR signal somewhat difficult. This increases the importance of high-level theoretical investigations on the magnetic properties of

oxygen atoms in biological molecules. When the interaction between the two oxygen nuclei of the carboxyl group in isolated GLY molecule, is con-

sidered, as we see in Table 2, 2J(O4AO5)526.99 (–7.11) Hz at the B3LYP/aug-cc-pVTZ-J (B3LYP/aug-pcJ-1) level of calculation. With the forma-

tion of H-bonds in dimer, the value of the same intramolecular two-bond SSCC changes to 27.94 (–8.06) Hz—an appreciable variation of about

14% (13%) at the B3LYP/aug-cc-pVTZ-J (B3LYP/aug-pcJ-1) level. Going from dimer to trimer, the absolute value of the intramolecular 2J(O4AO5)

SSCC decreases about 7% with respect to its dimer value, in both models.

As far as the intermolecular 17OA17O interactions are concerned, we find, in case of the dimer, 2hJ(O4,O15)5
2hJ(O14,O5)56.57 (6.28) Hz at the

B3LYP/aug-cc-pVTZ-J (B3LYP/aug-pcJ-1) level of calculation which jumps to 8.53 (8.15) Hz when the trimer is formed. Once again, an appreciable

effect of H-bonded interaction on the magnetic properties of oxygen is observed with a variation of about 30% at both levels. We note that the sign

of the intramolecular 2J(O4,O5) is negative, while that of the intermolecular 2hJ(O4,O15) is positive. Furthermore, the sign of the intramolecular one-

bond SSCC of the proton donor OAH group 1J(O5AH6) is negative while that of the across the H-bond SSCC 1hJ(O4AH16) is positive. Since the gyro-

magnetic ratio of 17O is negative and that of 1H is positive, the reduced intramolecular (through-bond) SSCC, 1K(O5,H6) is positive and 2K(O4,O5) is neg-

ative, in agreement with the predictions of Dirac Vector Model (DVM). Likewise, The reduced intermolecular (across the H-bond) SSCC 1hK(O5,H6) is

negative and 2hK(O4,O5) is positive, consistent with the nuclear magnetic resonance triplet Wave function model (NMRTWM).[111,112] The 1hJ(O4AH16)

also suffers appreciable variation (more than 20%) at both B3LYP and KT3 levels, while going from dimer to trimer.

TABLE 2 Effect of hydrogen bond formation on SSCCs—variation of intramolecular SSCCs of the glycine monomer 1 when dimer and trimer
is formed

B3LYP/aug-cc-pVTZ-J B3LYP/aug-pcJ-1

Monomer Dimer Trimer Monomer Dimer Trimer

No of basis functions 330 660 990 250 500 750

Intramolecular SSCCs (in Hz)

1J(C2AC3) 53.87 53.48 54.32 55.20 54.45 55.36

1J(C3AO4) 32.42 32.99 30.06 29.75 30.50 27.35

1J(C3AO5) 40.57 37.60 37.34 38.28 35.46 35.22

1J(O5AH6) 276.58 –80.57 –87.81 276.27 –79.33 –86.56

2J(C2AO4) 21.71 –3.89 23.58 21.57 –3.69 23.36

2J(C2AO5) 221.27 –17.52 –19.85 220.26 –16.61 –18.84

2J(O4AO5) 26.99 27.94 27.32 27.11 28.06 27.43

2J(C3AH6) 26.44 25.84 25.68 26.51 25.93 25.80

3J(C2AH6) 7.96 7.78 8.71 7.70 7.52 8.41

3J(O4AH6) 1.97 0.34 0.90 1.95 0.45 1.00

Intermolecular (across the H-bond) SSCCs (in Hz)

1hJ(O4,H16)
a — 8.00 9.70 — 7.83 9.45

2hJ(O4,O15)
a — 6.57 8.53 — 6.28 8.15

aFor dimer, 1hJ(O4,H16)5
1hJ(O14,H6) and

2hJ(O5,O14)5
2hJ(O4,O15), by symmetry
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In Figure 5, we illustrate the variation of intermolecular, or, “across the H-bond” 17OA17O and 17OA1H SSCC as a function of the proton-

transfer coordinate in Gly dimer. As we observe from the figure, 1hJ(17OA1H) just decreases monotonously as the OAH distance increases. Con-

versely, 2hJ(17OA17O) shows slight increase in between 1.55 and 1.60 Å and then starts to decrease and beyond 1.65Å, which is the H-bond length

of the dimer equilibrium geometry, it also decreases gradually. If we observe the three H-bond angles in trimer, as illustrated in Figure 4, they can be

arranged in the following order: u(O6AH5���O24)5159.88< u(O4AH16���O15)5163.78< u(O14AH26���O25)5165.98. The corresponding 2hJ

(17OA17O) values maintain a different order, which is, 2hJ(O6AO24)58.51 Hz< 2hJ(O4AO15)58.53 Hz> 2hJ(O14AO25)57.74 Hz, as calculated by

B3LYP/aug-cc-pVTZ-J model. Thus, no special correlation is found between SSCC values and H-bond lengths or H-bond angles.

In Table 3, we report the values of individual Ramsey terms to analyze their relative contributions to total SSCC. In many systems, the FC

term is found to be the most dominant among the four. However, in the present case, where the carboxyl group atoms are being analyzed,

this is not always true. In some cases like, 1J(C3AO5),
1J(O5AH6), or

2J(C2AO5), FC term is the highest contributor to SSCC values followed

by the paramagnetic spin-orbit (PSO) and its value is always more than an order of magnitude larger than any other Ramsey terms. Con-

versely, there are other interactions, where the contribution of PSO term surpasses that of FC term, as observed before in case of microhy-

drated ortho-aminobenzoic acid.[23] For example, in 2J(O4AO5) and
3J(O4AH6) the PSO term is found to be stronger than FC by one order of

magnitude. It is to be noted that both of these interactions involve O4, the proton-acceptor oxygen of the carboxyl group. In fact, there are

situations where the FC term is dominant even though O4 is present in the interaction, like 1J(C3AO4) or
2J(C2AO4). But, the dominance of

FC term is less expressive in these cases, as both FC and PSO are of same order of magnitude. For example, in 1J(C3AO4) of GLY monomer,

while the FC term is 21.22 (18.40) Hz at the B3LYP/aug-cc-pVTZ-J (B3LYP/aug-pcJ-1) level of calculation, the corresponding PSO term is

13.59 (14.08) Hz. Thus, individual Ramsey terms are sensitive to the particular function of oxygen atom when H-bonding takes place. In gen-

eral, the dominance of FC term is valid for all one-bond SSCCs. The few cases where PSO contributes more than FC belong to two- or

higher-bond SSCCs.

Regarding the effect of H-bonded interactions, we again observe an appreciable influence, although no particular pattern is noted. The one-

bond 17OA1H interaction shows most notable variations among all. The FC term of 1J(O5AH6) changes from 266.73 Hz in isolated GLY to 275.37

Hz when dimer is formed (signifying a variation of ca. 13%) and 281.65 Hz when trimer is formed (variation of 22% with respect to isolated mono-

mer) at the B3LYP/aug-cc-pVTZ-J level of calculation. The B3LYP/aug-pcJ-1 model predicts similar variations. Unlike the FC terms, the absolute

value of PSO in 1J(O5AH6) decreases by about 47% with dimer formation and 38% with trimer formation at both level of calculation. Among other

one-bond interactions, the FC term of 1J(C3AO4) suffers almost no variation when dimer is formed, but decreases by about 12% with trimer forma-

tion. The value of the PSO term remains around 13 (14) Hz in all systems at the B3LYP/aug-cc-pVTZ-J (B3LYP/aug-pcJ-1) level of calculation. On

the contrary, the FC term of 1J(C3AO5) suffers variation when dimer is formed with a diminution of about 15% (16%), at the B3LYP/aug-cc-pVTZ-J

(B3LYP/aug-pcJ-1) level of calculation but remained almost unchanged when going from dimer to trimer. In this last case, however, the variation of

the PSO term follows an opposite trend—it increases by about 30% (27%) at the same levels of calculation, when dimer is formed and then remains

almost unaltered.

FIGURE 5 Variation of OAH and OAO SSCC as a function of Hydrogen bond length
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TABLE 3 Calculated values of the individual Ramsey terms (in units of Hz) of isolated and hydrogen-bonded glycine using two diferente
quantum–chemical models: B3LYP/aug-cc-pVTZ-J and KT3/aug-cc-pVTZ-J

B3LYP/aug-cc-pVTZ-J B3LYP/aug-pcJ-1

Coupling RP Monomer Dimer Trimer Monomer Dimer Trimer

1J(C3AO4) DSO 20.10 20.13 20.13 20.10 20.13 20.13

PSO 13.59 13.32 12.99 14.08 13.79 13.46

SD 22.32 21.29 21.50 22.63 21.51 21.74

FC 21.22 21.07 18.66 18.40 18.35 15.75

1J(C3AO5) DSO 20.14 20.15 20.15 20.14 20.15 20.15

PSO 6.74 8.74 8.31 6.96 9.04 8.59

SD 0.11 0.20 0.18 0.07 0.15 0.13

FC 33.84 28.80 28.99 31.39 26.42 26.66

1J(O5AH6) DSO 20.33 20.53 20.51 20.33 20.53 20.51

PSO 29.56 25.03 25.92 29.73 25.12 26.02

SD 0.02 0.33 0.24 20.23 0.09 20.02

FC 266.73 275.37 281.65 265.98 273.77 280.02

2J(C2AO4) DSO 0.03 0.02 0.02 0.03 0.02 0.02

PSO 1.19 1.09 1.11 1.23 1.13 1.15

SD 20.20 20.16 20.17 20.20 20.15 20.17

FC 22.73 24.84 24.54 22.63 24.67 24.35

2J(C2AO5) DSO 20.01 20.01 20.01 20.01 20.01 20.01

PSO 0.34 0.58 0.50 0.36 0.59 0.52

SD 0.04 0.01 0.02 0.05 0.01 0.02

FC 221.68 218.11 220.38 220.66 217.20 219.36

2J(O4AO5) DSO 20.04 20.03 20.03 20.04 20.03 20.03

PSO 26.86 27.29 26.88 27.12 27.55 27.13

SD 0.82 0.91 0.91 0.88 0.97 0.98

FC 20.91 21.52 21.33 20.84 21.46 21.25

2J(C3AH6) DSO 20.43 20.28 20.39 20.43 20.29 20.39

PSO 21.08 21.26 21.08 21.17 21.34 21.16

SD 20.15 20.17 20.17 20.16 20.19 20.19

FC 24.79 24.13 24.04 24.75 24.10 24.06

3J(C2AH6) DSO 20.72 20.58 20.60 20.72 20.58 20.61

PSO 0.61 0.56 0.58 0.61 0.57 0.58

SD 0.04 0.06 0.05 0.04 0.06 0.05

FC 8.03 7.75 8.69 7.77 7.48 8.38

3J(O4AH6) DSO 0.02 20.07 20.05 0.02 20.07 20.05

PSO 2.30 1.74 1.90 2.34 1.76 1.93

SD 0.48 0.38 0.38 0.51 0.41 0.40

FC 20.83 21.71 21.32 20.82 21.65 21.29
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3.3 | Factors controlling the variation of SSCCs

The formation of molecular clusters, in gas phase, may be interpreted as a two-step process.[7,113,114] In the first step, the monomers approach each

other, make necessary adjustment in their geometries, and align themselves appropriately so that, in the next step, the intermolecular electronic

interactions (electrostatic, polarization, exchange, charge transfer, etc.) may effectively be established giving necessary stability to the clusters. The

SSCCs of the monomer can thus be influenced by two factors—the structural modification and the electronic interaction and there may exist a com-

petition between them. In the present section, we make a brief analysis of the effect of these two factors on the calculated SSCCs of glycine. We

thus consider two different kinds of monomer geometry in the case of homogeneous glycine cluster. First, we have the constraint-free equilibrium

geometry of the glycine molecule, which we call as “relaxed GLY” in the present discussion. Second, there is the geometry adopted inside the clus-

ters, which is slightly distorted with respect to the original equilibrium geometry, and we name it as “constrained GLY.” Inside the cluster (dimer or

trimer), this “constrained GLY” interacts with another “constrained GLY” through H-bonding. Thus, the SSCCs calculated in a cluster include the

effect of both factors—the structural modification and the electronic interaction, However, if we extract the constrained monomer from the cluster

and calculate SSCCs on this geometry separately, we can observe the sole effect of structural modification. So, the “constrained GLY” is further clas-

sified as “constrained GLY with interaction” and “constrained GLY without interaction.” In Table 4, we report the SSCCs of the GLY monomer in

these three different situations and observe their relative importance in the variation of the SSCCs.

TABLE 4 The effect of structural modifications and electronic interactions on SSCCs (in Hz) as calculated by the B3LYP/aug-cc-pVTZ-J
model

Constrained GLY
with interaction

Constrained GLY
without interaction

Coupling RP Relaxed GLY Dimer Trimer Dimer Trimer

1J(C3AO4) DSO 20.10 20.13 20.13 20.11 20.10

PSO 13.59 13.32 12.99 14.06 13.90

SD 22.32 21.29 21.50 22.21 22.23

FC 21.22 21.07 18.66 24.96 23.64

Total 32.42 32.99 30.06 36.70 35.21

1J(C3AO5) DSO 20.14 20.15 20.15 20.14 20.14

PSO 6.74 8.74 8.31 7.05 6.82

SD 0.11 0.20 0.18 0.28 0.27

FC 33.84 28.80 28.99 31.01 31.32

Total 40.57 37.60 37.34 38.20 38.28

1J(O5AH6) DSO 20.33 20.53 20.51 20.34 20.35

PSO 29.56 25.03 25.92 29.19 29.41

SD 0.02 0.33 0.24 0.31 0.14

FC 266.73 275.37 281.65 261.21 267.22

Total –76.58 –80.57 –87.81 –70.43 –76.84

2J(O4AO5) DSO 20.04 20.03 20.03 20.04 20.04

PSO 26.86 27.29 26.88 26.52 26.46

SD 0.82 0.91 0.91 1.03 0.97

FC 20.91 21.52 21.33 20.76 20.76

Total –6.99 –7.94 –7.32 –6.29 –6.29

3J(O4AH6) DSO 0.02 20.07 20.05 0.05 20.08

PSO 2.30 1.74 1.90 2.13 2.10

SD 0.48 0.38 0.38 0.45 0.42

FC 20.83 21.71 21.32 20.79 20.84

Total 1.97 0.34 0.90 1.84 1.77
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For the 1J(C3AO4), both in dimer and trimer, the influences run in opposite directions, while structural modification increases the SSCC,

H-bonded interaction decreases it. In case of the dimer, the effect of electronic interaction cannot overcome the effect of structural modifica-

tion and, as a result, we have a net increase of 0.6 Hz in “constrained GLY with interaction.” In case of the trimer, we observe an increase of

about 2.8 Hz in the total SSCC of the “constrained GLY without interaction” with respect to that of “relaxed GLY.” Thus, the structural

modifications affect the 1J(C3AO4) appreciably. However, the electronic interaction turns out to be even more important in this case as it not

only nullifies the increase of this SSCC due to structural changes, it decreases it almost by the same amount, giving a net decrease of 2.4 Hz in

“constrained GLY with interaction.”

In the case of 1J(C3AO5), conversely, the influences of geometry and interaction run in the same direction, both in dimer and trimer. The values

of 1J(C3AO5) decrease in all cases. However, in case of dimer, the effect of electronic interaction overcomes the effect of structural modification

and causes more decrease in 1J(C3AO5). As we can observe from Table 4, the total values of this SSCC for the “constrained GLY without interac-

tion” and “constrained GLY with interaction” are 2.37 Hz and 2.97 Hz, respectively. Thus, going from monomer to dimer, there is a decrease of 2.4

Hz in 1J(C3AO5) just due to geometrical changes and when the electronic interaction comes into play, it decreases the 1J(C3AO5) further by 0.6 Hz.

In the trimer, the same behavior is observed. However, the decrease in 1J(C3AO5) solely due to electronic interaction is just 0.9 Hz. Thus, in case of
1J(C3AO5), it is the structural modifications that plays a dominant role in the variation of SSCC.

The 1J(O5AH6) coupling constants show larger variations, in both dimer and trimer, as expected. In dimer, the influences of geometry and inter-

action run in opposite direction. While structural modification increases the 1J(O5AH6) by 6.15 Hz, the joint effect of geometric modification and H-

bonding interaction decreases it by 3.99 Hz, when compared with the same SSCC of “relaxed GLY.” Thus, the sole effect of electronic interaction is

10.14 Hz, which is appreciable. In case of the trimer, the effect of geometric modification runs in the same direction as the electronic interaction,

but the former is insignificant in comparison with the later. The electronic interaction, in this case, alone causes a decrease of 10.97 Hz when the

total decrease due to joint effect of geometry and interaction is 11.23 Hz. Therefore, once again the electronic interaction plays major role in the

variation of SSCC.

In the same way, for the two-bond and three-bond coupling constants reported in the Table 4, we can observe that the principle factor

responsible for the variation of the SSCCs in the monomer is the electronic effect introduced by the neighbors in the cluster through hydrogen

bonding.

FIGURE 6 A, The Fermi-contact (FC) terms for various one-bond nuclear interactions in isolated glycine molecules calculated by using dif-
ferent DFT models and SOPPA methodology. B, FC terms for one-bond 15NA13C only by same methods
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3.4 | Variation of FC terms in GLY monomer

Since the FC interaction has the dominant contribution to the total one-bond SSCCs among all the Ramsey contributions, it may be appropriate to

compare the values of FC terms, for different interactions, obtained by different models with those obtained by the benchmark SOPPA(CCSD) and

we have done that in Figure 6. As we can see from Figure 6A, all the models show very similar general trend, although B3LYP shows better agree-

ment with SOPPA than KT3 as far as the numerical values of the SSCCs are concerned. In case of the one-bond 1J(15NA13C) interaction, shown sepa-

rately in Figure 6B, KT3 goes in a different direction – while 1J(15N1A
13C2)524.61 Hz at SOPPA/aug-cc-pVTZ-J, 23.5 Hz at B3LYP/aug-pcJ-1, and

22.22 (–2.29) Hz at the B3LYP/aug-cc-pVTZ-J (B3LYP/aug-pcJ-3) level of calculation, KT3/aug-cc-pVTZ-J computes, 1J(15N1A
13C2)510.89 Hz.

In case of both the “relaxed GLY” and “constrained GLY” with or without interaction, the one-bond SSCCs are dominated by FC contributions

followed by PSO with negligible contributions coming from SD and DSO terms, as seen before. The variations of the FC term under the influence of

the “structural modifications” and the “electronic interaction” follows the same trend as the total SSCC in case of 1J(O5AH6) coupling constant. But

in other cases, it shows a different personality. For example, in case of 1J(C3AO5), the influence of electronic interaction in the variation of FC term

is as big as structural modification, in both dimer and trimer as can be seen from Table 4. In case of total SSCC it was quite small compared to that

of structural modification. In case of 1J(C3AO4) also the factor of electronic interaction surpasses the structural modification as far their influence on

the variation of FC term is concerned, in both dimer and trimer. Moreover, in both clusters, unlike the variation total SSCC the influences of the two

factors on FC run in opposite directions.

4 | CONCLUSION

In this work, we make a detailed theoretical study of the effects of hydrogen bond formation on the nuclear spin–spin coupling constants (SSCC) of

the glycine molecule in gas-phase. The intermolecular and intramolecular coupling constants of the isolated glycine and hydrogen-bonded homoge-

neous glycine clusters containing upto three monomers are calculated using different quantum-chemical methods including SOPPA(CCSD) with the

geometry optimized at the B3LYP/6–3111G(d,p) level. After benchmarking the SSCC values obtained by different DFT models against those

obtained by SOPPA(CCSD), the B3LYP/aug-cc-pVTZ-J model is found to be a suitable choice for SSCC calculations considering its triple zeta quality,

computational cost effectiveness, and numerical precision.

The hydrogen-bonded interactions are found to cause significant variations in the one-bond nuclear interactions for the atoms directly partici-

pating in the interaction. During the formation of clusters the participating monomers suffer structural modifications to establish the appropriate

electronic interactions among themselves. Although both of these factors contribute individually and appreciably in the variation of the nuclear cou-

pling constants, the contribution of electronic interactions is found to be stronger than that of structural modification. Between the two oxygen

atoms of glycine (proton-donor and proton acceptor), the effect of H-bonding is more prominent for the one-bond SSCCs involving the proton-

donor oxygen. The two-bond across the H-bond SSCC suffers higher variation compared to the one-bond across the H-bond SSCC when the size

of the H-bonded cluster increases.

The sign of intramolecular two-bond (17O,17O) SSCC is negative, but the intermolecular (across the H-bond) two-bond (17O,17O) SSCC is posi-

tive. The sign of intramolecular one-bond (17O,1H) SSCC is negative while that of the across the H-bond 1hJ(17O,1H) is positive. These variations of

sign of one-bond and two-bond SSCCs are consistent with the predictions of Dirac vector model and nuclear magnetic resonance triplet wave func-

tion model. Among the four Ramsey terms that constitute the total SSCC, the FC term is the dominant contributor followed by the PSO term in all

one-bond interaction. For two-, three-, and higher order SSCCs, PSO becomes the principal contributor if proton-acceptor oxygen takes part in the

interaction. The individual Ramsey terms are also found to be sensitive to the particular function of the oxygen atom (proton-donor or proton-

acceptor) in the hydrogen-bonded clusters. In case of the one-bond (13C,17O) couplings, the nature of the variation of FC terms as a function of

structural modification and electronic interaction is different from that of the total SSCC.
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