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DFT Study of the Monomers and Dimers of 2-Pyrrolidone: Equilibrium Structures,
Vibrational, Orbital, Topological, and NBO Analysis of Hydrogen-Bonded Interactions

1. Introduction

Hydrogen bonding is the interaction that plays an importan
role in solvationt supramolecular chemistf/the secondary
structure of proteirfsand DNA? atmospheric chemistyand
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A computational study of the monomers and hydrogen-bonded dimers of 2-pyrrolidone was executed at different
DFT levels and basis sets. The above dimeric complexes were treated theoretically to elucidate the nature of
the intermolecular hydrogen bonds, geometry, thermodynamic parameters, interaction energies, and charge
transfer. The processes of dimer formation from monomers and concerted reactions of double proton transfer
were considered. The evolution of geometry, vibrational frequencies, charge distribution, and AIM properties
in going from monomers to dimers was systematically followed. The solvent effects upon dimer formation
were investigated in terms of the self-consistent reaction field (SCRF Onsager model). For the monomers
and three dimers, vibrational frequencies were calculated and the changes in frequencies of the vibrations
most sensitive to complexation were discussed. The orbital interactions were shown to lengtheitfxé X

= N, O) bond and lower its vibrational frequency (a red shift). To better understand the nature of the
corresponding intermolecular interactions, we performed natural bond orbital (NBO) analysis. Topological
analysis of electron density at bond critical points (BCP) was executed for complex molecules using the
Bader’'s atoms in molecules (AIM) theory. The interaction energies were calculated, and the basis set
superposition errors (BSSE) were estimated systematically. Satisfactory correlations between the structural
parameters, interaction energies, and electron density characteristics at BCP were found.

in 1991 Shebaldova et &.reported on the synthesis of a Pd(ll)

¢ coordination compound with 2-pyrrolidone and chloride ion and
on the determination of the molecular structure of the above
complex exhibiting a high biological activity.

so forth. Of all intermolecular interactions, hydrogen bonding, ~ 2-Pyrrolidone is capable of undergoing the lactdactim
both proper and impropér? is of special interest because of tautomerization. In particular, it is known that 2-pyrrolidone
its relevance to biochemical phenomena, molecular recognition,reacts with the palladium (Il) cation in the lactim hydroxy
and organic synthesis. The molecules that constitute a complexform.13

are often bound with each other by means of hydrogen bonds. The presence of electron-rich centers (N, O) and labile
The studies of such molecular complexes (clusters) are of hydrogen atom offers the possibility of formation of inter-
importance for understanding a wide variety of chemical and molecular hydrogen bonds of different types:—N-+-O,
biochemical processég?! N—H:+*N, O—H-+-O, and G-H-+-N.

2-Pyrrolidone (2-pyrrolidinone, pyrrolidine-2-one, 2-oxopy-
rrolidine, y-butyrolactam) is a precursor of prospective drugs
for the treatment of sea sickness, hypertension, and a numbe
of different pathologies including cancer. A patent has been
registered for a highly efficient and nontoxic pharmaceutical
preparation containing lactams with-8 carbon atoms (includ-
ing y-butyrolactam) as the active ingredie#t<-Pyrrolidone

These bond types can generate different kinds of 2-pyrroli-

one dimeric species, which are of fundamental interest to
biochemistry. In particular, all hypothalamus hormones are low-
molecular peptides, and many of them carry a fragment of
pyroglutamic acid? that is, in essence, the fragment of
2-pyrrolidone. Such hormones are thyroliberin, gonadoliberin,

is also used widely as a ligand for the formation of biologically Melanostatin, and so forth. The sites of synthesis of hypothala-
active complexes with platinum and palladium cations. Thus, Mus hormones are nerve endings, synaptosomes of the hypo-

thalamus. The large amounts of hormone associates have just

* Corresponding author. E-mail: pankratovan@chem.sgu.ru. been discovered here. It cannot be excluded that the aforemen-
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tioned associate species are stabilized by hydrogen bonds of

the pyroglutamic acid fragment. ~ 0 || 7

IR and Raman spectroscopic data along with the results of @f /\/'D
dielectric measurements in different solvents testify the existence “H, NS
of monomer-dimer equilibrium!>17 The structure of 2-pyr- I 11
rolidone monomers has been explored extensively by various lactam tautomer lactim tautomer
experimentdf and theoreticaf2* methods. Figure 1. Structure and atom labeling for tautomérandl .

Differential scanning calorimetry revealed the presence of a . .
previously unknown metastable phase of 2-pyrrolidone in the ~ EMploying the notation of Xanthed$, the uncorrected
range of 173-303 K with a melting point of 286 K& However, mteractl.on.energles were obtained by subf[ractlng.the energy of
2-pyrrolidone dimers were not studied satisfactorily. Therefore, fully optimized monomers from the energies of dimers
fundamental studies are required to shed light on these interest- ab a b
ing systems. In particular, the dynamics of the hydrogen bond AE=E",g(AB) — EA(A) — E'g(B)
system of 2-pyrrolidone dimers deserves special interest.

The above dimers represent an example of self-assembling
structures, which underlines the importance of evaluations the
hydrogen-bonding intermolecular interacticfs.

In this study, we apply different methods of the density
functional theory to gain deeper insight into the nature of the
intermolecular interactions that bind the 2-pyrrolidone mono-
meric units in dimers.

In relation to the aforesaid, the aim of this work is the
elucidation of the structure and properties of 2-pyrrolidone
dimers using the contemporary quantum chemical approaches
The paper is organized as follows. The Computational Methods
Section outlines the computational details. Sections 3.1 and 3.2
present the geometry and IR spectra for monomers and dimers
Section 3.3 displays the thermodynamic parameters and activa:
tion barriers, and Section 3.4 shows the Mulliken and natural

Fnoopmugrtlltzn Saer::?ilgzlsé éNcl)Du/i})ingQE;Lgee o(rjtlﬁttglb;ttlgrnac?ig(ri\sch)If)cilr?e The vibrational frequencies were computed for the optimized
studied cém ounds in Section 3.6. the NBO and AIM analvses geometries of monomers and dimers of 2-pyrrolidone at different
omp » o YSES |avels of theory and basis sets. The harmonic frequency shift
are considered. Section 3.7 presents hydrogen-bonded energiese o o-H hi de in the di
and BSSE corrections. Finally, the Concluding Remarks Section © the stretching mode In the Imergivoy, was
. : ’ estimated by the following equation:
provides the general summary.

where the superscripts denote the basis set and the subscripts
denote the geometry used for the energy calculations.

The BSSE quantity was obtained using the BeBgrnardi
method?°

BSSE= [E¥45(A) + E™35(B)] — [E%A(A) + E5(B)]

To better understand the nature of the intermolecular interac-
tions, we performed natural bond orbital (NBO) analysis with
the NBO 3.1 programt
" To describe the electronic structure of 2-pyrrolidone, we
performed the topological analysis by means of Bader’'s atoms
in molecules (AIM) theor§?“3 at the B3LYP/6-31%+G(d,p)
level to calculate the charge densify) @nd the Laplacian of
the charge densityM?p). The AIM calculations were carried
out using the critical point option for the AIM keyword.

Avy_ = vy — Vg_
2. Computational Methods oH 0—H(complex)  “0—H(manomer)

To improve the frequency shift estimation, we calculated the
corresponding scale factors using the technique proposed in refs

functional methods were used: the hybrid B3LYP functional, 44 and A|'5- ;I'zwe optimal scale factors were defined from the
which combines the three-parameter exchange functional byatio v*!v<3<. The predicted frequency shift was determined
Becke’ with the LYP correlation functiona®the hybrid model @S follows

called the modified PerdewWang one-parameter model for scal

kinetics (MPW1K)2 the hybrid functional B3PW91, which Av==K(Veomplex ~ Vmonome

contains the above Becke three-parameter exchange functional . o

with a nonlocal correlation provided by the Perdewang wherek; is the corresponding “optimal” scale factor.
gradient-corrected function&. The 6-313+G(d,pf32 and
AUG-cc-PVDZ33basis sets were used. Diffuse functions were
included in order to treat the lone electron pairs properly. All  3.1. Geometry Parameters of Monomers and DimersThe
equilibrium structures without the imaginary frequencies cor- most important geometry parameters of the monomers and
respond to the minima points on the potential energy surfaces.dimers of 2-pyrrolidone (Figure 1) are given in Table 1. The
The initial geometries were generated by means of HyperChemanalysis of the harmonic vibrational frequencies at all DFT
(HyperChem, Hypercube, Inc., Gainesville, FL 32601). Har- theory levels showed that all of the structures obtained are
monic vibrational frequencies were computed to evaluate the minima (imaginary frequencies are absent).

zero-point vibrational energy (ZPVE) corrections, which we  The molecular systems of monomers and the transition state
have included in all the relative energies. The transition state originated from their mutual transformations belong to @e
calculations were performed using the synchronous transit- point group. Results deduced from X-ray analisisind
guided quasi-Newton (STQN) meth&dFor characterizing the  optimized geometries of moleculeare compared in Table 1.
transition states, the existence of imaginary frequeftieas The monomet geometry optimized by means of different DFT
stated initially, and then the intrinsic reaction coordinate (RRC) levels is very close to the experimental one. Somewhat distinct
leading to the corresponding energy minima was calculated. Theare the optimized and experimental geometries of the carbonyl
Onsager self-consistent reaction field (SCRF) methatithe group. The GO bond in crystal is longer compared to the
MPW1K/6-31H+G(d,p) level was applied to compute the calculated one. The GIN2 distance in crystal is 0.035 A shorter
molecular properties in solution. and C1+06 (C=0) is 0.023 A longer than the corresponding

All calculations were carried out using the Gaussian 98 series
prograni® without any geometry restrictions. Three density

3. Results and Discussion
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TABLE 1: Selected Geometries for Monomers and Dimers of 2-Pyrrolidone Optimized at Different Theory Levek

B3LYP MPW1K B3PW91
parameter 6-3H+G(d,p) AUG-cc-pvVDZ 6-31%++G(d,p) AUG-cc-pVDZ 6-31%+G(d,p) AUG-cc-pVDZ  expt

monomet
C1-N2 1.370 1.372 1.356 1.357 1.367 1.368 1.335
C1-06 1.215 1.221 1.202 1.208 1.213 1.219 1.238
N2—H7 1.009 1.011 1.001 1.003 1.008 1.010
C1-C5 1.530 1.530 1.513 1.514 1.525 1.525 1.518
C3—N2 1.457 1.458 1.440 1.441 1.451 1.451 1.460
<N2—-C1-06> 125.975 125.783 125.996 125.806 125.984 125.788 125.90
<C1-N2—H7> 119.940 119.873 119.907 119.791 119.937 119.893

monomer|

C1-N2 1.269 1.274 1.258 1.263 1.269 1.274
C1-06 1.348 1.352 1.329 1.333 1.342 1.346
06—H7 0.968 0.970 0.957 0.959 0.967 0.969
C1-C5 1.507 1.508 1.494 1.495 1.503 1.503
C3—N2 1.471 1.472 1.452 1.453 1.463 1.464
<N2—-C1-06> 123.832 123.721 123.837 123.748 123.715 123.629
<C1l-06—H7> 107.215 107.093 107.324 107.755 106.854 106.707
<N2—-C1-06—H7> 0.569 0.527 0.625 0.590 0.602 0.536

dimerlll
C1-N2 1.350 1.351 1.336 1.338 1.346 1.347
C1-06 1.232 1.238 1.218 1.224 1.230 1.236
N2—H7 1.027 1.032 1.020 1.024 1.029 1.034
C1-C5 1.527 1.527 1.510 1.511 1.521 1.521
C3—N2 1.458 1.459 1.441 1.442 1.451 1.452
0O6—H14 1.869 1.831 1.836 1.805 1.843 1.804
N2—-013 2.889 2.858 2.849 2.825 2.866 2.834 2.922
<N2—-C1-06> 126.263 126.145 126.280 126.157 126.624 126.150
<C1-N2—H7> 121.092 121.221 121.090 121.213 121.123 121.276
<Cl-06—H14> 120.683 118.846 120.707 118.666 120.082 118.117
<06—H14—N8> 171.771 173.624 171.731 173.762 172.224 174.280 172.3
<C1l-06—H14—N1> 2.271 3.634 2.077 3.545 1.872 3.758

dimerlV
C1-N2 1.290 1.295 1.278 1.282 1.294 1.298
C1-06 1.311 1.313 1.294 1.298 1.297 1.299
0O6—H14 1.036 1.044 1.024 1.029 1.074 1.081
C1-C5 1511 1513 1.497 1.498 1.508 1.510
C3—N2 1.471 1.470 1.452 1.453 1.462 1.461
H14—N8 1.599 1573 1.577 1.563 1.482 1.469
N2—-013 2.636 2.617 2.600 2.592 2.556 2.544
<N2—-C1-06> 125.610 125.531 125.608 125.485 125.625 125,531
<C1l-06—H14> 111.279 111.337 111.066 110.971 111.324 111.453
<06—H14—N8> 178.772 179.171 178.616 179.234 178.774 179.119
<C1-06—H14—N8> 4.054 6.259 3.516 5.503 6.704 7.701

dimerV
C1-N2 1.344 1.346 1.331 1.333 1.340 1.342
C1-06 1.235 1.242 1.222 1.228 1.234 1.241
N2—H7 1.034 1.038 1.027 1.029 1.038 1.042
C1-C5 1.524 1.524 1.507 1.508 1518 1.518
C3—N2 1.458 1.459 1.441 1.442 1.450 1.452
06—H14 1.664 1.639 1.631 1.618 1.628 1.609
H14-013 1.001 1.007 0.990 0.995 1.005 1.011
H7—N8 1.914 1.879 1.872 1.853 1.862 1.833
N8—C9 1.284 1.289 1.273 1.277 1.284 1.289
C9-013 1.321 1.324 1.304 1.307 1.314 1.317
C9-C10 1.512 1.513 1.497 1.499 1.507 1.508
N8—C12 1.471 1471 1.453 1.454 1.463 1.464
06—013 2.662 2.641 2.621 2.609 2.630 2.614
N2—N8 2.923 2.923 2.875 2.862 2.877 2.865
<N2—-C1-06> 125.938 125.837 125.919 125.834 125.921 125.828
<C1-06—H14> 123.163 121.656 123.520 121.998 122.616 121.146
<06—H14-013> 174.544 173.309 174.979 173.562 174.186 172.944
<C1-N2—H7> 119.592 119.723 119.369 119.519 119.419 119.579
<N2—H7—N8> 164.446 165.782 164.403 165.642 165.085 166.329
<C9-013-H14> 112.664 112.817 112.691 112.770 112.552 112.682

aBond lengths in A, angles in degrees.

computed distances in monorretn general, the bond lengths  of bond distances and angles of the ring demonstrates that the
and valence angles Inare close to the corresponding computed ring is unstrained® Indeed, monomer adopts a form similar
quantities offered by different methods. All of the molecules to an unstrained envelope with the fold running from C3 to C5
show a distinctly nonplanar configuration. The consideration and C4 at the apex. The rest molecule-C®—-C1(0O6)-C5
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theory levels, the O6H14—013 angle inV is 173-175 and
L 2 O-m,, the N2-H7—N8 angle is 164 166
@f )@ _— q j\D Dimer IV possesses two hydrogen bonds;-N—O with
THeeoO hsg lengths of 1.599 A (B3LYP/6-3Ht+(d,p)). The<O6—H14—
m v N8> angle is 178179, confirming a practically linear
Onest Oton) arrangement.
6 1413 | TS3 ’ The data as a whole indicate that dimdts IV, andV are
Eygm{" N@ _ . \:§N---H—N hydrogen-bonded clusters. As a result of the geometric restric-
4 78 tions in Il =V, the optimized geometries showed marked
\ v deviations from the idealized 18@or the following dihedral
Figure 2. Theoretically assumed dimelis —V. angles: in dimeill <C1—-06—H14—N8 = 2.2771; in dimer

IV <C1l-06—H14—N8 = 4.05%; in dimer V <C1-06—
has an approximately planar character. Calculationk feveal H14-013= —173.408, <N2—H7—N8—-C9= 2.139 (B3LYP/
a slight pyramidalization of the N atom; thus, the lone pair and 6-3114+-+G(d,p) level of theory). A slight deviation from

the apex atom, C4, appear at the same side of theN23- the energetically most favorable linear arrangement of the
C1(O6)-C5 fragment. The pyramidalization is reduced on X—H---Y fragment (X, Y= N, O) indicates a relatively strong
hydrogen bonding in the studied dimers. hydrogen-bonded interaction.

In the case of lactim tautomér, the C1-0O6 bond is ordinary As can be seen from Table 1, the-8® bonds of the proton-

single, and, naturally, longer compared to the-@i6 double  donating moiety are elongated on complexation compared to

bond in lactan. In contrast, the N C2 distance il (C=N monomet| (by ~0.060 A in dimedV and~0.030 A in dimer

bond) is shorter than that in(C—N). In general, structurd V almost at all the theory levels), that is accompanied by a

represents an unstrained envelope with C4 at the apex. Howeverc—Q bond contraction by~0.040 A (V) and by~0.100 A

the C1-C2-C3-C4 dihedral angle is opposite in sign, although  (v). An exception is the elongation value for the-8& bond in

close by absolute value compared to monoiner IV versusll, which is equal to 0.107 A according to the
The comparison between the geometry parameters of theB3PW91 data.

monomers and dimers (Figure 2) shows that the association of The N—H bond length also increases by0.020 A (dimer
two monomeric molecules into a dimer causes substantial 1) and by~0.030 A (dimerV) at all of the theory levels

changes in the bond lengths and angles. These discerniblecompared to monomer. Therewith, the &0 bond in dimer
differences are due to the effect of hydrogen bonding between lengthens by~0.020 A.
the O, N, and H atoms of the monomeric species. Dintiérs

and IV may exist in two forms withC; and C; symmetry, The X—H (X = N, O) bond elongation may be a result of

respectively, with an inversion center, and dinveias aCs electrostatic interactions, charge redistributions, and orbital

symmetry point group. Specidd —V are found to have a interactions: . )
nonplanar backbone structure (envelope conformation of each _ 1Ne contraction by about 0.25 A of the €N intermolecular
monomeric unit). It appeared that each of the dimer$loéind distance is observed on going from dintér to dimerlV. The
IV is composed of two monomers with identical geometries. combinations of exchange and correlation functionals in the
That is why Table 1 contains the structural parameters of a singleB3LYP and B3PW91 methods yield very similar geometry
monomer for every aforesaid dimer. parameters for located global minima on the corresponding
Let us discuss dimertil and IV entering theC; and C, pqtential energy surfaces. The geometry parameters o.btz.ained
symmetry point groups. B3LYP/6-331+G(d,p) calculations with the 6-31H#+G(d,p) and AUG-cc-pVDZ basis §ets W|th|n.
show that theCi and C; structures have essentially the same the same method are also comparable. More str!ct evaluation
spatial and energetic characteristics; it is also valid for the Of the O+*H=N, N-=*H—0, O-~-H—0, and N--H—N intermo-
transition states of dimers interconversion reactions. For ex- [€cular hydrogen bonds in the dimers will be presented below

ample, the difference between the total energies ofGhend on the basis of the calculated hydrogen-bonded interaction
C, structures (dimetll ) represents a very small values0.004 ~ €nergies, as well as NBO analysis and AIM electron density at
kcal/mol. That is comparable to the heat molecular journey. bond critical points.

Therefore, all of the further discussion and Tables im@ly 3.2. Vibrational Analysis. The vibrational frequencies of
structures of dimerdll andlIV. monomersl, II, and dimerslll =V of 2-pyrrolidone were

Among all of the studied dimers, moleculé is the most obtained in the present work from the DFT calculation and were
stable. The experimelitshows that this complex crystallizes ~compared with the relevant experimental daia Table 2. The
in the form of centrosymmetric species. The geometry studies calculated stretching vibration frequencies of monohugviate
reveal the presence of hydrogen-bonding interactions betweenfrom the experimental frequencies for the reasons discussed in
two equivalent @-H—N hydrogen bonds, with an ©H refs 47 and 48.
distance of 1.869 A (B3LYP/6-3#+(d,p)) or 1.836 A When passing from 2-pyrrolidone monomers to dimers,
(MPW1K/6-311+(d,p)). Hydrogen-bond formation results in  changes in the vibrational spectra were observed, which confirm
an N—H bond elongation 0£0.018 A (B3LYP/6-31%-+(d,p)). the conclusions made on the basis of the calculated hydrogen-
The N---O distance of 2.889 A (B3LYP/6-311+(d,p)) agrees bonding energies (Section 3.7). Table 2 displays the computed

with the X-ray experimental value of 2.992'AThe arrange- changes £v5¢@) in the vibrational frequencies most sensitive
ment of atoms, hydrogen-bond participants, has been establishedo aggregation in moving from monomers to dimers. As seen
to be about linear€O6—H14—N8> = 172—-174°). from Table 2, the negative shifts in dimét caused by the

The second place by stability is occupied by dinverin N—H and C=0 group participation in hydrogen bonds (two
this structure, the distances between the nearest atoms ofO---H bonds) adopt the following valuesAv(N—H) = 286—
2-pyrrolidone monomers (B3LYP/6-3%H-(d,p)) are 1.664 A 372 cntt and Avy(C=0) = 28-32 cnT. In dimer IV, the
(O-+*H—0) and 1.914 A (N--H—N). According to different calculated negative shiftay(O—H) are much higher: 1199
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TABLE 2: Selected Calculated Stretching Vibrational Frequencies (cm?) and Changes Av) in the IR Frequencies from
2-Pyrrolidone Monomers to Dimers Il =V

MPW1K
B3LYP MPW1K B3PW91 (in solution}
parameter 6-31+G(d,p) AUG-cc-pVDZ 6-31%+G(d,p) AUG-cc-pVDZ 6-31%++G(d,p) AUG-cc-pvVDZ 6-31F+G(d,p) exptt®
monomer
v(N—H) 3627 3621 3754 3750 3650 3644 3755 3474
»(C=0) 1786 1777 1886 1874 1809 1800 1845 1757
monomer|
v(O—H) 3764 3748 3937 3920 3794 3774 3942
dimerlll
v(N—H) 3328 3280 3437 3395 3309 3254 3423
AvseaN—H) —286 —327 —293 —329 —324 —372 —332
»(C=0) 1755 1749 1851 1841 1778 1770 1833
Avse(C=0) —30 —28 —-32 —-31 —30 —-29 —-11
dimerlV
v(O—H) 2564 2445 2681 2604 2053 2010 2623
Av(O—H) —1199 —1303 —1256 —1316 —1740 —1764 —1318
dimerV
v(N—H) 3199 3147 3298 3263 3135 3085 3289
AvseN—H) —410 —455 —422 —451 —490 —533 —431
v(C=0) 1742 1737 1835 1827 1762 1756 1817
Ave(C=0) —43 -39 —47 —44 —45 —43 —26
v(O—H) 3096 3012 3213 3151 3017 2934 3183
Av(O—H) —668 —736 —724 —769 —777 —840 —759
@ SCRF Onsager method (the solvent is water).
1764 cn7l. It is interesting that for dimelV the above shifts 4000 -
are not large except for thgO—H) stretching mode. That is 3500 4
in marked contrast to dimeY, in which Avy(C=0) = 43—47 -
cm L, Ay(N—H) = 410-533 cnr?, and Av(O—H) = 668 § 3000 1
840 cntl. Among all of the features of vibrations, th€0—H) &' 200
stretching mode for dimetV occurs at discernibly lower gzuuu-
frequencies compared to the monomer, than in the corresponding 2
monomer, and the calculated frequencies point to the presence 1500 -
of a relatively strong N-H—O interaction in dimedV. The 1000 . , ' ' ' .
higher vibrational shifts obtained for dimi&f provide additional 096 098 100 102 104 1068 108
evidence for the substantial hydrogen bonds cooperativity in X-H Bond Lenght (8)

strucj[ureIV. It should be useful to note that in the aqueous Figure 3. Relationship between stretching vibrational frequencies and
solution (SCRF Onsager method)(C=0) becomes smaller  pong lengths for X H (B3PW91/6-31%+G(d,p)).

(dimerslll andV) and Av(O—H) becomes greater (dimelbg
andV) compared to the gaseous-phase calculations. existence of a first-order saddle point was proved. Table 4
For all of the dimers with “proper” hydrogen bonding, the contains the calculated gaseous-phase energy differences be-
elongation of X-H bonds resulting in a downshift of stretching tween theTS1 transition structure and stable tautomerm@nd
vibrational frequencies takes plateFor the downshift (red- II. The values of — Il barriers calculated using the B3LYP,
shift) hydrogen bonds, there is additional bond lengthening MPW1K, and B3PW91 methods with different basis sets are
because of orbital interactions that is not overcome by the within the range of 4652 kcal/mol. The reverse reactidin—
moderate bond compression resulting from the repulsive interac-1 barrier has values of 3338 kcal/mol. As a reference method
tions2° for the most precise computations of the transition states,
The plot of X—H vibrational frequencies against>H bond MPWI1K was chosen, which simulates both the geometry of
lengths shows the symbate behavior of the aforementionedsaddle point structures and the barrier heights quite adeqdately.
values (Figure 3). Therefore, red-shift meanstX elongation As is seen, both barriers are too high, and the proton transfer
and vice versa. from | to Il and fromIl to | is difficult to be observed
3.3. Thermodynamic Parameters and Activation Energies. experimentally in the gaseous phase. To study the relative
The results of the gaseous-phase calculations (Table 3) of twostability of the above tautomers in aqueous solution, we
feasible monomerd @ndll) using the different DFT methods  considered the solvation effect using the SCRF method, which
and basis sets indicate that the more stable structude is is based on Onsager’s reaction field theory. The solvent effect
Monomerll is 12—13 kcal/mol less stable thdnThese results  is given in Table 3, where the energies of the solvated species
show that in the gaseous phase lactam tautdnséiould exist in water (dielectric constart= 78.39) are presented. It can be
solely. The latter statement is confirmed by the experimental inferred from this Table that the stability order of the forms
data on heat of formatioff, IR spectrunf® and dipole does not depend on solvation effect. Monorhatso predomi-
moment!>~17.50 The | — Il proton-transfer reaction and the nates in aqueous solution. The barrier height for Ithe- 1|
reverse process have been studied in this paper. The aboveeaction in aqueous solution is essentially the same as that for
transfer in 2-pyrrolidone may occur because of a short distancethe gaseous phase, and the barrier height for the reverse process
(about 2.6 A) between O and H. The transition state of decreases by 2.292 kcal/mol (MPW1K/6-31-£G(d,p)). In
tautomerization (referred to a6S1) was computed, and the connection with the aforesaid, thle == Il intramolecular
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TABLE 3: Total 2 E (au) and AE (kcal/mol) Relative to Monomer | for the Monomers and Total? E (au) and AE (kcal/mol)
Relative to Dimer IIl for the Dimers of 2-Pyrrolidone in the Gaseous Phase and in Aqueous Solution at Different Theory Levels
Including Zero-Point Energy Correction

B3LYP MPW1K B3PW91
6-311++G(d,p)

6-311++G(d,p) AUG-cc-pVDZ 6-31%+G(d,p) AUG-cc-pVDZ  (in solutior?) 6-311++G(d,p) AUG-cc-pVDZ
monomer —286.603102 —286.556214 —286.507492 —286.469446  —286.512074  —286.493223 —286.451649
monomerl —286.581342  —286.535824  —286.485409 —286.448800 —286.486012 —286.471225 —286.431081
AE(II 1) 13.655 12.795 13.857 12.955 16.354 13.804 12.907
dimerlil —573.225061 —573.132261 —573.035375 —572.959866 —573.035498 —573.004621 —572.922305
dimerlV —573.195299  —573.105679 —573.007323 —572.933330 —573.007527  —572.979738 —572.896377
AE(IV —I11') 18.676 16.680 17.603 16.651 17.552 15.614 16.270
dimerV —573.206664  —573.114979 —573.017224 —572.942288 —573.019345 —572.986854 —572.905573
AE(V—I1I1) 11.544 10.845 11.389 11.030 10.136 11.149 10.499

aSum of electronic and thermal energie SCRF Onsager method (the solvent is water).

TABLE 4: Intramolecular Proton Transfer Activation Energies for the Monomers and Intermolecular Double Proton Transfer
Activation Energies for the Dimers of 2-Pyrrolidone in the Gaseous Phase and in Aqueous Solution Including Zero-Point
Corrections (kcal/mol)

B3LYP MPW1K B3PW91

process and transition state ~ 6-31tG(d,p) AUG-cc-pvDZ 6-31%++G(d,p) AUG-cc-pvVDZ 6-31%++G(d,p) AUG-cc-pvDZ
TS1(monomer):| — I 48.832 48.321 52.255 50.695 48.318 46.785
TS1(monomer):Il — | 36.178 35.526 38.398 37.739 34.514 33.878
TS1(monomer):| — I 52.646
TS1(monomer): Il — | 36.292
(in solution}
TS2(dimer): Il — 1V 15.251 13.938 14.608 13.688 13.348 12.921
TS2(dimer): IV — Il —2.833 —2.742 —2.994 —2.963 —2.265 —2.245
TS2 (dimer): I — IV 14.379
TS2(dimer): IV — Il —3.173

(in solution)

TS3(dimer): V—V 3.734 2.978 3.396 2.915 2.199 1.653
TS3(dimer): V—V 3.104

(in solution)

a SCRF Onsager method (the solvent is water).

tautomerization reaction is a quite disfavored process or not asmoothly from reactant to product. It is safe to say in this
spontaneous process in both the gaseous phase and aqueogsnnection that two protons in the gaseous phase transfer
medium. concertedly and synchronously.
Table 3 contains the total and relative energies of 2-pyrroli-  The reactionlll — IV barrier is ~15 kcal/mol, and the
done dimerdll , IV, andV. The relative energies are corrected reverse proton-transfer barrier accepts the value of-8acal/
for ZPVE differences. It can be seen that, regardless to the DFTmol. The latter means that the first vibrational level in the
methods and basis set used, dirfieris more stable thafv minimum is higher than the activation barrier. Obviously, the
andV in the gaseous phase. The difference in energy betweenreverse proton-transfer reaction will proceed quickly. The
Il andIV decreases by a 2.5 kcal/mol in going from the B3LYP — IV reaction is endothermic, and the transition state geometry
to B3PW91 method of computations. Using the AUG-cc-pVDZ is close to that of the product according to the Hammond
basis set, we repeated the DFT calculations and found ap-postulate.
proximately the same energies and relative stabilities as with  In the case of th& — V process, the barrier heightis3.5
the 6-311-+G(d,p) basis set. kcal/mol. Evidently, because of a low barrier the above proton
The reactions of double proton transfdr — IV andV — transfer would proceed readily. The barriers heights for pro-
V have been considered in this paper. A short distance betweercesseslil — IV, IV — Il , andV — V do not depend
N and H (-2 A) serves as a prerequisite for the occurrence of significantly on the theory level.
these reactions. The transition statéES2 and TS3) for To show the solvation effect, we have also theoretically
intermolecular double proton transfer were calculated, and the considered the above reactions in aqueous solution (via the
existence of first-order saddle points was confirmef2 and SCRF Onsager method). DimdH also predominates in
TS3 possess nonplanar structures such as dirtlersV, and aqueous solution. Similar to the double proton transfer, the
V. It is seen easily from th&S2 structure that the H7 proton  heights of the reactiol — IV, IV — Il , andV — V barriers
attached initially to O6 then transfers to N8, and simultaneously remain practically unchanged in the aqueous medium compared
the second proton H14 moves from O13 to N2. In &3 to the gaseous phase.
transition structure, the H7 proton attached to N2 transfers to  3.4. Population and Dipole Moment Analysis of the
N8 and simultaneously the second proton H14 moves from O13 Monomers and Dimers. The charge distributions calculated
to O6. To clear up the question about whether any high-energy by the Mulliken and NBO methods for monomérandll are
intermediate exists along the reaction path, we have computedgiven in Table 5. Both methods predict the same tendencies,
the energetic profiles (intrinsic reaction coordinate) for double assigning a positive partial charge of similar magnitudes on
proton transfers at the B3LYP/6-311#G(d,p) level starting hydrogen atom H7, whereas there were greater variations
from transition state$S2andTS3. There are no intermediates between the methods in the magnitude of the partial charges
along the intrinsic reaction coordinate, and the reactions proceedon the oxygen, nitrogen, and carbon atoms. The NBO population
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TABLE 5: Selected Mulliken and NPA Charges @) of 2-Pyrrolidone Monomers and Charge Shifts Aq;)) on Dimerization in the
Gaseous Phase at the B3LYP/6-31#1+G(d,p) Theory Level

monomer monomer| dimerlll dimerlV dimerV
Mulliken NPA Mulliken NPA Mulliken NPA Mulliken NPA Mulliken NPA

atom a a a a Ag?(e) Ag?(e) Ag?(e) Ag?(e) Ag?(e) Ag? (e)

C1 0.137 0.686 0.183 0.582 0.051 0.007 —0.058 0.063 —0.012 0.013

C3 —0.288 —0.169 —0.412 —0.192 —0.033 0.004 0.090 0.016 —0.066 0.003

C4 —0.309 —0.391 —0.199 —0.401 —0.028 —0.001 —0.118 0.002 —0.011 —0.001

C5 —0.264 —0.472 —0.424 —0.458 —0.095 0.007 0.039 0.004 —0.115 0.008

N2 -0.174 —0.652 -0.171 —0.551 —0.029 0.003 —0.157 —0.086 —0.014 0.001

06 —0.372 —0.624 —0.212 —0.679 —0.031 —0.062 —0.167 —0.020 —0.058 —0.063

H7 0.296 0.398 0.296 0.482 0.153 0.046 0.344 0.020 0.299 0.049

Cc9 —0.104 0.041

C10 0.054 0.003

C11 —0.089 0.001

C12 0.032 0.011

N8 0.018 —0.073

013 -0.131 —-0.012

H14 0.166 0.031

aAq = geomplex — gmonomer(complex= dimerlll , IV, or V; monomer= 1 or Il).

TABLE 6: Dipole Moments (D) for Different Forms of 2-Pyrrolidone in the Gaseous Phase
B3LYP MPW1K B3PW91 exptl
6-311++G(d,p) AUG-cc-pvDZ  6-31%+G(d,p) AUG-cc-pvDZ  6-31%++G(d,p) AUG-cc-pVDZ

monomer 4.309 4.039 4.366 4.326 4.309 4.266 3,74
3.79;
3.80;
3.91
3.9¢

monomeil 1.384 1.343 1.389 1.342 1.353 1.314

dimerlll (Cy) 0.004 0.002 0.003 0.002 0.011 0.002 .64
2.06"
2.30

dimerlil (Cp) 0.159 0.178 0.155

dimerlV (C) 0.001 0.000 0.001 0.000 0.005 0.000

dimerlV (Cy) 0.144 0.166 0.143

dimerV (C,) 3.798 3.838 3.921 3.787 3.901 3.763

aMeasured in carbon tetrachloride by the second Debye méth8édeasured in 1,4-dioxane by the second Debye methodVieasured in
1,4-dioxane by the second Debye methdd.Measured in benzene by the second Debye methédbtained from linear and nonlinear dielectric
data in benzen¥.

analysis indicates highly negatively charged nitrogen and oxygen For all of the dimers, one can observe the increase in positive
atoms. The value of nitrogen negative charge is reduced andcharges on labile hydrogens, and the increase in the absolute
the negative value of oxygen charge is increased passing fromvalues of negative charges on heteroatoms compared to the
monomerl to Il . monomers. The exclusion is the N atom, a participant eH\
Different electronic charge distributions for tautomemnd bond (dimerslll and V). The strength of an intermolecular
Il are also manifested in different values of their dipole moments hydrogen bond depends greatly on a donor basic group so that
(Table 6). The computed values are around 4-26809 D for the more positive (less negative) is the charge on the atom with
lactam tautomet and 1.314-1.384 D for lactim tautomeh . the lone pair and the poorer is the donor ability of the atom. As
The experimental dipole moment of 2-pyrrolidone is 3.80 D in a whole, the results obtained testify to the fact that the
1,4-dioxané?® 3.91 D in benzené and 3.96 D in benzeng. considerable charge transfer occurs in all dimers, which suggests
Monomerl, because of its higher dipole moment, exhibits a the strong orbital interactions (Section 3.5) leading to theHX
more polar character and, therefore, has a greater affinity to bond elongation (Section 3.1). In dim&f, the charge transfer
polar solvent. Thus, in polar solvent structures expected to is exhibited to a considerably greater extent tharilfoandV,
be stabilized to a greater extent than the hydroxy farmuhich which, according to the just aforesaid, points to the stronger
has been confirmed by the thermodynamic data. According to orbital interactions leading to the greater bond elongation.
the MPW1K/6-313#+G(d,p) results, the stabilization effect for Special attention must be given (Table 6) to the unsatisfactory
tautomerl in water with respect to the gaseous phase is equal agreement of the computed values of the dipole moment of
to 2.873 kcal/mol, whereas for structutethe aforesaid value  dimer Il compared to the experimental ones. Taking into
is 0.378 kcal/mol. account a high symmetnfC( andC; point groups) of molecule
It would be interesting to consider the changes in charge Il , the mutual compensation (to a considerable extent) of the
distribution on dimerization. The Mulliken and natural popula- bonds’ dipole moments seem to be rather obvious, that is, the
tion analyses were used to investigate the charge changes relateldw computed values of dipole moments are apparently correct.
to the driving forces of hydrogen-bond formation in dimigrs- Possibly, in the given case we come up against the error of
V. The calculated changes in charge distribution for all of the experimental evaluations.
dimers are presented in Table 5. The significant changes are It should be mentioned that the calculated dipole moment of
observed for the atoms, which take part in linking the two dimerV is much higher than that for dimeli$ andIV . Hence,
monomeric molecules together by hydrogen bonding. the reaction field should exert a greater effect on structure
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Figure 4. Contour map of the normal electron density for dimirs-V at B3LYP/6-311+G(d,p). The contour values in au are presented.

Such a suggestion has been supported by the energy evaluation¥. ---H—X yields a maximal overlap of HOMO ) and LUMO
Thus, the stabilization effect of the aqueous medium in relation (o*n-x), but because the local spherical symmetry of LUMO
to the gaseous phase is 0.075, 0.128, and 4.458 kcal/mol for(it is mostly 1), collinearity is not a strict conditiof?
dimerslll , IV, andV, respectively. Within the framework of this simplified approach, mixing
Figure 4 presents the normal electron density distribution for the lone pair (HOMO to a great extent) of the proton acceptor
dimerslll —V. Because the charge-controlled donacceptor with the X—H antibonding orbital (LUMO to a significant
interaction usually occurs more readily between one atom with extent) of the proton donor is considered. NBO analysis (Section
explicit electron density and another atom with a small electron 3.6) indicates that this is the dominant interaction.
density, the most pronounced binding, in the case of reaction In principle, the X-H bond may also be present in HOMO.
charge contro?® would take place idV, which agrees with In the course of mixing the XH bonding orbital with some
the data (Section 3.3) on the greater interaction energy in dimerproton acceptor orbital (which probably contributes to LUMO),

IV compared tdIl andV. the electron density would be lost from the-X basin, that
Moreover, the electrostatic potential distributions (Figure 5) being accompanied by the-H bond elongation. _
show that for dimerdll —V there are attractive electrostatic Independent of the direction of electron density transfer, it

forces that draw together the monomeric units. Thus, the is evident that the HOMOLUMO interactions contribute to
electrostatic attraction contributes to the overall interaction.  the elongation of the XH bonds and the red shift of vibrational
3.5. Orbital Interactions. The structural similarity of mono- ~ bands for dimersil —v. ) o
mers| and Il allows for the direct comparison between the  !rrespective of the direction of electron density transfer, it is
orbital energies of these compounds. Figure 6 shows the energie§Vident that the HOMELUMO interactions contribute to the

and shapes of frontier orbitals 23 and 24 for mononieasd ~ X—H bonds elongation and to the bands’ red shift in the
Il. In monomerl, HOMO is higher and LUMO is lower Vibrational spectra of dimerdl —Vv. N
compared to the corresponding orbitals of monotheThere- 3.6. NBO Analysis and AIM Analysis at Bond Critical

with, the HOMO energy changes to a greater extent than the Points. To estimate more precisely the character of proper
LUMO energy. We have found that the proton movement from hydrogen bonds, we have performed detailed NBO and topo-
nitrogen to oxygen causes the HOMO energy to decrease byloglcal analysis. The nature _of. the intermolecular hydrogen
0.009 au. It is interesting that the frontier orbitals of transition Ponds has been analyzed within the framework of the NBO
stateTS1 are closer in energy to monomethan toll . procedure. The NBO second-order perturbation energies of

One can conclude from Figure 6 that HOMOs for dimers nteraction are calculated #s
Il =V are localized on all monomeric units, whereas the F
LUMOs for dimerslll and IV are not localized on any AE--(2)=2|(¢i| 191,
i

monomeric unit, and the LUMO of dimé&f is localized mainly €€

on monomeric unit. The energy differences of the correspond-

ing (HOMO or LUMO) frontier orbitals between dimeli$ —V where ¢; is the donor molecular orbitaky; is the acceptor
are neglected. molecular orbitalg; ande; are their energy eigenvalues, afd

The charge transfer can be understood in terms of the frontieris the Fockian matrix elemenAE;® measures the strength of
orbitals, that is, from the viewpoint of mixing of the one the donor-acceptor interaction between orbitgisand¢; and
monomer’'s LUMO with the another monomer's HOMO. In  appears to be well suited to examining hydrogen-bond and other
the case of a simple hydrogen bond, a collinear geometry of binding interactions. In all of the considered cases of binding,
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Figure 5. Contour map of true electrostatic potential for dimits-V at B3LYP/6-31H1-+G(d,p). The contour values are presented in Harree/
(atomic energy unit per electron charge).

0*x—n antibonds participate as electron acceptors, anidme bond with the second-order perturbation energy for interaction
pairs participate as electron donors in the intermolecular chargeof 51.63 kcal/mol, and dimeV is characterized by two
transfer so that the stabilization energies are high (Table 7). intermolecular interactions: g7 0* o0—y (23.00 kcal/mol) and
The analysis of Table 7 shows that dimBr possesses two  ny — o*n—n (19.37 kcal/mol). Obviously, the hydrogen bond
equivalent strong hydrogen bonds, and their second-orderin IV is stronger than that ifll andV. There are miniscule
perturbation energies for interaction are 10.83 kcal/mol. The charge transfers in the reverse direction. It should be noted that
NBO results for dimetV are indicative of a strong hydrogen the recombination potentialities of the monomeric units in dimer
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Figure 6. Schematic diagram of molecular orbitals with absolute orbital energies (au) for B3LYP/6+33(d,p) computations.
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TABLE 7: B3LYP/6-311++G(d,p) NBO Analysis of Complexes IV in the Gaseous Phase: Occupation Numbers for the
0* x—n Antibonds?

0* 06-H14 0* Ng-H14 0% N2—H7 0% 013-H14 ¢ — ¢j* AEij(z) AEpeL
dimerlll LP (0) O6— BD" (0) N8—H14 4.87 (I—2 and 2—1)
0.051 LP fr) 06— BD" (0) N8—H14 10.83 38.260
(0.018) LP ) N8 —~ RY" 06 0.10 (1—2)
19.269
dimerIv LP (6) N8— BD" (o) 06-H14 51.63 (r>2and 2— 1)
0.123 BDg) O6—H14— RY" N8 0.13 117.299
(0.011) 1—2)
62.937
dimerV LP (o) O6— BD" (0) O13—H14 6.92 (I—2and 2—1)
0.064 0.071 LPx) O6— BD" (0) O13—-H14 23.00 59.027
(0.018) (0.0112) BD¢) O13-H14— RY*O6 0.07 (1—2)
LP (6) N8— BD" (0) N2—H7 19.37 24.997
BD (0) N2—H7 — RY" N8 0.21 (2—1)
34.649

2The same parameters calculated for the isolated monomers are given in parentheses. The second-order perturbatidEéhenyiethe
energy changeAEpg. from the NBO energetic deletion analysis are given in kcal/mot~12*, numbers of the monomeric units in dimehs—V.

IV are put in practice effectively and lead to strong interactions, used $CHOOSE keyword. In the $CHOOSE list, a resonance
that is, to the cooperative effect. Furthermore, in dimérs structure is specified by indicating where lone pairs and bonds
andV the charge transfer from theorbital to the antibonding are in the molecule. The non-Lewis occupancy of the $CHOOSE

0* o—n orbital occurs for dimers. The mf — o* interaction in structure can be compared to the default NBO structure in order
Il andV is much stronger compared taoi(— o*. Such results to assess the relative accuracy of the two descriptions. Thus,
allow one to conclude the predominatingtype hydrogen- the use of $CHOOSE keyword enables one to prove a proper
bonding interaction in dimerl andV. choice of the “true” best Lewis structure by the program. In

In complexedll andIV, the charge density transfer to the accordance with the aforesaid, we have composed a series of
X—H antibonding orbitals is greater compared to the corre- Lewis structures for dimer$l —V. The outcomes are presented
sponding monomers, which leads to the elongation efHX in Table 8. As can be seen, the non-Lewis occupancies for Lewis
bonds followed by a downshift of stretching vibrational frequen- structures 26 (dimerlV) are much more imperfect than those
cies (as we considered above). When the NBO results for for the default structure, 1. These results confirm that the optimal
isolated compounds are compared, it can be seen that in the\NBO Lewis structure, 1, obtained in the course of NBO search
dimers theo*x_y antibond occupation numbers are higher without $CHOOSE is acceptable for dimeiis —V and our
compared to the isolated compounds (particularly forthe NBO analysis results described above are realistic.
antibond for dimedV). The AIM methodology has been used widely in the study of

We have proceeded further with the NBO energetic deletion H-bonded systems and proved to be a useful and successful
analysis®® Standard NBO energetic deletion analysis is per- tool for interpreting charge density. To gain information on the
formed by deleting specified elements from the NBO Fock hydrogen-bond strength in the above, we undertook the AIM
matrix, diagonalizing this new Fock matrix to obtain a new study of electron density at bond critical points.
density matrix, and passing this density matrix to the SCF  Several studies demonstrated the formation of hydrogen bonds
routines for a single pass through the SCF energy evaluator.to be associated with the appearance of a bond critical point
The difference between the energy obtained by such a “deletion” between the hydrogen atom and the proton acceptor atom, which
procedure and the energy obtained from starting density matrix are linked by the bond paf4-57 This critical point has typical
is a good estimation of the total energy contribution of the properties of a closed-shell interaction: the value of electron
deleted terms. Using this approach, we have removed all Fockdensity at the bond critical poingy, is relatively low, and the
matrix elements between the high-occupancy NBOs of the donorelectron density LaplaciaW?py, is positive, which points to a
monomeric unit and the low-occupancy NBOs of the acceptor depletion of electron density from the interatomic basin toward
monomeric unit. That corresponds to total removal of the effects the interacting nuclei.
of intermolecular delocalization between monomeric units 1 and  Table 9 contains the data on electron density at the H-bond
2 in the studied dimer (both+ 2 and 2— 1). The results are  critical points as well as the data for thedM and O-H bonds
summarized in Table 7. The strongest effect of the above jn the monomers and dimers. Contour maps of the Laplacian
delocalizations is observed for dimé¥. Of course, the  distribution for dimerdll —V are displayed in Figure 7. As seen
speculations and conclusions presented here about the degregom Table 9 and Figure 7, the aforesaid conditions related to
of intermolecular delocalization are not to be taken in absolute hydrogen bond formation are fulfilled at the <YH (Y = N, O)
quantitative terms. They are valuable only in the course of pond critical points of complexe#il —V. The N--H and
estimating the relative contributions to the total energy of O---H bond critical points are located in the regions of Charge
intermolecular delocalizations and not of the overall contribution depletion (region of positiv&?p values). The electron densities
to the total interaction energy. This is so because, first of all, a at the Y---H bond critical points range from 0.031 to 0.070 au,
single SCF step through which the new density matrix is passedwhich is in good agreement with the values reported for various
does not lead to a full SCF convergence. hydrogen-bonded complex&ss? Similarly, the Laplacian of the

As a whole, the results of NBO analysis indicate that the electron density ranges from 0.084 to 0.102 au, which is also
intermolecular interactions in dimév are stronger than those  reasonably comparable to the literatBf&’ The increase iy
in Il andV. values at the H-bond critical points results in H-bond strength-

To compare the default NBO Lewis structure with the ening. According to the actuab, and V2p, values at the
alternative Lewis “resonance” structures chosen by user, we haveintermolecular bond critical points, applying the AIM-based
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TABLE 8: Lewis and Non-Lewis Occupancies of Various “Resonance” Structures 46 in Terms of the Percentage (%) of the
Total Electron Density

2 4
(lone pairs 3 (lone pairs on 5 6
1 on both (lone pairs on both both oxygens (without lone (without lone
dimerlll (default} oxygens) nitrogens) and nitrogens) pairs) pairsy
total Lewis 98.388 98.380 98.380 98.380 98.380 93.824
total non-Lewis 1.612 1.620 1.620 1.620 1.620 6.176
2 4
(lone pairs 3 (lone pairs on 5 6
1 on both (lone pairs on both both oxygens (without lone (without lone
dimerlV (default} oxygens) nitrogens) and nitrogens) pairs) pairsy
total Lewis 98.481 92.906 92.789 92.906 92.789 94.257
total non-Lewis 1.519 7.094 7.211 7.094 7.211 5.743
3 4
2 (lone pairs (lone pairs on 5 6
1 (lone pairs on 013 both oxygens (without lone (without lone
dimerV (default} on O6 and N8) and N2) and nitrogens) pairs) pairsy
total Lewis 98.484 97.159 97.162 97.159 97.162 95.230
total non-Lewis 1.516 2.841 2.838 2.841 2.838 4.770

aWwithout SCHOOSE keyword All of the intermolecular hydrogen bonds are treated as trivial chemical bonds.

TABLE 9: Selected Properties of Bond Critical Points (au) for 2-Pyrrolidone Monomers and Dimers in the Gaseous Phase at
the B3LYP/6-311++G(d,p) Theory Level

monomer monomeil dimerlll dimerlV dimerV
bond Pb V205 Pb V2pp Pb; App V2pu; A(V20) Pb; App V2pb; A(V0b) Po; App V2pu; A(V0)

C1-06 0.409 —0.258 0.394:-0.015 —0.335;—-0.077 0.390:-0.019 —0.342;—0.084
N2—H7 0.338 —1.623 0.321-0.017 —1.661;—0.038 0.314:-0.024 —1.624;—0.001
06—H7 0.360 —2.510 0.284-0.076 —1.776;0.734

013-H14 0.317;—0.043 —2.188;0.322
06---H14 0.033 0.102 0.049 0.136
H7--N8 0.070 0.091 0.031 0.084

2 pp is the electron density value at the bond critical poWfpy, is the second-order derivative of the electron density (density Lapladian);
= ppomplex — g monomer(complex= dimer Il , IV, or V); A(VZpp) = VZp,comPlex — y2g monomer (complex= dimerIll , IV, or V).

criteria of hydrogen bondingf the hydrogen bonds under IV confirm the supposition that the-NH hydrogen bond is
discussion may be arranged as the rather strong ones. stronger compared to that of-GH.

The X—H bond strength is also estimated by a comparison  Similarly, the data on homonuclear@H—0 and N--H—N
of the p, and V2p;, values, which correspond to the-X BCPs bonding for dimerV indicate that the @-H bond surpasses
in the case of free 2-pyrrolidone and its dimers (the BCP the N---H one in strength.
corresponds to the shared-X interaction, i.e., the value of In this study, we have established the correlation between
electron density at the bond critical point is relatively large and the Y---H distances and electron densities at the corresponding
the Laplacian of the charge density is negative, indicating that bond critical points in dimerl —V according to the B3LYP/
the electronic charge is concentrated in the internuclear region).6-311++G(d,p) data. The linear regression plot is shown in
Figure 7 just shows that the-XH bond critical points occur in Figure 9. One could observe that the electron density between

the regions of charge concentration (region of negati¥e the hydrogen atom and the proton acceptor decreases practically
values). Thep, and |V2pp| values at the XH BCPs decrease linearly with the increase in the -Y-H distance. In addition,
upon hydrogen bonding (Table 9), which points te-l{ bond we have found the correlation of interaction energies of the
weakening in dimers compared to monomers. studied complexes with the electron densities at the bond critical
The AIM analysis showed that the valuesmfand V2py, at points (Figure 10). Linear regression analyses on the above

the Y---H bond critical points increase when going from dimer correlations were performed using Microsoft Excel 2000 for
Il to V (Table 9). The increments are consistent with the Windows. The correlation coefficients)(were —0.9468 (the
intermolecular distance changes discussed above. Figure 8Y---H distances against the electron densities at BCPs) and
illustrates the relief maps of the Laplacian distribution for all 0.9145 (the interaction energies against the electron densities
three dimers involved in this study. The oxygen atom in each at the BCPs).

dimer shows itself as a torus of charge concentration (which  To improve the latter correlation, we have removed the point
appears as four maxima). The nitrogen atom exhibits four corresponding to the NH intermolecular bond of dimev (a
guantum shells twice smaller in size than those for the oxygen. weaker interaction compared to the-@ one). As a result,

It is interesting to compare the electron density properties of ther value grew up to 0.9779 (Figure 11). For the number of
heteronuclear ©-H—N and N--H—0O bonds in dimer#ll and points equal to three, the correlation coefficient’s deviation from
IV. It was shown recently thady(X---H—A) and App,(H—A) zero is significant in the only case of its strict equality to unity.
reflect relatively small changes that may characterize the However, the sufficiently hight value attests to the fact that
intermolecular H-bonding strength, and they are comparable the correlation obtained does not have a random nature.
quantities for different H-bond typé8. The py(O-:-H), The above correlations demonstrate the interrelation of
pb(N++-H), App(N—H), andApy(O—H) values in dimersll and topological, spatial, and energetic characteristics. Hence, Bader's
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Figure 7. Contour maps of Laplacian distribution for dimets—V

. B . . . 2
at B3LYP/6-31%+G(d,p). The solid contour zones and lines cor- Figure 8. Relief maps of electron density Laplaciaf#*p) for mean

planes (center graph center molecule) of dimerdl —V molecules

respond to negativ&?p values. at B3LYP/6-311+G(d.p).
topological theory may be useful for evaluating the H-bonding 0.08 -
interactions starting from the electron density, and the properties o 007 4 .
of the BCPs are useful descriptors for estimating the strength 8 0.06 \
of intermolecular H-bonds. g 0.05 4 . )
Thus, the basic features of the donraicceptor interaction 2 no4
when forming the 2-pyrrolidone dimers are reflected adequately = 003 3
by means of the reactivity indices describing both the charge- g
controlled? (charges on atoms, electrostatic potential) and E 002
orbital-controlled? (topology and energies of frontier orbitals, D'D; i

second-order perturbation energy for interaction) reactions. More
delicate analysis of such interaction requires the approaches ) 0

comprising the concepts on the_ charge-controlled and orbital- iqure 8. Correlation OfY"HY;;;It;:::;a;suia ;A(;imem it eloctron
controlled reactions and exceeding the bounds of these concept ensities at bond critical points (B3LYP/6-322G(d.p)).

(NBO, AIM, etc.).

3.7. Interaction Energies.The interaction energies of the and ZPVE quantities) hydrogen-bonding energies of dimers
hydrogen-bonded dimers of 2-pyrrolidone were computed by Il =V are collected in Table 10. All of the methods predict
means of different DFT methods using the 6-3#1G(d,p) basis the similar H-bonding interaction energies for each of the studied
set. The uncorrected and corrected (with the allowance for BSSEdimers, provided that the BSSE and ZPVE corrections are taken

185 160 165 170 175 1.80 185 190 185



Study of the Monomers and Dimers of 2-Pyrrolidone

J. Phys. Chem. A, Vol. 109, No. 48, 20080995

0.08 - For dimerslll andV, the BSSE values account for more

o 0.07 than 5-11% of the total interaction energies, whereas for dimer
2 0.06 - IV this contribution is much more considerable at the same
S o8 . theory level.
% 0.04 - To gain deeper insight into the intermolecular interactions
Z 003 4 . . binding the monomeric units in the 2-pyrrolidone dimers,
£ om we considered all types of hydrogen bonding. In the dimers,
3 001 4 the following hydrogen bonds appear:--€N—H (dimerlll ),

0 e N---H—0O (dimerlV), and N--H—N and O--N—H (dimerV).

-10 -105 -11 -115 -12 =125 -13 -135 -14 -145 -15

interaction energy (kcal/mol)

Figure 10. Correlation of interaction energies in dimélis—V (Table
10) with electron densities at bond critical points (B3LYP/6-31#G-

One can see in Table 10 that the most negative interaction
energy was calculated for dimBf . However, this bonding type
was not observed in crystil.The bonding type characteristic
for dimer Il , but notlV, has been just realized because the

(d.p). intrinsic stability of the monomeric units (Table 3) recovers the
interaction energy contribution. Our results testify to the fact
0.08 - thatlll is energetically preferred.
o 007 .
E 0.06 - 4. Concluding Remarks
%‘0'05' he We have carried out the calculations using the B3LYP,
§ 004 S MPW1K, and B3PW91 methods with 6-3t#G(d,p) and
g 0037 AUG-cc-pVDZ basis sets in order to determine the equilibrium
§ 002 state and vibrational frequencies of the stable conformers for
T 001 - the monomers and dimers of 2-pyrrolidone. Two stable tau-
0 —— . — . — \ tomers,| andll, for 2-pyrrolidone have been identified, and

-0 -105 -1

118 -12 -125 -13 -135 -14 -145 -15

interaction energy (kcal/mol)

Figure 11. Correlation of interaction energies in dimélis—V (Table
10) with electron densities at bond critical points (B3LYP/6-31#G-
(d,p)). The N--H hydrogen bond is excluded for dimeg

TABLE 10: Interaction Energies (6-311++G(d,p), kcal/mol)
for Various 2-Pyrrolidone Dimers?

AE  BSSE AE (BSSE) AE (BSSEypye E et

vibrational frequencies for speciesire in good agreement with
the earlier experimental data.

Among the three dimers of 2-pyrrolidon#| is the most
stable both in vacuo and in agueous medium. As has been
ascertained, the intramolecular proton transfer in 2-pyrrolidone
has a barrier of~50 kcal/mol, and this value does not depend
substantially on solvation. The double proton transfer in the
hydrogen-bonded dimers occurs concertedly and synchronously
with a lower activation barrier. Thél — IV reaction is a highly
endothermic one, and the transition state is located near the

B3LYP —14.000 0.684 —13.316  —11.148 -—7.6 . S ) L

dimerlll MPW1K —14.943 0550 —14.393  —12.246 reaction product. Great activation and relative energies imply
B3PWO91 —13.492 0.725 —12.767 —10.680 that the reaction is kinetically and thermodynamically unfavor-
B3LYP —22.037 6.342 —15.695 —14.717 able in the gaseous phase and in aqueous solution, but the

dimerlV. MPW1K —23.878 6.373 —17.505 —16.534 reverse process is kinetically and thermodynamically favored.
B3PW91 —-23.114 6.592 —16.522  —16.807 TheV — V double proton transfer reaction is kinetically and
B3LYP —15.856 1.896 —13.960 —12.047 thermodynamically more preferable thih — V.

dimervV. MPWI1K —17.142 1.865 —15.277  —13.398 For a proper hydrogen bond, the labile hydrogen-involving
B3PW91 —15.817 2.314 —13.960  —11.746

bond stretching frequency decreases on complexation, which

2 See text for details and definitions. is accompanied by the-XH bond elongatiofs:® Because of the
charge density increase on the antibonding orbital of thédX

into account. Because the NO distance in dimelV is shorter bond and the electron density delocalization, thetkXbond

than this distance in diméH , the interaction energy for dimer  lengthening and concomitant decrease in stretching vibrational
IV would be expected to be somewhat higher compared to frequency are observed, and, hence, the complexes under our
dimerslil andV. This can be seen in Table 10. Such a statement study are proper hydrogen-bonded ones. The greater vibrational
is substantiated by the enhanced charge-transfer interaction ashift for the X—H bond and the more negative interaction energy
well as by the strong intermolecular delocalization in diféer for dimerlV compared tdll andV provide additional evidence

(Section 3.6, Table 7). In accordance with the aforesaid, the for the more profound cooperativity in structul¥. The

N--H bond (uniquely present in dimek, for which the
interaction energy is the most negative) is stronger comparedand lower its vibrational frequency; thus, those may be a source
to the O--H bond occurring in dimerdl andV.

A hydrogen-bonding energy of 7.6 kcal/mol has been

determined experimentally for dimeric 2-pyrrolidone in G&l

interactions between the frontier orbitals lengthen theHbond

of a red shift.
The analyses of the charge density, topological parameters,
NBO, and interaction energies have shown that all of the systems

This agrees well with the value of 6.99 kcal/mol estimated for studied in this paper satisfy the indicative criteria for hydrogen-
e-caprolactam, which also forms centrosymmetrical hydrogen- bonding interactions. The NBO analysis has revealed the strong
bonded dimers in crysta® As seen in Table 10, our computa- intermolecular interactions in those complexes, which lead to
tions overestimate the interaction energy for ditlercompared the charge transfer from the Y atom lone pairs todhgX —H)

to the experimental data. The reason for that may be the antibonds. As a consequence, the occupation numbers of these
following: the calculated N-O distance between the N and O antibonds are fairly high. All of the results indicate that dimers
atoms of different monomeric units (Table 1) is slightly shorter Il , IV, andV are hydrogen-bonded clusters, and the existence
than the experimental one. of zm-type hydrogen bonding ihll andV is proved by our
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calculations. In general, the results of NBO and AIM analysis
indicate that the intermolecular interactions in din€r are
stronger than those il andV. The results of this study also
show that the topological parameters derived from Bader's AIM

theory correlate well with the geometry and energetic param-
eters. The above properties may be useful descriptors for g

estimating the strength of intermolecular H bonds.
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