1982 J. Phys. Chem. A997,101,1982-1988

Ab Initio Study of the Hydrogen Bonding between Pyrrole and Hydrogen Fluoride: A
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The structures, vibrational frequencies, and association energies of theeNiid FH--r hydrogen-bonding
complexes between pyrrole and hydrogen fluoride have been examined using the HeotreeMgller

Plesset (second order), and density functional theory. Full geometry optimization and energetics of these
complexes are calculated using the 6-31G*, 6-31G**, -Gk, 6-31+G**, 6-311G*, and 6-31%+G**

basis sets. The DFT calculations are carried out using the BLYP and B3LYP nonlocal exchangéation
functionals. After BSSE (basis set superposition error) by the counterpoise (CP) method and ZPVE corrections,
the association energies of thetype and NH--F hydrogen-bonding complexes are calculated to be about
3.054 and 1.518 kcal/mol, respectively, at the MP4(SDTQ)/6+3tG**//MP2/6-31+G* level. The
intermolecular interaction potential of thetype hydrogen-bonding complex is also discussed.

Introduction In this study we have carried out both DFT and traditional
ab initio calculations. The traditional ab initio calculations are

Hydrogen bonding is an important phenomenon in many performed at the HartreeFock and MP2 levels. In the DFT
chemical and biological systems, and hydrogen-bonding com- cacylations we have used both the BLYP and B3LYP func-

plexes have been extensively studied by a wide range of {ionals. DFT calculations with these functionals have been
experimental techniques and caIpuIanons. A Iarge number of t5.,nd to yield accurate reaction energies for a wide range of
molecules form hydrogen-bonding complexes in the form qcessed but how well they are suited for describing the
DH---A, where DH is a proton donor and A is a proton acceptor, hyqrogen bondings is still unknown. In this work, the geom-
which usually has lone-pairs arelectrons. Most of the studies  gries; vibrational frequencies, and binding energies of the
focused on the former. A number of studies have dealt with NH...F and FH--x hydrogen-bonding complexes between
complexes that contained-type hydrogen bonds such assthe pyrrole and hydrogen fluoride are calculated. In addition, the
complexes of benzene and halogéhgdrogen halide3water; potential surface oft-type hydrogen-bonding interaction are
ammonia; and alkane$. We have measured the vibrational 356 calculated. The main aims here are to (i) compare the
spectra of the self-association species of pyrrole, pyrazole, and,perties (i.e. geometries, vibrational frequencies of NH and
imidazole and fo_und that them_r—type hydrogen-bondllng d_|mers HF stretching and binding energies) between NFand FH:«
have NH stretching frequencies in the 35@&B00 cn1* region. hydrogen-bonding complexes; (i) investigate the basis set effect;

To understand how the dimers in pyrrole, pyrazole, and gnq (iii) test the adequacy of DFT calculations.
imidazole are associated through théype hydrogen bonding,

we have investigated the interaction between the complex of computational Methods

pyrrole and hydrogen fluoride. Both pyrrole and hydrogen

fluoride can be either proton donors or acceptors. Thus, there All the calculations have been performed with the GAUSS-
may exist two types of complexes between pyrrole and hydrogen!/AN94 prograni using the 6-31G*, 6-31G**, 6-3tG*,
fluoride with the NH+-F and FH--z hydrogen bondings. M.  6-31+G**, 6-311G*, and 6-31%+G** basis sets at the HF
Spoliti et al® calculated the NH-F and FH--N hydrogen- and MP2 levels. The same basis sets are used for the DFT
bonding complexes between pyrrole and hydrogen fluoride with calculations with two density functionals. In the first one, the
Cy,, andCs symmetry, respectively, and found that the interaction €xchange functional is of Becke (B), which includes a gradient
energies were-13 and—46 kJ/mol, respectively, at the HF/4- correction'® and the correlation part is given by the gradient-

31G* level. However, since they did not fully optimize their corrected functional of Lee, Yang, and Parr (LYP)In the
geometries, further studies are needed. second one, B3LYP is comprised of Becke’s three-parameter

The density functional theory (DFT) has been recognized as exchgngellfunctlonh?l and the LeeYang—-Parr correlation
a very useful tool in the study of the extended systems becausdUnctional™> The geometries are fully optimized by means of
it is computationally less demanding for the inclusion of electron analytical gradients, and the vibrational frequencies were
correlation. Recently, most DFT applications for intra- and Cc@lculated in the harmonic approximation. The interaction
intermolecular systems have been in the studies of molecular®nergies of complexes were corrected by BSSE (basis set
structures, vibrational frequencies, basicity, proton affinities, SUP€rposition error) using the counterpoise methadd ZPVE
electron affinities, hydrogen-bonding energies, relative energies (Z2€ro-point vibrational energy).
of conformational isomers, bond dissociation energies, internal

rotations around a bond, and chemical reactidRew applica- ~ esults and Discussions

tions have been made to study the wealtydrogen bondings. A. Individual Molecules. The calculated geometries and
vibrational frequencies for hydrogen fluoride and pyrrole are
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. tabulated in Tables-25. The atomic numbering of pyrrole is
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Hydrogen Bonding between Pyrrole and Hydrogen Fluoride

TABLE 1: Computed Equilibrium Bond Length (A) of
Hydrogen Fluoride?

J. Phys. Chem. A, Vol. 101, No. 10, 1991083

TABLE 5: Calculated Harmonic Vibrational Frequencies
of Pyrrole Monomer2

6-31G* 6-31G** 6-31-G* 6-31+G** 6-311G* 6-311H+G** HF MP2  BLYP B3LYP expt assignmerit
ab initio 1 a 3926(3553) 3648(3538) 3547 3670(3560) 3527w
HF 0911 0901 0913 0902  0.897 0.897 2 a 3473(3126) 3322(3189) 3201 3278(3185) 3148cH
MP2 0934 0921 0941 0918  0.927 0.912 3 a 3443(3099) 3302(3170) 3178 3262(3164) 312%cy
DFT 4 a 1648(1483) 1540(1478) 1470 1520(1474) 1470x
BLYP 0945 0937 0.949 0939 0.936 0.933 5 a 1548(1393) 1470(1411) 1389 1439(1396) 1391y
B3LYP 0.934 0.925 00938 0928  0.925 0.922 6 a 1264(1138) 1194(1146) 1142 1181(1146) 1148g
. . 7 a 1161(1045) 1134(1088) 1073 1103(1070) 1074cn
@The experimental value is 0.92 A, ref 11. 8 a 1110(999) 1070(1027) 1012 1044(1013) 101y
. . . 9 a 968(871) 902(866) 873 899(872) 8800
TABLE 2: Compl.éted EqUIIIbrlum Dlpole Moment (D) of 10 & 946(851) 788(756) 828 872(846) 868ycH
Hydrogen Fluoride 11 & 806(725) 633(608) 626 672(691) 712ych
— 13 by 966(869) 772(745) 772 818(793) 826ycH
ab initio 14 by 830(747) 707(679) 698 731(709)  720ych
HF 1.972 1944  2.079 2.042 2.162 2.026 15 b 684(616) 637(612) 619 641(622)  626yr/ynH
MP2 2013 1.980 2.135 2193  2.090 2.066 16 by 484(436) 460(442) 397 447(434)  ATAywnlyr
DFT 17 b, 3449(3104) 3317(3184) 3197 3278(3180) 314@cH
BLYP 1805 1773 2013 1971  2.037 1.958 18 b, 3417(3075) 3292(3160) 3166 3250(3152) 31l6cH
B3LYP 1.859 1.828 2.036 1995  2.081 1.982 19 b, 1744(1570) 1599(1535) 1543 1599(1551) 152%r/on
a - - . 20 b, 1595(1436) 1520(1459) 1416 1474(1430) 1424r/0nk
The experimental value is 1.82 D; ref 12. 21 by 1437(1293) 1337(1284) 1282 1322(1282) 128Bcr/dnm
. — — 22 b, 1253(1128) 1199(1151) 1136 1171(1136) 113&nu/dck
m]B_&)Eoi-Hycdgggg‘;ti?u'gggggb““m Vibrational Frequency 23 by 1166(1049) 1094(1050) 1045 1079(1047) 104Dcr/onm
24 b, 946(851) 879(844) 852 877(851) 8630

6-31G* 6-31G** 6-3H-G* 6-31+G** 6-311G* 6-311++G**

ab initio
HF 4357.9 4492.6 4314.3 4471.8 44245 4493.2
MP2  4039.1 4191.2 3941.3 4093.2 4118.7 4199.0
DFT
BLYP 3817.4 3926.8 3781.3 3910.8 3811.8 3941.6
B3LYP 3977.5 4087.8 3935.3 40715 3986.6 4099.4

aThe experimental value is 3608 ciref 13.

TABLE 4: Computed Equilibrium Bond Lengths (A), Bond
Angles (deg), Dipole Moments (D), and Rotational Constant
(GHz) of Pyrrole

HF MP2 BLYP B3LYP expt
Bond Lengths
N>—C; 1.363 1.373 1.388 1.376 1.370
C—Cs 1.358 1.383 1.390 1.378 1.382
C:—Cy 1.427 1.418 1.434 1.425 1.417
N1—H; 0.992 1.011 1.016 1.008 0.996
Co—H; 1.070 1.081 1.087 1.081 1.076
Cs—Hs 1.071 1.082 1.089 1.082 1.077
Bond Angles
OC,NCs 109.5 110.2 109.8 109.8 109.8
ON1C,Cs 108.2 107.4 107.5 107.7 107.7
C,CsCy 107.1 107.5 107.5 107.4 107.4
OH31N.C, 125.3 124.9 125.1 125.1 125.1
OH.C,Cs 130.6 131.4 1315 131.3 130.8
OH3CsCs 126.1 125.6 125.7 125.8 125.5
Dipole Moments
1.895 1.917 1.896 1.901 1.740
Rotational Constants

A 9.2793 9.1514 8.9911 9.1335 8.9507
B 9.2036 8.9947 8.8616 9.0019 8.8899
C 4.6206 45362 4.4629 4.5336 4.4601

a Reference 14.

shown in Figure 1. In the case of hydrogen fluoride, all the
calculations except BLYP/6-31G* and BLYP/6-8G* yield
bond lengths that deviate within 0.02 A from the experimental
value of 0.92 A (see Table #}. The calculated structures refer

2 Frequencies are in cth the values in parentheses are the scaled
frequencies (see the text)Reference 15¢v, ¢, andy indicate the
stretching, in-plane bending, and out-of-plane bending modes, respec-
tively.
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Figure 1. Atom numbering corresponding to the geometrical param-
eters of pyrrole in Table 4.

D.1> The calculated dipole moments are affected by the basis
set used. The use of diffuse functions on heavy atoms and
polarization functions on hydrogen atoms yields larger and
smaller dipole moments, respectively, and the use of a triple-
split valence basis set increases the dipole moment significantly
relative to that of the 6-31G* basis set. Table 3 lists the
calculated harmonic frequencies of hydrogen fluoride. Com-
pared with the experimental value of 3608 T the DFT
results agree better.

Table 4 shows the computed equilibrium geometry, dipole
moment, and rotational constant of the pyrrole monomer using
the 6-31G* basis set. The MP2 and B3LYP calculations give
geometries, especially the bond lengths and rotational constants,
in excellent agreement with experimental dtaBond lengths
are underestimated by the Hartrdéock method and are
overestimated by the BLYP theory. Bond lengths from the
Hartree-Fock and DFT calculations deviate within 0.02 A from
the experimental values, and the bond angles deviate within 1
at all levels. So, the Hartred-ock and BLYP calculations also
give reasonable geometries of pyrrole. All calculations over-

to equilibrium geometries, whereas experimentally deduced estimate the dipole moment within 10% of the experimental
geometries are vibrational average structures. Therefore, all thevalue of 1.74 DY The calculated harmonic vibrational frequen-

calculated of H-F bond lengths are reasonable. Most of the

cies of pyrrole using the 6-31G* basis set are listed in Table 5.

calculations overestimate the dipole moment of hydrogen The BLYP results are very close to experimental offes.

fluoride, especially at the Hartred-ock and MP2 level. In

Hartree-Fock, MP2, and B3LYP results are larger than

Table 2, the calculated dipole moment, 1.805 D, using the experimental values by about 11%, 4%, and 3%, respectively,

BLYP/6-31G*, agrees well with the experimental value of 1.82

on average. The values in parentheses are the scaled frequencies
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TABLE 6:

Intermolecular Parameters of the NH---F

Complex between Pyrrole and Hydrogen Fluoridé

Jiang and Tsai

on the geometry, but the use of diffuse functions on heavy atoms
causes a noticeable change of geometry. The hydrogen-bonding

6-31G* 6-31G** 6-3H-G* 6-31+G** 6-311+-+G** distanceR and the bonding angl@ increase significantly at all
ab initio levels when diffuse functions on heavy atoms are used. The
HF R 3.077 3.075 3.176 3.191 3.199 calculations with the 6-31G* and 6-31G** basis sets show that
6 1045 1045 1273 130.7 138.0 the complex prefers the tetrahedral structure and the lone-pairs
4 1527 'g 1527 52 1%5'27 1627"13 1;18.2 of the F atom are contracted around the atomic center, whereas
MP2 )fq 2084 2977 3.053 3.082 3.095 the calculations with diffuse functions on heavy atoms show
0 992 99.2 121.2 127.5 134.7 that F has more diffusive lone-pairs. This indicates that the
¢ 160.0 1601  164.4 169.6 175.0 sp*-like character of the lone-pair electrons in the F atom has
DET x 02 0.4 0.4 L7 0.8 been decreased by the use of the diffuse functions on heavy
BLYP R 295 2953  3.075 3.143 3.147 atoms, which causes the increas@ofThe other possibility is
0 925 93.4 104.5 123.7 127.7 that the calculations with diffuse functions on heavy atoms favor
®» 1601 1600  157.5 166.5 169.6 the dipole-dipole interaction between pyrrole and hydrogen
B3LYP ’é %;335 2'338 13'%88 13;?’103 1;3102 quoride: Therefore_, the bonding andgléncreases significantl_y
0 950 96.1 122.9 1235 125.2 when diffuse functions on heavy atoms are used. There is no
@ 158.8  159.0 167.4 167.2 165.2 energy minimum of the NH-F hydrogen-bonding complex at
x 02 0.1 6.0 0.4 6.6 all levels with the 6-311G* basis set. Table 7 shows the
aDistances in angstroms; angles in degrees. interaction energy of the N++F hydrogen-bonding complex
between pyrrole and hydrogen fluorideAE is the energy
H H\ /H difference between the dimer and monomers without BSSE and
\ /C__(‘? ZPVE corrections. The single?point energies of the_monomers
R N - and the NH--F hydrogen-bonding complex are obtained at the
~H \c/ ~~H 6-311++G** geometry using the 6-311G* basis set at all levels.
H/ AE clearly depends on the choice of the basis set and decreases

remarkably when the diffuse functions on heavy atoms are used.
DFT calculations with the 6-31G* and 6-31G** basis sets yield
very large BSSEs, about3} kcal/mol, for this system, whereas
the calculations using the basis sets with diffuse functions on
heavy atoms reduce BSSE to within 0.4 kcal/mol. MP2 and
Hartree-Fock calculations also yield smaller BSSEs when the

close agreement with the experimental values. The calculateddk'lffusﬁ funcltloTs.on he.ar\]/ y atoms a;lre F'bsledb These redsults show
frequencies of in-plane modes (with and b symmetry) are t gtst e Cf‘? cu astg)n W'; a more flexible basis Sit ecreases
in general very close to experimental data, but some out-of- BSSE. After BSSE and ZPVE corrections is in the range

plane modes, for example, NH out-of-plane bending, have |argerbetwee_n ;.2 and 1.7 kcal/mol at a_II levels. _The B3LYP gives
deviations from experimental ones. a AE; similar to that of MP2. To judge which method gives

B. Hydrogen-Bonding Complexes between Pyrrole and more reasonable results, we also calculated the single-point
Hydrogen Fluoride. The geometries of hydrogen-bonding €nergy to estimate the interaction energy of the NHhydrogen

complexes between hydrogen fluoride and pyrrole are optimized Ponding at the MP4(SDTQ)/6-31G* and MP4(SDTQ)/6-
with the 6-31G*, 6-31G**, 6-3%+G*, 6-314+G**, 6-311G*, and 311++G** levels with the MP2/6-311+G** geometry. AE,

6-311+-+G** basis sets at HartreeFock, MP2, BLYP, and AEcp, andAE; of the former are 3.535, 2.461, and 1.518 kcal/
B3LYP levels. The vibrational frequencies are also calculated. Mol, and those of the latter are 3.750, 2.620, and 1.677 kcal/
1. NH---Complex The calculated values of the intermo- Mol respectively. AE; is also affected by the basis set used at
lecular geometrical parameters of the N#fF hydrogen-bonding the MP4 level. With the same basis set, the MP2 and B3LYP
complex are listed in Table 6. The parameter®, ¢, andy calculations are in agreement with MP4 calculations. All the
are the distance between N and F, the angle eFH-H, the MP2 and B3LYP calculations except using the 6-311G* basis
angle of F--H—N, and the dihedral angle of NHFH, set give a close agreement with MP4 calclations. Hattree
respectively (see Figure 2). We find that the MP2, BLYP, and Fock also yields a reasonable result when the diffuse functions
B3LYP calculations yield similar geometries. The use of on heavy atoms are used, whereas the BLYP calculations
polarization functions on the hydrogen atoms has little effect underestimatAE;. Since BSSE is always overestimatédhe

Figure 2. Structure of the NH-F hydrogen-bonding complex between
pyrrole and hydrogen fluoride.

by factors of 0.90, 0.96, and 0.97 for Hartreeock, MP2, and
B3LYP calculations, respectively. After scaling, the Hartree
Fock, MP2, and B3LYP also yield vibrational frequencies in

a AE = E(complex)— E(pyrrole) — E(hydrogen fluoride). AE;; = AE — BSSE. AE; = AE;, — AZPVE (ZPVE(complex)— ZPVE(pyrrole)
— ZPVE(hydrogen fluoride))? At the 6-311-+G** geometry; see the text.

TABLE 7: Interaction Energy of the NH ---F Complex between Pyrrole and Hydrogen Fluoride (kcal/moB

6-31G* 6-31G** 6-3H-G* 6-31+G** 6-311G*® 6-31H++G**

HF —AE 3.854 3.902 2.519 2.450 3.444 2.577
—AEg, 2.309 2.296 2.265 2.271 2.821 2.263

—AE¢ 1.303 1.279 1.482 1.505 2.062 1.529

MP2 —AE 5.707 5.642 3.732 3.524 4.615 3.502
—AEg, 2.740 2.627 2.661 2.640 3.290 2.520

—AE; 1.587 1.499 1.681 1.739 2.347 1.578

BLYP —AE 6.607 6.642 2.460 2.402 4.851 2.514
—AEgp 2.586 2.479 2.169 2.128 3.038 2.153

—AE; 1.368 1.335 1.283 1.308 2.121 1.235

B3LYP —AE 6.130 6.169 2.802 2.742 4.892 2.835
—AEg, 2.809 2.741 2.476 2.481 3.340 2.476

—AE; 1.599 1.617 1.654 1.679 2.486 1.593
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TABLE 8: Interaction Energy of the Linear NH ---F
Complex between Pyrrole and Hydrogen Fluoride (kcal/
mol)?2 at the C,, Symmetry

HF MP2 BLYP B3LYP
method AE AE, AE AE, AE AE, AE AE,
6-31G*  3.036 2.295 4.242 2792 4.075 2.364 4.109 2.655

6-31+G** 2.300 2.174 3.200 2.479 2.076 1.890 2.425 2.247

a AE = E(complex)— E(pyrrole) — E(hydrogen fluoride). AE., =
AE — BSSE.

Figure 3. Contour of ther-electron densjt 2 A above the ring plane
of pyrrole.

interaction energy of the N#+F complex between pyrrole and
hydrogen fluoride should be larger than 1.518 kcal/mol.
Besides the calculations of the minima of the NiH
hydrogen-bonding complex, we also calculate the interaction
energy of the NH-F hydrogen-bonding complex at th&,
symmetry, which confirmed the linearity of NHFH, at
Hartree-Fock, MP2, BLYP, and B3LYP levels with the 6-31G*
and 6-31G** basis sets. All levels show that there exist two
imaginary frequencies, corresponding to the intermolecular in-

J. Phys. Chem. A, Vol. 101, No. 10, 1991085
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Figure 4. Structure of the NH-z hydrogen-bonding complex between
pyrrole and hydrogen fluoride.

sm-electron system of pyrrole. We plot the contour of the
m-electron densjt2 A above the ring plane of pyrrole in Figure
3. This figure shows that the region above @&d G has a
large population ofr electrons. From the Mulliken population
analysis, we find that the N atom has the largest negative charge.
Locating the bonding region of pyrrole is an interesting problem.
First, we guess that the hydrogen bonding is formed between
Cz and G. However, most of the calculated results reveal that
in the-type complex the hydrogen end of the-H bond points
toward G of pyrrole, whereas the calculations at the Hartree
Fock and MP2 levels without diffuse functions on heavy atoms
(6-31G*, 6-31G**, and 6-311G* basis sets) show that it points
toward the middle of the £-C4, bond. Table 9 shows the
intermolecular parameters of the fully optimized geometry of
this m-type complex at all levelsR, 6, andy are the distance
between G or the middle of G—C, and F (the shortest distance
between the pyrrole ring and F), the bisect angle of theFH
axis and the gaxis of pyrrole, and the dihedral angle of FH
NH, respectively (see Figure 4). We find that DFT yields a
structure similar to that of MP2 except DFT yields a larger

x. It seems that DFT calculations result in a larger repulsion

plane and out-of-plane vibrational modes. Table 8 shows the between electrons, because the larger the distance between F

interaction energies without and with BSSE correction. Com-
paring to those given in Table 7, the interaction energy
differences (after BSSE correction) between the equilibrium
geometry and th€,, geometry are within 0.2 kcal/mol at all
levels, except BLYP calculations. TI@, geometry favors the
dipole—dipole interaction, whereas the equilibrium geometry
favors higher order multipole interactions. By comparing the
interaction energies of the equilibrium geometry and @e
geometry of the NH-F hydrogen-bonding complex, we find
that high-order multipole interactions play a crucial role in the
NH---F hydrogen bonding between pyrrole and hydrogen
fluoride.

2. FH---7 Complex Pyrrole as a proton acceptor forms
FH---zr hydrogen bonding with hydrogen fluoride through the

and N, the largey is. The Hartree-Fock calculations yield a
larger R than that of MP2 calculations, but similérand y.

The calculations with the 6-31G* and 6-31G** basis sets yield
similar results at all levels, whereas the calculations with the
diffuse functions on heavy atoms give largerand y. This
indicates that the calculations with the diffuse functions on heavy
atoms result in a larger repulsion between electrons and a longer
distance between F and N. For example, the HF/6-31G* and
HF/6-31+G* calculations yield distances between F and N of
3.375 and 3.735 A, respectively. The triple-split valence basis
sets comparing to the double-split valence basis sets have no
noticeable effect. Table 10 shows the interaction energy of the
FH---7 complex between hydrogen fluoride and pyrrole.
Without BSSE and ZPVE corrections, the calculatdelat the

TABLE 9: Intermolecular Parameters of the FH---x Complex between Pyrrole and Hydrogen Fluoridé
6-31G* 6-31G** 6-3H-G* 6-31+G** 6-311G* 6-3114-+G**
ab initio
HF R 3.306 3.317 3.310 3.331 3.259 3.337
0 66.3 66.1 82.6 82.3 63.6 80.7
Xz 4.8 4.7 171 17.0 1.2 16.4
MP2 R 3.16 3.157 3.163 3.147 3.077 3.137
0 58.8 58.8 75.8 75.4 63.1 77.0
x 4.8 2.7 13.6 13.8 0.0 134
DFT
BLYP R 3.113 3.103 3.105 3.112 3.065 3.084
0 57.6 58.1 88.9 89.2 62.7 88.2
X 11.6 13.9 24.8 23.8 19.1 23.3
B3LYP R 3.082 3.075 3.09 3.09 3.069 3.101
0 61.0 60.5 89.3 88.9 64.1 87.9
X 191 18.9 24.0 24.1 14.6 231

a Distances in angstroms; angles in degrees.
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TABLE 10: Interaction Energy of the FH ---27 Complex between Pyrrole and Hydrogen Fluoride (kcal/moB

6-31G* 6-31G** 6-3H-G* 6-31+G** 6-311G* 6-311H-+G**

HF —AE 5.678 5.450 4.958 4.597 6.184 4.651
—AEgp 4.459 4.371 4.410 4.306 4.538 4.158

—AE¢ 3.070 3.084 3.126 2.930 3.083 2.833

MP2 —AE 8.819 7.783 7.608 6.915 8.816 6.982
—AEgp 4.836 4521 5.516 5.215 4.750 5.170

—AE; 3.316 3.094 3.816 3.619 3.104 3.222

BLYP —AE 6.968 6.768 6.340 5.851 7.962 5.803
—AEgp 3.967 3.745 5.615 5.410 4.449 5.516

—AE; 2.471 2.413 4.142 3.974 2971 3.766

B3LYP —AE 7.325 7.076 6.531 6.063 8.126 6.053
—AEgp 4.844 4.622 5.854 5.664 5.038 5.446

—AE¢ 3.353 3.254 4.294 4.182 3.530 4.000

a AE = E(complex)— E(pyrrole) — E(hydrogen fluoride). AE, = AE —

— ZPVE(hydrogen fluoride)).

HF/6-31G* level is 5.68 kcal/mol, which is larger than th&

of 4.07 kcal/mol of ther complex between hydrogen fluoride

and benzene at the same le¥®IThis can be explained by the

fact that ther-electron density above the ring plane of pyrrole
is larger than that of benzene and the population efectrons

above the pyrrole ring is more localized than that of benzene.

With BSSE and ZPVE correctionAE;'s depend on the methods

and basis sets used; the use of diffuse functions on heavy atoms

yields a largerAE; and the use of polarization functions on
hydrogen atoms yields a small&E; except at the Hartree
Fock level. The HartreeFock calculations yieldAE; ~ 3.1
kcal/mol with the 6-31G*, 6-31G**, 6-31G*, and 6-311G*
basis sets. The MP2 calculations with the 6-31G*, 6-31G**,
and 6-311G* basis sets yield nearly the safii®. However,
with the diffuse functions on heavy atoms, MP2 calculations
yield a largerAE;. The DFT calculations with the diffuse
functions on heavy atoms vyield slightly larger values/d;
than MP2. As for the calculations of the Nt-F complex, we
also use MP4(SDTQ)/6-31G*//IMP2/6-311++G** and MP4-
(SDTQ)/6-31H+G**/IMP2/6-311 ++G** to estimate the
interaction energy. With both the BSSE and ZPVE correction,
we obtainAEs's of 3.422 and 3.054 kcal/mol. The MP2 yields
a close agreement with MP4 with the same basis sets.

3. The Comparison of NH-F- and FH--z-Type Interac-
tions NH---F and FH--r complexes have different hydrogen
bond lengths, interaction energies, and shifts of vibrational
frequencies relative to that of individual molecules. The
hydrogen bond length of the NHF complex is shorter than
that of the FH--x complex, because lone-pair electrons are more
contracted thanr electrons. The basis sets with diffuse

BSSE. AE; = AE;, — AZPVE(AZPVE(complex)— ZPVE(pyrrole)

TABLE 11: Calculated Harmonic Vibrational Frequencies
(cm™1) and IR Intensities (km/mol) of HF and NH Stretching
Modes in the Pyrrole—Hydrogen Fluoride Complexes and
Pyrrole and Hydrogen Fluoride Monomers?

HF MP2 BLYP  B3LYP
free vue 4358(141) 4039(91) 3817(39) 3977(62)

van 3926(83) 3685(73) 3547(34) 3670(49)
NH-+-F complex vy 4325(173) 3991(73) 3779(63) 3938(90)

3910(219) 3656(279) 3484(278) 3617(277)
4237(437) 3906(414) 3629(440) 3780(496)
3920(97) 3678(86) 3545(43) 3666(61)

2 The values in parentheses are the IR intensities.

VNH
FH---r complex vue

VNH

hydrogen fluoride is a proton donor. The HF stretching
frequency is red-shifted significantly, and its IR absorption
intensity increases remarkably. The NH stretching mode has
the same trend but to a lesser extent. In the NHcomplex,
the shifted frequencies of HF and NH stretching modes do not
differ too much, but the IR absorption intensity of the NH
stretching mode (proton donor part) increases more significantly
than that of the HF stretching mode. It is well-known that the
absorption intensity and the vibrational frequency shift of the
AH stretching mode in the hydrogen complex (AHB) are
augmented with the increase of atomic charge and charge flux
of the AH bond. The variations of the vibrational frequency
and absorption intensity of the AH stretch mode in the +irl
complex are more prominent than that of the NH complex.
This is consistent with the calculated interaction energies of
the complexes.

C. The Potential Surface of the FHx Complex The
amount of energy for hydrogen fluoride to move around on top

functions on heavy atoms increase the hydrogen bond lengthof the benzene ring is very small. To move from above the

of the NH++F complex by about 0.1 A at all levels, but have center of the ring to on top of the middle of one of the benzene

no evident effect on another complex. As for the changes of carbon-carbon bonds was calculated to cost only about 0.4 kcal/
the geometry of the pyrrole ring, all the calculations show that mol.2° Thus, the potential surface is quite flat for thetype

the C-N and G—Cj; bond lengths slightly decrease and hydrogen bonding. We have considered several configurations

increase, respectively, in both complexes, whereas theCg
bond length increases in the FHr complex, but decreases in

of the z-type complex of pyrrole and hydrogen fluoride, as
shown in Figure 5. For the case where the hydrogen fluoride

the other complex, which can be understood by the fact that in molecule is perpendicular to the pyrrole molecular plane, the

the FH--;r complex pyrrole donates electrons through the part
of the ring near the €-C4 bond, thus decreasing the double-
bond character of £-Cy4. It is surprising that the interaction
energy of the NH-F complex is much smaller than that of the
FH---7 complex, which can be explained by the fact that the
hydrogen fluoride is a good proton donor, but a poor proton

acidic hydrogen points toward (a) the middle of the pyrrole C

C4 bond, (b) atom g and (c) the N atom. We have also
considered the case where the acidic hydrogen fluoride is parallel
to the N—H bond of pyrrole, i.e. case d. The interaction energies
of these cases are listed in Table 12. At the HF/6-31G* level,
we find that the potential surface has local minima in cases a

acceptor. The basis sets with diffuse functions on heavy atomsand c, as inferred from the vanishing imaginary parts of the
decrease the BSSE of the interaction energy, especially for thecalculated vibrational frequencies. The other two cases have

NH---F complex.
Table 11 shows the harmonic vibrational frequencies of the

nonvanishing imaginary parts of frequencies. The MP2/6-31G*/
/HF/6-31G* calculations yield thakEc, (with BSSE correction

HF and NH stretching modes of monomers and complexes. Theonly) for the case a is the same as that for the case where the

HF and NH stretching modes of complexes are all red-shifted
relative to that of the monomer. In the FHr complex,

acidic H points toward € This indicates that the acid can move
freely from the top of Gto the G of pyrrole. AEc, for cases
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case(a) case(b) from 3.18 to 2.96 A, the binding energy of case d is still about
1 kcal/mol smaller than that of case c.
H ﬁ K H { Conclusion
f_’"“\\: F%\I: —H Hartree-Fock, second-order MglletPlesset, and DFT cal-
H/g\N A ~x o culations have been performed for NHF and FH--z hydrogen-
b bonding complexes between pyrrole and hydrogen fluoride.

The position of the F atom is optimized to be 332 A
away from atom @ of pyrrole in thexr complex and 2.93.1
A away from the N atom in the NH-F complex at the MP2
and DFT(BLYP and B3LYP) levels. Most of the calculations
/! demonstrate that the acidic hydrogen points toward atgmf C

case(c) case(d)

AN
I X HF _ /! pyrrole in the optimized geometry of the complex and the
/ N FH L f ; optimized angle between monomer axes in the NFHcomplex
T~y N is close to the tetrahedral angle, which is not close to the best
/ H . . . . . . .
f angle for dipole-dipole interaction. The intraction energy with
H BSSE and ZPVE corrections of thecomplex is about 2 times
Figure 5. Sketches of the pyrrotehydrogen fluoride complex  that of the NH--F complex, which is larger than that of the
configurations, for cases-a where the hydrogen fluoride moleculeis ~ COmplex between hydrogen fluoride and benzene. The increase
perpendicular to the pyrrole molecular plane with the acidic hydrogen of the IR absorption intensity and red shift of the stretching
pointing toward (a) the middle of the pyrrole;€C,4 bond, (b) atom mode (the proton donor part) of FH in thecomplex are much
C,, and (c) the N atom and (d) where the acidic hydrogen fluoride is larger than those of NH in the NHF complex. Calculations
parallel to the N-H bond of pyrrole. for various positions of hydrogen fluoride of thetype complex

TABLE 12: Molecular Energies (hartrees) and Interaction of pyrrole and hydrogen fluoride indicate that the potential
Energies (kcal/mol) of the FH--7 Complexes between surfaces of ther-type hydrogen bonding are quite flat.
Pyrrole and Hydrogen Fluoride It has already been demonstrated that the use of polarization
E (hartrees) —AE —AEq, functions on hydrogen atoms has little effect on the geometries
HF/6-31G*//HF/6-31G* and hydrogen-bonding energies of these two complexes. The
(@ —308.819 809 8 5678 4.460 addition of diffuse functions on heavy atoms, however, changes
(b) —308.817 868 7 4.460 3.554 the relative orientation between monomers significantly in these
(c) —308.816 598 6 3.663 2.827 complexes and increases the correlation energy in sthe
@ —308.816 3321 3.496 1.893 complex. In addition, the use of diffuse functions on heavy
MP2/6-31G*//HF/6-31G* atoms greatly reduces BSSE, especially in the DFT calculations.
(@) —309.6727099 7.735 5.527 DFT calculations yield geometries and interaction energies
g :ggg:ggg ggg; géﬁ g:ggé (with the diffusg functions on heavy atoms) similar to MP2 and
(d) —309.668 500 1 5093 2.570 excellent vibrational frequencies. Especially, B3LYP cacula-

tions give geometries, dipole moments, vibrational frequencies

b and c are 1.056 and 1.967 kcal/mol smaller, respectively. From©f individual molecules and complexes, and the interaction
MP2/6-31G*//HF6-31G* calculations, we find that the barrier €nergy of the NH-F hydrogen-bonding complex in good
for the acidic hydrogen to move from the global minimum to agreement with those of MP2 calculations. Since DFT is
another local minimum (see Figure 5c) is about 2 kcal/mol, computayonally much more _eff|C|ent, it is an important method
which is much larger than 0.4 kcal/mol for the hydrogen fluoride for studying hydrogen-bonding problems.
to move from theCg, position to above the middle of the ) ] )
benzene carboercarbon bond! This can be explained by the Acknowledgment. We thank the National Science Council
fact that ther electrons of pyrrole are more localized than those Of the Republic of China for support under Grant No. NSC-
of benzene. The potential surface of thistype hydrogen 85-2113-M-001-049.
bonding is fairly flat, since the binding energy changes by only
1.056 and 1.967 kcal/mol when the acidic hydrogen fluoride
moves over a large distance from 0 C, and N, respectively. (1) (a) Jao, T. C.; Torres, R.; Steele, Ohem Phys Lett 1978 56,
The distances between acid hydrogen and pyrrole are 2.34, 2.34?49-(2)(b2a'):r§gg‘a '—W Né'?@:f;p%‘ﬂ'- Ehu}ﬁ &g‘}j ‘32;0?35(-13 hem Phys
and 2.26 A, respectively, in Figure 5a, with the HF/6-31G* 1953763501 (b) Andrews, L.; Johnson, G. L.; Davis, S.&RPhys
geometry. The equilibrium acidic hydrogen positions aboye C  chem 1985 89, 1706. (c) Shea, J. A.; Flygare, W. H. Chem Phys
Cs, C4, and G are nearly in the same plane. The N atom has 198?3)7%4837” A Nelander. B, Phys Chem 1985 89, 2860

; g ; ngdahl, A.; Nelander, Bl. Phys Chem , .
the largest nggatlve charge, as indicated by.a s.horter distance (4) Wanna, J.: Menapace, J. A.: Bernstein, EJRChem Phys 1986
between acidic hydrogen and pyrrole shown in Figure 5¢c. The gs 1795,
last case, shown in Figure 5d, has two hydrogen bonds;-RH (5) (a) Schauer, M.; Berstein, E. R.Chem Phys 1985 82, 726. (b)
and FH--N. This is a saddle point, because it has a nonvan- Menapace, J. A.; Bernstein, E. B.Phys Chem 1987 91, 2843.
ishing imaginary part of the frequency at the HF/6-31G* level (6) Spoliti, M.; Bencivenni, L.; Ramondo, FJ. Mol. Struct
IShing Imaginary part ¢ quency 'EVEIl. " (THEOCHEM)1994 303 185.
The H--N and H--F distances are the same, 2.81 A, which is (7) (a) Haeberlein, M.; Brinck, TJ. Phys Chem 1996 100, 10116.
larger than those between acidic hydrogen and pyrrole in Figure (b) Dibble, T. S.; Francisco, J. S. Chem Phys 199§ 100, 459. (c)

; : Tsuzuki, S.; Uchimaru, T.; Tanabe, Khem Phys Lett 1995 246 9. (d)
5a-c. Relative to case c, the angle of FHN is changed and Sosa, C.; Lee, Cl. Chem Phys 1993 98, 8004. (e) Stephens, P. J.; Devlin,

the binding energy drops by about 1 kcal/mol. Since the F.J.; Chabalowski, C. F.; Frisch, M.d.Phys Chem 1994 98, 11623. (f)
attraction between acidic hydrogen and pyrrole nitrogen is Gonzalez, A. 1.; Mo, O.; Yanez, M.; Leon, E.; Tortajada, J.; Morizur, J. P.;

; ; Leito, I.; Maria, P.-C.; Gal, J. FJ. Phys Chem 1996 100, 10490. (g)
decreas:&ed due to the el(.)ngatlon of the'N _dlstanqe from 2.26 Hillebrand, C.; Klessinger, M.; Eckert-Maksic, M.; Maksic, Z. B.Phys
to 2.81 A and the repulsion between acidic fluorine and pyrrole cnhem 1996 100 9698. (h) Boesch, S. E.: Grafton, A. K.; Wheeler, R. A.

nitrogen is increased due to the shortening of theNFdistance J. Phys Chem 1996 100, 10083. (i) Oie, T.; Topol, I. A.; Burt, S. KJ.
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