
Journal of Molecular Structure 971 (2010) 39–46
Contents lists available at ScienceDirect

Journal of Molecular Structure

journal homepage: www.elsevier .com/ locate /molst ruc
Vibrational assignment and proton tunneling in pyridine–pyridinium complexes

Sayyed Faramarz Tayyari a,*, Sayyed Jalil Mahdizadeh a, Soheila Holakoei a, Yan Alexander Wang b,**

a Department of Chemistry, Ferdowsi University of Mashhad, Mashhad 91775-1436, Iran
b Department of Chemistry, University of British Columbia, Vancouver, Canada BC V6T 1Z1

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 December 2009
Received in revised form 3 March 2010
Accepted 4 March 2010
Available online 10 March 2010

Keywords:
Pyridine–pyridinium complex
Proton tunneling
Hydrogen bonding
Vibrational spectra
0022-2860/$ - see front matter � 2010 Elsevier B.V. A
doi:10.1016/j.molstruc.2010.03.014

* Corresponding author. Tel.: +98 511 8780216; fax
** Corresponding author.

E-mail addresses: tayyari@ferdowsi.um.ac.ir (S.F. Ta
(Y.A. Wang).
The pyridine–pyridinium cationic complexes [(Py2H)+], with two different counterions (perchlorate and
bromide), were prepared. The vibrational spectra of the complexes have been recorded. We then per-
formed theoretical calculations to aid our understanding of the experimental data. To include the proton
tunneling effect in our study, we adopted a simple one-dimensional potential energy surface (PES) for the
motion of the hydrogen atom (at the center). This PES was derived from quantum mechanical calcula-
tions at the B3LYP/6-311++G�� level of theory for a fixed skeleton geometry. Based on such a PES, we com-
puted the vibrational energy levels, from which a tunneling splitting of 487 ± 2 and 242 ± 2 cm�1 was
obtained in the gas and solution phases, respectively. The calculated barrier height was about 2.0–2.3
and 4.0–4.2 kcal/mol in the gas and solution phases, respectively. After all things considered, our calcu-
lations assign the bands at 138, 1255, and 1665 cm�1 to the N� � �N stretching, N–H out-of-plane bending,
and N–H in-plane bending modes, respectively.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen bond is one of the most common binding mecha-
nisms in nature. The strength of hydrogen bond has been esti-
mated to be in the range of 4–160 kJ/mol [1]. Hydrogen-bonded
systems have been studied by several spectroscopic techniques.
Among them, vibrational spectroscopy plays an important role,
the observed vibrational wavenumbers provide strong evidence
for estimating the strength of hydrogen bond [2]. Theoretical
calculations of hydrogen-bond strength, in conjunction with vibra-
tional spectroscopy, often offer critical assistance in the interpreta-
tion of the existing experimental results and understanding the
nature of hydrogen-bonded systems [3,4].

Pyridine (azabenzene) has attracted a lot of attention owing to
its applications in many areas of chemistry. In particular, it has
been used very frequently as a proton acceptor in studies involving
hydrogen-bonded complexes [5–8]. Several substituted pyridine–
pyridinium complexes have been studied both experimentally
and theoretically [7,8]. In this study, pyridine–pyridinium com-
plex, with a relatively simple intermolecular hydrogen bond, has
been chosen as the model system, whose proton movement pos-
sesses either a symmetric double minimum or a symmetric single
minimum hydrogen-bond potential.

The goals of the present work are reconsidering the vibrational
assignment and studying the nature of the hydrogen-bonded
ll rights reserved.
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system in the pyridine–pyridinium complex by means of density
functional theory (DFT). For comparison, the harmonic and
anharmonic vibrational frequencies of pyridine in the gas phase
and in solution were also calculated. The resulting vibrational
assignment will be compared with those reported in the litera-
ture [7,8].

2. Method of calculations

All calculations of geometry optimizations and vibrational fre-
quencies in the present study were performed using Gaussian 03
package [9] in both gas and solution phases. Modern DFT method
with the Becke three-parameter hybrid functional, B3LYP [10–
12], was selected. Among various basis sets, B3LYP/6-311++G��

was shown to be the superior choice for the estimation of the po-
tential surface of hydrogen-bonded systems [3,4].

The solvent effect of pyridine–pyridinium cation complex was
explored by adopting the Onsager reaction model in a self-consis-
tent reaction field (SCRF) [13,14] (using the dielectric constant of
pyridine, 12.5 [15]). The harmonic and anharmonic vibrational fre-
quencies of pure pyridine in the gas phase were calculated at the
B3LYP level, using 6-311++G�� and 6-31G�� basis sets, respectively.

Optimized geometries, vibrational frequencies, and the poten-
tial surfaces of the pyridine and pyridine–pyridinium complex
were calculated at the B3LYP/6-311++G�� level. The assignment
of the calculated frequencies was aided by the animation option
of GaussView 3.0 graphical interface [16] for the Gaussian pro-
grams [9], which gives a visual presentation of the vibrational
modes.

http://dx.doi.org/10.1016/j.molstruc.2010.03.014
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Fig. 1. Numbering system and geometry of pyridine–pyridinium complex (a) and
pyridine (b).

Table 1
The geometrical parameters of (Py2H)+ and pyridine.

(Py2H)+ Pyridine

Gasa Solutiona Calc.a Calc.b Expt.b

Bond lengths (Å)
N1� � �N2 2.687 2.763
N1–H3 1.107 1.076
H3� � �N2 1.580 1.687
N1–C4/N1–C8 1.345 1.346 1.337 1.329 1.338
C4–C5/C7–C8 1.384 1.383 1.394 1.382 1.394
C5–C6/C6–C7 1.395 1.396 1.392 1.383 1.392
N2–C9/N2–C13 1.343 1.342
C9–C10/C12–C13 1.389 1.390
C10–C11/C11–C12 1.393 1.392

Bond angles (�)
N–H3–N2 180.0 180.0
H3–N1–C4/H3–N1–

C8
119.1 119.0

C4–N1–C8 121.8 122.0 117.3 119 116.9
N2–C4–C5/N2–C8–C7 120.4 120.2 123.6 122.4 123.8
C4–C5–C6/C6–C7–C8 118.8 118.9 118.5 118.6 118.5
C5–C6–C7 119.7 119.8 118.5 119 118.4
H3–N2–C9/H3–N2–

C13
120.7 120.7

C9–N2–C13 118.6 118.3
N2–C9–C10/N2–C13–

C12
122.6 122.8

C9–C10–C11/C11–
C12–C13

118.6 118.6

C10–C11–C12 119.0 118.9
Uc 90.0 90.0

a Calculated at the B3LYP/6-311++G��.
b Data from Ref. [10].
c U, the dihedral angle between the pyridine and pyridinium rings.
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To explore the proton tunneling, we have varied the N–H dis-
tance from 0.9 Å to the midpoint between the two nitrogen atoms
in both gas phase and solution and calculated the energies by
B3LYP/6-311++G�� while fixing all other structural parameters at
their optimized equilibrium values. The potential energy surfaces
obtained at these levels were fitted to the following anharmonic
one-dimensional potential function:

2V ¼ K2X2 þ K4X4; ð1Þ

using Genplot package [17], where K2 and K4 represent the qua-
dratic and quartic force constants in the N–H stretching mode,
respectively.

The above symmetric double-minimum potential function is
introduced into the Hamiltonian for a linear triatomic system
[3,4,18,19],

Ĥ ¼ 1=2½K2lQ 2 þ K4l2Q 4 þ P2�; ð2Þ

where Q is the mass weighted coordinate in the stretching direc-
tion, l is the reduced mass of the system, and P is the corresponding
momentum. Despite that this simple Hamiltonian does not takes
into account of possible interaction with the N� � �N stretching and
N–H bending, our theoretical results indeed produce a good agree-
ment with experimental data (as clearly shown in Section 4 below).

Then, the wave function could be expressed in terms of the
orthonormal harmonic oscillator wave functions:

Wr ¼
X

i

ar
i UiðQÞ; ð3Þ

where {ar
i } are the wave function expansion coefficients. Substitu-

tion of Wr into the Schrödinger equation, ĤWr ¼ EWr , multiplying
both sides by U�kðQÞ, and integrating over Q, we arrive at
X

i

ar
i Hk;i ¼ Erar

k; ð4Þ

where

Hk;i ¼
Z 1

�1

Z 1

�1
U�kðQÞĤUiðQÞdQ ¼ hkjĤjii:

Rearrangement of Eq. (4) givesX
i

ar
i ðHk;i � Erdk;iÞ ¼ 0; ð5Þ

where i, k = 0, 1, 2 , . . . , N.
The non-trivial solutions of Eq. (5) are obtained from setting the

determinant of the coefficient of ar
i to zero [3]. The matrix elements

Hk,i are simple algebraic expressions involving indexes i,k and
available tabulated potential parameters [20]. The resultant matrix
of the order of 30 � 30 can then be readily diagonalized utilizing
Microsoft FORTRAN power station V.1.

3. Experimental details

Pure pyridine was obtained from Aldrich. Perchlorate, sulfuric
acids, sodium bromide, ethanol, methanol, and acetone were ob-
tained from Merk. Pyridine was dried over barium oxide and redis-
tilled. All salts and deuterated products were dried under vacuum
in the presence of P2O5.

In order to prepare the pyridine–pyridinium complex with per-
chlorate counterion, perchloric acid (90%) was first added slowly to
liquid pyridine to obtain pyridinium perchlorate salt (PyHClO4) as
a white precipitate, which was recrystallized from 90% ethanol
[21]. This salt was dried under vacuum and then dissolved in pure
pyridine to give a 2 M solution.

In order to prepare the pyridine–pyridinium complex with bro-
mide counterion, an ether solution of pyridine was treated with
anhydrous HBr to give pyridinium bromide salt (PyHBr) as a white
solid, which was recrystallized from a methanol–acetone mixture
[21]. This salt was dried under vacuum and then it was dissolved
in pure pyridine to give a 2 M solution. Anhydrous HBr was pro-
duced by adding sulfuric acid (>99%) to sodium bromide.

Deuterated salt was prepared by twice exchanging with D2O,
and the excess was pumped off by vacuum and dried under vac-
uum condition. Then, it was dissolved in pure pyridine to obtain
2 M deuterated pyridine–pyridinium complex [(Py2D)+] solution
[7].

The mid-IR spectra of [(Py2H)+] and [(Py2D)+] solutions were re-
corded on a Bomem MB-154 Fourier transform spectrophotometer
in the region 4000–500 cm�1 by averaging 20 scans with a resolu-
tion of 20 cm�1. The Far-IR spectra in the region 600–100 cm�1

were obtained using a Thermo Nicolet NEXUS 870 FT-IR spectrom-
eter equipped with DTGS/polyethylene detector and a solid sub-
strate beam splitter. The spectrum was collected with a
resolution of 2 cm�1 by averaging the results of 64 scans.

The Raman spectra were recorded employing a 180� back-scat-
tering geometry and a Bomem MB-154 Fourier transform Raman
spectrometer. It was equipped with a ZnSe beam splitter and a
TE cooled InGaAs detector. Rayleigh filtration was afforded by
two sets of two holographic technology filters. The spectra were
collected with a resolution of 2 cm�1 by coadding the results of
220 scans. The laser power at the sample was 400 MW.
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4. Results and discussion

4.1. Geometrical structures and frequencies

The geometrical parameters of pyridine–pyridinium complex
(Fig. 1a) and pyridine calculated at the B3LYP/6-311++G�� level in
both gas and solution phases are listed in Table 1.

As it is shown in Table 1, the N� � �N distance of pyridine–pyrid-
inium (Fig. 1a) in solution is considerably longer than that in the
gas phase (0.076 Å) and the N–H bond length in the gas phase is
considerably longer than that in solution (0.031 Å). These results
indicate that the hydrogen-bond strength in solution is signifi-
cantly weaker than that in the gas phase. Such a conclusion agrees
with the report by Fritsch and Zundel [8] whose experiment
showed that the strength of hydrogen bond of this system is very
sensitive to the media. The N� � �N, N–H and N� � �H calculated
Table 2
The assignments of the vibrational frequencies (in cm�1) of pyridine.a

Sym. Theoretical Experimental

Fan F IIR IR IR Raman

A1 3066 3194 7 286
B2 3083 3186 25 36 3033 sh
A1 3052 3170 5 101 3053 w
A1 3014 3150 4 83 3076 m
B2 3029 3147 28 100 3025 m
A1 1600 1623 24 14 1581 s 1581 m
B2 1593 1617 10 9 1574 sh 1573 m
A1 1493 1510 2 2 1482 s 1483 w
B2 1453 1470 27 0 1438 vs
B2 1360 1384 0 0
B2 1257 1284 0 2
A1 1229 1241 5 8 1217 m 1217 w
B2 1163 1170 2 2 1148 m 1146 vw
A1 1078 1093 5 1 1068 m 1066 vw
B2 1059 1076 0 0
A1 1034 1047 6 35 1030 s 1030 vs
B1 993 1010 5 30 991 s 992 vs
A1 996 1006 0 0
A2 978 996 0 0
B1 939 954 1 0 941 w
A2 882 892 1 0 887 w
B1 752 758 12 0 748 s
B1 708 715 67 0 705 vs
B2 663 669 0 5 653 w
A1 606 616 4 4 603 s 603 w
B1 413 417 4 0 408 vw
A2 377 381 0 0

a Fan and F stand for anharmonic and harmonic vibrational frequencies, calculated at t
relative IR and Raman intensities, respectively; the roman characters after wavenumbers
sh, shoulder; vibrational assignments for the pyridine ring are given in the Wilson nota

Table 3
The assignments of the vibrational frequencies (in cm�1) of (Py2H)+.

No. Theoreticala Experimentalb

m IIR IR IR Raman

1 3223/3224 0/1 312/81 3078w 3087vw
2 3220/3222 3/8 15/54 3078w 3087vw
3 3212/3213 0/8 279/174 3053w 3058vs
4 3210/3211 3/0 9/1 3053w 3058vs
5 3208/3208 0/1 78/43 3031w 3037 sh
6 3207/3103 1/5 53/80 3031w 3037sh
7 3197/3198 0/0 73/3 3025w 3027sh
8 3191/3186 1/4 76/107 3025w 3027 sh
9 3172/3171 2/2 62/169 3000w

10 3170/3169 7/91 54/15 3000w
11 2049/2475 5404/6864 380/1635 2080–2540
12 1713/1705 27/36 3/27 1665 m
13 1659/1661 4/12 23/54 1635w 1635w
distances are in agreement with those reported by Shenderovich
[24] and Guzei et al. [25]. Furthermore, as indicated in Table 1,
our calculated structural parameters for pure pyridine are more
accurate than those reported by Wiberg et al. [22].

The hydrogen bond energies, EHB, were calculated according to
the following equation:

EHB ¼ EPyHPy � ðEPyH þ EPyÞ: ð6Þ

The calculated EHB was 104.2 and 80.7 kJ/mol in the gas and
solution phases, respectively, which is in agreement with the value
(98.2 kJ/mol) reported by Shenderovich [24].

The calculated and observed vibrational frequencies and their
assignments for pyridine, [(Py2H)+], and [(Py2D)+] are shown in
Tables 2–4, respectively, which are compared with previous results
and assignments reported by Clements and Wood [7] and by Urena
et al. [23].
Assignments

IR [7] IR [21] R [21] T.W. Ref. [7] Ref. [2]

3090 w 2
3033 m 3037 sh 20b 20b
3052 m 3057 s 7a 20a
3078 m 3072 sh 13 13
3025 m 3025 sh 7b 7b

1583 1581 vs 1582 w 8a 8a
1572 1574 s 1574 w 8b 8b
1482 1482 s 1483 w 19a 19a 19a
1439 1437 vs 19b 19b 19b

3
14

1218 1216 m 1218 w 9a 9a
1148 1146 m 1147 vw 15 15 15
1068 1068 m 1069 vw 18a 18a 18b
1085 18b 18b
1030 1030 s 1031 s 12 12 12
993 991 s 991 vs 1 1 1

5
17a

942 w 10b 10b
884 w 881 vw 10a 10a

749 748 s 750 vw 4 10b 4
703 701 vs 11 11 11
652 653 vw 654 w 6b 6b 6b
605 603 s 604 w 6a 6a 6a

406 s 407 vw 16b 16b
16a

he B3LYP using 6-31G�� and 6-311++G�� basis sets, respectively; IIR and IR stand for
describe the features of the observed peaks; v, very; w, weak; m, medium; s, strong;
tion; T.W. this work.

Assignmentsc

IR [7] Raman [7] Gas Solution Ref. [7]

2(1) 2(1)
20b(1) 20b(1)
2(2) 20a(1)
20a(1) 7b(1)
7b(1) 2(2)
20b(2) 20b(2)
13(1) 13(1)
7a(2) 7a(2)
13(2) 13(2)
7b(2) 7b(2)

2080–2530 mNH mNH mNH

dNH + mas(C@C) dNH

1639 m 1635 8a(1) 8a(1) 8a

(continued on next page)



Table 3 (continued)

No. Theoreticala Experimentalb Assignmentsc

m IIR IR IR Raman IR [7] Raman [7] Gas Solution Ref. [7]

14 1643/1640 109/110 20/143 1598 m 1598 m 1603 m 8a(2) 8a(2) 8b
15 1618/1617 4/6 11/42 1574 sh 1572 m 8b(2) 8b(2)
16 1597/1583 5/10 6/83 1537 m 1549 m 8b(1) 8b(1) + dNH 19b
17 1520/1519 42/0 0/39 19a(1) 19a(2)
18 1517/1518 42/77 1/55 1489 s 1493 s 19a(2) 19a(1) 19a
19 1487/1478 47/55 0/52 1483 sh 1483 w 19b(2) 19b(2)
20 1449/1444 21/25 1/0 1439 vs 19b(1) 19b(1) + dNH

21 1391/1390 3/2 0/1 3(2) 3(2)
22 1373/1371 7/10 0/0 3(1) 3(1)
23 1362/1261 2/15 0/68 1255 w 1255 m 1260 cNH cNH dNH

24 1309/1309 3/3 1/3 14(1) 14(1)
25 1290/1301 3/1 1/27 14(2) 14(2)
26 1239/1241 14/22 7/3 1217 m 1218 w 9a(2) 9a(2)
27 1225/1223 20/26 8/8 1203 sh 1205 s 1200 sh 9a(1) 9a(1) 9a
28 1192/1194 3/5 1/1 1155 sh 15(1) 15(1)
29 1184/1180 3/4 2/4 1148 m 1149 vw 1167 m 15(2) 15(2) 15
30 1092/1090 42/40 4/50 1082 s 1087 w 18a(2) 18a(2) 18b
31 1091/1089 3/4 1/1 18b(1) 18b(1)
32 1089/1086 1/1 0/4 18b(2) 18b(2)
33 1085/1083 4/8 1/13 1061 s 1066 vw 18a(1) 18a(1)
34 1060/1055 45/40 3/52 1038 sh 1033 sh 1040 s 12(2) 12(2) 18a
35 1040/1011 1/15 73/44 1032 m 1031 vs 1(1) 1(1)
36 1039/1043 0/0 0/51 1032 1031 vs 5(1) 5(1)
37 996/1041 122/7 48/33 1021 s 1024 12(1) 12(1) 12
38 1032/1023 0/3 0/68 991 m 991 vs 5(2) 5(2)
39 1028/1027 85/98 49/40 1005 m 1005 s 1007 s 1010 1(2) 1
40 1007/1006 0/0 0/0 17a(1) 17a(1)
41 1002/1002 0 /0 0/1 17a(2) 17a(2)
42 968/965 1/1 0/1 931 vw 942 m 952 10b(1) 10b(1) cNH

43 964/963 0/0 0/6 931 10b(2) 10b(2)
44 899/898 0/0 0/8 10a(2) 10a(2)
45 893/890 0/0 0/3 885 vw 10a(1) 10a(1)
46 771/770 53/76 0/58 752 s 762sh 751 4(1) 4(1) 10b
47 767/764 28/30 0/257 752 762 751 4(2) 4(2)
48 715/713 51/74 0/374 706 s 11(2) 11(2)
49 696/691 39/53 0/416 685 s 684 s 11(1) 11(1) 11
50 664/665 0/0 5/89 653 w 6b(2) 6b(2)
51 656/654 0/1 6/51 642 sh 650 6b(1) 6b(1) 6b
52 651/643 74/75 5/76 642 6a(2) 6a(2)
53 603/611 71/33 8/26 603 m 603 w 628 s 630 6a(1) 6a(1) 6a
54 423/422 3/4 0/120 408 w 16b(2) 16b(2)
55 417/412 1/1 0/72 16b(1) 16b(1)
56 401/402 0/0 0/12 16a(1) 16a(1)
57 392/391 0/0 0/18 16a(2) 16a(2)
58 137/118 69/74 0/3 138 mN� � �H–N mN� � �H–N mN� � �H–N
59 134/130 0/0 2/2 dN� � �H dN� � �H
60 116/107 3/5 1/8 cN� � �H cN� � �H
61 44/38 0/1 2/11 drings drings

62 43/36 0/0 3/11 drings drings

63 34/23 0/0 12/3 Rings torsion Rings torsion

a IIR and IR stand for relative IR and Raman intensities, respectively. The first and second numbers in each column are for gas and solution phases, respectively; m, d, and c
stand for stretching, in-plane, and out-of-plane bending, respectively.

b The roman characters after wavenumbers describe the features of the observed peaks: v for very, s for strong, m for medium, w for weak, and sh for shoulder.
c Vibrational assignments for the pyridine ring are given in the Wilson notation. ‘‘(1)” and ‘‘(2)” refer to the pyridine ring closer to and far away from the central proton of

the hydrogen bond, respectively.

Table 4
The assignments of the vibrational frequencies (in cm�1) of (Py2D)+.a

Theoretical Experimental Assignments

F IIR IR IR [7] IR [7] Raman [7] Gas Solution Ref. [7]

1 3223/3225 0/0 314/84 3078 w 2(1) 2(1)
2 3220/3222 3/8 15/54 3078 w 20b(1) 20b(1)
3 3212/3208 0/2 276/46 3052 w 2(2) 2(2)
4 3210/3213 4/11 9/181 3052 w 20a(1) 20a(1)
5 3208/3211 0/0 78/1 3030 w 7b(1) 7b(1)
6 3207/3203 1/5 53/80 3030 w 20b(2) 20b(2)
7 3197/3198 0/0 73/3 3026 w 13(1) 13(1)
8 3191/3186 0/3 77/104 3026 w 7a(2) 7a(2)
9 3172/3171 0/0 61/158 3000 w 13(2) 13(2)

10 3170/3169 7/9 53/15 3000 w 7b(2) 7b(2)
11 1575/1875 889/3204 104/643 1995 m 1920 m mND + mC@C mND

12 1695/1649 768/8 34/66 1589 sh 1637 m 1626 8a(1) 8a(1) 8a

42 S. Faramarz Tayyari et al. / Journal of Molecular Structure 971 (2010) 39–46



Table 4 (continued)

Theoretical Experimental Assignments

F IIR IR IR [7] IR [7] Raman [7] Gas Solution Ref. [7]

13 1644/1639 40/163 11/194 1581 s 1600 m 8a(2) 8a(2) 8b
14 1624/1622 3/3 9/18 1578 sh 8b(1) 8b(1)
15 1616/1616 2/5 11/46 1572 sh 8b(2) 8b(2)
16 1519/1519 3/1 0/36 1489 sh 19a(2) 19a(2)
17 1515/1517 43/59 0/51 1483 m 1540 m 19b(1) 19b(1) 19b
18 1487/1510 891/181 42/100 1439 vs 19a(1) + mND 19a(1)
19 1480/1446 38/49 0/39 1439 19b(2) 19b(2)
20 1389/1389 1/1 0/0 3(2) 3(2)
21 1387/1387 0/1 0/2 3(1) 3(1)
22 1337/1341 9/12 1/0 1304 14(1) 14(1) 3
23 1299/1292 0/1 0/2 14(2) 14(2)
24 1239/1241 16/23 7/4 1217 m 9a(2) 9a(2)
25 1225/1223 321/27 8/8 1205 sh 1206 s 9a(1) 9a(1) 9a
26 1192/1195 3/5 1/2 15(1) 15(1)
27 1184/1180 3/4 2/4 1148 s 1170 m 15(2) 15(2) 15
28 1170/1166 0/0 0/13 dND + 18b(1) dND + 18b(1)
29 1101/1094 0/0 1/13 18b(2) + cND 18b(2) + cND

30 1091/1090 43/41 3/47 1068 s 1079 w 18a(2) 18a(2) 18b
31 1084/1082 2/7 1/16 1039 sh 18a(1) 18a(1)
32 1059/1055 39/35 4/52 1032 s 1037 s 12(2) 12(2) 18a
33 1045/1044 3/0 0/53 18b(1) 5(1)
34 1040/1040 0/3 81/36 1(1) 1(1)
35 1039/1034 0/4 0/13 5(1) 18b(1) + dND

36 1032/1023 0/7 0/67 1025 5(2) 5(2) 12
37 1028/1025 72/84 38/38 1005 w 1005 s 1007 1(1) + 12(2) 1(1) + 12(2) 1
38 1011/991 1/0 0/26 cND + 10b(1) cND + 10b(1)
39 1007/1006 0/0 0/0 17a(1) 17a(1)
40 1002/1002 0/0 0/1 17a(2) 17a(2)
41 964/963 0/0 0/5 10b(2) 10b(2)
42 954/984 257/87 62/56 989 s 12(1) 12(1)
43 941/905 1/1 0/35 10b(1) 10b(1) + cND

44 899/898 0/0 0/8 883 vw 10a(2) 10a(2)
45 893/890 0/0 0/3 883 10a(1) 10a(1)
46 767/764 28/30 0/251 762 m 762sh 4(2) 4(2) 10b
47 763/757 57/83 0/42 750 vs 4(1) 4(1)
48 715/713 51/74 0/374 704 vs 11(2) 11(2)
49 696/691 38/52 0/416 687 m 684 s 11(1) 11(1) 11
50 664/665 0/0 5/90 643 6b(2) 6b(2) 6b
51 656/653 0/1 5/51 643 6b(1) 6b(1) 6b
52 649/641 69/70 4/72 603 m 625 s 626 6a(2) 6a(2) 6a
53 588/601 111/54 11/36 603 585 br 590 6a(1) 6a(1) Proton mode
54 422/422 3/4 0/120 16b(2) 16b(2)
55 413/408 1/1 0/70 16b(1) 16b(1)
56 401/402 0/0 0/12 16a(1) 16a(1)
57 392/391 0/0 0/18 16a(2) 16a(2)
58 136/117 68/73 0/3 136 mN� � �D–N mN� � �D–N mN� � �D–N
59 134/130 0/0 1/2 dN� � �D dN� � �D
60 116/106 3/5 1/8 cN� � �D cN� � �D
61 43/37 0/1 2/11 drings drings

62 42/36 0/0 3/11 drings drings

63 34/23 0/0 12/3 Rings torsion Rings torsion

a See footnotes of Table 3; br, broad.

0.1

0.15

0.2

0.25

0.3

0.35

1750 1950 2150 2350 2550 2750

A
bs

or
ba

nc
e

Wave number(cm -1)

A

B

Fig. 2. NH stretching bands of (Py2H)+Br� (A) and ðPy2HÞþClO�4 (B) in pyridine.
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The regions of the N–H and N–D stretching frequencies are
shown in Figs. 2 and 3, respectively. The N–H stretching band is a
strong, broad doublet with two maxima at 2080 and 2540 cm�1. It
has been shown that these features are independent of solvent or
counterion [7]. Replacement of the hydrogen atom by deuterium
completely changes the appearance of the infrared spectrum in this
region. Deconvolution of the 1700–2300 cm�1 region suggests that
it is combined from three sharp bands of pyridine itself and a broad
and strong band at about 1995 cm�1 (assigned to the N–D stretching
mode).

Deconvolution of the IR spectra of pyridine complexes at the
1800–1600 cm�1 region (Fig. 4) reveals the presence of four weak
bands in this region. The weak band around 1665 cm�1, which is
absent in the deuterated analogous and pure pyridine IR spectra,
is attributed to the N–H in-plane bending mode according to our
calculations. A medium band near 1633 cm�1 (weak in pure pyri-
dine) was attributed to a combination band m12 + m6a [23]. Clements
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and Wood [7] assigned the band at 1255 cm�1 to this vibrational
mode. However, in our study, the 1255 cm�1 band, which disap-
pears upon deuteration (Fig. 5), is assigned to the out-of-plane
bending mode instead.

The two strong bands at 1099 and 625 cm�1 in the IR spectra of
(Py2H)ClO4 (Fig. 6) are assigned to the asymmetric stretching and
bending modes of ClO�1

4 ion, respectively.
Three important normal modes existing in the far infrared re-

gion are related to the intermolecular H� � �N vibrations. These
Fig. 4. In-plane NH bending of (Py2H)+Br� (A) and ðPy2HÞþClO�4 (B) in pyrid
normal modes are in-plane and out-of-plane N� � �H bending
modes (dN� � �H and cN� � �H in Tables 3 and 4) and N–H� � �N stretch-
ing mode (mN–H� � �N). The first two bands have not been observed
but the third mode has been reported to occur at 138 and
136 cm�1 for the light and deuterated systems, respectively [7].
These results are in excellent agreement with our calculated
results.

Unfortunately, the tunneling frequency has not been detected
experimentally to be compared with our calculated results.
ine with the spectrum of ðPy2DÞþClO�4 in pyridine (C) for comparison.
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Table 5
Transition frequencies (in cm�1) in the gas phase calculated at the B3lYP/6-311++G��

level for different energy cutoffs (in cm�1). The first and second numbers in each
column of transition frequency are for the normal and deuterated systems,
respectively.

Cutoff |0i+ ? |0i� |0i+ ? |1i� |0i�? |1i+

600 488/221 3143/2399 1259/1001
800 487/219 3150/2402 1264/1000
1000 485/217 3153/2404 1268/997
1200 483/215 3158/2405 1271/994
1400 480/211 3159/2407 1274/991
Expt. 2540/1955

Table 6
Transition frequencies (in cm�1) in solution calculated at the B3lYP/6-311++G�� level
for different energy cutoffs (in cm�1). The first and second numbers in each column of
transition frequency are for the normal and deuterated systems, respectively.

Cutoff |0i+ ? |0i� |0i+ ? |1i� |0i�? |1i+

1000 165/37 2600/2019 1370/1110
1200 133/36 2603/2022 1372/1113
1400 161/35 2601/2026 1376/1115
1600 161/35 2605/2033 1377/1108
1800 154/33 2621/2048 1405/1111
Expt. 2540/1955

Table 7
Barrier heights (in cm�1) in the gas phase and solution calculated at the B3lYP/6-
311++G�� level for different energy cutoffs (in cm�1).

Cutoff Gas Solution

600 761
800 774

1000 784 1828
1200 793 1832
1400 801 1843
1600 1844
1800 1914
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4.2. Potential surfaces of pyridine–pyridinium cation complex

Tables 5 and 6 summarize the |0i± ? |ni± transition frequencies
for various cutoffs (restriction) imposed on the amplitude of
hydrogen motion in the gas and solution phases for both hydrogen
and deuterium systems, respectively. In these tables, ‘‘n” indicates
the number of nodal lines of the wave function along the stretching
direction. If the potential energies up to 1000 and 1500 cm�1 for
the gas and solution phases, respectively, are included in the fit
for calculating the potential parameters of Eq. (1), then a tunneling
splitting of 485 and 241 cm�1 for the hydrogen system at the gas
and solution phases, respectively, is obtained. As it is shown in Ta-
bles 5 and 6, various selections of the potential cutoff do not affect
the results much.

Table 7 summarizes the calculated barrier height for pyridine–
pyridinium complex in the gas and solution phases with different
energy cutoffs. We found that the barrier height is also quite insen-
sitive to the selected potential energy cutoff. The barrier height of
the proton transfer in the gas phase (ca. 770 cm�1) [24,26] is about
half of that in solution (ca. 1400 cm�1), which is caused by the
much stronger hydrogen bond in the gas phase than in solution.
5. Conclusion

The vibrational spectra for [(Py2H)+] were calculated at the
B3LYP/6-311++G�� level and the results were compared with the
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existing experimental data. According to our calculations, the
bands at 1655 and 1255 cm�1 were assigned to the in-plane and
out-of-planed N–H bending modes, respectively, which are quite
different with those reported by Clements and Wood [7]. Further-
more, one-dimensional proton potential calculations indicate a
barrier to proton movement of about 770 and 1400 cm�1 in the
gas phase and solution, respectively.
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ðPy2DÞþClO�4 (B), and ðPy2HÞþClO�4 (C) in pyridine.
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