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Energies, structures, vibrational spectra, and proton transfer in the imidamitiazolium complex have

been studied by B3LYP/6-3#1+G** method. This complex is a strongly hydrogen-bonded system with a
low energy barrier for the proton-transfer reaction and the rotation of the imidazolium ion along the axis of
the complex. The calculations predict that a classical motion of the proton between the two molecules in the
complex is allowed. A strong influence of the complex formation on the vibrational spectra has been observed
in the N—H stretching mode and in the fingerprint region. Several modes in the fingerprint region have been
shown to give suitable indicator bands for complex formation detection in polymer electrolytes where imidazole
and imidazolium ions have been added.

Introduction in that case. A calculation of the mechanism for proton diffusion
in imidazole chains containing an excess proton have been
performed using ab initio molecular dynamics simulati®ns.
The present work is based on quantum mechanical calcula-
ons on the imidazoleimidazolium system. Equilibrium
geometries and energies as well as the shape of the potential
energy for proton transfer have been calculated. Vibrational
'spectra for the different constituents have been calculated as
an aid for the interpretation of experimental spectra of polymer
membranes containing imidazelenidazolium ions, which will
be the subject of a forthcoming work.

Highly efficient energy production from renewable sources
with practically no pollutant emission is a goal of many teams
working in either universities or industries. Fuel cell technology fi
is expected to become one of the key technologies of the 21st
century both for stationary applications such as block power
stations and in applications such as personal vehicles, trucks
buses, and locomotives, because the fuel utilization in fuel cell
engines is markedly higher than in combustion engines. Among
many kinds of fuel cells polymer electrolyte fuel cells (PEFC)
have attracted much interest recenrtly. these cells a polymer
electrolyte membrane acts as a medium for proton conductivity. Quantum Chemical Calculations
Traditionally, the membrane used is a hydrated perfluorosulfonic
p0|ymer such as Nafion, where the proton transfer occurs DenSity functional theory calculations have been performed

through a Grotthuss-type mechanism involving hydronium ions, Using the GAUSSIAN 98 progranisinitial structures were
HsO*, and water molecules. determined by the semiempirical AM1 methb@alculations

It has been suggested by Kreuer et?dlthat the use of have been carried out for isolated imidazole (Im) and imida-
heterocycles such as pyrazole and imidazole could be anZolium (ImH") molecules as well as for the hydrogen-bonded
interesting alternative to a water-based system. In this case thdMidazolium-imidazole (ImH —Im) system. Stable and saddle

protons should primarily be transferred from the sulfonic groups POINt structures for proton transfer of the imidazolium
to the heterocycle and charge carriersgNH,)* are formed. imidazole complex were established at the B3LYP/6-31G**

There should then be a possibility for proton jumps between, (DFT) level. We have checked the influence of BSSE using

e.g., imidazole and imidazolium ions resembling the case for the ghost atoms methG#?* The influence on results is
water and hydronium ions. It was shown that high protonic negligible. Vibrational frequency calculations were performed

conductivity could be obtained, also at higher temperatures, for at the same level of theory to confirm that the structures were

imidazole or pyrazole in sulfonated polyetherketone membranes.t'U€ minima or transition states. , ,
Sun et al used water-free Nafion 117 membranes that were  Complex formation energies and energy barriers are defined

swollen by imidazole-imidazolium salt solutions. Conductivi- @S follows:
ties in the range of I¢ S cni* at around 100C were obtained 4 i
Epong= E(IMH"—Im) — [E(ImH™) + E(Im)]

* Corresponding author. Faxt-48-12-634-05-15. E-mail address: wojcik .
Chemia,uj,gdu.;ﬂ,g 8 ' wojck@ Eparrier= E(IMH"—Im, saddle point}- E(ImH" —Im, stable)
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Figure 3. Structure of imidazoliumimidazole complex in saddle point
geometry.
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Figure 4. Potential energy shape for proton transfer.
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Figure 2. Structure of imidazoliumrimidazole complex in stable
geometry.
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Relaxed potential energy surface (PES) scan calculations were “ divedal anls (dogrocs)
performed at the _Be.ckeSI__yp/G-ﬂ}ll-.G’_‘* level for the proton Figure 5. Potential energy shape for rotation of Irhhholecule in
transfer between imidazolium and imidazole molecules and for jmH+—Im complex.
the rotation of imidazolium along the-\H---N axis. The step

size for these calculations was 0.05 A arfd fespectively. ion, and the hydrogen-bonded system (IHm) in the energy
minimum and at the saddle point for proton transition between
Results and Discussion ImH* and Im. Both Im and ImHM are planar molecules with

symmetriesCs and C,,, respectively. In Table 1 experimerital
Structures and Energies.Figures 1-3 present structures of  microwave spectroscopy-deduced and calculated bond lengths
the isolated imidazole (Im) molecule, the imidazolium (ImH of the isolated Im are listed.
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TABLE 1: Calculated Bond Lengths (A) and Angles (deg) of Imidazole (Im) and Imidazolium (ImH") Isolated and in
Imidazolium —Imidazole (ImH*—Im) System

ImH*—Im ImH*—Im
stable exp stable
molecule bond isolated structure stablé angle isolated structure
Im N1Cz 1.367 1.352 1.314 ICoN3 111.5 110.3
CoN3 1.313 1.323 1.364 BlsCy 105.5 106.4
N3Cs 1.377 1.382 1.382 D1Cs 107.2 108.2
N1Cs 1.380 1.379 1.377 CsCy 110.6 109.5
C4Cs 1.371 1.366 1.364 CACs 105.1 105.5
N1H: 1.008 1.010 0.998 £Blq1Hq 126.5 125.8
CoH, 1.079 1.078 1.079 CoH2 126.0 126.2
C4H4 1.079 1.078 1.078 CsH4 121.4 122.0
CsHs 1.077 1.076 1.078 ICsHs 122.3 122.5
ImH"—Im ImH*—Im
stable calc saddle point stable calc saddle point
molecule bond isolated  structure structure angle isolated  structure structure
ImH™* N'1C', 1.334 1.327 1.325 NC'5N'3 107.1 108.3 109.4
C',N'3 1.334 1.342 1.347 'eN'1C's 110.0 108.7 107.5
N'3C'4 1.383 1.382 1.380 'eN'3C's 110.0 109.2 108.7
N'1C's 1.383 1.380 1.381 'WC'sN'y 106.5 107.7 108.6
C'4C’s 1.360 1.362 1.364 NC'4C's 106.5 106.1 105.8
N'1H"y 1.013 1.108 1.286 'eN'1H'; 124.5 125.3 126.5
N'zH'3 1.013 1.011 1.010 'eN'3H'3 124.5 125.0 125.4
C'oH', 1.078 1.077 1.078 NC'oH', 126.5 126.2 126.2
C'H'4 1.077 1.076 1.076 NC'sH's 122.4 122.1 122.0
C'sH's 1.077 1.076 1.077 NC'4H's 122.4 122.4 122.4
ImH"—Im N3N’y 2.670 2.572 G@N3H'; 128.4 126.5
NsH'1 1.562 1.286 GN3N'1C', 91.4 90.0
TABLE 2: Energies, Bonding Energies, and TABLE 3: Energies and Energy Barriers from Relaxed PES
Proton-Transfer Energy Barriers Calculations
no ZPE (au) with ZPE (au) Proton Transfer
imidazole (au) —226.2828 —226.2120 energy
imidazolium (au) —226.6549 —226.5700 stable structure (au) —452.8882
ImH*—Im stable structure (au) —452.9819 —452.8259 ; _
ImH*—Im saddle point structure (au) —452.9807 —452.8280 sé?d(_ilt(ekg(/)gctﬂ?tructure (au 452'2373
Epona(kJ/mol) —115.85 —115.43 amer :
Ebarrier(KJ/mol) 3.10 —551 Rotation Along the N-H-+-N Axis
dihedral angle eN3N1'C;' (deg) 0 90 (270) 180
The calculated geometry is in good agreement with the Energy (au) —452.8860 —452.8882 —452.8861

experimental one; however, there is some overestimation of the Evares(kJ/mol) 580 538

N—H bond and underestimation of the®4 bond. There isa  changes occur for the-eN—C angles for the nitrogens involved
lack of experimental data for ImH The energy of the ground  in the hydrogen bond. In the case of the geometry of the saddle
state of ImH is lower than that of Im (0.3721 au (no ZPE) point, the length of the hydrogen bridge is shorter by 0.098 A

and 0.3580 au (with ZPE) see Table 2). and the distance between the nitrogen atom and hydrogen is
In the case of the ImH-Im complex the planes of ImH 1.286 A.
and Im are almost orthogonal to each other (9lidthe stable Shape of Potential Energies-Proton Transfer and Rota-

structure and orthogonal in the saddle point structure. The tion. Figure 4 shows the shape of the potential energy from the
symmetry of the stable structureGs. The saddle point structure  relaxed potential energy surface (PES) scan calculations for the
hasC, symmetry with the proton situated on the 2-fold axis proton-transfer reaction. Table 3 contains data for energies and
between the molecules. InfHIm is a strongly hydrogen-  energy barriers for proton transfer and rotation of mélong
bonded complex (Table 2). The absolute value of the bonding the Ny'H;'Ns axis. As found before (Table 2), the DFT ground
energy of the complex is 115.85 kJ/mol (no ZPE) and 115.43 state is located above the energy barrier. The proton-transfer
kJd/mol (with ZPE) (see Table 2). There is a small energy barrier potential energy curve has a broad double well shape with a
(3.10 kJ/mol); however, the ground-state energy adjusted by very small energy barrier. At room temperature the proton can
the zero point energy lies above the energy barrier for the protonmove undisturbed from one side to the other. The potential
transfer (5.51 kJ/mol). This means that, according to the DFT energy curve for rotation of ImHin the complex has two
calculations, classical motion of the proton between the two minima for the identical perpendicular orientations (at 90 and
molecules is allowed. 270°) and two maxima (at O and 180 Due to the specific

In Table 1 the bond lengths and angles are listed. The locations of the nitrogen atoms in the five-membered aromatic
hydrogen bond length in the stable structure is 2.670 A-N rings of Im and ImH, the 180-trans orientation lies lower in
H,' bond length is 1.108 A. The increase of thg-NH;' bond energy than the 9cis one. Their difference is only 0.43 kJ/
length after formation of the ImH-Im complex is about 0.095  mol.
A. The bonds involving the heavy atoms show smaller changes The barrier for proton transfer between Iridnd Im has
(see Table 1). The €N bond lengths change on the order of been calculated befofeand a value of 38 kJ/mol was obtained
0.005 A. The bond angles change very little and the largest for the barrier height. However, no complete geometry optimi-
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TABLE 4: Calculated Frequencies (cnt?l) of Imidazole TABLE 6: Calculated Frequencies (cnt?) of the ImH*—Im
. - Complex in the Stable Structure
no. sym freq IR int descripticn
1 A 3655 59.20 NH str no. sym freq IRint  center descriptidn
2 A’ 3273 0.97 CH str 1 A 3638 122.44 M NH str
3 A 3245 0.78 CH str 2 A 3626 163.46 IMH N'H3' str
4 A’ 3242 4.83 CH str 3 A 3296 6.77 IMH CH str
5 A 1555 11.98 CC str, XH bip 4 A 3287 3.72 IM CH str
6 A’ 1496 21.87 CC, CN str, CH bip 5 A 3282 27.88 IMH CH str
7 A 1430 15.91 CC, CN str, NH bip 6 A 3278 13.29 IMH CH str
8 A’ 1362 6.56 CN str, CH bip 7 A 3263 530 IM CH str
9 A 1282 0.40 CN str, CH bip 8 A 3259 1.36 IM CH str
10 A 1160 4,91 CN str 9 A 2049 4812.94 IMH NH;' str
11 A 1145 4.00 XH bip, CN str 10 A 1652 51.51 IMH NH, CH bip, CC str
12 A 1092 20.99 XH bip, CN, CC str 11 A 1575 40.65 IM NH, CH bip, CC str
13 A 1073 41.40 CNC bip, CH bip 12 A 1549 23.17 IMH CN str CH, NH bip
14 A 945 2.13 CNC bip 13 A 1537 1493 IMH NH bip, CC str
15 A 908 6.60 CNC bip 14 A 1520 189.53 IM CN str, CH bip
16 A" 866 4.97 CH bop 15 A 1460 2.19 IMH NH bip, CC, CN str
17 A’ 808 37.83 CH bop 16 A 1450 1391 IM NH bip, CC, CN str
18 A’ 729 43.07 CH bop 17 A 1379 2093 IM N'H:' bop, CH bip, CN str
19 A’ 678 5.88 ring def op 18 A 1353 1.71 IMH CH, NH bip, CN str
20 A’ 640 10.68 ring def op 19 A 1320 9.03 IM CH, NH bip, NH,' bop
21 A’ 517 97.61 NH bop 20 A 1263 38.19 IM CH, NH bip, NH,' bop
a . . L . 21 A 1256 1521 IMH CH, NH bip, CN str
) str: str_etchmg. blp:_ bending in plane. bop: bending out of plane. 22 A 1188 77.48 CN str, CH, NH bip
ring def: ring deformation. 23 A 1182  26.04 CH, NH bip, CN str
, ) 24 A 1142 37.72 CH, NH bip, CN str
;I'rglglélzfoﬁun?%%ulated Frequencies (cnt?) of the 25 A 1140 3.77 CH, NH bip, CN str
26 A 1120 22.26 IMH CH, NH bip
no. sym freq IR int descriptich 37 A 1317 ggg; IM CH, NH Eip c
8 A 1083 . IM CH, NH bip, CN str
1 Al 3610 28.55  NHstrsym 20 A 1069  17.64 IMH  CH, NH bip, CN str
2 Al 3298 17.17 CH str sym 30 A 963 3314 IM ring def
3 Al 3282 5457 GHstr 31 A 940 1587 IMH  ring def
4 Al 1627 52.00 NH bip sym, CC str 32 A 937 1893 M ring def
5 Al 1467 5.08 CC, CN str, XH bip sym 33 A 885 133  IMH CH bop
6 Al 1218 12.44 CN str, XH bip sym 34 A 878 1:59 M CH bop
! AL 1126 2:49  CC str, CH bip sym 3 A 870 25111 IMH  @NiC;bip (ring def)
8 Al 1113 23.44 CN str, XH bip sym 36 A 843 2656 IMH CH bop
9 Al 942 046  CNCbip, CH bip sym 37 A 830 2741 M CHbop
11 B2 3281 26.14 CH str asym 39 A 760 4274 M CH bop
12 Bz 1557 8.68  CHbip 40 A 687 4856 IMH  NHg bop
13 B2 1463 1576 NHbip asym 41 A 681 162 IM  NH, CH bop
14 B2 1336 0.28  CH bipasym 42 A 651 4221 IM  NH,CH bop
15 B2 1195 059 CHbip 43 A 642  30.85 IMH NH,CH bop
16 B2 1064 38.12 CN str, CH bip asym 44 A 620 39.13  IMH NH, CH bop
B2 922 0.59 CNC bip asym 45 A 600 7383 IM  NH,CH bop
18 A2 B 0.00  CH bop sym 46 A 156  84.70 N-HeN str
19 A2 688 0.00 NH bop sym 47 A 150 1.23 rot.
20 A2 626 0.00 NCCN bop sym 48 A 132 478 rot
21 B1 863 050  CHbop 9 A 86 471 oy
22 B1 766 91.60 CH bop asym 50 A 53 4.62 rot
23 B1 730 170.61 NH bop asym 51 A 36 0'72 rot.
24 B1 626 53.79 CNC bop asym ' '
dsym: symmetrical. asym: antisymmetrical. the protonic defect induced differing-A\N separations in the

_ ) _ hydrogen bridge ranging from 2.61 to 2.73 A, which can be
zation was done at that time. The proton-transfer properties of compared to the value 2.670 A obtained for the minimum energy
imidazole have also been discussed betdre. this case the  structure in the present case.

proton transfer from ImH to an ammonia molecule was  viprational Spectra. Tables 4 and 5 contain calculated
considered. The minimum energy structure for the system wasfrequencies of imidazole and the imidazolium ion, and Tables
obtained for ImH---NHs with the proton attached to Im. In g and 7 list calculated frequencies of the IftHm system in

the transition state an inter-nitrogen distance of 2.585 A was the minimum energy and saddle point structures. The vibrational
found for Imr--H*---NHs, which is quite close to the value  modes of imidazole have 'Ain plane) or A" (out of plane)
(2.572 A) obtained in the present case fordtH*+++Im. In the symmetry, and all are Raman and IR active. The assignment of
case of Im and ammonia two different inter-nitrogen distances the planar modes of imidazole in the frequency range below
were obtained for the other two stationary points along the 1600 cni? has been the subject of extensive discusstbris.
proton-transfer potential depending on whether the proton was The assignment proposed here is consistent with that made by
attached to ammonia (2.687 A) or to imidazole (2.893 A). The Majoube et at? and Sadlej et &° The imidazolium modes,
diffusion mechanism of an excess proton in imidazole chains due to the higher point group symmeti@,(), have either A

has been studied recenflyn that case the proton transfer was A,, By, or B, character. All modes are Raman active whereas
found to be coupled to a reorientation step. In one of the chainsthe A, (out of plane) modes are inactive in IR. The present
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TABLE 7: Calculated Frequencies (cnt?) of the ImH*—Im complex in its transition state. Because the point group of the
System in the Saddle Point Structure saddle point structure i§,, the normal modes can be of A or
no. sym freq no. sym freq B symmetry. The imaginary mode number 27 shifts the proton
1 A 3632 27 B i796 from the center of the complex toward one or the other molecule.
2 A 3290 28 B 3632 The presence of the only one imaginary frequency confirms
3 A 3272 29 B 3290 that the structure is a truly saddle point structure.
4 A 3269 30 B 3272
5 A 1616 31 B 3269
6 A 1551 32 B 1612 Conclusions
7 A 1527 33 B 1535
8 A 1456 34 B 1527 Our calculations show that the imidazoliziimidazole
?0 ﬁ iggi 33’2 E ﬂgg complex is a strongly hydrogen-bonded system with low-energy
1 A 1216 37 B 1271 _ba_rners _for the proton-transfer reaction and the rotation o_f the
12 A 1151 38 B 1200 imidazolium ion along the axis of the complex. The calculations
13 A 1120 39 B 1141 predict that a classical motion of the proton between the two
14 A 1088 40 B 1121 molecules in the complex is allowed. A strong influence of the
ig ﬁ ggg jé E 1882 complex formation on the vibrational spectra has been observed
17 A 883 43 B 939 for the N—H stretching mode and the fingerprint region<N
18 A 837 44 B 882 in plane bending modes). Several bands in the fingerprint region
19 A 763 45 B 837 for the complex have been shown to be suitable indicator bands
g(lJ 2 ggg 23 g ggg for detection of complex formation in polymer electrolytes
22 A 613 48 B 650 where imidazole and imidazolium ions have been added.
23 A 258 49 B 612
24 A 151 50 B 152 Acknowledgment. This work has been supported by the
gg ﬁ g? 51 B 59 European F95 IHP programme (research training network

contact no. HORN-CT-2000-19).

description of the imidazolium ion modes was compared with
that published by Majoube et.dP and the only discrepancy
found is the symmetry of the modes with numbers-1@ (Table (1) Boddeker, K. W.; Peinemann, K.-V.; Nunes, S.J°?Membr. Sci

; : : i 2001, 185, 1.
7), which we found to be Binstead of A in agreement with (2) Kreuer, K. D.J. Membr. Sci2001, 185 29.
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