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Dimerization of Pyrazole in Slit Jet Expansions

By Corey A. Rice, Nicole Borho, and Martin A. Subim

Institut fur Physikalische Chemie, Universitat Gottingen, Tammannstr. 6,
D-37077 Gottingen, Germany

Dedicated to Prof. Dr. Michael Buback on the occasion of his 60th birthday

(Received November 15, 2004; accepted November 23, 2004)

Jet FTIR / Hydrogen Bonds / Nanomatrices / Electron Correlation

Pyrazole dimer is observed for the first time in a free jet expansion. Its IR-active
N—H stretching vibration is shifted by-269 cnt* relative to the monomer. Along the
600 mm slit jet expansion, the average number density of pyrazole dimerd@'cm2.
Exploratory quantum chemical calculations including electron correlation are in good
agreement with the observed frequency shift and confirm reciprocal hydrogen bonding
with bent hydrogen bonds in a planag,Gtructure, as postulated by W. Hiickel 65 years
ago in this journal. Nanomatrix isolation spectra can be obtained by using Ar as
the carrier gas. The more strongly coupled vibrational dynamics in pyrazole trimer is
illustrated.

1. Introduction

Considerable self-aggregation of molecules in the dilute gas phase is a rare
phenomenon [1]. It only occurs in molecules with a pronounced hierarchy of
intermolecular interactions. Strong, eited, and relatively unstrained hydro-
gen bonds have to be realized in “one-dimensional”, ring-like aggregates be-
fore weaker, non-directional attractiotake over and lead to three-dimensional
condensation [2]. The simplest dimost pronounced case is hydrogen fluo-
ride [2, 3], where hydrogen bonds stabilize cyclic oligomers consisting of about
4—6 monomers, whereas dispersion forces leading to three-dimensional con-
densation are weak. Small aliphatic alcohols such as methanol [1] also have
some tendency for self-aggregati In both cases, the hydrogen bond donor
and acceptor sites in the monomers are separated by a single chemical bond
(H—X). Due to this close vicinity, palrization can lead to pronounced non-
additive contributions to the interacticstrength. Another well-known case is
carboxylic acids [4, 5], where three chemical bonds between the donor and
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acceptor atoms (HO—C—O) provide for a strain-free dimer geometry and
reduce non-additive contributions. Thulsete is no substantial driving force
towards larger oligomers in this case and dimers dominate the vapor phase.

An interesting intermediate situation witivo chemical bonds between
donor and acceptor sites is offered by pyrazoles-KHN), derivatives of
which are widely used in pharmaceutical and dye chemistry. Indeed, solid
pyrazoles show a range of aggregation patterns ranging frgimdidhers,

Cs, trimers, and $tetramers to chainlike and helical (catemer) arrangements,
which react quite sensitively to chemical substitution at the aromatic ring
([6] and references therein). These aggregates of pyrazet; &) and many

of its derivatives have been studied in much detail in solids, liquids, solutions,
matrices, and in the gas phase, in particular by the group of Elguero [6]. An
interesting and well studied dynamical phenomenon in the cyclic structures is
concerted hydrogen tunneling with very large isotope effects [7, 8].

Despite a large number of studies, the best of our knowledge no ac-
curate experimental value of the IR-active-N stretching vibration in the
simplest aggregate of pyrazole itself, the pyrazole dimer, is available. This
is surprising, because IR-spectroscopy is among the most sensitive probes of
hydrogen bonding and the bathochromie-N frequency shift upon dimer-
ization is a quantity which is easily obtained from electronic structure calcu-
lations, at least in the harmonic appnotion. There were early indications
that cyclic trimers prevail in pyrazole solutions [9], whereas thg @mer
with its non-linear hydrogen bonds postigld by W. Hiickel 65 years ago [10]
is only a minor component under most conditions. In the crystal, the pyra-
zole units form hydrogen-bonded figure-affiet spirals [11]. In the gas phase,

IR absorptions attributed to the dimer of pyrazole have been observed along
those of the monomer [12—14], but only at comparatively high temperatures,
where inhomogeneous broadening rendetsand center determination diffi-
cult. A strongly temperature-dependent band, peaking at 3280 to 3310 cm
with a width of~ 100 cnT! was observed [12—14]. As thermal excitation tends

to weaken the hydrogen bonds, the 0K band center is expected at the low
frequency end of this thermal band profile. The presence of non-negligible
amounts of dimers in the equilibrium gas phase indicates that the acceptor qual-
ity of the aromaticr system is inferior to that of the in plane nitrogen lone
pair.

Thermal excitation is also present in solution measurements [9], where the
solvent shift renders a comparison to theory difficult, anyway. In a cryogenic
matrix environment [12], the bands are more narrow, but the matrix shifts of
both monomer and dimer again make a comparison to theoretical predictions
difficult.

Supersonic jet spectroscopy is the method of choice to avoid both limita-
tions. Due to the low vapor pressure mfrazole, direct absorption measure-
ments of expansions present a paéc challenge. With the help of a new
pulsed slit nozzle design [15] and a large vacuum buffer, we have succeeded
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in obtaining jet-FTIR absorption spectra of pyrazole. In this contribution, we
present the first unperturbed low-temperature HNstretching transition of
pyrazole dimer as a simple prototype of reciprocal hydrogen bonding and we
demonstrate the matrix shifts induced by coating the monomers and dimers
with Ar atoms. The experimental resuiee compared to exploratory quantum
chemical predictions. Available computational results in the literature [7, 14]
concentrate on hydrogen transfer or on derivatives of pyrazole.

2. Methods

Supersonic jet IR-spectra of the-NH stretching vibrations of pyrazole and its
dimer seeded in He and Ar were recorded using the new filet jet-FTIR tech-
nigque [15]. In brief, a giant gas pulse of up to 5mol per second is expanded
through a 60 0.2 mm slit nozzle into a 23 Abuffer chamber and probed per-
pendicularly by a single 2 cn resolution scan of a Bruker Equinox 55 FTIR
spectrometer. It is equipped with a tungsten source, g-Ba&msplitter and

an optical filter (25—35um). The collimated IR-beam is focused and recol-
limated with two Cak lenses of 500 and 250 mm focal length inside the jet
chamber. A large area InSb detector is located in an external, evacuated detec-
tor chamber.

The gas expansion of 135 ms duration is controlled via six fast respond-
ing magnetic valves of 8 mm nominal width (Parker Lucifer) in combination
with a pulse generator (BNC, Model 400). Thing, butlengthy” (filet) jet
expansion geometry optimizes monoraed dimer concentrations. In compar-
ison to the previous ragout jet-FTIR [16] setup (220.5 mm), the formation
of larger aggregates is reduced. The vacuum buffer is pumped by a series of
roots blowers at 2000 #in—*. After a recovery period of up to 120 s, the pro-
cess is repeated and the resulting spectra are coadded. The gas mixtures are
prepared by flowing Hex 99.996%, Messer) at.g bar or Ar & 99.998%,
Messer) at B bar through a glass or stainless steel saturator containing solid
pyrazole (98%, Lancaster) at 293 K. The stagnation pressure in the reservoir is
2.0 bar for He and 5 bar for Ar.

After each probe scan, there is a post-probe scan, which monitors the back-
ground gas¥ 0.1 s after the breakdown of the expansion. Initially, the local
pressure in the jet chamber is significantly higher than that in the total buffer
volume. The post-probe scan allows foquick comparison of the jet cooled
spectrum and the gas phase, where clusters are absent. To explore the spectra
of larger pyrazole clusters, ragout JEHR spectra have also been recorded [5]
(see Fig. 2). Their detailed analysis sylond the scope of the present contribu-
tion.

Gaussian03 [17] was used to calculate pyrazole monomer, dimer, and
trimer vibrational spectra at a range of electron correlation levels and basis
sets. The levels of theory used were HF, B3LYP and MP2 with the6&3),
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Tablel. Calculated electroni¢D./(kJ mol?t)) and zero-point-corrected binding energies
(Do/(kd mol?)) of pyrazole dimer relative to two monomers.

D./D,  6-31G(d) 6-3%G(d) 6-314-G(d,p) 6-31%+G(d,p) aug-cc-pVDZ

HF 454 [6)- 415361  40.535.3 40.535.2 38.433.1
B3LYP 50.545.1  51.246.1 51.746.0 50.645.1
MP2 65.961.6  64.761.2 - 69.2/64.8

6-3114-G(d,p), 6-31%+G(d,p), and aug-cc-pVDZ basis sets. Symmetry was
used for the monomer & dimer (Gy), and trimer (G,) and the absence

of imaginary frequencies supported the minimum character of these struc-
tures. We note that some of the out-of-plane modes are relatively low in
frequency, occasionally leading to spurious imaginary frequenaes &t
MP2/6-311++G(d,p) level). The trimer was only calculated using the B3LYP
approach and the four different basis sets.

3. Resultsand discussion

Electronic structure calculations for pyrazole dimer were carried out for arange
of levels and basis sets. The resulting dissociation energies relative to two
monomers are listed in Table 1. Evaluation of the basis set superposition error
(BSSE) indicates a contribution ef 15%—20% to the binding energy. The
zero point energy correction to the dimerization energy only amounts to about
5 kJmol? for this relatively heavy molecule. This is less than 10% of the
binding energy at 0K, which may be roughly estimated a#3% kJ mot*
based on Table 1. Considering the bent geometry of the hydrogen bonds, this
is a rather large value, comparalite that in carboxylic acid dimers [5]. At
Hartree—Fock level, the hydrogen bond strength is underestimated, as expected.
This is the only level at which a literature value for a full geometry optimization
is available [6], to the best of our knowledge. However, several calculations
at constrained geometries have been published [7] and come to qualitatively
similar conclusions. The calculated dissociation energy for the trimgr (
D. = 109 kImot?, Dy = 100 kd mot? at B3LYP/6-3114++G(d,p) level for
dissociation into three monomers) gaoximately 40%—50% higher than that
of the dimer, on a per monomer basis. This is mostly due to the release of ring
strain. However, with an estimated value of-4@0 kJ mot?, the trimer dis-
sociation energy per monomer unit still falls short of the evaporation enthalpy
of 74.0+0.4 kI mol* [18]. This shows that secondary interactions between
monomer units provide non-negligible contributions to the cohesion energy of
the solid.

The hydrogen bond strength is reflected in the bathochromic shift of the
N—H stretching frequency upon aggregation. Table 2 lists calculated harmonic
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Table2. Harmonic wavenumbers/cm™ for the IR-active N-H stretching mode in pyr-
azole monomer, dimer and trimer at various levels of theory. Also given are the corres-
ponding integrated band strengtAgkm mol2.

Cs monomer G, dimer G, trimer
level w A w A w A
cm? kmmol? cm™? kmmol? cm? kmmol?

HF/6-31+G(d) 3928 114 3821 952 - -
HF/6-311+G(d,p) 3914 122 3794 1012 - -
HF/6-311++G(d,p) 3915 122 3794 1014 - -
HF/aug-cc-pVDZ 3916 116 3802 981 - -
B3LYP/6-31+G(d) 3665 76 3444 1473 3263 2131
B3LYP/6-311+G(d,p) 3665 88 3412 1630 3189 2761
B3LYP/6-311++G(d,p) 3665 88 3410 1640 3189 2765
B3LYP/aug-cc-pVDZ 3660 83 3401 1691 3164 2924
MP2/6-31+G(d) 3667 99 3445 1458 - -
MP2/6-311+G(d,p) 3679 100 3426 1618 - -
MP2/aug-cc-pVDZ 3666 94 3371 1859 - -

wavenumbers for the monomer, thg, dimer, and the g, trimer of pyrazole.

Only the values for the IR-active mode are given. In agreement with the ener-
getical findings, the hydrogen bond induced shifts are considerably smaller

at HF level than at levels including electron correlation. The B3LYP results for
the trimer suggest that pyrazole dimer and trimer can be easily distinguished
in the IR spectrum, as their predicted red shifts differ by almost a factor of
two. This is partly a consequence of the more linear hydrogen bonds in the
trimer [14].

Also listed in Table 2 are calculated band strengths, which increase by
about one order of magnitude upon hydnedpend formation, if divided by the
number of N-H oscillators which are involved. Again, the HF enhancements
are less pronounced. Simileesults and conclusions have been previously ob-
tained by Castaneda al. [14] for 3,5-dimethylpyrazole at B3LYP and MP2
levels.

Because of the sizeable anharmonicity of theHNstretching mode, com-
parison to experiment is better made for harmonic wavenurdhiés. For
moderately strong hydrogen bonds and on an absolute scale, the effect of hy-
drogen bonding on anharmonic correctigasypically much smaller than that
on harmonic wavenumbers. Table 3 summarizes the theoretical wavenumber
shift predictions. MP2 shifts are systematically larger than B3LYP shifts, in
contrast to the findings for HF and O-H stretching vibrations. However, the
differences are not large and well within the expected error bar at these lev-
els of calculation. Considering that the B3LYdig-cc-pVDZ prediction for
the trimer red shift is 496 cmi (Table 2), any experimental NH shift below
350 cnTlis likely to be due to pyrazole dimer, not trimer.
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Table3. Calculated red shifts- Aw = wy — wp (in cm™?) for the IR active harmonic NH
stretching wavenumber in the dimer (D) relative to the monomer (M) at various levels of
theory combined with a range of basis sets. Also shown is the experimental anharmonic
value.

level/ 6-31+G(d) 6-31H-G(d,p) 6-31%+G(d,p) aug-cc-pVDZ experiment
basis set

HF 107 120 121 114

B3LYP 221 253 255 259

MP2 222 253 - 295

anharmonic 269

At this stage, we can turn to the experimental IR spectra, which are shown
in Fig. 1. The lower trace shows the gas phase spectrum in the range from 3600
to 3000 cnt? as obtainedx 0.1 s after the end of the gas pulse into the vacuum
chamber. Weak aromatic€H stretching bands can be seen, but the spec-
trum is dominated by the hybrid band profile of the monomertNstretching
band located around 3524 ctn This band has been discussed in detail be-
fore [12, 13] and has been located more accurately at.2528* [13]. In the
jet expansion using He as the carrier gas (trace b), the pyrazole is cooled to low
(~ 20 K) rotational temperatures and the daprofile narrows down consider-
ably and is consistent with ¢hmonomer rotational constants.

To the red of the monomer band, the jet spectrum exhibits a narrow
(= 6 cm ! wide) new band, not present in the gas phase, at 3255 . d@ased
on its 269 cm* red shift relative to the monomer and on comparison to Table 3,
it is due to the IR active NH stretching vibration of the & pyrazole dimer.
The trimer band would be expected near to or below theHGstretching
modes. Ragout jet-FTIR spectra between 3400-2600 ¢Rig. 2) indeed re-
veal a complex band pattern, which most likely includes the trimer and possibly
larger clusters. The center of gravity of the large cluster absorptions is slightly
shifted to the blue of the strong doublet, between 2900 and 3008 drhis is
not too far from the expected trimer-NH stretching band center (Table 2). In
line with the expectations for the fine slit of the filet jet (Fig. 2), trimer forma-
tion is discouraged at the low monomencentrations, which we estimate near
0.001% in He. Based on calculated band strengths, we can estimate an average
number density of 10 dimers per criiwith He as the carrier gas; 2% of the
monomer number density. The average number density for Ar as the carrier gas
is about half that of He in Fig. 1.

It is instructive to discuss the broad thermal pyrazole dimer bands [12—
14] in the context of the present reliable band center of 3258 c@astaneda
et al. [14] observed a broad band maximum at 3300tmt 460 K. Its low
wavenumbeionset around 3250 cmt is quite consistent with our band center
and the width is clearly due to inhomogeneous (thermal) broadening. Simi-
larly, Tabaciket al. [12] observed a band maximum at 3310¢nat 408 K.
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Fig.1. NH/CH stretching region of the IR spectrum of pyrazole (a) in the gas phase
(x0.1), (b) in the filet jet expansion (723 gas pulses, 2 bad,001%) with helium as the
carrier gas and (c) in the filet jet expansion (524 gas pulsédet,~ 0.001%) with ar-

gon as the carrier gas. Also shown are cartoons of pyrazole monomer (a), dimer (b) and
Ar-coated monomer (c).

Majoube [13] observed a more narrow band with similar onset peaking around
3280 cnT! at room temperature, again corsigt with our observation. Thus,
pyrazole dimer provides a good illustration of the inhomogeneous broaden-
ing and simultaneous blue shifting of hydrogen bondedlXstretching modes
with increasing temperature, a straifginivard consequence of thermal weak-
ening.

The B3LYP and MP2aug-cc-pVDZ harmonic red shift predictions bracket
the experimentally observed anharmonic shift. To some extent, this is clearly
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Fig.2. NH/CH stretching region of the IR spectrum of pyrazgke 0.001% between
3400-2600 cm', obtained by ragout jet-FTIR spectroscopy using (a) helium (198 gas
pulses, 15 bar), and (b) argon (390 gas pulse$ Har) as the carrier gases. The dimer ab-
sorption (D) from Fig. 1 is marked. Due to the increased slit width, the spectrum shows
extended resonance structures from larger clusters (T), most likely dominated by trimers.

fortuitous and it will be interesting to test the convergence of the theoretical
predictions using higher levels of thgpalso including anharmonic contribu-
tions. However, this is beyond the scope of this work.

Rather, we wish to establish a link to the existing bulk matrix isolation
work on this system [12]. For this purpose, trace ¢ of Fig. 1 shows the spec-
trum of a jet expansion of pyrazole in Ar (including Savitzky—Golay 25-point
smoothing). The appearance is quite similar to that of the He expansion, but
both the monomer and dimer absorptions are shifted to lower wavenumber.
The monomer band, which is now more symmetric and more narrow, is lo-
cated at 3508 cnt, 16 cnt? to the red of the He-expansion. The dimer band
has broadened and is red-shifted by 15¢tmo ~ 3240 cnt®. We interpret the
two bands as being due to Ar-coated pyrazole monomers and dimers, like in
previous ragout jet-FTIR studies [B§]. This assignment is strongly supported
by a comparison to the former bulk matrix study [12], which observed the
monomer at 3507 cm and a weak #(NH) assoc.” band at 3240 crh Thus,
we can switch between free and nanomatrix-isolated molecules and clusters by
simply changing the carrier gas in tfiket jet expansion. The nearly unchanged
red shift of the dimer in the matrix environment is consistent with a robust
hydrogen bonding situation in pyrazole dimer.

The spectral pattern observed for thener and possibly for larger clusters
in the wider ragout jet expansion (Fig. B) strongly reminiscent of the situ-
ation in carboxylic acid dimers (see [5] and references cited therein). It is also
seen in bulk phase studies of pyrazole [14], although in much less detail. Upon
coating with Ar (trace b), some of the spectral detail is also lost in the jet. The
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essential pattern persists, slighthyifged to lower wavenumber. This suggests
that cluster isomerism is not the main reason for the spectral complexity. Due
to the stronger N-H red-shift in the trimer, monomer framework modes are
shifted into resonance with the-NH stretch, leading to a complex coupling
scenario [19]. An important result of the present work is that this coupling is
only switched on beyond the dimer.

4. Conclusionsand outlook

We have presented filet jet-FTIR spectra of pyrazole monomers and dimers
both free and within an argon nanomatrix environment. The agreement with
exploratory quantum chemical calculations and bulk matrix spectra for the
biologically important N-H chromophore is surprisingly good. In contrast to
the solid state, where bulky 3,5-substituents (t-Bu, Ph) are needed to stabi-
lize a pyrazole dimer structure [6], no significant amounts of larger clusters
are observed in our dilute pulsed expansions through2ané slit orifice.

With the availability of an accurate IR active pyrazole dimer N stretching

band center at 3255 crhand a bathochromic shift of 269 ¢y accurate quan-

tum chemical calculations including anharmonic contributions should now be
carried out for this important prototype of reciprocal hydrogen bonding and
proton tunneling [7, 8], which was first postulated by W. Hiickel in 1940 [10].
This will also help in establishing reliable predictions for the more compli-
cated cyclic trimer and crystal chain spectra, which involve extended Fermi
resonance patterns [14, 20] like inamy strongly hydrogen-bonded clusters
built from organic molecules [5,19]. A better description of pyrazole self-
association may also be helpful for understanding the role of pyrazole in mixed
complexes [14, 21] and in supramolecular design [22].
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