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The family of pyrazoles containing only H and CH3 substituents displays a wide variation in

physical properties which can be directly related to the manner in which the molecules self-

organise in the solid state. Hydrogen-bonded multimeric motifs of the substituted pyrazoles are a

recurring feature of this family. We have previously reported the use of quasielastic neutron

scattering (QENS) to study 3,5-dimethylpyrazole which showed that the hydrogen-bonded amide

protons within individual trimer units undergo a short range hopping motion between two

equivalent sites straddling the direct N� � �H hydrogen-bond axis. This work was the first report of

such a novel dynamic process in this family of materials. The current work extends the earlier

study with additional QENS measurements of other isotopic variants, providing information on

the methyl group dynamics, which lead us to the conclusion that the short-range amide motions

are decoupled from the methyl torsions. Whilst the methyl groups were found to undergo 3-fold

diffusive hopping motions on the QENS timescale (B1011–1212 s�1), an appreciable non-mobile

fraction of methyl groups was also detected at all temperatures studied.

Introduction

The self-organising system 3,5-dimethylpyrazole (3,5-DMP)

provides an ideal model for studying the dynamics of H-

bonding interactions using the technique of quasi-elastic neu-

tron scattering (QENS). The structure has been accurately

determined by X-ray diffraction, which shows that the mole-

cules lie in planar three-fold units within the ab-plane and are

linked via NH� � �N bonds along the vertices of equilateral

triangles.1 The tautomeric nature of the H-bonds is evidenced

by partial occupation numbers of 0.5 in the crystal structure in

addition to NMR measurements, showing that the rate of the

tautomeric proton hop along the H-bonds is ca. 103 s�1 at T=

300 K, having an associated activation energy of 46 kJ mol�1.1

Further, the family of methylpyrazoles to which 3,5-DMP

belongs displays a propensity to self-organise into such multi-

member units and differences in the inter-molecular interac-

tions within these compounds are believed to underpin the

marked differences in physical properties such as the melting

points.2 In an earlier QENS study of 3,5-DMP, the amide

proton was found to undergo a 0.60(5) Å hopping motion

between two minima, either side of the direct H� � �N direction

vector.3 The activation energy for this motion was determined

to be 1.7(1) kJ mol�1 and a rationale incorporating the

coupling between the methyl group torsions and the in-plane

whole body rotations was proposed. The present work makes

use of the non-substituted (CH3)2C3HN2H (1) and the isotopic

variant (CH3)2C3HN2D (2) to probe the motions of both the

methyl groups and the whole body motions to complement the

previous study of the amide proton motions. The present

study therefore provides a rigorous evaluation of the proposed

coupling of methyl librations and the whole body dynamics.

Neutron methods are particularly suited to the study of

hydrogen-bonded systems such as 3,5-DMP as both spatial

and temporal dimensions of molecular motions can be probed

simultaneously. In addition, the large difference in the neutron

scattering cross-sections between 1H and 2D provides the

possibility of using isotopic variants to isolate specific mo-

tions. In short, deuterium substitution makes the scattering

contribution from the deuterated centre effectively disappear.

This is demonstrated very clearly in our previous work.3 Here,

we have again made use of the QENS technique, but this time

at the cold neutron time-of-flight (TOF) spectrometer, MIBE-

MOL at the LLB (Saclay, France),4 to study both the fully

protonated (NH/CH), 1, and the ND/CH, 2, systems. These

measurements extend the range of the previous study by

focusing on the methyl torsions and the in-plane molecular

re-orientation.

Experimental

The samples were synthesised following established methods

and characterised using elemental analysis and IR and Raman

spectroscopies.5

Quasielastic neutron measurements were performed on the

cold time-of-flight spectrometer MIBEMOL at the Labora-

toire Léon Brillouin, situated at the Orphée reactor, Saclay,

France,4 at an incident wavelength of 5.0 Å and a resolution

(FWHM) of 185 meV, corresponding to the highest available

count rate for this instrument. The samples (1: 554 mg; 2: 679
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dLaboratoire Léon Brillouin, (CEA-CNRS)CEA Saclay,
(CEA-CNRS), 91191 Gif-sur-Yvette Cedex, France

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2006 New J. Chem., 2006, 30, 425–429 | 425

PAPER www.rsc.org/njc | New Journal of Chemistry

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 2

6 
Ja

nu
ar

y 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
50

49
87

C
View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/b504987c
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ030003


mg) were loaded into thin-walled Al cans of thickness 0.2 mm,

giving a scattering power of B11% for both samples, when

placed at 1351 to the incident beam, such that the detected

neutrons were measured in transmission through the sample.

The high transmission of ca. 90% was used to reduce multiple

scattering events within the sample. The MIBEMOL spectro-

meter uses a large array of 432 3He detectors, covering the

angular range of 23.51 o 2y o 141.81 (where 2y is the

scattering angle); individual spectra were corrected for relative

differences in efficiency by using a vanadium sample which

scatters isotropically. The spectrum of the empty Al can was

then removed from that of the sample to yield 10 spectra at

each temperature, with each spectrum covering a distinct

range in momentum transfer. The spectrum around 901 was

found to be contaminated by Bragg peaks, whilst that at

137.01 was obscured due to self-absorption of the sample.

Therefore both were discarded from further data analysis.

This resulted in eight incoherent quasielastic spectra, obtained

at temperatures in the range of T = 225–350 K, controlled by

a closed cycle thermal bath.

The QENS data were iteratively fitted to a scattering model

consisting of a Gaussian elastic component, a Lorentzian

quasielastic component and a linear background, see below.

The data were of sufficient quality to allow for the free fitting

of all six parameters (peak heights and FWHM’s and the two

points to determine the linear background at the spectral

extremes).

Inelastic neutron scattering data on 1 were measured in

reflection on the thermal neutron TOF spectrometer IN4 at

the ILL, Grenoble, France,6 at an incident wavelength of 1.3 Å

and resolution with FWHM at the elastic line of 2.3 meV. The

sample (524 mg) was loaded into a thin-walled Al can of

thickness 0.2 mm (12% scatterer) and placed at an angle of 451

to the incident beam, with a 0.5 mm Cd plate fixed onto the

back-side of the can. This allowed access into approximately

half of the 300 3He detectors of IN4, resulting in a scattering

angular range of 451 o 2y o 120.31, with each detector

normalised for relative efficiency with a vanadium sample.

Results and discussion

The principle of QENS is detailed in our previous work3 and

so will not be repeated here. The QENS technique makes use

of the broadening of the peak due to neutrons scattered

elastically from the sample from a quasi-continuum of states

brought about by thermal diffusive motions within the materi-

al. By carefully determining the relative contributions, both

purely elastic and quasielastic, both spatial and temporal

information on the diffusive motion can be extracted from

the total scattering S(Q,o) within the quasielastic region,

eqn (1).

S(Q,o) = A0(Q)d(o) þ [1 � A0(Q)]L(o) (1)

It was found that eqn (1), in which A0(Q) is the elastic

incoherent structure factor (EISF), with d(o) the purely elastic

delta-function, d(o a 0) = 0, d(o = 0) = 1, L(o) is a

Lorentzian function of full half width at half maximum

(FWHM) D(meV) and of integrated intensity

I exp ¼ Iqe � b b ¼ 1
kT

meV
� �

, was sufficient to fit the experi-

mental data when convoluted with the instrument resolution

function (approximated to a Gaussian). No additional contri-

butions due to inelastic scattering or general zero-point motions

(Debye–Waller factor) were required as o { kT at all of the

temperatures used. The data can be further reduced to the EISF

and Arrhenius plots, from which one can obtain a diffusive

jump radius and an activation energy for that motion respec-

tively.7 The EISF is simply the ratio of the quasielastic intensity

to the total scattered intensity, and is shown in Fig. 1 for the two

samples, 1 and 2 at T = 300 K. The EISF’s are fitted with a

model function which incorporates all of the proton motions

present: the methyl rotations and the two proton motions

(amide and ring) induced by the whole molecule rotation about

the normal to the molecular plane.3 An additional term allow-

ing for only some fraction of the Me’s to be mobile, n, is also

included resulting in the general expression

EISF ¼ 1

7þ x
1

2
þ
j0 Rrð Þ
2

� �
þ x

1

2
þ
j0ðRNHÞ

2

� ��

þ6 ð1� nÞ þ n
1

3
þ
2j0ðRMeÞ

3

� �� �� ð2Þ

where j0ðRiÞ ¼
sin 2QRi sin

p
pð Þð Þ

2QRi sin
p
pð Þ

, for a p-fold jump and x = 0 for 2

and 1 for 1 accounting for the presence of a ring proton in 1, or

not, as in 2.

Fig. 1 EISF obtained from QENS data of 1 (upper panel) and 2

(lower panel) measured on MIBEMOL at T = 300 K and li = 5.0 Å.

The dotted line is the response due to an ideal methyl group rotation.

The solid line is the fit through the data points for the generalised

expression given in the text.
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The jump radii for each motion, as designated by RMe for

the methyl groups, RNH for the amide and Rr for the ring

proton hopping motions, respectively, are intrinsically ac-

counted for in this model. However, the effect of the molecular

rotation on the methyl groups (Me) is neglected, as the

predominant hopping motion of the Me protons is about the

Me torsional axis. In order to reduce the number of fit

parameters, the jump radii were fixed to standard values,

RNH and Rr were determined from the motion of the amide

motion (see below) and a typical value of 0.99 Å was used for

RMe.
8 Given that the two isotopic variants studied herein differ

only in the amide hydrogen isotope, the difference in the

EISF’s should reflect this and so be consistent with the

previously reported data on 3,3 as is shown in Fig. 2. Clearly,

a very good agreement between the two data sets exists,

allowing the previously determined value of RNH = 0.30(3)

Å to be refined to 0.291(5) Å, relating to a jump distance of

0.582(10) Å. This value was used directly in eqn (2) as RNH

and also allowed for the direct determination of Rr. Hence the

only fit parameter in eqn (1) was n, the mobile fraction of Me

protons, which is found to show some temperature depen-

dence. A plot of the temperature dependence of n across the

range studied is shown in Fig. 3 for both 1 and 2 and clearly

indicates that below T E 265 K only 49(1)% of all Me’s are

undergoing a 3-fold hopping motion. This is probably a result

of steric hindrance due to intermolecular interactions within

the molecular planes and of course reflects the situation where,

on average, one of the two Me’s on each molecule undergoes

the diffusive motion, with the other sterically locked within the

QENS timeframe, i.e. slower than 1011 s�1. However, as the

temperature increased beyond T E 265 K, so the mobile

fraction was found to increase to 60(2)% indicating that for

>20% of the molecules, the previously locked Me’s are freed

on the measurement timescale. To the knowledge of the

authors, there is no structural or indeed corresponding spec-

troscopic evidence of this apparent transition; indeed it is

probably dynamic in nature and so invisible to temporally-

averaged structural methods, falling at different temperatures,

corresponding to the dynamic timescale of the spectroscopic

probe used.

The global activation energy for the dynamic processes

observed in QENS can be obtained by using an Arrhenius

plot of the correlation times obtained from the widths of the

quasielastic components (tc = 3h/4pD, D = FWHM) at each

temperature, Fig. 4. A good agreement between 1 and 2 was

observed, with the activation energy Ea = 5.0(4) kJ mol�1 and

a pre-exponential factor corresponding to a vibrational mode

at 18.7(30) meV.9 Both are in accord with literature values for

Me torsional hopping and the tMe vibration. Indeed, the low

temperature inelastic spectrum of 1 obtained on IN4, Fig. 5,

clearly displays two such tMe modes at 15.6 and 18.8 meV. In

addition, the pre-exponential term reported in the study of 3

relates to a vibrational mode at 2.4(1) meV, which corresponds

to the broad band of excitations below ca. 5 meV observed in

the INS spectrum of 1. This spectral intensity is thought to

consist predominantly of the acoustic (translational) phonon

modes and the low energy whole body rotations. One differ-

ence of INS to other spectroscopic probes of vibrational/

librational spectra is the absence of selection rules, the mea-

sured spectral density being a direct product of the nuclear

neutron cross-section and the amplitude of vibration/libration.

Hence Me torsional modes which construe zero dipole mo-

ment or polarizability change are usually intense features in

INS spectra, along with other optically weak modes which

may nevertheless posses a considerable amplitude of motion of

nuclei of significant cross-section. The present data are best

interpreted with reference to the work of Orza et al.10 covering

the infrared and Raman spectra of 3,5-DMP in the solid,

liquid, solution and vapour phases (along with isotopic var-

iants), coupled to normal mode calculations of the system.

Interestingly, these authors reported the presence of two

strong peaks in the Raman spectra at 10.2 and 14.3 meV (1

meV = 8.065 cm�1) being intrinsic to the presence of the

trimeric motif and assigned to the deformation and breathing

modes of the trimer, respectively. Such modes would be

expected to posses a large spectral density in the INS spectrum

courtesy of the concerted motion of all of the protons (the

Fig. 2 EISF due purely to the amide hopping across the direct

intermolecular hydrogen bond. The circles are the difference in the

response from 1 and 2 obtained in this work and the triangles are those

points reported previously on the third isotopic variant 3.

Fig. 3 Temperature dependence of the mobile fraction of methyl

groups, n, in the two samples 1 and 2.
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dominant term in the nuclear cross-section due to the large

incoherent cross-section of 1H). Under the relaxed resolution

of the IN4 spectrometer, these two modes appear as a single,

intense and broad feature at the mean value of the two

reported Raman modes, 12.2 meV. Note that IR and Raman

spectroscopies sample only the modes close to the Brillouin

zone (B.Z.) centre while the INS spectra measure these modes

summed across the zone. The remaining modes are also in

accord with the Raman spectra, namely the out-of-plane Me

bending mode at 27 meV (Orza: 26.3 meV), whilst the peaks at

33.1 and 35.4 meV correspond to very weakly Raman active

modes visible in the spectrum of 1 at ca. 32.7 and 35 meV, (Fig.

7, top, of ref. 10). The most obvious assignment of these bands

is to the in-plane Me bending modes, again the presence of two

peaks indicating the lowered symmetry of the Me sites with

respect to that of the reported crystal structure.1

The observation of discrete energy-scales for the Me- and

amide-centered librations, indicate that the Me dynamics are

largely decoupled from the whole body rotations of the planar

molecular rings. The activation energy for the Me-dominated

dynamics is 2.98(10) times that of the purely amide proton

hopping induced by the whole body molecular rotations and

translations, with the respective modes also well separated in

the inelastic spectrum. The presence of two broad features in

the tMe region (15–20 meV) indicates that, in 3,5-DMP, the

Me’s occupy a range of librational potentials, but which

remain unresolved in the present data, an indication of the

lower supra-molecular symmetry than that proposed in the

room temperature crystal structure. Any dispersion of these

modes across the B.Z. is unlikely to be of sufficient magnitude

to explain this band broadening; methyl torsions in molecular

systems typically have dispersion effects o1 meV from the

G-point position, and so fall within the instrumental resolution

at the wavelength used. No attempt was made to anneal the

sample at low temperature and the possibility of low tempera-

ture structural phase transitions cannot be neglected. How-

ever, the extrapolation of the elevated temperature QENS data

to the low temperature INS data is valid in terms of general-

ised assignments, in the absence of an accurate low tempera-

ture structure.

The librational diffusion of the tautomeric amide proton

perpendicular to the main hydrogen bond vector and in the

molecular plane has not been explored experimentally in

reports detailing the proton transfer processes in the supra-

molecular cyclic pyrazoles.11–13 QENS provides an experimen-

tal probe of this motion which complements those results

obtained from NMR in mapping out the potential energy

landscape of proton transfer, with verification of simplified

computational models which indicate some degree of

transverse proton motion and/or molecular rearrangement

(heavy atom relaxation).14 The N–H� � �N bond angle is not

constant across the series of cyclic pyrazoles: the similar

trimeric system, 4-methylpyrazole, for example, has a bond

angle of 167.2(9)1 2 which corresponds to a proton hopping

distance of 0.92(6) Å, clearly experimentally discernible from

the case of 3,5-DMP examined herein. Whilst the perpendi-

cular amide libration may appear to be of secondary impor-

tance to more direct modes such as the trimer breathing mode

as a precursor to proton exchange, a complete picture of

tautomerism cannot ignore this trajectory along the potential

energy surface of the amide protons, a low energy pathway

which brings the N–H� � �N units closer at the mid-point of

the libration.

Fig. 4 Arrhenius plots averaged across Q for the dynamic processes

observed in 1 (upper panel) and 2 (lower panel). The methyl group

dynamics dominate both scenarios, with a common activation energy

of 5 kJ mol�1.

Fig. 5 Inelastic neutron scattering spectrum of 1 obtained on IN4 at

li = 1.3 Å and T = 1.5 K.
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Conclusion

The cyclic pyrazoles are an intriguing family of relatively

simple organic molecules displaying a complex interaction of

attractive dipolar hydrogen-bonding and repulsive intermole-

cular interactions, leading to a range of structural motifs and

unusual physical properties. The observation in 3,5-DMP of a

transverse component in the dynamics of the tautomeric

proton as a result of whole body rotations in the solid state

has opened an additional degree of freedom in models of

intermolecular proton transfer, believed up to now to occur

only coherently in the trimeric cycles. Whilst the energy scale

of this motion is naturally much lower than that of proton

transfer, 1.7 vs. 46 kJ mol�1, it defines an additional dimension

in the potential energy landscape and may be of considerable

importance in systems in which the non-linearity of the

hydrogen bond is more pronounced.

The Me groups in 3,5-DMP also undergo librational/tor-

sional dynamics for which neutron scattering techniques are

ideally suited. The Me’s undergo relatively free rotation (Ea =

5 kJ mol�1), although some temperature-dependent fraction

appears to remain hindered to the extent of appearing static on

the QENS timescale. That different Me’s experience small

differences in the rotational potentials is somewhat reinforced

by the INS measurements, indicating that a range of libra-

tional frequencies exist at low temperature. Accurate tempera-

ture-dependent crystallographic data on these systems would

help to clarify the picture of the dynamics obtained from these

spectroscopic measurements.
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