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The crystal and molecular structures of 4,4- and 6,6'-dimethyl-2,2’-bipyridyl complexes with
2,5-dichloro-3,6-dihydroxy-p-benzoquinone (chloranilic acid, CLA) have been determined and com-
pared with those of the complex with the 5,5'-derivative, which is known to possess interesting
antiferroelectric properties. In the crystalline state, all three compounds form hydrogen bonded
chains with N*—H- - O~ and O-H - - - N bridges on both sides of the bipyridyl constituent. The
comparison of three derivatives indicates that the N*—H- - - O~ hydrogen bonds are shortest for
the 5,5'-dimethyl complex. The 4,4'- and 6,6'-derivatives do not show any ferroelectric feature.
The 6,6’-one is, however, characterized by a continuous phase transition, revealed in the differen-
tial scanning calorimetry, dilatometric, and dielectric characteristics. The tunneling splitting mea-
sured by neutron backscattering in the energy range 30 ueV for the neat dimethyl bipyridyls
and their complexes with CLA indicates that the different splittings are primarily due to the crys-
tal packing effect and that charge transfer between interacting compounds plays only a minor role.
© 2011 American Institute of Physics. [doi:10.1063/1.3613640]

. INTRODUCTION type. The electric permittivity reveals a maximum at the phase
transition approaching a value of ~150. The paraelectric-
antiferroelectric transition has been assumed to be due to the
proton ordering in the strong intermolecular hydrogen bonds.
This conclusion is supported by a remarkable isotopic effect
— the phase transition temperature is shifted toward high tem-
perature — when proton is substituted by deuterium.

The molecular complex of phenazine with CLA has also
been widely investigated.®” The complexes of either tetram-
ethylpyrazine (TMP) (Ref. 8) or dimethylpyrazine (DMP)
(Ref. 9) with CLA seem to be objects of some interest. In
the case of the TMP - CLA complex, one observes a structural
phase transition connected with the changes in the hydrogen
bond network in the crystal. The lengths of these hydrogen
bonds, which link the TMP and CLA molecules, differenti-
ate at low temperature. The complexes formed either between
diazines'® or proton sponge, 2,3,5,6-tetra(2’-pyridyl)pyrazine,
and CLA (Ref. 11) also revealed interesting properties.

The aim of the present studies to compare the molec-
ular and crystal structures of the complexes formed by
dimethyl-2,2’-bipyridyls with CLA. Since we did not find
any crystallographic information file for the structure of the
5,5-DMBP-CLA complex in the Cambridge Structural
Database, we decided to reinvestigate its structure at 100 K.
In particular, the analysis of the crystal packing with respect
) Author to whom correspondence should be addressed. Electronic mail: to the methyl groups will be performed. The complexation via

gb@wchuwr.pl. the charge transfer in the hydrogen bond leads to two effects, a

Both chloranilic acid (CLA) and bipyridyls as well as di-
azines seem to be interesting compounds from the point of
view of crystal engineering due to their disposition of two ei-
ther proton donor or proton acceptor centers. This can lead to
a formation of infinite hydrogen bonded chains. The situation
is similar to that observed in the case of squaric acid as the
proton donor moiety, which possesses two acidic OH groups.
Information about complexes formed by squaric acid can be
found in the literature cited in Refs. 1 and 2.

The complex of 5,5'-dimethyl-2,2’-bipyridyl with CLA
(5,5-DMBP - CLA) has been described by Kumai et al.’>-
and its dielectric properties appeared to be very interesting.
This complex shows an antiferroelectric phase transition re-
lated to the proton mediated ordering of molecules. The phase
transition has been detected at 318 K. In the high-temperature
phase, an asymmetric unit is described by half of the chemi-
cal formulas, which includes only one H-bonding site. In the
low-temperature structure the asymmetric unit already con-
tains the whole molecule and the low-temperature unit cell is
doubled. In the crystal lattice of 5,5-DMBP - CLA, the O-H
and N*—H bonds constitute polar chains along the b-axis. The
polarity of the adjacent chains is directed antiparallel; there-
fore, the bulk crystal lattice symmetry is of antiferroelectric

0021-9606/2011/135(4)/044509/11/$30.00 135, 044509-1 © 2011 American Institute of Physics
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change in the environment of the CH3 groups and a reorgani-
zation of the charge distribution. The surrounding of the CH3
groups is more important, as was shown in several papers.'>~!7
This effect causes a change in the rotational potential. How-
ever, we also have to take into account another source affect-
ing the dynamics of the CH3 groups, namely, the charge distri-
bution in the pyridyl rings. The complexation, connected with
a charge transfer or strong hydrogen bonding, should lead to
a substantial decrease in the electron density around the aro-
matic ring and a decrease of a barrier to the CHj rotations.'”
It seems that the methyl derivatives of bipyridyl can be con-
venient objects to throw some light on these problems.

The most important aim of this work is, however, an
analysis of tunneling of the CHs groups at low temperature
in the complexes under study. The neutron scattering spectra
recorded for the 4,4'-dimethyl-2,2’-bipyridyl with CLA com-
plex at 3.5 K revealed two well shaped peaks assigned to the
CH3; group tunneling. Thus, we decided to investigate the ef-
fect of the CH3 group tunneling on the temperature-dependent
infrared spectra of this complex in the wavenumber range as-
signed to the internal vibrations of molecules with participa-
tion of the CHj3 groups as well.

In turn, in a case of the 6,6'-dimethyl-2,2’-bipyridyl with
CLA complex, a structural phase transition has been detected
at 320 K. It was investigated by means of differential scanning
calorimetry (DSC), thermogravimetric and dilatometric meth-
ods, as well as by dielectric response in order to determine the
possible mechanism of this phase transition.

TABLE I. Crystal data and structure refinement.

J. Chem. Phys. 135, 044509 (2011)

Il. EXPERIMENTAL PART

The complexes of 4,4'-, 5,5-, and 6,6'-dimethyl-2,2'-
bipyridyls with chloranilic acid (4,4-DMBP-CLA, 5,5'-
DMBP - CLA, and 6,6'-DMBP-CLA) were prepared by a
slow simultaneous instilling of their solutions in acetone to
neat acetone. After instilling, the clear solution was evapo-
rated until a dry precipitate formed. The crystalline complexes
were obtained by recrystallization from acetonitrile.

Differential scanning calorimetryruns were recorded
using a Perkin Elmer DSC-7 in the temperature range
300-420 K with a scanning rate of 5-20 K/min. The temper-
ature is measured with an accuracy better than 0.1 K (relative
error).

The thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) measurements were performed on a
Setaram SETSYS 16/18 instrument between 290 and 700 K
with a ramp rate of 2 K min~!. The scan was performed in
flowing nitrogen (flow rate: 1 dm? h™").

The dilatometric measurements were performed by us-
ing a thermomechanical analyser Perkin Elmer TMA-7 in
the temperature range 300-400 K with a scanning rate of
3 K/min. The dimensions of the sample were of the order of
5 x 3 x 1 mm?>. The error in the thermal expansion measure-
ments is less than 1% (relative error).

The complex dielectric permittivity e* = & — ie” was
measured with an Agilent 4284A precision LCR meter in
the frequency range between 300 Hz and 2 MHz and in the
temperature range from 300 to 400 K. The dimensions of

4,4-DMBP - CLA

5,5-DMBP - CLA*® 6,6'-DMBP - CLA

Formula C]g H14C12N204 C]g H14C12N204 C]g H14C12N204

Formula weight 393.21 393.21 393.21

T (K) 100(2) 100(2) 100(2)

Crystal system Monoclinic Triclinic Monoclinic

Space group P2;/c P-1 P2,

AA) 7.832(2) 4.745(1) 4.818(1)

b(A) 12.147(3) 11.862(2) 11.600(2)

cA) 17.521(3) 15.916(3) 15.146(3)

o (®) 111.12(1)

B(©) 97.90(2) 95.20(1) 90.68(2)

y () 92.33(1)

V(A?%) 1651.1(7) 829.6(3) 846.4(3)

Z 4 2 2

Crystal size (mm) 0.30 x 0.20 x 0.18 0.30x 0.25 x 0.25 0.32 x 0.22 x 0.20

0 Range (°) 2.88 t0 28.0 2.76 to 28.50 2.21 to 27.50

Deate (g cm™3) 1.582 1.574 1.543

Index ranges —10<h <9 —5<h<6 —5<h<6
—l16<k<l16 —15<k<15 —15<k<15
-22<1<22 -20<1<21 —-19<1<19

i (Mo K) (mm™1) 0.422 0.420 0.411

No. of reflections collected 24103 11159 12207

No. of independent reflections 3977 (Riny = 0.0219) 4200 (Rjn; = 0.038) 3890 (Rjnt = 0.025)

Goodness-of-fit on F2 1.070 0.984 1.061

Final R;, wR; indices [F > 40(F)]
Final R, wR; indices (all data)
Apmax, min (e A_3)

0.0321, 0.0931
0.0379, 0.0968
0.227/-0.199

0.0364, 0.0783
0.0447, 0.0911
0.30/-0.27

0.0295, 0.0734
0.0347, 0.0756
0.277/-0.197

2The crystal structure of 5,5-DMBP-CLA is redetermined in this paper, since the crystallographic data were not available in the

Cambridge Crystallographic Data Centre.
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the sample were of the order of 5 x 3 x 1 mm?>. The overall
error in estimation of the real part of the complex dielectric
permittivity value was less than 5%.

The x-ray diffraction data were collected using a KUMA
KM4CCD «k-axis four circle diffractometer equipped with
an Oxford Cryosystem cooler using graphite monochromated
MoK, radiation. The structures were solved by direct meth-
ods with SHELXS-97 program and refined by the full-matrix
least-squares methods on all F? data using the SHELXL-97
(Ref. 18) program. All non-hydrogen atoms were refined with
anisotropic thermal parameters. H atoms attached to O and N
atoms were found in a difference Fourier map and refined with
isotropic thermal parameters. Other H atoms were treated as
riding and their isotropic temperature factors were assumed as
1.2 and 1.5 times Ugq of their closest heavy atoms. The crys-
tal data together with experimental and refinement details are
given in Table 1.

Crystallographic data for the structures reported in this
paper (excluding structure factors) have been deposited with
the Cambridge Crystallographic Data Centre, CCDC no.
800465-800467.2

Infrared spectra of 4,4-DMBP - CLA, 5,5-DMBP - CLA,
and 6,6'-DMBP-CLA (in KBr pellets) in the temperature
range 10-300 K were recorded with an FTIR spectrometer
BRUKER IFS-88 over the wavenumber range 4000-400 cm™!
with a resolution of 1 cm™!. APD Cryogenics with closed
cycle helium cryodyne system was used for temperature-
dependent studies. The temperature of the sample was main-
tained at an accuracy of £0.1 K. Powder FT-Raman spectra
were recorded with an FRA-106 attachment to the Bruker
IFS-88 spectrometer over the wavenumber range 3500-80
cm™! at room temperature. The program GRAMS/386 (Galac-
tic Industries) was used for numeric fitting of the experimental
data.

High resolution neutron spectra were measured on the
backscattering spectrometer SPHERES (Ref. 19) of the
Jiilich Centre for Neutron Science at Forschungsneutronen-
quelle Heinz Maier-Leibnitz FRM II (Technische Universitét
Miinchen (TUM), Garching) at temperatures between 3.5 and
40 K in the energy range £30 ueV. SLAW and FRIDA soft-
wares, available at FRM II, Garching, Germany, were used
for fitting the data.

lll. RESULTS AND DISCUSSION
A. X-ray structures

The structures of the 4,4-DMBP-CLA and 6,6'-
DMBP - CLA complexes with atom numbering are shown in
Figs. 1(a) and 1(b), while the arrangements of the molecules
in the crystal lattice are presented in Figs. 2(a) and 2(b).
The selected bond lengths and angles are collected in
Table II. While 4,4-DMBP - CLA crystallizes at 100 K in
the centrosymmetric monoclinic P2/c space group, 6,6'-
DMBP - CLA crystallizes in a non-centrosymmetric P2,
one. Fig. 2(a) shows double chains of 4,4-DMBP-CLA,
which are transformed one to other by a center of
inversion.

J. Chem. Phys. 135, 044509 (2011)

TABLE II. Selected bond lengths (/o\) and angles (°).

4,4-DMBP-CLA 5,5-DMBP-CLA 6,6'-DMBP - CLA

CLA-

0(2)-C(2) 1.3275(13) 1.329(3) 1.322(3)
0(3)-C(3) 1.2357(13) 1.245(3) 1.248(3)
0(5)-C(5) 1.2641(13) 1.274(3) 1.249(3)
0(6)-C(6) 1.2198(13) 1.228(3) 1.214(3)
C(1)-C(6) 1.4563(16) 1.452(3) 1.445(3)
C(1)-C2) 1.3482(16) 1.360(3) 1.357(3)
C(2)-C(3) 1.5180(15) 1.536(3) 1.513(3)
C(3)-C(4) 1.4227(15) 1.429(3) 1.405(3)
C(4)-C(5) 1.3883(15) 1.390(3) 1.395(3)
C(5)-C(6) 1.5438(15) 1.557(3) 1.551(3)
DMPBPH*

N(1)-C(12) 1.3547(14) 1.354(3) 1.365(3)
N(1)-C(16) 1.3434(15) 1.344(3) 1.352(3)
N(@2)-C(21) 1.3512(15) 1.362(3) 1.352(3)
N(@2)-C(61) 1.3399(15) 1.331(3) 1.346(3)
C(12)-C(21) 1.4920(17) 1.494(3) 1.487(2)
CLA~

C(2)-C(1)-C(6) 121.3(1) 120.5(2) 120.8(2)
C(1)-C(2)-C(3) 121.7(1) 122.4(2) 121.4(2)
C(2)-C(3)-C(4) 117.3(1) 117.3(2) 118.3(2)
CB3)-C(4)-C(5) 123.7(1) 122.4(2) 123.6(2)
C(4)-C(5)-C(6) 117.7(1) 119.12) 117.02)
C(1)-C(6)-C(5) 118.3(1) 118.2(2) 119.0(2)
DMPBPH*

C(16)-N(1)-C(12) 122.3(1) 123.6(2) 123.8(2)
C(61)-N(2)-C(21) 117.2(1) 118.1(2) 118.6(2)
N(1)-C(12)-C(13) 118.3(1) 117.2(2) 117.9(2)
N(1)-C(12)-C(21) 119.0(1) 119.0(2) 119.0(2)
N(1)-C(16)-C(15) 120.7(1) 121.5(2) 118.3(2)
N(@2)-C(21)-C(31) 122.7(1) 122.0(2) 122.6(2)
N(2)-C(21)-C(12) 115.5(1) 115.002) 115.6(2)
N(2)-C(21)-C(31) 122.7(1) 122.02) 122.6(2)
N(2)-C(61)-C(51) 123.7(1) 124.7(2) 121.8(2)

In all complexes of bipyridyls with CLA, investigated in
this paper, one H atom of the CLA hydroxyl group is trans-
ferred to the DMBP moiety, to form the CLA™ anion and the
DMBPH " cation. This is supported by the shortening of the
corresponding C—O bonds in the chloranilic acid molecules in
the low-temperature structure. As the data in Table II show,
deprotonation of the OH group in CLA not only substan-
tially shortens its C—O bond (from 1.322(3)-1.329(3) A to
1.249(3)-1.274(3) A) but the protonation of the nitrogen atom
in bipyridyl also widens the C=N-C angles (from 117.2(1)—
118.6(2)° to 122.3(1)-123.8(2)°).

It should be noted that the pattern of the supramolecular
arrangement through the hydrogen bondings is similar in all
three compounds. The molecular configuration appears to be
consistent with the observed geometry in the other salts of the
CLA™ monoanion. Therefore, we can state that the molecule
in the low-temperature phase belongs to a monovalent form.

The molecules of the DMBP cations are almost planar.
The angles between the planes of the two pyridine rings in
one DMBP molecule are 4.5(1)°, 2.1(1)°, and 2.4(1)° in 4,4'-
DMBP-CLA, 5,5-DMBP-CLA, and 6,6-DMBP-CLA,
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H71

H51

H15 H37

(@)

FIG. 1. The independent part of the unit cell with the atom numbering of (a)
4,4'-dimethyl-2,2’-bipyridyl with CLA complex and (b) 6,6'-dimethyl-2,2’-
bipyridyl with CLA complex.

respectively. The methyl groups are essentially coplanar with
the pyridine rings. The angles between the plane of the CLA
anion and the two individual pyridine rings in the bipyridyl
are 53.6(1)° and 53.7(1)° in 4,4'-DMBP - CLA™, 87.3(1)° and
87.6(1)° in 5,5-DMBP - CLA, while in the 6,6'-DMBP - CLA
they amount to 79.3(1)° and 80.8(2)°.

In all complexes investigated, the two moieties are linked
by a bifurcated hydrogen bond of the N(1)-H(1)- - - O(5)
and N(1)-H(1)- - -O(6) type as well as by the O(2)-
H(2)- - -N(2)' hydrogen bond (Table III) to form infi-
nite chains running along the b-direction (Figs. 2(a) and
2(b)). The corresponding N(1)-H(1)- - -O(5) and N(1)-
H(1)- - - O(6) distances are in the range of 2.569(3)-2.775(3)
A and 2.948(1)-3.069(3) A, respectively. In turn, the O(2)-
H(2)- - - N(2) distances lie in the range of 2.658(3)-2.854(3)
A. Moreover, the crystal packing is stabilized by the C(13)—
H(13)- - -O(5) and C(31)-H(31)- - - O(2) interactions as
well as by the -7 stacks.

In the crystal of 5,5-DMBP-CLA the molecules,
translated along the [100] direction, are held together by
the m-stacking interactions between the pyridyl rings of
the adjacent DMBP molecules (with the interplanar and
intercentroid distances equal to 3.297 A and 3.578 A,
respectively). Although, in the case of 6,6'-DMBP - CLA, the
bipyridyl cations are also stacked in the same crystallographic
direction, the corresponding distances are larger and equal to
3.418 A and 3.800 A, respectively.

J. Chem. Phys. 135, 044509 (2011)

FIG. 2. Crystal packing of (a) 4,4’-dimethyl-2,2-bipyridyl with CLA com-
plex (gray and black chain polarization vectors are different) and (b) 6,6'-
dimethyl-2,2’-bipyridyl with CLA complex along the a-axis at 100 K.

Centrosymmetrically related molecules of 4,4'-
DMBP - CLA also form the w-m stacks. The mean value
of the interplanar and intercentroid distances between two
pyridyls (symmetry codes: X, y,zand 2 — x, 1 —y, 1 — z)
is equal to 3.312 and 3.795 A, respectively, and between two
chloranilic rings (symmetry codes: x, y, z and —x, 1 — Y,
1 — z) is 3.390 and 3.781 A. This indicates rather weak -7
arrangement.

When we compare the intermolecular Nt—H - - - O~ and
O-H- - -N hydrogen bonds in 4,4-DMBP-CLA and 6,6'-
DMBP - CLA with those in 5,5-DMBP - CLA, in which anti-
ferroelectric properties have been found by Kumai et al.,’ we
note that they are remarkably shorter in the 5,5-DMBP - CLA
complex (see Table III). This means that 5,5-DMBP - CLA is
unique among these three DMBP - CLA complexes from the
point of view of hydrogen bond lengths.

B. Tunneling splitting

To a good first approximation, the dynamics of methyl
groups in a molecular crystal can be described as uni-
axial rotation of uncoupled rotors in a fluctuating field.
This single-particle model has been worked out in much
detail in a monograph by Press;?® it has been found
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TABLE III. Hydrogen bonds for 4,4-DMBP-CLA,* 5,5-DMBP - CLA,?
and 6,6'-DMBP - CLA.¢

D-H---A D-H H---A D-A /D-H---A
A) &) &) &) ©)
4.4 -DMBPH" - CLA™

N()-H(1)- - -O(5) 0.942)  1.742)  2.660(1) 166(1)
N(1)-H(1)- - - O(6) 0.94(2) 248(2)  2.948(1) 111(1)
0(2)-H(2)- - -0(3) 0.892) 221(2)  2.662(1) 111(1)
0O(2)-H(2)- - - N(2)' 0.892)  1.96(2)  2.778(1) 153(2)
C(31)-H@31)- - -0(5) 0.93 2.29 3.151(2) 153
C(13)-H(13)- - - O2)H 0.93 2.41 3.138(2) 165
5,5-DMBPH™ - CLA

N()-H(1)- - - O(5) 0.85(3) 1.78(3)  2.569(3) 154(3)
N(1)-H(1)- - - O(6) 0.853) 2.50(3)  3.069(3) 125(3)
0(2)-H(2)- - -0(3) 0.833) 227(3)  2.702(2) 113(3)
0(2)-H(2)- - -N(2)i 0.83(3) 191(3)  2.658(3) 150(3)
C(31)-H@31)- - -O(5) 0.93 2.40 3.241(3) 150
C(13)-H(13) - - - O)! 0.93 2.59 3.456(3) 156
6,6/-DMBPH* . CLA~

N(1)-H(1)- - -O(5) 0.92(2) 1.892) 2.775(3) 161(2)
N()-H(1)- - - O(6) 0.92(2) 246(2) 2.976(3) 116(2)
0(@2)-H(2)- - -0(3) 0.82(3)  2.15(2)  2.633(2) 118(2)
0(2)-H(2)- - -N(Q2)} 0.823)  2.13(3)  2.854(3) 147(2)
C(31)-H@31)- - -0(5) 0.93 2.35 3.259(3) 166
C(13)-H(13) - - - O2)! 0.93 247 3.378(3) 167

aSymmetry code for 4,4-DMBP-CLA: () x,y — 1,z () x,y + 1, z.
bSymmelry code for 5,5-DMBP - CLA: () x, y+ 1,z () x, y—1,z
¢Symmetry code for 6,6'-DMBP-CLA: () x,y + 1,z () x,y — 1, z.

adequate for the description of experimental data in numerous
compounds.?!

The methyl group moves in a potential V(¢), where ¢ is
a one-dimensional angular coordinate. Following Prager and
Heidemann,?' this potential consists of a static and a fluctuat-
ing part, V(¢) = V(¢) + Vu(,1,T) (¢ stands for time and T
— temperature). V; is the mean electrostatic potential caused
by the crystalline environment in the low-temperature limit;
Vj accounts for the fluctuations of this environment mainly
caused by phonons and by rotations of neighboring methyl
groups.

The magnitude of V; and V; must be set in relation to
the rotational constant B = h2/21 (= 0.67 &= 0.006 meV,
I: moment of inertia). In almost all cases, the static potential
is strong: |Vi;| > B. Consequently, the methyl groups can-
not rotate freely; they are basically confined to pocket states
around the potential minima. At low temperatures, the fluc-
tuating potential is weak: |Vy/| < B. In this case, the three-
fold degeneracy of the pocket ground state is lifted by quan-
tum tunneling. In the high-temperature limit, the fluctuat-
ing potential is strong: |Vy| > B. In this case, transitions
between pocket states are achieved by thermally activated
jumps.

In dimethylbipyridyls, we have two inequivalent methyl
positions (n = 1, 2), and for each of them the crystal field
has no particular symmetry so that the potentials V,(¢) have
only the 2m/3 periodicity required by the threefold symme-
try of the methyl groups. This leads’®?!' to the scattering
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function,

5 4
$(Q,w) = (2 <§ + gjo(Qd)> + r(Q)) d(w)

2

2 2
+>° <§ - 5]'O(Qd)) {§(w+wm)+8(w — wm)},

n=1
ey

with momentum transfer #Q and energy transfer 7iw. On the
right-hand side, d is the H-H distance in the methyl group,
and fiw, is the ground state tunnel splitting. The term r(Q)
stands for the elastic scattering by the rest of the molecule.
It is dominated by incoherent scattering from the seven non-
methyl protons; therefore, in first approximation, r(Q) ~ 7.
For fully resolved tunneling bands, Eq. (1) implies an inten-
sity ratio,

Iinel 4— 4]0

I,  10+8j,+3r’

which shall be compared to the experiment below.

At higher temperatures, thermal fluctuations of the lat-
tice become significant causing a softening and a broadening
of the tunneling transitions. The frequencies w,,(7) become
temperature dependent, and the Dirac distributions in Eq. (1)
must be replaced by Lorentzians with linewidth I",,(T). It is
now well established!®2"-2? that an Arrhenius expression pro-
vides a reasonable first approximation for the broadening,

Ery
Fn = Fon exp ( kFT ) s (3)

and for the softening,

@)

sin

fiw, = (T =0)[1 —Afj"exp(k"T )} “4)

The activation energies Er, represent the distance from
the pocket ground state to the first librational level. The si-
nusoidal coupling coefficients AS™ and the activation energies
ES™ describe the interaction between the methyl group and
the heat bath.

High-resolution inelastic neutron scattering was used to
obtain S(Q, w) for the three pure components (substituted
bipyridyls) as well as for their three complexes with CLA.
The measurements were carried out in the temperature range
between 3.5 and 40 K.

Some tunneling spectra of neat 4,4-DMBP as well as
for its complex 4,4’-DMBP - CLA at several temperatures be-
tween 3.5 and 40 K in the energy range +14 peV for neat
4,4-DMBP and in the energy range +4 ueV for the 4,4'-
DMBP - CLA complex are depicted in Fig. 3.

Solid lines are fits with the standard model described
above, consisting of a Dirac component for the elastic scat-
tering and Lorentzians for the tunneling excitations; the the-
oretical curve has been convoluted with the instrumental
resolution function.

From the temperature dependence of the positions,
AE; = hw;(T = 0) — #iw;, we have estimated the Ey; value
using Eq. (4). The Arrhenius plot is shown in Fig. 4 for the
4,4’ -dimethyl-2,2’-bipyridyl with CLA as an example.
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FIG. 3. Tunneling spectra (a) of 4,4'-dimethyl-2,2'-bipyridyl in the energy
range £14 peV as well as (b) of its complex with chloranilic acid in the
energy range +4 peV for several temperature between 3.5 and 40 K.

The estimate of the E(; value was made for the neutron
spectra measured between 27.9 and 37.9 K. The tunneling fre-
quencies for the compounds under investigation and the cor-
responding energies are collected in Table I'V.

Because the peaks overlap one another as well as they are
close to the central elastic peak, a quantitative analysis of line
widths is practically impossible. We can state only that the
intensities of two peaks in the case of the 4,4-DMBP - CLA
complex exhibit similar intensities and they correspond to two
non-equivalent methyl groups in the crystal structure.

4,4'-DMBP -CLA
0 4 .
peak 2, Ey;"=10.7 meV

14 y=-0.1237x + 3.3044
)
g 2
£

-3

y=-0.1676x + 3.5434
7 peakl, Eg;" = 14.5 meV
-5 t t t
15 25 35 45 55

1000/T[K]

FIG. 4. Arrhenius plot In(AE) vs. 1T for 4,4 -dimethyl-2,2'-bipyridyl with
CLA.

J. Chem. Phys. 135, 044509 (2011)

TABLE 1V. Tunneling energies (eV) for the dimethyl-2,2’-bipyridyls and
their 1:1 complexes with chloranilic acid at 3.5 K and corresponding energies
of activation estimated according to Eqgs. (4).

Egin In complex with Egin

Pure (meV)  chloranilic acid  (meV)
4.4'-dimethyl-2,2'- 10.5 13.0 1.0 14.5
bipyridyl 23 10.7
5,5'-dimethyl-2,2'- 1.4 10.6 Not observed
bipyridyl 13.1 6.31

6,6'-dimethyl-2,2’-bipyridyl 1.1 Not observed

In all three cases, the complexation with CLA leads to
a decrease of the electron density in the pyridine rings that
should cause a drop of the potential barrier to the CH3 group
rotations. The results presented in this paper show the op-
posite effect — for the complex the tunneling peaks appear
at lower energies in comparison to those for the pure 4,4'-
dimethyl-2,2’-bipyridyl. This can be interpreted by envisag-
ing that, in our case, a packing effect in the crystal lattice,
leading to an increase in the barrier height, is more important.
Further studies are needed to clarify more quantitatively the
interplay of the two analyzed effects.

C. Thermal properties (TGA, DTA, DSC, and
dilatometric) for 6,6'-DMBP - CLA

The preliminary thermal studies on 6,6'-DMBP-CLA
showed that this complex undergoes a structural phase tran-
sition. This is a reason why we have undertaken the detailed
investigation of its physical properties in a wide temperature
range.

The thermal stability of 6,6'-DMBP - CLA was studied by
means of simultaneous thermogravimetric analysis and differ-
ential thermal analysis between 290 and 700 K. The results
presented in Fig. 5 indicate that 6,6'-DMBP - CLA is stable
up to about 430 K. Above this temperature, the loss of weight
exceeds 3%, which can be seen as the limit of thermal stability
of the compound.

The results of the calorimetric measurements for 6,6'-
DMBP - CLA are illustrated in Fig. 6. The DSC runs exhibit at
317/325 K on cooling/heating small changes in the heat flow,
which are characteristic of a continuous transition. Although
the measurements were carried out at different temperature
rates, between 5 and 20 K/min., the small temperature
hysteresis on cooling/heating was always observed. This
observation may indicate the transition is only close to contin-
uous. When the 6,6'-DMBP - CLA sample was cooled from
room temperature down to 100 K, no phase transition was
detected.

Figure 7 shows the results of the linear thermal expan-
sion, AL/L,, measurements obtained along the a-, b-, and
c-axis (notation for the monoclinic system — phase P2;) for
the 6,6'-DMBP - CLA. The results obtained during heating
and cooling circle are reversible and correspond to the phase
transition at 317/325 K, found by the DSC technique.

The transformation at 317/325 K (on cooling/heating)
in 6,6/'-DMBP - CLA is accompanied by the AL/L, change
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FIG. 5. Simultaneous DTA and TGA plots of the complex of 6,6'-dimethyl-2,2’-bipyridyl with CLA.

characteristic of a continuous transformation. No clear step-
wise change in the value of the linear thermal expansion,
AL/L,, at the phase transformation temperature is observed.
Nevertheless, again a temperature hysteresis similar to that
observed in the calorimetric results (see Figs. 6 and 7) was
found, most probably related to the fact that a pure continuous
transition is not occurring. One cannot, however, exclude that
the temperature hysteresis is an artefact in some way related
to the relatively large dimensions of the low heat conductivity
single crystal samples.

On the basis of the dilatometric results, one can state that
the dimensions of the crystal along the a- and c-direction di-
minish, whereas along the b-direction it increases. The effects
corresponding to the phase transition at 317/325 K are char-
acteristic of the continuous transitions — only a continuous
change of the value of thermal coefficient of the linear expan-
sion,« = AL/L,AT, is observed.

66'-DMBP + CLA

Heat Flow

310 315 320 325 330 335
Temperature [K]

FIG. 6. The results of the DSC calorimetric measurements for 6,6'-dimethyl-
2,2'-bipyridyl with CLA during heating and cooling runs (20 K/min, m
= 10 mg).

D. Dielectric properties

The purpose of the dielectric measurements of 6,6'-
DMBP-CLA was to determine the nature of the phase

6,6'-DMBP + CLA

—
_ b
0.005
/
iy |
\

290 300 310 320 330 340 350 360
Temperature [K]

FIG. 7. The temperature dependence of the linear thermal expansion, AL/L,,
obtained along the a-, b-, and c-axis (notation for the monoclinic system —
phase P2;) for the 6,6'-dimethyl-2,2-bipyridyl with CLA complex. (Thick-
ness of the lines corresponds to the measurement error.)

Downloaded 16 May 2013 to 134.94.122.141. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys. 135, 044509 (2011)

044509-8 Bator et al.
6.6'-DMBP + CLA
6.6 T
S'b |
64 1 o
62 o nITKHz
| ——57.89kHz
6.0 +
——117.6 kHz
5.8 T ——238.8kHz
s | 4B9KHz
54 1
5.2
50 L : < ; . : ‘

300 305 310 315

320 325 330 335

Temperature [K]

FIG. 8. The temperature dependence of the real part of the electric permittivity, &, along the b-axis for the selected frequencies.

transition at 317 K and to detect the possible molecular dy-
namics in the single crystals. For 6,6'-DMBP - CLA, we car-
ried out the measurements of the complex electric permittiv-
ity, e* = ¢’ — i¢”, as a function of temperature (between 300
and 330 K) and frequency (between 30 kHz and 2 MHz) along
the polar b-direction.

The temperature dependence of the real part of the elec-
tric permittivity, &, along the b-axis for the selected frequen-
cies is presented in Fig. 8. The measurements were carried
out during a cooling scan. The runs obtained during heating
scans are reversible; however, a small temperature hysteresis
is still observed. The temperature range chosen for the dielec-
tric measurements corresponds to that of the phase transitions
detected by the DSC and dilatometric techniques. Generally,
one can state that the observed temperature dependence of
the ¢, value, although found at the same temperature as in
the DSC and dilatometric experiments, is rather weak (Ae
~ 1.2). In these types of compounds, it may be assigned
to small changes in the unit cell dipole moment under the
ac electric field. It is clearly seen that above 320 K the
electric permittivity is larger than that in the low-temperature
phase and that below ~317 K it continuously decreases.
This behavior on cooling may indicate that the motions of
molecules, which are responsible for the enhanced value
of the electric permittivity in the high-temperature phase,
continuously freeze.

Taking into account that the dimension of the crystal di-
minishes along the b-direction, which should result in an in-
crease in polarizability along this direction, the observed op-
posite change in the electric permittivity value indicates the
freezing of some molecular dynamics in the low-temperature
phase. It is probably related to a gradual limitation of the
proton motional freedom in the hydrogen bonds. The small
value of the permittivity excludes a long-range interaction
and consequently the appearance of the antiferroelectric or-
dering. This observation indicates an essential difference be-

tween the 6,6'-DMBP - CLA described in this paper and the
5,5-DMBP - CLA described by Kumai et al.?

The value of the real electric permittivity, ¢;, is practi-
cally independent of frequency, the observed differences at
the particular frequencies is probably related to the measur-
ing error. Moreover, there is no change in the value of the
imaginary part of permittivity, £, , in the temperature and fre-
quency ranges applied. This indicates that there is no dielec-
tric relaxation process observed in this frequency range along
the crystallographic b-direction. We deduce, therefore, that
the molecular motion, which corresponds to the enhanced 8;
value in the phase above 320 K, is most probably too fast to
be detected by these frequencies.

E. IR and Raman spectroscopy

The IR and Raman spectra between 3500 and
100 cm~! of 4,4-DMBP - CLA, 5,5-DMBP - CLA, and 6,6'-
DMBP - CLA at 300 K are presented in Figs. 9(a)-9(c). The
assignments of the observed bands in the IR and Raman
spectra were made on the basis of calculation performed for
the 4,4'- and 5,5'-dimethyl-2,2’-bipyridyl with squaric acid
complexes.’

Looking at the spectra shown in Figs. 9(a)-9(c), the con-
tinua assigned to the stretching vibrations of N*—H and OH
groups engaged in strong hydrogen bonds seem most charac-
teristic. The continua can be interpreted in terms of the ex-
cited state double-well energy model for the proton in the
hydrogen bond.?® In the case of the 5,5'-dimethyl derivative,
the continua are spread in the range starting at ~3000 cm™!
down to ~400 cm~'. In this case, the hydrogen bonds are the
shortest and the continuum reaches the smallest wavenum-
ber. For the remaining derivatives, the continua are spread to
~700 cm~!. More precise analysis is not possible, because in
all cases an overlapping of bands ascribed to Nt*-H. - . O~
and O-H - - - N bridges takes place.
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FIG. 9. The IR and Raman spectra between 3500 and 100 cm~! of (a) 4,4’

As far as the deformation §(NH) and §(OH) vibrations
are concerned, we observe bands at frequencies 1680 and
1639 cm™! for 6,6'-dimethyl derivative, 1675 and 1638 cm™!
for 4,4'-dimethyl derivative, and 1646 and 1628 cm™! for 5,5'-
dimethyl derivative, which possesses the shortest hydrogen

, (b) 5,5'-, and (c) 6,6'-dimethyl-2,2’-bipyridyl complexes with CLA at 300 K.

bonds. With respect to the vibration of CH3 and C—H groups
in the pyridyl rings, the stretching modes for all three deriva-
tives are similar. Thus, one observes two triplets above and be-
low 3000 cm™!. Their behavior is presented in Fig. 10, which
illustrates the evolution of those bands at low temperatures.

Downloaded 16 May 2013 to 134.94.122.141. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



044509-10  Bator et al.
913
4-DMBP+CLA
—300K
—280
260
= —240
3
8 —220
8 —200
&
8 180
& —160
Q
< 140
—120
—100
—70
50
40
—30
—20
—15
10
870 880 890 900 910 920 930
wavenumber [cm™']
(@)
920
915 { °
g oo ©°O [ L L4 :
o0 ® L s
910 + LR A 8
A o« o o °
S 9054 o0°? .
] g ® 2
=1
€ oo00® ]
2 900t e * °
2 eo oo
= o ® =
895 10000 g
oo © ®eeee e e o
800 4
g
00000 0 004,
885 T * o g
®
880 : . ;
0 100 200 300
Temperature [K]

(b)

FIG. 10. (a) Infrared spectra for 4,4'-dimethyl-2,2-bipyridyl with CLA be-
tween 850 and 950 cm™! assigned to the CHj3 deformation vibrations at
the selected temperatures (10-300 K). (b) Temperature dependencies of
the frequencies of some selected bands from the region between 2800 and
3200 cm™! for 4,4'-dimethyl-2,2’-bipyridyl complex with CLA.
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Finally, we would like to draw attention to the intense band
in the region 830-840 cm™' ascribed to the y(CH) vibration
of the pyridyl moieties. The §(CH) vibrations are not char-
acteristic because they are mixed with modes ascribed to the
stretching vibration of the rings. The triplets of v(CHj3) and
v(C-H) vibrations are not meaningful with the exception of
some bands assigned to the CH3 groups. An additional weak
band at 2870 cm~! and the splitting of the band at 2850 cm™!
appear. This phenomenon is connected with the rotation of the
methyl groups that find a reflection in tunneling splitting.

The infrared spectra for one of the complexes,
namely, for 4,4’-dimethyl-2,2'-bipyridyl with CLA, have been
recorded between 3500 and 400 cm™! at selected tempera-
tures between 10 and 300 K. The main purpose of these in-
vestigations was to gain more information about the lowest
temperature region, in which the tunneling of the CH3 groups
has been observed in the neutron scattering spectra. The ob-
servation may be based on the fact that the dynamical state
of the molecule affects the positions and shapes of bands as-
signed to the internal vibrations of the cations.

On heating the sample from 10 to 300 K, remarkable
changes are observed at wavenumbers between 950 and
850 cm~!. The temperature evolution of the bands in the in-
frared spectra for 4,4’-dimethyl-2,2’-bipyridyl with CLA in
this frequency region assigned to the CHj3 deformation vi-
brations are presented in Fig. 10(a). In turn, the temperature
dependencies of some other selected bands are depicted in
Fig. 10(b). One can state that real changes in the band posi-
tions (e.g., for bands at 887 and 902 cm~!, 10 K) have oc-
curred. The most remarkable of these are observed for the
bands between 890 and 900 cm~' for temperatures below
~100 K. The changes are very small, but they are undoubt-
edly above the error of the estimation of these positions. The
most significant changes, however, are observed for the inten-
sities for the bands appearing between 890 and 900 cm™~".

IV. CONCLUSIONS

The motivation of these studies was the fact that
5,5-DMBP complexed with chloranilic acid shows an
antiferroelectric proton mediated phase transition.® It was
shown that the polar properties of 5,5-DMBP-CLA are
related to the proton dynamics — motion of the protons is
possible only in the hydrogen bonds — the remaining structure
is rather rigid. Moreover, a strong isotopic effect was found
associated with the temperature of the antiferroelectric phase
transition. In all cases presented in the present paper, i.e., 4,4'-
DMBP - CLA, 5,5-DMBP - CLA, and 6,6'-DMBP - CLA, the
hydrogen bonded chains are formed with the OH group of
chloranilic acid ionized via the proton transfer, N*H. - -O~.
The other hydrogen bond formed between the bipyridyl
and CLA is an ordinary OH- - - N bridge. The analysis of
hydrogen bonds in all three derivatives shows that the shortest
H-bond is present in the complex of 5,5'-dimethyl derivative,
while the longest one is in the 6,6'-derivative (see Table III).
This undoubtedly leads to an increase of electric permittivity
at the phase transition in 5,5-DMBP - CLA. In the case of
6,6/-DMBP - CLA, one observes also the close to continuous
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phase transition at ~320 K that was the object of our detailed
studies using DSC, dilatometric, and dielectric techniques.
The dilatometric measurement performed with the single
crystal has shown that the AL/L, value is the highest along the
b-axis, which is consistent with the direction of the hydrogen
bonded chains. The jump of dielectric permittivity at the tran-
sition point is, however, small (~1.2, in comparison to 150
for 5,5-DMBP - CLA) and can be ascribed to a diminishing
polarizability of hydrogen bridges on crossing the phase tran-
sition at 320 K, when the sample is cooled. It does not lead,
however, to the long range interactions as in the ferroelectric
or antiferroelectric crystals. Using the DSC technique down
to 100 K as well as the infrared spectra down to 10 K, no
substantial changes, which might have been assigned to struc-
tural phase transition, were detected for 6,6'-DMBP - CLA.
This means that the supramolecular structure of hydrogen
bonded chains does not change in this temperature interval. It
indicates also that the crystal structure at 100 K and at room
temperature is the same. To gain more information about
the proton dynamics in the high-temperature phase, above
~320 K, additional measurements should be undertaken,
e.g., solid state NMR on the deuterated sample should be
applied.

For several years, we have carried out systematic stud-
ies on tunneling splittings in methyl derivatives as com-
ponents in molecular complexes.'®?*25 We expect that the
energy of tunnel splitting together with activation energy ob-
tained from the quasi-elastic neutron scattering and the en-
ergy of the torsional vibrations of the methyl groups will be a
measure of the charge transfer between molecules in the com-
plexes. In this work, high resolution tunneling spectra have
been recorded for neat dimethyl derivatives and their com-
plexes with chloranilic acid. The splitting is observed in all
three neat components and only in one complex formed by
the 4,4’-dimethyl derivative. No regular features were, how-
ever, found with respect to the tunneling splitting but one can
suppose that the most important factor is the crystal packing
affecting the dynamics of methyl groups. In complexes with
chloranilic acid, the tunneling splitting is not observed (fiw
may be less than 1 peV) or it is very small in the case of the
4,4'-derivative. The formation of complexes with chloranilic
acid leads to an intensification of the potential and the methyl
groups are sensitive to this barrier increase. The charge dis-
tribution in the complex, altered by hydrogen bond forma-
tion, should cause a drop of the rotational potential, which
is not observed. In the case of the decrease of the potential
the energy of the CH; group, tunneling should remarkably
increase.

The analysis of infrared spectra of the three complexes
of bipyridyls allows us to draw the following conclusions. The
most characteristic feature seems to be a display of absorption
continua in the wavenumber range 500-3000 cm~!, which is
of low intensity compared with many other strong OH- - - N
hydrogen bonds. The quantitative analysis of absorption is
not possible because of the overlapping absorptions assigned
to v(NTH) and v(OH) modes. The temperature dependence
of v(CH) modes of methyl groups indicates clearly some
changes including the splitting and shift of some bands which
can be attributed to the rotation of methyl groups.

Downloaded 16 May 2013 to 134.94.122.141. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions

J. Chem. Phys. 135, 044509 (2011)

ACKNOWLEDGMENTS

This work was supported by the Polish Ministry of Sci-
ence and Higher Education (Project Register No. N N204
2497 34) and partially by the International Programme ZIBJ
DUBNA 04-4-1069-2009/2010.04.29 (Decision No. 868/W-
ZIBJ DUBNA/2010/0). This research project has been sup-
ported by the European Commission under the 7th Frame-
work Programme through the Key Action: Strengthening the
European Research Area, Research Infrastructures (Contract
No. 226507 (NMI3)).

ID. M. S. Martins, D. S. Middlemiss, C. R. Pulham, C. C. Wilson,
M. T. Weller, P. F. Henry, N. Shankland, K. Shankland, W. G. Marshal,
R. M. Ibberson, K. Knight, S. Moggach, M. Brunelli, and C. A. Morrison,
J. Am. Chem. Soc. 131, 3884 (2009).

2J. Nowicka-Scheibe, E. Grech, W. Sawka-Dobrowolska, G. Bator,
A Pawlukojé, and L. Sobczyk, J. Mol. Struct. 976, 30 (2010).

3R. Kumai, S. Horiuchi, Y. Okimoto, and Y. Tokura, J. Chem. Phys. 125,
084715 (2006).

4s. Horiuchi, R. Kumai, and Y. Tokura, Angew. Chem., Int. Ed. 46, 3497
(2007).

5S. Horiuchi and Y. Tokura, Nature Mater. 7, 357 (2008).

6S. Horiuchi, F. Ishii, R. Kumai, Y. Okimoto, H. Tachibana, H. Nagaosa, and
Y. Tokura, Nature Mater. 4, 163 (2005).

7S. Horiuchi, R. Kumai, and Y. Tokura, J. Am. Chem. Soc. 127, 5010 (2005).

SM. Prager, A. Pietraszko, L. Sobczyk, A Pawlukojé, E. Grech, T. Seydel,
A. Wischnewski, and M. Zamponi, J. Chem. Phys. 125, 194525 (2006).

M. Prager, W. Sawka-Dobrowolska, L. Sobczyk, A Pawlukoj¢, E. Grech,
A. Wischnewski, and M. Zamponi, Chem. Phys. 332, 1 (2007).

10H. Suzuki, H. Mori, J.-1. Yamaura, M. Matsuda, H. Tajima, and T. Mochida,
Chem. Lett. 36, 402 (2007).

1S, Horiuchi, R. Kumai, Y. Tokunaga, and Y. Tokura, J. Am. Chem. Soc.
130, 13382 (2008).

I2M. Plazanet, M. R. Johnson, J. D. Gale, T. Yildirin, G. J. Kearley,
M. T. Fernandez-Diaz, D. Sanchez-Portal, E. Artacho, J. M. Soler, P. Orde-
jon, A. Garcia, and H. P. Trommsdorff, Chem. Phys. 261, 189 (2000).

13G. Bator, L. Sobczyk, A. Pawlukojé, J. Nowicka-Scheibe, E. Grech,
J. Krawczyk, M. Nowina-Konopka, I. Natkaniec, I. V. Kalinin, and
0. Steinsvoll, Phase Transitions 80, 489 (2007).

147, Pawlukojé, I. Natkaniec, G. Bator, L. Sobczyk, E. Grech, and
J. Nowicka-Scheibe, Spectrochim. Acta, Part A 63, 766 (2006).

15W. Sawka-Dobrowolska, G. Bator, B. Czarnik-Matusewicz, L. Sobezyk,
A. Pawlukoj¢, J. Nowicka-Scheibe, E. Grech, and H. Rundlof, Chem. Phys.
327, 237 (2006).

16, Prager, A. Pawlukojé, L. Sobczyk, E. Grech, and H. Grimm, J. Phys.
Condens. Matter 17, 5725 (2005).

7M. Prager, A. Wischnewski, G. Bator, E. Grech, A. Pawlukoj¢, and
L. Sobczyk, Chem. Phys. 334, 148 (2007).

18G. M. Sheldrick, SHELXS-97, a program for solution of crystal structure,
University of Gottingen, Germany, 1997; SHELXL-97, a program for struc-
ture refinement of crystal structures, University of Gottingen, Germany,
1997.

19See http://www.jcns.info/jcns_spheres. The website provides informa-
tion about the SPHERES, a third-generation backscattering neutron
spectrometer.

20W. Press, Single-Particle Rotations in Molecular Crystals, Springer Tracts
in Modern Physics Vol. 92 (Springer-Verlag, Berlin, 1981).

2IM. Prager and A. Heidemann, Chem. Rev. 97(8), 2933 (1997).

220, Kirstein, M. Prager, and G. J. Schneider, J. Chem. Phys. 130, 214508
(2009).

237. Mielke and L. Sobczyk, in Isotope Effects in Chemistry and Biology,
edited by A. Kohen and H.-H. Limbach (CRC, Boca Raton, 2006), p. 281.

2M. Prager, A. Pietraszko, L. Sobczyk, A. Pawlukojé, E. Grech, T.
Seydel, A. Wischnewski, and M. Zamponi, J. Chem. Phys. 125, 194525
(2006).

2w, Sawka-Dobrowolska, G. Bator, L. Sobczyk, E. Grech, J. Nowicka-
Scheibe, A. Pawlukoj¢, and J. Wuttke, J. Mol. Struct. 975, 298 (2010).

26Copies of this information may be obtained free of charge from the Direc-
tor, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. Fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk.


http://dx.doi.org/10.1021/ja8082973
http://dx.doi.org/10.1016/j.molstruc.2009.08.039
http://dx.doi.org/10.1063/1.2336203
http://dx.doi.org/10.1002/anie.200700407
http://dx.doi.org/10.1038/nmat2137
http://dx.doi.org/10.1038/nmat1298
http://dx.doi.org/10.1021/ja042212s
http://dx.doi.org/10.1063/1.2358347
http://dx.doi.org/10.1016/j.chemphys.2006.10.024
http://dx.doi.org/10.1246/cl.2007.402
http://dx.doi.org/10.1021/ja8032235
http://dx.doi.org/10.1016/S0301-0104(00)00229-9
http://dx.doi.org/10.1080/01411590701339344
http://dx.doi.org/10.1016/j.saa.2005.06.030
http://dx.doi.org/10.1016/j.chemphys.2006.04.010
http://dx.doi.org/10.1088/0953-8984/17/37/010
http://dx.doi.org/10.1088/0953-8984/17/37/010
http://dx.doi.org/10.1016/j.chemphys.2007.02.026
http://www.jcns.info/jcns_spheres
http://dx.doi.org/10.1021/cr9500848
http://dx.doi.org/10.1063/1.3141384
http://dx.doi.org/10.1063/1.2358347
http://dx.doi.org/10.1016/j.molstruc.2010.04.041
http://www.ccdc.cam.ac.uk

