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The effects of an anti-hydrogen bond on the vi—v12 Fermi resonance (FR) of pyridine are experimentally in-
vestigated by using Raman scattering spectroscopy. Three systems, pyridine/water, pyridine/formamide, and pyri-
dine/carbon tetrachloride, provide varying degrees of strength for the diluent-pyridine anti-hydrogen bond complex.
Water forms a stronger anti-hydrogen bond with pyridine than with formamide, and in the case of adding non-polar
solvent carbon tetrachloride, which is neither a hydrogen bond donor nor an acceptor and incapable of forming a hydro-
gen bond with pyridine, the intermolecular distance of pyridine will increase and the interaction of pyridine molecules
will reduce. The dilution studies are performed on the three systems. Comparing with the values of the Fermi coupling
coefficient W of the ring breathing mode v; and triangle mode v12 of pyridine at different volume concentrations,
which are calculated according to the Bertran equations, in three systems, we find that the solution with the strongest
anti-hydrogen bond, water, shows the fastest change in the v1—v12 Fermi coupling coefficient W with the volume concen-
tration varying, followed by the formamide and carbon tetrachloride solutions. These results suggest that the stronger
anti-hydrogen bond-forming effect will cause a greater reduction in the strength of the v1—v12 FR of pyridine. Accord-
ing to the mechanism of the formation of an anti-hydrogen bond in the complexes and the FR theory, a qualitative

explanation for the anti-hydrogen bond effect in reducing the strength of the v1 — 12 FR of pyridine is given.
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1. Introduction

The phenomenon of hydrogen bonding is om-
nipresent in nature. Hydrogen bonds, for instance,
stabilize the secondary and tertiary structures of pro-
teins and are thought to play a major role in molec-
ular recognition, binding, and enzymatic catalysis.!
Nucleic acid base pairs of polyphosphodiesters, such
as of ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA), are stabilized by hydrogen bonds be-
tween the pyrimidine and purine bases.?) Hydrogen
bonding has been an important and intensely studied
subject in chemistry, physics, and biology.P=5! It is
well known that the formation of H-bonding may lead
to the change in the electronic structures and physi-
cal chemistry properties of both the proton donor and
acceptor.36:71 As far as the frequency shift of the X—
H stretch vibration in the H-bonding proton donor is
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concerned, the consequences can be classified into red-
shifted and blueshifted X-H vibrations.[®) Red-shifted
H-bonds are characteristic of the elongation of the
HX bond and the decrease in the frequency of the
HX stretching vibration, while the characteristic fea-
ture of blue-shifted H-bond is contraction of the HX
bond with a concomitant increase in XH stretching
frequency, which is also called anti-hydrogen bond.!"!
Recently, the problem of the effect of hydrogen bond-
ing on the proton acceptor has attracted consider-
able attention. It seems, however, that there are few
studies which deal with the quantitative interpretation
of the hydrogen bond effect, especially anti-hydrogen
bond, on the FR in hydrogen-bonded species.

As is well known, FR is a very common phe-
nomenon in complex molecules. FR plays an impor-
tant role in molecular spectra, energy transfer, and
internal conversion, and reaction dynamics.'%1 Fur-
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thermore, FR can also cause an accelerated rate of
population or energy transfer between the vibrational
modes, thus influencing the dynamical behaviour of
molecules and the fate of chemical reactions.'?) FR
occurs when two vibrational modes having the same
symmetry and comparable vibrational frequencies are
coupled by an anharmonic term in the interatomic
potential, which was recognized first by Fermi in the
case of CO,.[13] Because of its importance in spectrum
analysis, the studies of FR remain an active area of re-
search, both experimentally and theoretically.['4—2]
FR can occur for triatomic and polyatomic molecules,
the spectrum of pyridine providing a good example.
Pyridine is a molecule with permanent dipole moment
(2.25 D) of relatively high symmetry (Cy,),?? and
there is an FR between the symmetric ring breathing
mode vy at approximately 990 cm ™! and the so-called
triangle mode v at approximately 1030 cm™!, which
is sensitive to changes of external parameters like pres-

(23] Pyridine can also

sure, temperature, and solvent.
act as the proton acceptor using its lone pair electrons
n(N) or its 7-electrons to form H-bonds with proton
donors, and this H-bonding interaction will change
geometrical and electronic structures!®! and influence
vibrational spectra of pyridine (thus varying the FR
conditions). Therefore, pyridine is ideally suited for
studying the effects of hydrogen bond on the FR. Ad-
ditionally, pyridine itself is an important component in
many powerful pharmaceuticals!”) and biologically im-
portant compounds such as nicotine, niacin, vitamin
B6, and related compounds. Understanding the FR
changes induced on pyridine during hydrogen bond-
ing should provide an insight into many areas of its
biochemistry.

In the present work, we investigate the 1112 FR
of pyridine at different concentrations in the presence
of carbon tetrachloride, or formamide, or water using
Raman spectroscopy. The choice of these diluents is
to provide varying degrees of strength for the diluents-
pyridine anti-hydrogen bond complex. In light of the
Bertran equations, we calculate the values of the Fermi
coupling coefficient W of the Raman bands v and v
of pyridine dilution with different diluents from the
spectral parameters A and R, and study their varia-
tions with the change of concentration of pyridine in
different mixtures. In particular, comparing with the
values of Fermi coupling coefficient W of the Raman
bands v and vy of pyridine at different concentra-
tions in the three systems, it is found that the stronger
diluent-pyridine anti-hydrogen bond effect will cause

a faster reduction in Fermi coupling coefficient value
with pyridine concentration deceasing. Finally, we
give a qualitative explanation for the anti-hydrogen
bond effect in reducing the strength of the v1-1415 FR
of pyridine.

2. Experiment

All samples were purchased and used without fur-
ther purification: pyridine (99.9%, Aldrich Chemical),
carbon tetrachloride (99.9%, Aldrich Chemical), for-
mamide (99+%, Aldrich Chemical), and high-purity
water (> 99.9%, Romil Chemicals). Stock solutions
of pyridine and diluent were prepared at various vol-
ume concentrations. The volume concentration range
of pyridine was from 10% up to 100% in steps of 10%.

Raman spectra of the solutions were obtained us-
ing a Renishaw in Via Raman Microscopic instrument
with excitation by a Spectra Physics 160M Ar™ laser
using 514.5-nm radiation. The power of the laser
beam in the sample was ca. 6 mW, and the typical ac-
cumulation time for each spectrum was 20 s. The spec-
tra were collected in the range 100 cm~!-4000 cm ™!
at a spectral resolution of 1 cm™!. A Leica microscope
with a 20x objective lenses enables measurements in
the backscattering geometry. For Rayleigh rejection,
the scattered light passed through an edge filter. All
Raman spectra were recorded immediately after the
mixtures had been prepared and placed inside a quartz
scattering cell. The spectral wavenumbers were cali-
brated with the Si line and are believed to be accurate
to 1 em™!. All measurements were conducted at room
temperature and atmospheric pressure.

3. Results

3.1. Dilutions with carbon tetrachloride

The Raman spectra of pyridine/carbonate tetra-
chloride system with varying volume concentrations of
pyridine from 10% up to 90% in steps of 10% and of
pure pyridine and pure carbonate tetrachloride were
recorded in the frequency range 100 cm~'-4000 cm ™!
It should be noted that we focus
mainly on two regions in the Raman spectra of the

shown in Fig. 1.

three systems in the present study: (i) 970 cm™!-
1050 cm ™! and (ii) 3000 cm~1-3120 cm ™! due to the
fact that the hydrogen bonding causes significant spec-
tral changes in these two regions. As shown in Fig. 1,

1

two Raman bands at approximately 990 cm™" and
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1030 cm~! in the region 970 cm~1-1050 cm ™! are as-
signed, respectively, to the ring breathing mode v, and
triangle mode 145 in pyridine,[?#25) while a very strong
band around 3056 cm~! in the region 3000 cm™'—
3120 cm~! can be attributed to the totally symmet-
ric C-H stretching mode vy of pyridine.[??26] With
concentration of pyridine decreasing, the intensities
of the Raman bands vq, v, and 12 become weaker;
the positions of the ring breathing mode v; and tri-
angle mode 119 remain practically unchanged, but the
C—H stretching vibration mode v5 shows a slight in-
crease in frequency. Since the ring breathing vibration

vy of pyridine around 990 cm™!

is very sensitive to
hydrogen-bonding between nitrogen-containing hete-
rocycles and H-donor solvents,[2>27 we conclude that
there is no hydrogen bonding formation between pyri-
dine and carbonate tetrachloride. It is interesting to
note that, however, the CH stretching bands of pyri-
dine exhibit a linear dependence of frequency shift on
the concentration of pyridine as shown in Fig. 2. As
is well known, in the pure pyridine liquid, the C-H
bond will be elongated due to the pyridine—pyridine
hydrogen bond forming effect, which will result in a
decrease in the shift of the C—H stretching mode vibra-
tional wavenumber, whereas as the carbonate tetra-
chloride is added into pure pyridine, which just di-
rectly affects the hydrogen bong formation between
pyridine—pyridine molecules, the hydrogen bond be-
tween pyridine molecules will be broken and the C-H
bond will no longer be elongated and, hence result-
ing in the blue-shift of the C—H stretching mode v as
the concentration of carbonate tetrachloride increases.
Therefore, the increase of the C—H stretching mode vy
Raman shift in the pyridine-carbonate tetrachloride
solution shown in Fig. 2 can be attributed to the di-
lution effect which breaks the hydrogen bond between
pyridine—pyridine molecules.

——pyridine
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Fig. 1. (colour online) Raman spectra of pyridine-carbon
tetrachloride mixture at different volume concentrations.
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Fig. 2. C-H stretching mode Raman shifts of pyridine
each as a function of pyridine volume concentration in
solvents () CCly, (O) CH3NO, (A) H2O.

Pyridine is an interesting sample to study, not
only because of its hydrogen-bonding properties, but
also due to the fact that the bands vy and vq5 in the
Raman spectrum are both in FR.1?3 FR occurs when
two nearly degenerate vibrational bands are of the
same symmetry, and thus may couple to each other
through anharmonic terms in the vibrational Hamil-
tonian, which leads to a frequency splitting, as well
as a drastic change in the relative intensity of the
two bands.[?®! This resonance interaction is well doc-
umented and has been studied in detail by Bertran
et al.®) who have given a method of determining the
FR parameters based on the perturbation theory, and
described the FR by the following equations:

A= (AZ+ a2
L, A+ (Aa2—aw?2)'?
L, A— (A2 —aw2)Y/?

(1)
(2)

where A is the wavenumber separation between the
perturbed levels in the presence of FR; Ay is the
wavenumber separation between the perturbed har-
monic levels in the absence of FR; W is the Fermi
coupling coefficient; R is the ratio between Raman in-
tegrated intensities of FR components; I,, is the Ra-
man integrated intensity of the band v; in the Raman
spectrum of pyridine; I,,, is the Raman integrated
intensity of the band r15 in the Raman spectrum of
pyridine.

In Fig. 1, the experimental observables in the FR
doublet are the ratio of Raman integrated intensities
R and the wavenumber separation between the val-
ues of peak A. Therefore, with the values of R and
A we can calculate the values of Fermi coupling co-
efficient W of pyridine in carbonate tetrachloride at
different volume concentrations, which are plotted in

Fig. 3. As can be seen from Fig. 3, with the pyridine
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volume concentration decreasing, the Fermi coupling
coeflicient W of pyridine in carbonate tetrachloride is
practically unchanged. Consequently, we can conclude
that dilution of pyridine with carbonate tetrachloride
will break only the hydrogen bond between pyridine
molecules and result in the v, mode shifting toward
higher frequency, but cannot affect the FR coupling
between 11 and rq9 of pyridine.
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Fig. 3. (colour online) Values of Fermi coupling coeffi-
cient W of pyridine in () CCly, () CH3NO, (A) HoO
solutions.

3.2. Dilutions with formamide

Formamide is a hydrogen bond donor (and also
acceptor) through an N-H and, hence forms a weaker
hydrogen bond with pyridine.[?) With carbonate
tetrachloride, ten different volume concentration mix-
tures of pyridine and formamide are studied and their
Raman spectra are shown in Fig. 4. As can be seen
from Fig. 4, with the concentration of pyridine de-
creasing, the intensities of the CH stretching band vs
and the Fermi doublet v and v5 of pyridine become
much weaker, and all shift toward higher frequency
to different extents. It is well known that hydrogen
bonding causes significant spectral changes in the ring
stretching mode of pyridine, and particularly the ring
breathing mode v; at 990 cm™! is much more affected
than the triangle mode v15 at 1030 em~1.30-32] Gince
the FR effect is extremely sensitive to the slight mod-
ification of vibrational frequency, thus it is expected
that once the pyridine forms hydrogen bonded com-
plexes with formamide, the FR coupling between the
Raman bands v; and w12 of pyridine should be af-
fected. According to Egs. (1) and (2), we calculate
the Raman band v and v15 Fermi coupling coefficient
W of pyridine in formamide at different concentra-
tions. Figure 2 illustrates the Raman bands v1 and v
Fermi coupling coefficient W of pyridine in formamide

at different concentrations, and as can be seen, with
the concentration of pyridine decreasing, the Fermi
coupling coefficient W decreases, which indicates that
the FR coupling of the Raman bands 1, and rq9 of
pyridine becomes weaker. Besides, in the region of
3000 cm 13120 cm™!, the band of the CH stretch-
ing band v» around 3056 cm~! of pyridine shows a
frequency shift toward higher wavenumbers with the
concentration of pyridine decreasing. The changing
tendency of the C—H stretching mode v Raman shift
of pyridine in formamide at different volume concen-
trations is plotted in Fig. 2. As shown in Fig. 2, with
the concentration of pyridine decreasing, the shift of
the C-H stretching mode v, of pyridine in formamide
is much faster than in carbonate tetrachloride, which
can be interpreted as the fact that the anti-hydrogen
bond forming effect between pyridine and formamide
is much stronger.
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Fig. 4.
formamide mixture at different volume concentrations.

(colour online) Raman spectra of pyridine-

3.3. Dilutions with water

Figure 5 shows the Raman scattering spectra of
the Fermi doublet vy and v12 and the C—H stretching
mode vy of pyridine in water at different concentra-
tions. As shown in Fig. 5, with the concentration
of pyridine decreasing, the intensities of the Raman
bands vy, 19, and v12 become weaker; the positions of
the vy, 15, and vq2 all shift toward higher frequency,
resulting from the intermolecular anti-hydrogen bond
formed between water and pyridine, and the blue-shift
of the ring breathing mode 11 is much faster than the
triangle mode v15. With the concentration of pyridine
decreasing, the hydrogen bond between pyridine and
water becomes stronger, and the stronger hydrogen
bond-forming effect will cause a greater blue-shift in
the C—H stretching mode v, of pyridine. The Raman
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bands v; and v12 FR coupling coefficient W of pyri-
dine in water at different volume concentrations are
calculated based on the Bertran equations shown in
Fig. 3. As shown in Fig. 3, with the concentration
of pyridine decreasing, the Raman bands v; and v
Fermi resonance coupling coefficient W of pyridine in
water decreases. Therefore, we can conclude that the
decreasing of concentration of pyridine enhances the
strength of anti-hydrogen bond between pyridine and
water, the strength of ring breathing mode v, and
triangle mode r15 FR coupling of pyridine becomes
weaker. As water is added into the pure pyridine lig-
uid, the Raman shift of the C—H stretching mode v5 in-
creases as the pyridine concentration decreases, which
can be attributed to the effect of the anti-hydrogen
bond formed between water and pyridine as shown in
Fig. 2. The shift of the C—H stretching mode v of
pyridine in water is the fastest in the three systems.

. —py(;i/dine
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g 30 80%
5 —170%
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Fig. 5. (colour online) Raman spectra of pyridine-water

mixture at different volume concentrations.

4. Discussion

The pyridine mixtures with carbonate tetrachlo-
ride, formamide, and water represent varying degrees
of “hydrogen bondedness”. With N-H used as a donor
in formamide, the anti-hydrogen bond with the nitro-
gen of pyridine is relatively weak. The strength of the
anti-hydrogen bond increases with the O—H donor of
water increasing. Finally, the carbonate tetrachloride,
which is neither a donor nor a acceptor, just can af-
fect the hydrogen bond formation between pyridine
molecules in the dilution process. The result pre-
sented in this work shows that diluting the pyridine
with non-polar solvent carbonate tetrachloride which
is incapable of forming hydrogen bond with pyridine,
the FR coupling coefficient W of the ring breathing
mode v, and the triangle mode 15 of pyridine is

nearly constant, whereas, diluting the pyridine with
water or formamide which is capable of forming anti-
hydrogen bond to a different extent, the FR coupling
coefficient W of the ring breathing mode v; and the
triangle mode v15 of pyridine, instead of instant, de-
creases by forming anti-hydrogen bond with diluents,
and the stronger the hydrogen bond is, the smaller the
Fermi coupling coefficient W becomes. The decreas-
ing of the FR coupling coefficient W indicates that the
FR is weakened. The result implies that the FR cou-
pling between 1y and v, of the pyridine is sensitive to
the formation of anti-hydrogen bond. Since the FR ef-
fect is extremely sensitive to the slight modification of
vibrational frequency and symmetry, and the v; and
v12 vibrational modes of pyridine are more sensitive to
the intermolecular hydrogen bond. Adding different
solvents into the pyridine will certainly induce dras-
tic changes in anti-hydrogen bond and hence the FR
coupling between v; and vy of pyridine.

Now, we turn to a discussion of the strength of
anti-hydrogen bond formed by the dependence of di-
lute and pyridine on the FR coupling coefficient W.
Since W represents the degree of resonance coupling
between the two modes through anharmonic terms in
the Hamiltonian, the obvious interpretation of the W
value decrease is that the anharmonicities in the vibra-
tion modes v; and v15 become less with the increase
of the strength of anti-hydrogen bond.[?8! We propose
that the most reasonable physical explanation of the
less anharmonicity at lower concentration of pyridine
where the anti-hydrogen bond is strongest, is that the
formation of anti-hydrogen bond between pyridine and
diluent affects the FR conditions of the v; and 15 of
pyridine.

Without the hydrogen bond, the free pyridine has
a lone pair of electrons in an sp? hybrid orbital lo-
calized on the nitrogen atom. Due to the relatively
large spatial extent of the orbital of the nonbonded
lone pair electrons, the delocalized 71 molecular or-
bital becomes “squeezed” out of the region and this
destabilizes the 7 contribution to the ring bonds with
respect to a hypothetical scenario where there is no
lone pair of electrons on the nitrogen. When hydro-
gen bonding occurs, some of the lone pair electrons
are drawn out by the hydrogen, thereby releasing the
“squeeze” on the 7t orbital. This allows better delo-
calization of the 7t electrons and stabilizes the system,
resulting in the blue shifts of the v and 15 mode and
the decrease of anharmonicity in the vibration modes
vy and v12.12%! The fact that the W decreases from for-
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mamide to water can be explained as the fact that a
stronger hydrogen bond will draw out more lone pair
electrons, this relieves the squeezing of the 7t molecular
orbital to a greater degree, causing more stabilization
and less anharmonicity in the vibration modes v; and
v12. Therefore, we can conclude that the hydrogen
bond formation is deeply affect the anharmonicities
in the ring stretching mode v; and triangle mode v15
of pyridine which are in the FR, and hence affect the
FR coupling.

In addition, no matter whether carbonate tetra-
chloride, formamide or water is used to dilute the
pyridine, all the C-H stretching mode 5 of pyridine
will shift toward higher frequency as the concentration
decreases. This result can also be explained accord-
ing to the formation of the anti-hydrogen bond effect.
As noted above, when the carbonate tetrachloride is
added into pure pyridine, the hydrogen bond between
pyridine molecules will be broken and the C-H bond
will no longer be elongated, hence result in the smooth
blue-shift of the C—H stretching mode v, as the con-
centration of carbonate tetrachloride increases. While
adding the diluent, water or formamide, which can
form anti-hydrogen bond with pyridine, the hydro-
gen bond between pyridine—pyridine molecules will be
broken and the new anti-hydrogen bond between pyri-
dine with water or formamide will form, and the lat-
ter is much stronger. When the anti-hydrogen bond
between the pyridine and water or formamide forms,
the C—H bond of pyridine is no longer elongated but
The
stronger the anti-hydrogen bond is, the more the C-H

is shortened, hence the frequencies increases.

bond is shortened and the frequency is increased.

5. Conclusion

In the present paper, we use Raman scat-
tering spectroscopy to study the effects of anti-
hydrogen bond formation on the v;—v15 FR of pyri-
dine at different concentrations in three systems, pyri-
dine/water, pyridine/formamide, pyridine/carbonate
tetrachloride, which can provide varying degrees of
strength for the diluent-pyridine anti-hydrogen bond
complex. The values of FR coupling coefficient W
of the ring breathing mode v; and the triangle mode
v12 of pyridine in carbonate tetrachloride, water, and
formamide at different concentrations are calculated

based on the Bertran equation. The result shows that

the solution with the strongest anti-hydrogen bond,
water, shows the fastest change in the Fermi coupling
coefficient W of the ring breathing mode v and the
triangle mode v15 of pyridine as the volume concentra-
tion varies, followed by the formamide and carbonate
tetrachloride solutions. In addition, we also find that
no matter whether the carbonate tetrachloride, for-
mamide or water is used to dilute the pyridine, all
the C—H stretching mode vy of pyridine will shift to-
ward higher frequency as the concentration decreases,
and the only difference is that the stronger the anti-
hydrogen bond is, the faster the C—H stretching mode
shifts. Finally, we give a qualitative explanation for
the anti-hydrogen bond effect in reducing the strength
of the v1—v12 FR and increasing the frequency of the

C—H stretching mode of pyridine.
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