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The effect of pressure on the Raman spectra of solids. VII. The internal
Raman bands in solid and coordinated pyridine

A. M. Heyns and M. W. Venter
Department of Chemistry, University of Pretoria, 0002 Pretoria, South Africa

(Received 27 September 1989; accepted 31 July 1990)

The pressure dependences of the internal Raman-active modes of solid pyridine and pyridine-
d, in both the crystalline and glassy modifications as well as of the complexes Zn(py),Cl,,
Ni(py),Cl,, and Ni(py),Cl, are reported. When pyridine is frozen by the application of
pressure, some ring modes as well as those involving the hydrogen atoms reflect this
transformation. Upon the coordination of pyridine to metal ions, the ring vibrations show
appreciable blue shifts. The pressure dependences of v, the C-C stretching mode, and v,,, the
in-plane ring bending mode of the pyridine rings, are discussed in detail. The unusually high
ds—h; isotopic ratio of v,, and its contrasting pressure dependences in the liquid and condensed
phases of pyridine-ds are explained. The association of pyridine molecules in the condensed
phase does not occur through hydrogen bonds and the C-H stretching modes, in particular,
show that repulsive intermolecular forces become very significant at higher pressures. The
ratio of the intensities Iv,,/Iv, varies linearly with the strength of the M—-N bonds in a series of
pyridine complexes and a correlation also exists between Iv,,/Iv, and dv,,/dp. The vibrations
v, and v, are coupled through Fermi resonance in pyridine and its complexes and the pressure

dependence of the Fermi resonance constant W is calculated for Zn(py),Cl,. The C-H
stretching modes reflect the presence of more than one distinct pyridine group in the lattice
and are of much lower intensity than in complexes where only one distinct pyridine group is

found.

I. INTRODUCTION

Pyridine is a polar molecule with a dipole moment of
2.20 D and can thus be expected to be associated in the liquid
state.! This association between pyridine molecules in var-
ious solvents," ? the adsorption of pyridine onto metal sur-
faces®>* as well as the bonding between pyridine and various
metal ions,”!! have been widely reported in the literature.
High-pressure Raman spectra of liquid pyridine, of pyridine
dissolved in various solvents," ? of solid pyridine,'* and of
pyridine adsorbed on colloidal gold particles'® have also
been published. These results indicated that pyridine in solu-
tion is largely associated in dimeric complexes and that a
ring hydrogen is involved in this self-association."? On the
other hand, the high-pressure Raman spectra of solid pyr-
idine did not provide any evidence of the existence of strong
hydrogen bonds in the condensed state.'? Surface-enhanced
Raman spectra of adsorbed pyridine on gold particles were
interpreted in terms of a weakly chemisorbed molecule
which is bonded by means of the lone pair of electrons on the
nitrogen atom to Lewis acid sites on the metal."” There were
also indications of different pyridine conformations near the
surfaces and/or of inequivalent adsorption sites."* The high-
pressure Raman spectra of pyridine were, with the exception
of our earlier results,'? confined to a study of the ring modes
v, and v, of pyridine. The only pyridine coordination com-
pound that has been thoroughly studied by means of high-
pressure Raman spectroscopy is Zn(py),CL.>'*

In the present paper, the internal Raman-active pyr-
idine modes at high pressures of solid pyridine and pyridine-
ds in the crystalline and glassy states are compared with
those of the distorted octahedral complex Ni(py),Cl,, the
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polymeric octahedral complex Ni(py),Cl,, and the distort-
ed tetrahedral complex Zn(py),Cl,. The more specific aims
of this study were to investigate the intermolecular forces
between the pyridine rings in the condensed phase of pyr-
idine and to throw more light on the Fermi resonance which
occurs between the ring modes v, and v, in all the com-
pounds studied here. Finally, the influence of the strength of
N-M bonding and possible N- — ~H interactions on the Ra-
man spectra over a wide pressure range will be reported.

1. EXPERIMENTAL

Details regarding the Raman spectrometer and dia-
mond anvil cell used have already been published.'? The pyr-
idine used in the high-pressure measurements was purified
by refluxing over KOH for a minimum period of time of 24 h
and then distilling it fractionally. Only the fraction obtained
at 110 °C was used and the diamond anvil cell was immedi-
ately loaded with a sample of this fraction.

All the complexes used in these investigations were iso-
lated from ethanolic solutions of pyridine and MCI,
(M = Ni, Cu, Cd, Zn). These products were isolated from
ethanol, dried under vacuum, and stored in a dessicator over
P,0s. The C, H, N, and metal analyses were all determined
to be within 0.5% of the calculated values.

lil. CRYSTAL STRUCTURES AND POLYMORPHISM

It was reported earlier'* that pyridine freezes at approx-
imately 10 kbar at ambient temperatures and that the crys-
talline modification undergoes a phase transition at ~20
kbar. These results have been confirmed by Zakin ez al.' The
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high-pressure Raman spectra of pyridine have also been re-
ported elsewhere,'> however, these results do not entirely
agree with ours'? or those of Zakin et al.!

When pyridine is frozen by the application of pressure, a
glassy phase can also be formed.'>'® The lattice modes of the
latter modification differ significantly from those of the crys-
talline phase, but the internal modes are quite similar, also
closely resembling those of the liquid. The four independent
pyridine molecules predicted under the space group
Pna2,(C3,) with Z = 16'® are not reflected in the internal
Raman-active modes of crystalline pyridine.'? In this com-
plicated crystal structure, which is antiferroelectric, eight
molecular dipoles are aligned almost parallel to the a axis
and the remaining eight parallel to the b axis. In assuming a
more symmetrical structure'® under the space group
Pccn(D 1Y), the number of distinct pyridine groups is re-
duced from four to two, corresponding to the two orienta-
tions mentioned above. If factor group splittings are ignored,
each internal pyridine mode can be doubled corresponding
to the two independent groups. It was previously reported!?
that a limited number of bands of solid pyridine-d; are split
into two components, such as v, vy, , and v,,, and this could
possibly be interpreted in terms of the existence of two inde-
pendent pyridine rings.

The crystal structure of pseudotetrahedral Zn(py),Cl,
is given by the space group P2,/¢(C3,) with Z=4."" Two
types of pyridine rings are present in this structure, i.e., those
forming dimer-like pairs and those forming an infinite col-
umn in the crystal. All of the internal pyridine modes can
therefore be expected to be split into two components.
Zn(py),Cl, undergoes a phase transition at ~ 10 kbar® and
is most probably converted into a polymeric octahedral
structure.'®

Polymeric octahedral Ni(py),Cl, is assumed to have
the same crystal structure as Cu(py),Cl, and Cd(py),Cl,."*
20 These compounds belong to the monoclinic space group
P2,/n(C3,) with Z = 2. Only one distinct pyridine ring is
found in this structure. On the other hand, the pseudo-octa-
hedral complex Ni(py),Cl, belongs to the tetragonal space
group 14,/acd(D7%) with Z = 8.2 The site symmetry of
the Ni ions is D, and with four ions per primitive unit cell,
the N atoms of the pyridine rings and the Cl atoms all occupy
sites of C, symmetry. These sites can only contain 8 groups
and this means that the eight chlorine atoms, one group of
eight pyridine rings, and another group of eight pyridine
rings all occupy sites of C, symmetry in the primitive unit
cell. Just as in the cases of solid pyridine and phase II of
Zn(py),Cl,, the Raman-active modes of Ni(py},Cl, could
be split into two components. The undistorted Ni(py),Cl, of
D, symmetry in the “free” state does possess the stereoche-
mical arrangement which allows d_ -electron delocalization
between the metal ion orbitals and the 7 electrons of the
pyridine rings. Such an interaction will be controlled by the
d .-electron delocalization from the nickel ion to the 7* orbi-
tals of the coordinated pyridine rings. Octahedral complexes
of Ni(II) are commonly found; this is, however, not so with
mixed complexes of the general formula NiX,Y,, where X is
a stronger ligand that Y.** The energy change associated

. . . . cxrd
with conversion of a diamagnetic square planar NiX, * com-
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plex to a paramagnetic “octahedral” complex NiX,Y, is
> 0.22 It will therefore be interesting to see whether the Ra-
man bands of Ni(py),Cl, reflect any d . -electron delocaliza-
tion from Ni to the 7* orbitals of pyridine, since Ni(py),Cl,
is expected to be stabilized accordingly in order to exist at all.
The effect of pressure, if any, on this stabilization is also of
interest and will be reported in the present study.

IV. RESULTS

The Raman spectra of crystalline pyridine and Ni-
(py),Cl, are shown in Figs. 1 and 2, respectively. These re-
sults, in addition to those of pyridine-ds, Zn(py),Cl,
(phases I and II), and Ni(py) ,Cl, are summarized in Table
I. Only a very limited number of internal Raman bands re-
flect the presence of two or more crystallographically dis-
tinct pyridine groups in the lattices of pyridine, pyridine-ds,
Ni(py),Cl,, and Zn(py),Cl,. The shifts in the Raman fre-
quencies between liquid and solid pyridine and solid and
coordinated pyridine are summarized in Table II. The as-
signment of the modes summarized in Table I was done by
reference to other studies involving pyridine and its com-
plexes,'*'2 by considering ds/hs isotopic shifts in the modes
of solid pyridine and also be observing significant frequency
shifts in the pyridine ring modes upon coordination to metal
ions.

The molecular interactions that occur in pyridine dis-
solved in various solvents have been well-documented.”? In
analyzing the Raman spectra summarized in Table 1, the
perturbations arising from these interactions must be taken
into account. The shifts that occur because of changes in the
energy levels, lifetimes of the relevant states that change line
shapes and affect bandwidths, and the changes in the intensi-
ties brought about by the distortion of the molecules are all
indications of the effects of molecular interactions.

The molecular interactions in pyridine also include hy-
drogen bonding between a nitrogen atom and a C-H group,
m—mbonding involving the aromatic rings, and polar interac-
tions.' Any major differences between the molecular interac-
tions of liquid and solid pyridine should be clearly evident in
their Raman bands. On the other hand, the differences in the
two solid state modifications of condensed pyridine, which
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FIG. 1. The Raman spectrum of condensed pyridine at 19 kbar.
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are clearly evident in the lattice modes of these com- A. Ring modes

pounds,'? can possibly also be reflected in the internal pyr-

idine modes.

In the following discussion of the high-pressure Raman
results, the results obtained for the different classes of modes
will be dealt with separately.
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FIG. 2. The Raman spectrum of
Ni(py),Cl, at ambient conditions.

It is seen in Table II that the ring modes of pyridine such
as v,, Veq» Vsq, and v, are shifted to the blue upon coordina-
tion to the metal ions. When the Raman bands in liquid and
condensed pyridine are compared, blue shifts also occur in

TABLE I. Frequencies of assignments of the Raman-active vibrations in pyridine, pyridine-ds, Zn(py),Cl, (phases I and II), Ni(py),Cl,, and Ni(py),Cl,
(dv/dP values are shown in brackets).

Mode

Species Description Pyridine*” Pyridine-d, di/h Zn{py),CI(II) Zn(py),Cl(I}* Ni(py).Cl, Ni(py),Cl,

v, A, C-C ring stretch 9985(0.37) 971vs/978w(0.31) 0.97/0.98 1023vs(0.5) 1027vs(0.5) 1017vs(0.40) 1011us/999w(0.6)

v, A, C-H stretch 3070vs(0.86) } 23000s(0.90) } 0.75 3076vs(0.82) 30850s(1.0) 3077m(0.73) 3075m(0.86)
3081w(0.96)} 23085(0.90) } 3086sh(1.27) 3054m(0.81)

v B, In-plane H bend 123315(0.42) v 1243w}(0.67} 1258vw(0.29} 124300 1235m

1247w}

vy B, Out-of-plane ring bend -+ e

Vs B, Out-of-plane H bend  10100w(0.43) 843m(0.51) 0.83 10014 1000sh 10005k

Vo A, In-plane ring bend 6090w 586w,br 0.96 6460w( ~0) 635w 627w

Voo B, In-plane ring bend 653w 625w(0.43) 0.96 650m(~0) 658m 651m 669m(0.1)

Vo A, OQut-of-plane bend

Vo B, Out-of-plane bend

Veu A4, C-C ring stretch 1588(0.30) 1559w(0.28) 0.98 1612m(0.20) 1612m 1609m

Vi R, C-C ring stretch 1577(0.373 1544m(0.26) 0.98 1577w(0.10) 1581w 1577m(0.45) 1570m

Ve A, In-plane H bend 1213w(0.40) 893w(0.48) 0.72 1217w{ ~0) 1210w 1217m

Vo, B, In-plane H bend 900w(0.48) 1226m(~0) 1231m

Viow  As Out-of-plane Hbend  849vw0(0.54) T20w,br 0.78 -

Vi By Out-of-plane Hbend  ~960vw(0.26) 778w 0.81

v B, Out-of-plane bend

v, A, In-plane ring bend 1038us(0.35) 1015w/1006(0.33}  0.98 1048w(0.10) 1050G(0.20) 1041m(0.20) 1037m(0.18)

Vi3 4, C-H stretch

Vi B, C-C ring stretch

vis B, In-plane H bend 1150w(0.58) 870vw 0.76 ~1165vw( ~0) 11650w(0) (1550w 11420w( ~0)

Viea  As Out-of-plane ring bend 384w(0.10) - e 388w

View By Qut-of-plane ring bend 417w(0.36) 425w

v, A4, Out-of-plane Hbend ~ 986uw 980vw

vinw B, Out-of-plane H bend  1010:(0.55) 1003w( ~0)

Vise A In-plane H bend 10680 824:u,5r(0.54) a.77 10720 1073vw

vy  Bs In-plane H bend 1068w 843w(0.43) 0.79 1060w

Vi, Ay C—C ring stretch

Vion  Bs C-C ring stretch

Ve Ay C-H ring stretch 3061w/3100s7(0.46) 2260/2272 0.74 3083sh(0.43) 3075sh(0.61) 3069sh 3067sh

Vo B C-H ring stretch 2284/2296

*At 11 kbar.

bReference 12.
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TABLE II. The frequency shifts of some Raman-active internal modes of liquid pyridine upon crystallization at 10 kbar and of liquid and solid pyridine upon

coordination to Ni(II) and Zn(II).?

Av, lig—complex

Av, solid —» complex

Mode Av, lig-solid Zn(py).Cl, Ni(py),Cl, Ni(py).Cl, Zn(py),Cl, Ni(py),Cl, Ni(py).Cl,
vy, (C-C) ring stretch 7 32 26 20 25 19 13
v,, (C-H) stretch 13 15 20 18 2 7 5
vs, in-plane H bend 6 0 4 8 —6 -2 2
Ve» in-plane ring bend 5 42 31 23 37 26 18
V5, in-plane ring bend 0 1 -2 -4 1 -2 —4
V34, (C—C) ring stretch 6 30 29 20 24 23 14
Vgps (C—-C) ring stretch 3 3 4 —4 0 1 -7
V4, in-plane H bend 16 9 16 >18 -1 0 - 16
V12, in-plane ring bend 7 17 12 6 10 5 -1
v,s, in-plane H bend 3 18 . -5 15 5 -8
V134, in-plane H bend -1 3 4 4 e 5

# Av is the shift in frequency upon freezing or coordination. lig—liquid pyridine, solid—solid pyridine.

these modes, however, they are significantly smaller, par-
ticularly if it is borne in mind that the frequencies of liquid
pyridine at ambient pressures are compared with those of the
solid at 10 kbar.

The 4,-ring modes v, and v,, (under C,, symmetry for
free pyridine) are shown in Fig. 3. The pressure dependences
of the internal pyridine modes in Zn(py),Cl, and in con-
densed pyridine and pyridine-ds are shown in Figs. 4 and 5,
respectively. It is evident from these figures that the frequen-
cies of v,, v,,, and most other modes shift to the blue upon
compression in pyridine and its complexes, except for v,,
Vb, and v, [the latter in Zn(py),Cl,, phase 1] which are
only marginally affected by pressure. It is further evident
from Fig. 5 that the internal pyridine modes do not reflect
the phase transition occurring at ~20 kbar in pyridine and
pyridine-ds.'? On the other hand, the phase transition which
occurs at ~ 10 kbar in Zn(py),Cl, is clearly evident in the
pressure dependence of its internal modes.

v, occurs at 998 cm ~! in solid pyridine and its glassy
modification and has a half-width of 1.2 cm ~'. v, occurs at
1038 cm ~ ! and has a half-width of 1.3 cm ~ ' in both modifi-

FIG. 3. A schematic representation of the ring modes v, {5, Ve, Vous Vsa>
and vg,.

cations of solid pyridine. The pressure dependence of the
half-widths of v, in the crystalline and glassy modifications
of pyridine are equal to 0.027 and 0.055 cm ~ '/kbar, respec-
tively. The respective values for v, are equal to 0.05 and 0.04
cm ™ '/kbar. In liquid pyridine at ambient conditions v, and

| ] 1 | 1 1
1610 oo ,
T

\

\T

TANT

kbar

FIG. 4. The pressure dependences of some internal Raman modes in
Zn(py),Cl,. From the top, the modes are v,, vy, two components of v,

Voas Vous Viz» ¥y, and two components of v,.
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FIG. 5. The pressure dependences of some internal Raman modes in pyr-
idine (indicated by @) and pyridine-d; (indicated by 6). (1) v, (C-H); (2)
vg, (C-C ring stretch); (3) vy, (C-C ring stretch); (4) v,, {ring bend);
(5) v, (C-C ring stretch); (6) v,, (ring bend); (7) v, (ring bend).

v,, occur at 991 and 1031 cm ~ ! and have half-widths of 3.5
and 4 cm ~ !, respectively. The v, linewidth for pyridine solu-
tions did not show any discernible change with pressure' in
contrast to the broadening seen in adsorbed pyridine'® and
the slight broadening observed for solid pyridine here. A
considerable narrowing of these modes will take place when
the liquid is frozen because of the reduced amplitude for
molecular motion in the condensed phase. However, these
lines are considerably broader in a 3.8 M aqueous solution of
pyridine than in neat pyridine as is exemplified by the half-
width of ~9.8 cm ~ ! recorded at 8 kbar, and of 5.6 cm ~ ' for
the same solution frozen at 9 kbar.! A comparison of the
latter value with those obtained for the solid in the present
study shows that the half-widths do not only depend on the
amplitudes of molecular motion, but are also very sensitive
towards the formation of hydrogen bonds. The pressure de-
pendences of the frequencies of v, and v,, in the crystalline
and glassy modifications are almost identical. The assumed
less regular arrangement of pyridine molecules in the crystal
lattice of the glassy phase is reflected by the increase in the
half-width of v, compared to its value in the crystalline phase
only at higher pressures. It has already been shown that dif-
ferent orientations of pyridine molecules adsorbed on gold

surfaces give rise to a marked increase in the linewidth of
v,."> The fact that the half-widths of v,, and their pressure
dependences are not really different in the two modifications
of pyridine shows that this mode is not so sensitive with
respect to the orientational order in the crystal.

The hs—d; isotopic ratio of v, in solid pyridine is equal to
1.0278, which is almost equal to those in the vapor, liquid,
and aqueous solutions.” > 2> 2* In the case of chemisorbed
pyridine, this ratio is much larger, possibly because of the
fact that pyridine is bonded to the surface in such a way that
the reduced mass for the v, mode is affected.!® In the case of
v12, the trigonal symmetry of this mode (Fig. 3) causes it to
be sensitive towards the substitution of hydrogen by deuter-
ium in pyridine." * This is so because the C—D mass is equal
to that of N, causing the change in molecular volume during
the vibration to become very small indeed in pyridine-ds.
This vibration can then almost be compared with the corre-
sponding one in benzene of D, symmetry, which is forbid-
den. The intensity of v,, is therefore much lower in pyridine-
ds than in pyridine, as is evident in Fig. 6. This has also been
observed elsewhere.” '* A direct consequence of the small
change in molecular volume during the v,, vibration in pyr-
idine-d; is that v,, is much less pressure sensitive than in
pyridine." The isotopic ratio for As—ds for v,, in solid pyr-
idine was observed to be equal to 1.0318 in the present work,
which is significantly higher than those published for the
vapor (1.0167), liquid (1.0218), and a 1.8 M aqueous solu-
tion (1.0227)."2*2* An explanation for this is that dv,,/dp
is equal to 0.35 cm ~ '/kbar for pyridine in the liquid state,
compared to <0.05 cm ~ '/kbar for pyridine-ds in the liquid
state. These different pressure sensitivities over a pressure
range of 10 kbar (the freezing point of neat pyridine) will
then certainly be reflected in the h5—d; isotopic ratio.

The ratio dv,/dp is equal to 0.52 cm ~'/kbar in liquid
pyridine' compared to the value of 0.37 cm ~ !/kbar deter-
mined in the present study for condensed pyridine. In the
complexes, these values range between 0.4 cm ~ !/kbar for
Ni(py),Cl, and 0.6 cm ~ ' /kbar for Ni(py),Cl,. It was ob-
served elsewhere? that hydrogen bonding increases the value
of dv,/dp, explaining the relatively high value observed in
liquid pyridine where hydrogen bonds are more important
than in the condensed state, as will be shown later. Any stiff-
ening of the hydrogen-bonded network will affect the
O-H- - -N bonds which, in turn, will increase the ring fre-
quencies of pyridine.! The formation of M—N bonds has a
dramatic effect on the frequencies of the ring modes v, and
v12, as can be seen in Table II, and upon further compression
of these samples, the M—N bonds will be strengthened, caus-
ing a further increase in the ring frequencies of the ligand.

The frequencies of v, and v,, in the complexes investi-
gated here show that those observed in Ni(py),Cl, are con-
siderably lower (999, 1011, and 1037 cm ~*, respectively)
than in the other complexes. In agreement with the structure
of Ni(py),Cl,, v, is observed to be split, reflecting the two
distinct pyridine groups. The lower frequencies of both v,
and v, could be explained in terms of the bonding from the
Ni ion to the 7* orbitals of the pyridine groups and it can
therefore be concluded that the C—-C bonds must be weaker
in Ni(py),Cl, than in the other complexes. A number of

J. Chem. Phys., Vol. 93, No. 11, 1 December 1990
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FIG. 6. The intensities of v, and v,, in pyridine and pyridine-d; at various pressures.

other internal Raman-active modes of Ni(py),Cl, show
similar red shifts compared to their counterparts in other
complexes (Table I).

The ratio of intensities of the ring modes Iv,,/Iv, is very
sensitive to the strength of any N—- - -X bonds [X = H, D,
or metal (II) ions].? It was, e.g., found that Iv,,/Iv, de-
creases when pyridine is hydrogen bonded, then protonated,
and finally coordinated. In a 10% pyridine solution of pyr-
idine in CCl,, Iv,,/Iv, is equal t0 0.91 and in a 10% solution
of pyridine in CHCl,, which represents a hydrogen-bonded
pyridine molecule, it is equal to 0.80. In a 10% solution of
pyridine in water, Iv,,/Iv, = 0.45, while it varies between
0.34 and 0.15 in the pyridinium ion.?* It is interesting to note
that in liquid pyridine this ratio is equal to 0.75 compared to
0.84 in condensed pyridine at 11 kbar. Considering these
intensity ratios, it can be concluded that hydrogen bonds are
of less importance in the condensed phase than in liquid pyr-
idine.

Itis shown in Fig. 7 that Iv,,/Iv, varies linearly with the
sample pressure in solid pyridine; this is, however, not the
case in pyridine-d,, where this ratio hardly changes upon an
increase in the sample pressure. In the case of the glassy
phase of pyridine, a linear plot of Iv,,/Iv, against the sample
pressure is also obtained, but with a significantly higher
slope than that of crystalline pyridine.

More dramatic variations take place in Iv,,/Iv, upon
the coordination of pyridine. It has been reported?” that this
ratio is small upon coordination, e.g., it is equal to 0.15 in
pyridine oxide and 0.05 in Zn(py),Cl,. However, Iv,/Iv,
was determined to be equal to >0.60 in the complex
Cd(py),CL, in the present study, so that a generalization
about this ratio of intensities in coordination compounds
should be regarded with a great deal of caution. In Fig. 8,

these ratios are graphically represented against 47°c¢*v2u
(where v, is the symmetric M-N stretching mode and u the
reduced mass) for various pyridine complexes. The almost
linear relationship that is obtained shows that the ratio of the
intensities of these bonds depends directly on the strength of
the M—N bonds. This conclusion once again emphasizes the
sensitivity of the ratio of intensities Iv,,/Iv, towards N-M
or N-H interactions in pyridine and its complexes.

InFig. 9, Iv,,/Iv, values are plotted against the pressure
dependence of v,,, dv,/dp. It is clear that a correlation ex-
ists between dv,,/dp and Iv,,/Iv, in solid pyridine and its
complexes. It was mentioned elsewhere that the formation of
hydrogen bonds in liquid pyridine is accomplished by the

30
PRESSURE (kbar)

40 50

FIG. 7. The variation of the ratio of the intensities Iv,,/ /v, with pressure in
pyridine.
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in a series of complexes. (1) Cd(py),Cl,; (2) Ni(py),Cl,; (3) Cu(py),Cl,;
(4) Ni(py)4Cl,; and (5) Zn(py),Cl,.

formation of dimers.! It was also shown in the previous para-
graph that the intensity of v,, is very much dependent on the
strength of any N- - -X (X = metal, H, or D) interactions.
In pyridine-ds, v,, is of low intensity as has already been
shown and any further interactions involving the N atom in
the formation of hydrogen bonds will weaken v,, to the ex-
tent that its intensity becomes anomalously low. A low in-
tensity of v, can be correlated with a low pressure derivative
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FIG. 9. The variation of the ratio of the intensities Iv,,/Iv, against the pres-
sure dependence of v,,, dv,,/dp, in solid pyridine and its complexes. (1)
Zn(py),Cl,; (2) Ni(py)Cl,; (3) Ni(py),Cly; and (4) solid pyridine.

dvy,/dp. In solid pyridine-ds, the intensity of v,, is much
lower than in pyridine, but it is certainly not negligible, as
can be seen in Fig. 6. The disruption of hydrogen bonds in
the condensed phase of pyridine-d therefore has a marked
effect on both the intensity and pressure dependence of v,,.
The pressure dependence of v, in solid pyridine-ds, just as in
pyridine, is dominated by intermolecular interactions, and
in particular by the repulsive components of these forces.
The fact that dv,,/dp is virtually identical for pyridine and
pyridine-ds in the condensed phase shows that any differ-
ence in the change of molecular volume caused by v, is
pyridine and pyridine-d; is completely offset by intermole-
cular interactions in determining the size of dv,,/dp.

Fermi resonance occurs when two molecular vibration-
al modes of the same symmetry are coupled by the anhar-
monic part of the intramolecular function. v, and v, are of
the same symmetry and are typically separated by ~25
cm ~ ' in the complexes studied here and by 40 cm ~ ' in solid
pyridine and 44 cm ~ ' in solid pyridine-ds. These modes can
therefore be expected to be coupled by Fermi resonance and
a pressure-tuned Fermi resonance has indeed been reported
in the solid phase of pyridine and in concentrated aqueous
solutions.' The effect of pressure on a pair of similar neigh-
boring vibrations can be to bring them closer together or
push them apart or to alter the anharmonic coupling of the
modes. It is therefore interesting to determine whether Fer-
mi resonance in pyridine and its complexes will be enhanced
or weakened by the application of pressure. If the energy
levels of both v, and v, shift because of Fermi resonance, the
separation between the observed bands Av = v, — v, and
the separation between the unperturbed frequencies
A’ =14, — 19 can be related by

AV = (AW)? + 4W2,

where Wis the Fermi resonance coupling. If the intensity of
the unperturbed oscillator 3, can be assumed to be equal to
approximately zero, the ratio of the intensities Iv,,/Iv, is
related to Av and Ar° as follows:
Av — AV
Av+ AV

If Zn(py),Cl, is used as an example, where the mode v,
is of very low intensity, it is shown in Fig. 10 that Wincreases
in phase II, changing abruptly at the phase transition point,
then decreasing in phase I over the pressure range covered in
the present study. It is also shown in Fig. 10 that the ratio
Iv,,/Iv, remains almost constant in phase I, in direct con-
trast to its behavior in phase II. On the other hand, the fre-
quency separation between v,, and v,, Av, decreases linearly
with pressure in the whole pressure range covered in the
present study, as is evident in Fig. 10. The symmetric
stretching mode v(Zn-N) increases with pressure in both
phases of Zn(py),Cl,, as is also shown in Fig. 10. Fermi
resonance will enhance the intensity of v,,, while on the oth-
er hand, increasingly stronger Zn-N interactions will de-
crease the intensity of v,,. In pyridine, it is clear in Figs. 6
and 7 that the intensity of v, grows rapidly with pressure
due to Fermi resonance until it is considerably more intense
than v, at 50 kbar. In the complexes studied here, with the
exception of Zn(py),Cl,, in phase I it was found that the

v, /Iv, =
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increase of Iv,,/Iv,, if it does occur at all, is not nearly as
rapid as in the case of pyridine. This once again emphasizes
the influence of M—N interactions on the ratio of Iv,,/Iv,.

It was previously reported that the infrared frequencies
of vg,, the in-plane bending mode which is shown with its
counterpart v, in Fig. 3, correlates with the M-N bond
strength in pyridine complexes.® These modes are very much
insensitive to pressure, although v,, showed slightly nega-
tive pressure dependences in pyridine and pyridine-ds. In
benzene, the main components of v, were also reported to be
insensitive towards pressure.?® v, shifts noticeably when
pyridine is coordinated and as can be seen in Table II, shifts
as large as 42 cm ~ ! have been recorded. v, is also shown in
Fig. 3 and it occurs at 1588 cm ~ ! in solid pyridine, at 1582
cm ™' in dried pyridine in the liquid state, and at 1593 cm ~'
in “wet” pyridine in the liquid state.?” In other words, this
vibration is sensitive towards hydrogen bonding, but in the
present study no correlation could be obtained between the
bonding in the different complexes and in pyridine and pyr-
idine-ds and the frequencies of vy, and v,,. It is also rather
difficult to assign these modes unambiguously since the
combination mode v, + v, , can also occur in this frequen-
cy range.

B. C-H stretching and bending modes

The C-H stretching region in gaseous pyridine is char-
acterized by the occurrence of many fundamentals in the

infrared spectrasuch as v,g,, V44, Vi3, Vagps and v,,in ad-
dition to combination bands such as vg, + V95, Vs, + Vigas
etc.” Although not all of these bands are expected to be
resolved in the liquid or condensed states of pyridine, com-
plex spectra can nevertheless be expected in this frequency
range. This is borne out by the experimental results of con-
densed pyridine shown in Fig. 1. Some of these features can
be assigned to overtone and combination bands such as
2v,5(2967 cm™!), vy 4+ v,5(3038 cm™!), 2w, (3159
cm™!), and 2v,, (3175 cm™'). The bands at 3061 cm ™!
(v20,) and 3070 cm ™ '(v,) also occur in the compounds
Ni(py),Cl, (Fig. 2), Ni(py),Cl,, and Zn(py),Cl, (phase
I1). There can therefore be little doubt that they represent
fundamental stretching modes. Upon deuteration of pyr-
idine, these bands shift to 2300 cm ~ ' (v,), while the doublet
at 2260/2272 cm~' can possibly be assigned v.q,/Vs0p-
However, the components at 3081 and 3100 cm ~ ! in solid
pyridine cannot be readily assigned to combination and/or
overtone bands and most probably represent the C-H funda-
mentals v,(2) and v,,,(2) of the second distinct pyridine
group in the solid. (The numerals 1 and 2 are used to distin-
guish between the two pyridine groups.) In pyridine-ds, the
components at 2308 and 2084/2096 cm ™~ can possibly be
assigned likewise to the modes v,(2) and v,,,,(2) of the
second pyridine group. The components observed in the Ra-
man spectrum of glassy pyridine closely resemble those of
crystalline pyridine and, in particular, give rise to well-re-
solved and narrow Raman bands. Furthermore, it is clearly
evident in Fig. 1 that the C-H stretching modes in con-
densed pyridine are much less intense than those of
Ni(py),Cl, shown in Fig. 2, where the C-H stretching
modes are comparable to v, in intensity. In Zn(py),Cl,,
phase II and Ni(py),Cl,, the C-H stretching modes are also
of low intensity and characterized by multiple components.
As was shown earlier, there is more than one distinct pyr-
idine group in solid pyridine and the complexes Zn(py),ClL,
and Ni(py),Cl, and the C-H stretching modes in these
compounds are characterized by more fundamental modes
than just v, and v, , as well as by low relative intensities of
these bands compared to v,. In Zn(py),Cl, phase 11, three
relatively weak C~H stretching modes occur at 3076, 3083,
and 3086 cm ~ ' and in phase I, v, and v,,, occur, respective-
ly, at 3085 and 3075 cm ~ . In phase I of Zn(py),Cl,, v, and
v, are of equal intensity. The pressure dependences of the
C-H stretching modes in Zn(py),Cl, are shown in Fig. 11,
while those of v, in pyridine and pyridine-ds have already
been shown in Fig. 5. The most intense C-H stretching mode
v, has a pressure dependence of 0.84 4 0.16 cm ~ !/kbar in
all compounds where only one type of pyridine group is
found; v,,, is the weaker component which appears as a
satellite on the main component and is much less pressure
sensitive than v, with v, /dp = 0.53 + 0.10cm ~ !/kbarin
all the compounds studies here. The C-H stretching mode in
Zn(py),Cl, phase II can therefore be assigned as follows:
v,(1) at 3076 cm ! (Jv,/dp = 0.82 cm ~'/kbar); v,q, (1)
at 3083 cm ™! (v, /dp = 0.43cm ~ !/kbar; and v,(2) at
3086 cm~! (dv,/dp =1.27 ¢cm~'/kbar). The two C-H
stretching bands that occur 3075 and 3085 cm ~ ! at 10 kbar
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in Zn(py),CL, (II) are very similar in appearance to the ones
shown in Fig. 2 for Ni(py),Cl,.

The C-H stretching modes can now also be assigned in
solid pyridine and pyridine-ds, as has been done in Table I.
In Ni(py),Cl,, two prominent modes are observed at 3075
and 3054 cm ~'. A weak shoulder occurs at 3067 cm ~ . The
pressure dependences of these two bands are very similar
(Table I) and are therefore assigned to v,(1) and v,(2),
respectively. The shoulder is assigned to v,, (1).

From these results, it can be concluded that the C-H
stretching modes in these solids appearing in the Raman
spectra are confined to v, and v,,. They do reflect the pres-
ence of more than one distinct pyridine group in the lattice,
but they are not sensitive towards long-range order in the
crystals, judging from the similarity of the Raman spectra of
the glassy and crystalline modifications of pyridine. No evi-
dence could be found in the pressure dependence of the Ra-
man spectra of the existence of strong hydrogen bonds in
these solids, even though the existence of inter- and intramo-
lecular hydrogen bonds was suggested in the crystal struc-
ture analysis of Zn(py ),Cl, phase IL.'" In Ni(py) ,Cl,, v,(2)
which occurs at 3054 cm ~ ' seems to suggest a weaker C-H
bond which could be the result of some hydrogen bonding,
however, the pressure dependence of this bond rules out any
strengthening of the bonds at higher pressures. Hydrogen
bonding in this complex can be explained in terms of the d, -
electron delocalization between the nickel (II) ion orbitals
and the 7 electrons of the pyridine rings. It has been ob-
served in Cu(py),Cl, dissolved in protic solvents that the
d.-electron delocalization within the complex and the
H-— —7 type of interaction of the complex with the protic
solvent are cooperative, mutually enhancing each other.® It
is therefore possible that H- — —r interactions can also occur
in Ni(py),Cl, in the solid state.

The C-H stretching modes are pressure sensitive with
respect to both frequencies and half-widths. The variation of
the half-width of v, in Zn(py),Cl, phase I is shown in Fig.
12. The half-width of v, increases at a rate of 0.37
cm ™ !/kbar and this, in addition to the significant pressure

12

11

10

-1
HW in cm

0 — 1 L
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FIG. 12. The pressure dependence of the half-width (HW) of the C-H
stretching mode v, in Zn(py),Cl, phase I above 10 kbar.

dependence of the frequency of this band of 1 cm ~ '/kbar,
shows that the repulsive components of the intermolecular
forces become increasingly important at higher pressures.
The same is true of the C-H stretching modes in other com-
plexes as well as in pyridine and pyridine-ds. The pressure
dependence of the half-widths of v, can be compared with
that of v,, mentioned earlier. It is evident that the C-H
modes are much more sensitive to intermolecular interac-
tions than, e.g., the C—-Cring mode v,. The association of the
pyridine molecules in the condensed state does not occur
because of the formation of hydrogen bonds since the effect
of pressure will undoubtedly be to strengthen such N---H
bonds, which will lead to a decrease in the strength of the C-
H bonds resulting in a red shift in the frequencies of these
modes.

DiLella and Stidham®* carefully studied the Raman
spectra of pyridine and its deuterated analogous such as pyr-
idine-4d, pyridine 2, 6-d,, pyridine 2, 4, 6-d; and these data,
in addition to those of pyridine and pyridine-ds (which were
already known), made a complete assignment of the pyr-
idine vibrations in the liquid state possible. The frequencies
of the modes v,, v5 and v,,, coincide in liquid pyridine (oc-
curring at 3057 cm '), while v,, occurs at 3042 cm ~ ' and
Va0 at 3079 cm . This means that v, shifts downwards
from 3094 to 3079 cm ~ ! in going from the vapor to the liquid
states, Vs, from 3087 to 3079 cm ~ !, v, from 3073 to 3057
cm !, while v,,, shifts from 3030 to 3057 cm ~! (the vapor
values are from the infrared measurements®?). It therefore
appears as if a weakening of the C-H bonds occurs in the
liquid, which could be indicative of the formation of hydro-
gen bonds in the liquid state. It was previously reported’ that
the ortho, and to a lesser extent the para C-H bonds of pyr-
idine show appreciable acidic character and can therefore
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form hydrogen bonds. At the liquid to solid transition in
pyridine, many of the C-H stretching modes shift upwards,
e.g., v, from 3057 to 3070 cm !, etc. These shifts are most
probably indicative of a disruption of the hydrogen bonds in
the solid state.

The in-plane H bending modes v; and v, and v, occur
at 1233 and 1213 (v,, and v, ), respectively, in solid pyr-
idine. In Zn(py),CL,(II), these bands occur at 1243/1247
cm~' (v;) and 1217/1226 cm~' (v, and v, ) as can be
seen in Fig. 4. The splitting of v, disappears at the phase
transition and the v, is observed as a single band at 1258
cm ™. A very slight splitting of v, into two components at
1209/1211 cm ' is observed immediately above the phase
transition, but this soon disappears at higher pressures. In
Ni(py),Cl,, v, occurs at a single component at 1217 cm !
and v, at 1235 cm ! as a broad and very weak feature. In
Ni(py),Cl,, v occurs at 1231 cm ~' as a band of medium
intensity and v, occurs at 1243 cm ~ ! as a very weak compo-
nent (Fig. 2). The pressure dependences of these weak bands
could not always be followed accurately in the high-pressure
cell. However, both v, and v, are rather pressure sensitive in
pyridine, the same applies to v; in Zn(py),Cl, with
dv;/dp = 0.67 cm ~ ' /kbar, however, the two components of
vy show virtually no pressure dependence. In phase I of
Zn(py),Cl,, both v; and v, are once again very much pres-
sure sensitive.

V. CONCLUSION

The intermolecular forces in solid pyridine and pyr-
idine-d; do not involve strong hydrogen bonds and are most
probably of a polar nature. An analysis of the pressure de-
pendence of the C—H stretching modes in pyridine and its
complexes shows that the repulsive components of these in-
termolecular forces dominate at higher pressures. The C-H
stretching modes, or as a matter of fact all other internal
modes, are not very sensitive towards the positional order of
the pyridine rings in the crystal investigated here. The C-H
stretching modes do reflect the presence of more than one
distinct pyridine group in the lattice.

Fermi resonance occurs between the ring modes v, and
v, in pyridine and its complexes, and in the case of
Zn(py),Cl,(II), a linear increase is observed in the Fermi
resonance coupling constant W with pressure, accounting
for the progressive increase in the intensity of v,, with pres-
sure. The same applies to, e.g., Ni(py),Cl,, where a linear
relationship was obtained between Av = v,, — v, and the
sample pressure, resulting in an increase in the intensity of
v, With pressure. The reason why Fermi resonance is not
important in liquid pyridine-d; is that the change in molecu-
lar volume during v, is very small because of the equal C-D
and N masses and furthermore, the hydrogen bonds existing
in liquid pyridine-d contribute towards a very low intensity
of v;,. The combined effect of these factors is an anomalous-
ly low intensity for v,, in the liquid state and virtually no
Fermi resonance coupling. In solid pyridine-ds, the intensity
of v,, has increased due to a disruption of hydrogen bonds,
but no direct correlation could be obtained between the ratio
of intensities Iv,,/Iv, and pressure, or between the frequen-
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cy separation v,,—v, and pressure and it must be concluded
that Fermi resonance is weak here too, or even completely
absent.

The influence of the strength of any N---X (X =H,
D, or metalion) interaction in pyridine and its complexes on
the intensity of v,, is the most important result obtained in
the present study. A comparison of the relative Raman in-
tensities of v, and v, in a series of pyridine complexes shows
that one can immediately relate the ratio of intensities
Iv,/Iv, to the strength of the M—N bond. This also in-
fluences the pressure derivative dv,,/dp which is related to
the ratio of intensities Iv,,/Iv,. In one of the complexes in-
vestigated here [Ni(py),Cl, ], evidence was found of d,, de-
localization within the complex, however, the pressure de-
pendence of the Raman bands of this complex was no
different from that of the other complexes and therefore does
not point to an increase in this delocalization with pressure.
Any such interaction will involve a d -electron delocaliza-
tion from the nickel ion to the 7* orbitals of the coordinated
pyridine groups, weakening the bonding in the ring. In Cu-
(py) 4Cl,, where similar interactions are known to occur, the
complex decomposed spontaneously to Cu(py),Cl,,*® how-
ever, our high-pressure Raman spectra gave no indication of
such behavior in Ni(py),Cl,.
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