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The interactions of the polymer poly(4-vinyl pyridine) moieties with free pyridine molecules in concentrated solution
develop protonated and hydrogen-bonded species on the polymer backbone and turn the viscous solution to gel. Direct
irradiation at proton transfer centre on the protonated polymer moiety promotes an amorphous-to-crystalline transition. The
polymer crystals exhibit completely different optical properties when compared to the amorphous material. The proposed
mechanism of the photoinduced crystallisation is the following: direct excitation to the proton transfer centre generates in
abundance protonated polymer moieties, which have rigid quinone structure. Rigid quinone conformations stimulate the
crystallisation of the polymer chains; in their turn, increasing polymer ordering stabilises the photoinduced protonated
species. Photoinduced phase transition is reversible, meaning, that crystalline phase is metastable. To clarify the mechanism
of the phase transition, in the present issue, using molecular modelling, we investigate the conformational behaviour of the
polymer species depending on the state of protonation, interaction with adjacent solvent molecules and polymer side-chain
units. The Density Functional Theory (DFT) calculations show the protonated pyridine moiety as a quinone structure that
is clearly stable, thus emphasising the ability of such structure to play a key role as a ‘working’ species.

Keywords: DFT calculations; general gradient approximation; self-consistent field; pyridine; polymer; ZINDO

semiempirical approximation

1. Introduction

Polymeric gels, which have been called semidilute polymer
solutions by P.G. De Gennes [1], have not found wide
application in the practical optical or electronic or memory
storage devices, mainly due to their weak mechanical
properties. However, they are nevertheless the subject of
extensive investigations [2—5]. One of the main reasons for
the continuing interest in polymer gels is the unique
flexibility of their structural properties. The ability of
polymer chains to adopt different conformations depends
on the properties of the solvent and on intra or
intermolecular noncovalent bonding. The driving forces
for gelation include hydrogen bonding, ionic interactions,
van der Waals attraction, dispersion forces and aromatic
stacking. Another unique property of gels is the wide scale
of external factors that can be control the structure [6—11].

The present study was stimulated by a unique material —
a poly(4-vinyl pyridine)/pyridine gel [12]. When the
polymers are dissolved in pyridine, the initially viscous
solution spontaneously gels during storage in the dark for
approximately one month. This gel is amorphous and
sensitive to light. Under irradiation at 385nm the gel
transforms into a nanocrystalline material. The optical
properties of the nanocrystalline material are completely
different from those of the amorphous gel. Instead of blue
emission at 440nm, a set of red-shifted emission peaks

appeared under irradiation at 385 nm during not less than an
half an hour (light intensity 5.3 mW/cmz) [13]. In complete
agreement with the changes in the emission properties and
changes in the absorption of the gel were also documented.
Beginning with an irradiation time of 15 min, the gel begins
to acquire a yellow colouring which deepens as the
irradiation continues. The prolonged tail of the absorption in
the wide wavelength range 300—400 nm grows significantly
as a function of the length of the irradiation. However, the
photoinduced process is reversible.

Recent spectroscopic investigation explained the sensi-
tivity of the gel to irradiation at 385 nm. The absorption
centred at 385 nm is related to a proton transfer centre on the
protonated polymeric pyridine [14]. An FTIR study clarified
the process of the formation of protonated centres on the
polymer chain: immediately after solvation, zwitterions
formed on the polymeric pyridine. In spite of the compara-
tively low concentration, the self-protonated polymeric
pyridine species was detected by FTIR measurements as the
final stage of such a charge-separated system [15].

Using molecular modelling we investigate the
conformational behaviour of the pyridine polymer side-
chains depending on the state of protonation, interaction
with solvent and single model of a polymer unit, numbers
of side-chain units on the alkane chain. In order to justify
the models, we inspect the calculated UV absorption
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spectra of the geometry optimised model structures and
compare them with the experimental spectra of absorption.
To investigate the molecular reactivity of those models,
we evaluate ionisation potential (IP).

2. Computation details

The computational results were obtained using software
programs from Accelrys Inc. (San Diego, CA, USA) [16].
DFT calculations were performed with the DMol®
programme [17,18], and graphical displays were generated
with Materials Studio® [16]. We took advantage of the
version of DMol® using Materials Studio 4.1 graphical
interface. A double numerical polarised (DNP) basis set
was employed that includes all occupied atomic orbitals
plus a second set of valence atomic orbitals plus polarised
d-valence orbitals. For exchange and correlation, we have
applied the gradient-corrected approach using the gener-
alised gradient approximation (GGA) functional in the
manner suggested by Perdew and Wang (PW91) [19,20].

The spin-unrestricted approach was applied with all
electrons being considered explicitly. In all calculations,
atom-centred grids were used for numerical integration
using about 2000 grid points for each atom. A real space cut-
off of 7.0 A was imposed [16,17]. The self-consistent-field

Figure 1. Model of MPP with non-protonated (a) and
protonated (b) pyridine moieties.

(SCF) convergence criterion was set to be that the root mean
square (rms) change in the electron density must be less than
1 X 107° electron/A®. Geometries were optimised using
efficient algorithm taking the advantage of delocalised
internal coordinates [21]. The convergence criteria applied
for geometric optimisation were 1 X 10~° Ha (Hartree
units) for energy, 0.002 Ha/A for force and 0.005A for
displacement.

The vertical IP was obtained as the energy difference
between the total energies of the cation and its neutral
form with the geometry optimised for the neutral
molecule. Similarly, the electron affinity (EA) was
obtained as the energy difference between the total energy
of the anion and the neutral molecule with the structure
optimised for the anion.

The absorption spectra were calculated using the
Zerner’s intermediate neglect of differential overlap
(ZINDO) [22] semiempirical approximation with the
Intermediate Neglect of Differential Overlap (INDO)/2
Hamiltonian as implemented in the program VAMP [23]
(Accelrys, Inc.). In the current calculation, 8 orbitals
with 16 electrons were included into the active space of
the Configuration Interactions Calculations with all single
excitations (CIS) expansion. This choice allows to account
for all the valence 1r, mr*orbitals and electrons.

3. Results and discussion

As mentioned above, FTIR measurements showed that the
origin of the light sensitive system lies with the self-
protonated side-chain unit on the backbone of poly(4-vinyl
pyridine) [15]. To investigate the effect of the self-
protonation on the conformational behaviour of the
polymer side-chains, we modelled the molecular structure
of the polymer side-chain units as 4-(1-methylpropyl)
pyridine (MPP; Figure 1). Two ground state forms: non-
protonated (first structure) and self-protonated (second
structure), are presented in Figure 1(a) and (b),
respectively. We identified the MPP in which the CH

Table 1. Bond distances; bond angles; torsional angles between alkane chain and pyridine ring; and A,y of the calculated UV
absorption spectra.
Parameter la 1b 3a 3b 6a 6b
r(C(3)—C(5)] (1§) 1.496 1.358 1.497 1.358 1.397 1.397
r(C(5)—C©O)) (A) 1.401 1.455 1.402 1.455 1.438 1.438
HC9—C®)) (A) 1.405 1.360 1.405 1.360 1.364 1.364
r(C(8)—N(1)) (A) 1.348 1.387 1.348 1.387 1.418 1.418
ang(C(6)—C(5)—C(9)) (°) 118.04 114.36 118.05 114.36 115.57 115.57
ang(C(7)—N(1)—C(8))(°) 117.07 118.532 117.060 118.532 116.882 116.882
ang(N(1)—C(®)—C(9)(°) 123.645 122.03 123.595 122.03 121.428 121.428
ang(C(8)—C(9)—C(5))(°) 118.836 121.489 121.447 121.489 121.466 121.466
Torsional angle O(°) 61.7 -2.8 65.5 -0.1 -55 -2.8
Amax (taking from the calculated UV

absorption spectra; nm) 175 175, 220, 300 180 300 195, 300 195, 300

Models: MPP, 1a,b; oligomer, 3a,b; complexes, 6a,b; for non-protonated (a) and self-protonated (b) type structures.
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bond on the alkane carbon C; is cleaved, and the
‘liberated’ proton are attached to the pyridine nitrogen as
a model of a self-protonated pyridine polymer unit.
A negative charge is concentrated on the carbon C; of the
alkane chain, and a positive charge — on the pyridine
nitrogen. The C5;—N proton transfer radically changes the
molecular conformation. A comparison of the geometric
parameters of the first and second structures is presented
in Table 1 (columns a and b — non-protonated and
self-protonated MPP, respectively). In particular:

(1) The atomic rearrangement results in a change in the
calculated bond lengths. The bond lengths:
r(C(3)—C(5)) are significantly shorter in the ‘second
structure’ — 1.358 A as compared to 1.496 A in the
“first structure’; the r(C(6)—C(7)) bond behaves
similarly. The length of the bond #(C(9)—C(8)) are
also considerably shorter in the ‘second structure’ —
1.360A as compared to its length of the ‘“first
structure’ — 1.405 A.

(2) A key structural parameter — the torsion angle (0),
linking the alkane chain and the pyridine ring —
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significantly different in the two structures. The
planar ring is bent 61.4° in the ‘first structure’, while
the protonated pyridine unit is practically parallel to
the alkane chain. In the latter case, the ring is rotated
~2.8 away from the direction of the alkane chain
(Table 1, columns la and b, respectively).

These calculations clearly identified the self-proto-
nated pyridine unit as a rigid resonance structure of the
quinine form. The calculated UV absorption spectra of
the two structures are (Figure 2(a) and (b), the ‘first’ and
‘second structure’, respectively). The UV absorption
spectrum of the first model has a single peak at 195 nm; in
contrast, the UV absorption spectrum of the second
structure has three peaks — at 195, 220 and 300 nm.
In order that the model approaches the actual polymer
more closely, we expand the number of polymer units on
the alkane chain and investigate the effect of side-chain
self-protonation on the five-unit oligomer model. Oligo-
mer models with non-protonated (1) and self-protonated
(2) units are presented in Figure 3(a) and (b) — (1) and (2),
respectively.

VAMP UV-Vis Spectrum
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Figure 2. Calculated UV absorption spectra (VAMP) of MPP non-protonated (a) (Figure 1(a)); and protonated (b) (Figure 1(b)) pyridine

moieties.

(a)

Figure 3. Models of five unit oligomers with non-protonated (a) and protonated (b) pyridine moieties.
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Figure 4. Calculated UV absorption spectra (VAMP) of five units oligomer of non-protonated (a) (Figure 3(a)); and protonated

(b) (Figure 3(b)) pyridine moieties.

A comparison of these structures at first shows that both
type of oligomers exhibit strong similarity to the isotactic
structure (Figure 3). The calculated bond distances and bond
angles are identical to those of the MPP models are not
affected by the mutual interaction of adjacent species
(Table 1, columns 3a and b, (1) and (2), respectively).
The calculated values of the torsional angle (O) are also
practically not affected by the number of moieties in the
oligomer. The large difference in ® was found only for the
end-group (non-protonated) of oligomer (1) 14.5°, in contrast
to the value of O for the other units, 69.8°—-60.5°.

Although the geometric parameters are not affected by
the number of the units in the oligomer, this parameter
strongly influences the optical properties. The calculated UV
absorption spectra reveal drastic changes in response to the
increasing number of pyridine rings on the chain. In detail:

(1) oligomer (1) as well as oligomer (2) exhibit
broadening of the calculated absorption spectra
(Figure 4a,b), which can be the evidence of long-
range electron density overlap.

(2) the molecular arrangement of the five protonated
structures in oligomer (2) leads to a considerable
red-shift of A Amax 1S shifted to 270nm with a
pronounced shoulder at 330 nm, instead of appearing at
195 nm as in the non-protonated oligomer structures,
where there is no spectral red-shift (Figure 4a,b).

We also investigated the ability of the oligomers to
form a crystalline structure. The calculated crystalline
structure is shown in Figure 5. The model crystal exhibits
3D monoclinic B symmetry with unit cell axes: a, 6.863 A;
b, 39.810A; ¢, 13.527A; a = v, B = 93.3°.

To determine the effect of the adjacent molecules on the
conformational behaviour and optical spectra, we modelled
the following complexes: MPP (self-protonated pyridine

unit)/pyridine (Figure 6(a)); MPP (self-protonated pyridine
unit)/MPP (non-protonated pyridine unit) (Figure 6(b)).
The calculated bond distances, bond angles and torsional
angles are presented in Table 1, columns 6a and 6b.

Figure 5. Model of the poly(4-vinyl pyridine) crystal structure.



17:29 14 January 2011

Downl oaded At:

@ (b) ©

Molecular Simulation 985

VAMP UV-Vis Spectrum
4
—— Smoothed Spectrum
31l I Mode Positions
—— Mode Intensities
<
iS)
o 27
]
<]
B
= 1 L
o)
(@]
0 | 1l
[} 1] ([} | |
-1 + + + + + + + +
0 100 200 300 400 500
Wavelength (nm)

Figure 6. Models of the complexes: (a) MPP (self-protonated pyridine unit)/pyridine; (b) MPP (self-protonated)/MPP (non-protonated

pyridine unit). (c) Calculated UV absorption spectra.

The geometric parameters of the self-protonated pyridine
unit are identical in both complexes and have a strong
similarity to the geometric parameters in the case of the
isolated MPP. In addition, both structures also have
identical calculated UV absorption spectra (Figure 6(c)).
When compared to the single MPP, the calculated UV
spectrum has the same positions of the spectrum Ap,.
however, the intensity of absorption at 300 nm is lower,
compare to the former (Figure 6(c)).

To summarise the investigation of the model structures
we can conclude that the self-protonation significantly
affect the atomic arrangement — convert an aromatic

0.6 1

Absorbance [OD]
o
N

o
N
1

0.0 T T
200 250 300 350

Wavelength [nm]

Figure 7. Room temperature absorption spectrum of a thin layer
of liquid pyridine placed between two quartz slides.

structure to quinone conformation; rearrangement of the
torsional angle lead to the alignment of the molecular
species along the alkane bond, thus significantly affect the
optical properties of this pyridine unit, thus affecting the
energy band gap of the molecule. Increasing the number of
the protonated pyridine units on the alkane chain lead to
the broadening and significant red-shift of optical spectra,
narrowing the molecular band gap.

To verify the model, we compared the calculated
UV absorption spectra with the principal experimental
absorption spectra of liquid pyridine (Figure 7); the

25

2.0 1

154

1.04

Absorbance [OD]

0.5 1

0.0 T T
250 300 350

Wavelength [nm]

Figure 8. Room temperature absorption spectrum of a solution
of the polymer P4VPy, dissolved in pyridine (one side-chain unit
per one free pyridine molecule). A thin layer of the solution was
placed between two quartz slides.
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Figure 9. Room temperature absorption spectrum of the gel:
polymer P4VPy, dissolved in pyridine (one side-chain unit per
one free pyridine molecule) gelled spontaneously in the dark
under nitrogen atmosphere during a period of 25 days. The gel
was in the form of a thin film placed between two quartz slides.
For comparison, the insert shows the calculated UV absorption
spectra (VAMP) of a five unit oligomer of protonated pyridine
moieties (Figure 3(b)).

initial viscous solution — poly(4-vinyl pyridine)/pyridine
(Figure 8); and the gel (Figure 9). All optical spectra were
measured on thin films placed between two quartz slides.
The thickness was not controlled. The absorption spectrum
of the liquid pyridine displays an absorption band at
254nm (w—m* energy transition) with vibrational
structure of the vibrational transitions 0—0, 0—1 and 0-2
(Figure 7). The absorption spectrum of the polymer
dissolved in pyridine (Figure 8) has maximum intensity

/

Scheme 1.

at 260nm, which also is due to the w—m* energy
transition. In excellent agreement with the calculated UV
absorption spectrum of the oligomer, the absorption peaks
of the polymer/pyridine solution are also much broader
than those of the liquid pyridine (Figure 8). As expected,
the absorption spectrum of the gel (Figure 9) shows an
increase in intensity at 270 and 330 nm (the deconvoluted
data are not shown), which in comparison with the
calculated UV absorption spectrum of the oligomer with
protonated species, can be assigned to an increase in the
amount of self-protonated species in the gel. The extended
tail in the visible range can be assigned to the long range
interaction of the ordered polymer moieties in analogy to
the red-shift of the same spectrum.

UV irradiation of the gel leads to a significant increase
in the intensity of the absorption centred at 360 nm and
to an amorphous—crystalline phase transition[12].
The photoinduced crystalline state is not stable and the
material spontaneously transforms back to an amorphous
gel. Calculation of the internal energy of the amorphous
and crystalline phases is currently under investigation.
However, the reversibility of the process shows that the
crystalline phase is metastable and those photoinduced
molecular retransformations are the intermediates.
The reverse transition, i.e. crystalline—amorphous, are
shown schematically at the molecular level in Scheme 1.
The protonated quinoid structure (I), due to proton
rearrangement in a ring group (II), can transform to the
neutral pyridine species (III), that can maintain the gel
structure via hydrogen bonding (III).

We calculate: HOMO, LUMO, dipole moment (w) and
IP of the structures I, II and III by application of the

\

™

R

/
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Table 2. Calculated (VAMP) HOMO, LUMO energies,
ionisation potential and dipole moment for structures I, II and II1
(Scheme 1) and gaseous pyridine (Py).

I II I Py
HOMO (eV) —-3.79 —4.29 —5.63 —5.99
LUMO (eV) —1.02 —3.50 —1.63 —1.94
n (D) 2.93 3.27 0.22 2.33
1P (eV) 6.27 6.81 7.78 9.27

semiempirical program VAMP. The results are presented
in Table 2, that also includes for comparison of the values
for gaseous pyridine.

As can be seen, the energy of the ground state —
HOMO - is significantly reduced when moving from
structures I to III and approaches that of the gaseous
pyridine. This reduction indicates an increase in structural
stability. The energy of the lowest excited level (LUMO)
is very similar in structure I and III — only the short
intermediate II has a somewhat lower energy. Structure I1I
also has the lowest value of the dipole moment (0.22 D) as
well as the highest ionisation potential 7.78 eV. Thus,
we can assume that the spontaneous reversion of the
crystalline material to the amorphous state can be due to
transformation of photoinduced protonated species to the
non-protonated form.

4. Conclusion

Using the modelling programs DMol® and VAMP
(Accelrys Inc.) we shows the effect of the self-protonation
of the pyridine side-chain units on the conformational
behaviour and UV absorption spectra of poly(4-vinyl
pyridine). The calculated UV absorption spectra of the
model compound closely reproduce the experimental data.
We demonstrate that the self-protonation of the pyridine
ring of poly(4-vinyl pyridine) leads to the conformational
rearrangement of the pyridine ring to the quinone form as
well as to rotation of the ring with respect to the alkane
chain. Thus, we can suggest that this type of molecule can
function in a gel as a ‘working’ species and is responsible
for the properties of the photoinduced gel.
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