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The hydrogen (H-) bonding between dissmilar molecules is known to be a
mechanism for condruction of both mesophase and supramolecular polymers
[1]. As H-bonding is wesk (compared with the covdent bonding), the
molecules formed by the H-bonding rgpidly bresk and recombine again a the
melting temperature of a complex. Nowadays a question about the nature of
the LC date in supramolecular polymers arises. Yet, the properties of sdf-
asambling man chan LC polymers are difficult for observation because
they can be reveded only in the mdt. Paticulaly, ndather solution light
scattering nor GPC  techniques canot be used for determination of the
molecular weight of supramolecular polymers. We guess, IR spectroscopy is
the only method providing a direct evidence of the process of assodation in
supramolecular complexes[2].

In a mecroscopic level, asxociaion of H-bonding complexes in a
supramolecular polymer leads to trandformation of the isotropic liquid phase
to the ordered LC phase. It dlows monitoring such kind of assodiaions usng
kingtic investigation of the LC phase formaion. According to our recent
publications [3-6], datidicd andyss of the microscopic images obtained
across the isotropic-ordered phase trandtion is a productive way for kinetic
investigation. In the present sudy, we follow this way. Andyss of the kinetic
Sudy alowed us to draw a condusion on molecular nature of the mesophase
in the LC supramolecular polymer synthesized.

2.Experimentd

2.1 Materials

We invedigated formation of a man chan supramolecular mesogen polymer
from two low molecular weght compounds 4,4 -bipiridine (component 1)
and  bis-(4-carboxyphenyloxycarbonyl)- heptanocate  (component  11).  Their
chemicd dructures are given below.
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Component | (Reachim, Russia, m.p. 108°C) was used as received, wheress
component 11 (not fusible before degradation at 270°C) was synthesized as
described in Ref. [7].
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2.2. Supramolecular polymer preparation and LC phase formation

The eguimolar mixture of the components | and 11 was dissolved in acetone,
The solution was steamed on rotation evaporator and dried in vacuum 0.1 mm
Hg a 80°C for 2 days The mixture was then placed into a sandwich cdl with
a g of 10 im and quickly hested to 200°C. At this temperaure, the
component | trangts to the isotropic mdt, whereas the component I dowly
dissolvesin thismdt resulting in an isotropic liquid.

After ca. 1500 s, droplets of nematic phase (bright aress of a circular form in

figure 1(a)) gopear; thar number and sze grow with time (figure 1(b)).

Fndly, the thermodynamicaly favoured nematic phase is formed throughout
(figure 1 ().

After ca. 1500 s, droplets of nematic phase (bright aress of a circular form in

figure 1(a)) gppear; ther number and dze grow with time (figure 1(b)).

Fndly, the thermodynamicaly favoured nematic phese is formed throughout
(figure 1 ().

2.3. Optical measurements

The phese sgpardion and the nematic phese growth in the LC polymer
gynthesized were regisered usng a digitd camera atached to the ocular of a
Boetius polarizing opticd microscope with a hot dage (Cal Zess Jeng,
GDR).

The opticd images obtaned were subsequently segmented and
ubjected to digitd andyss usng the ImageTool 3.0 software, daborated at
the Hedth Science Center, the Univarsty of Texas, San Antonio, USA, to
ducidate Satidticd sze digribution of nematic droplets.

2.4. IR spectroscopy measurements

Temperature variable IR spectra were recorded usng a Bruker IFS-88
ingrument equipped with a home-made hot stage contralling temperaure as
precise as + 1°C. The eguimolar mixture of the components | and 1l was
placed into a KBr sandwich cel from with a ggp of 10 im, quickly heated up
to 200°C and kept for 2 h. At this temperature, IR Spectra were recorded
every 20 min. Then the sample was cooled to room temperature and IR
spectrum was recorded again. Collection of the IR spectrais given in figure 2.

3.Results and discusson
3.1. IR spectroscopy data

As fdlows from figure 2, a room temperature, when the system is in the
crysaline state, wesk absorption bands a ~ 1915 cm® and those in the
region 2500-2600 cm® corresponding to the heteromeric hydrogenbonded
OH groups ae recognized [2, 8 (spectrum 1). This evidences low
complexation of the polymer & room temperature. The carbonyl groups have
three absorption bands at 1690, 1736 and 1758 cnt. The firgt one is the most
intensive; it is connected with formation of the carboxylic acid dimer.
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After mdting and tempering the sysem investigated for 20 min a& 200°C, its
IR gpectrum noticesbly changes (spectrum 2). Intendty of the bands
repongble for the heteromeric hydrogentbonded complex formation a ~
1915 and 2500-2600 cm? increases. Smultaneoudy, intensity of the band a
1690 cm™ decreases and redistributes to the band at 1740 cmi* attributable for
the free carbonyl groups. Presence of the free hydrogen-nonbonded carbonyl
groups supports appearance of the intensve band a 3200-3500 cm't
connected with free OH groups The carbonyl band is separaed in many
bands, suggeding exidence of heteromeric H-bonded complexes with
different level of association.

After cyddlization from the LC dae and cooling to room temperature, the
sysem did not return to its initid dae Although the free hydrogen
nonbonded carbonyl groups disgppear, a pat of the carboxylic acid dimers
dissppear too (spectrum 3). Therefore crystdlization from the ordered LC
dae promotes consarvation of the heteromeric H-bonded complexes and
cregtes impediments for their redisribution with formation of the carboxylic
acid dimers

The reaults presented above show that even after complete transformation of
the sysdem under invedtigaion to the mesophase, it can be treated as a
mixture of the free pyridine bases free carboxylic acids and heteromeric H-
bonded complexes with different levd of associaion. As the H-bonding is
wesk enough, the molecules formed by H-bonding repidly bresk and
recombine at the melting temperature.

3.2. Mechanism of ordered phase formation in LC polymers

Formation of the LC date in sysem under invedtigation can be explained by
quaity mechaniam for the ordered phase growth. Sx specific dages ae
involved in the proposed mechaniam:

() Interaction of components | and |1l generates a smooth input of
heteromeric H-bonded complexes to the homogeneous isotropic solution.

(2) Thissolution becomes progressively more supersaturated but remains
metagtable until it achieves a critical concentration at which spontaneous
nudestion of LC phase begins dmog discontinuoudy.

(3) The initid growth of smal droplets of the LC phase has a little impact on
the solution, and there is peiod of time during which dissolved
heteromeric H- bonded complexes is dill beng formed fagter then it is
beng removed by the growing droplels During this period, a large
reservoir of LC phase nude is formed.

(4) Once codescence of droplets begins, dissolved heteromeric H-bonded
complexe is depleted more rapidly than it can be produced by chemicd
reection. Nudedtion is no longer possble, and the smadler droplets
redissolve.

(5) When the droplets growth has dmost stopped, the number of droplets
decreases because of the droplets codescences. The process then sdf-
repedts.

(6) After atime asaresult of volume portion growth of LC phase the process
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of nudeation and new droplets formation dow down but did not stopped
quite as long as exig a isotropic phese It is fundamentd difference with LC
phase formation from isotropic met of LC compounds a temperature quench.

We should emphasize that five fird stages of the mechanism discussed are
amilar to the oscllatory gas evolution produced in a chemicd reaction (Seg
for example, Morgan reection, i.e formic add dehydration) [9]. We
investigated number of the ordered phase droplets as a function of time
(figure 3). The droplets number is seen to oscillate during the ordered phese
formation with intengty decreesing with time Thee oscllaions are caused

by repdtitive rdease of supersaturation by homogeneous nuclestion.

3.3 Kinetic investigation

Kinetics of the nemdtic droplets growth across the isotropic-ordered phase
trangtion a 200°C was studied for darification of the nature of mesophase in
the linear supramodlecular LC polymer. The result of digit datisicd andlyss
of the opticd images (ther fragments ae presated in figure 1) is
representatively given in the hisograms depicted in figure 4.

In the higograms presented, two overlgpping daidicd ensambles of nemétic
germs can be recognized. The germs of smdler Sze are dtributed to the low
molecular weight components, whereaes the germs of larger Sze are reaed to
the supramolecular polymer.

For andyticad description of the hisgograms obtaned, we used the modd of
reversble aggregation.

3.3.1.Model

The modd of reversble aggregaion [10, 11] dlows a genedized
Characterizetion of micro-dructure in ligud sysems According to this
moded, sationary micro-gructures are created and develop by linking energy-
equivdent units in meladtable duders cdled the aggregates. Under therma
fluctuetions the aggregates are parmanently formed and decomposed; this is a
condition of ther revershility. The dationary propeties of the system ae
rgpidy optimized via sdf-organizetion and any dructurd transformations are
to run through sequences of nearly optimized dationary non-equilibrium
detes.
Following the modd, the dationary datidicd didribution h(s) of the planar
gze s of themicro-gructurd entities reads asfollows[10, 11]
h(s) = as? exp ge sDu, 9 (1)

e KT
where a is normdising factor, Auo is the aggregate energy, K is the Baltzmann
condant, T is the absolute temperature and KT is the energy of themd
fluctuetion.
In some casess [6, 11d], aggregates form not a dngle, but rather multiple
datigicd ensambles This may be caused by ather consolidation of primery
cduders into new superdructures (eg., coarsening) or by the presence of
different kinds of the components in a multi-component sysem. Besdes, a
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minimum (embryonic) aggregae Sze S often to be taken into account; it may
be trested as a Sze of the smdlest primary unit in an aggregate. Therefore the
parameter sinEq. (1) has to be substituted by (s-%).
By taking these comments into account, Eq. (3), being gopplied to the LC
droplets growth, becomes

N _ ..
s s)=Aals- s FepR L 20

i=1 e a
where N accounts for the number of datidical ensembles of droplets and s is
the area of the i-th embryonic droplet. The mean droplet area s> in the i-th

datigicd ensamble could now be esimated as a normdised mathemeatica
expectation
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The relaion between linear (diameter <ti>) and planar (area §>) mean Sze

of droplets in the i-th ensamble is then given by a Imple geomelricd

regulaion:
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3.3.2. Kinetic of the phase transition

Hg. 4 shows the results of the higogram description usng eguation (2) with
the fitting parameters liged indde the boxes. Successful andytical description
indicates that nematic droplels form two overlapping thermodynamicaly
optimized deidicd ensambles dl across the phese trandtion in the linear
supramolecular LC polymer sudied. We interprete exigence of two datidica
ensambles as a result of progressve gengration of LC H-bonded complexes
with saturation nudedtion cydes and independet evolution of nemétic
droplets.

Using eguations (3) and (4) the mean diameter of the nematic droplets in both
daidicd ensambles can be computed as a function of time. The resulted plot
iIsshown in figure 5.

In figure 5 two regimes of the ordered phase garms evolution can be
recognized. The fird regime (O<t<2500 ) is chaacterized by intendve
nucleation and rapid droplets growth. Because of low resolution of the optica
images, we could not andyze the S9ze of nemdic gams in both daigica
ensembles at the beginning of the ordered phase growth; we could catch only
a tal of the growing regime. Above 2500 s the volume fraction of the
nematic phase increeses because of the nude coarsening; the growth rate
deceases, the number of droplets decreases too. The ultimate coarsening
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regime is reached at about 10° s when only one duster remains in eguilibrium
with the isotropic phase (seefigure 1 ()).

For andyticd description of the nudeus growth, we used the universd law of
the dugter growth in the form of scaling function [12)

<d>=ct" . (5

This equation was bascdly deived for the phase ordering kinetics in the
systems subjected to a temperature quench. Yet, we guess, it dso could be
itable for the ordered phese evolution in a supramolecular mesogen
polymer a isotheemd regime In this case the driving force should be a
chemicd reection resulted to revershility of the H-bonding complexes and,
therefore, formation and dedruction of mesogenic units This force is of
course, much lower and more complex in kinetic sense than the temperature
gradient. That is why duration of the sysem trandformation to the ordered
date (above 10° 9 is too large as compared with that under a temperature
quench (usualy 1-107 ).

In order to find a vaue of the growth exponent n in equation (5), we plotted
experimenta data presented in figure 5 in logarithmic coordinetes (see figure
6). We have a lack of expeaimentd data within the nudeus growth regime.
However linear interpolation in logHog scdes dlowed conduson that within
the coarsening regime, . = 0.34 and n; = 0.37. According to the theoreticd
predictions [13], n = 1/3 is a characteristic vaue for a phase separation of two
patly immiscible liquids. Hence the sysem under invedtigation can rather be
trested as a dynamic mixture of the H-bonded both low molecular weght and
polymer-like complexes, due to rgpid bresking and recombination of polymer
chans its behaviour is gmilar to that for a binay mixture of two partly
immiscible liquids

4.Conclusons

In this work, we syntheszed a linear supramolecular LC polymer based on
the hydrogenbonded pyridyl and carboxylic acid. Because of revershility of
the hydrogen bonding the complex dudied behaves like a mixture of two
patly immiscble lov molecular weight compounds rather then a polymer.
This peculiarity dso becomes gpparent when we investigated kinetics of the
nematic phase growth in the mdted complex. Across the isotropic-ordered
phase trangtion, two datidical ensembles of the ordered (nematic) phase
could be recognized. Interpretetion of our obsarvetions as progressvey
genegration of LC H-bonded complexes with the saturation nudegtion cydes
and independent evolution of the nematic droplets explains exisence of two
datidicd ensembles and leads to what we now condder to be a satidfactory
quditetive explanation of the phase formaion Kkinetic in  supramolecular
sysem. The number of generated nematic droplets oscillates with time
because of repetitive rdease of supersaturation of isotropic liquid by LC H-
bonded complexes and its homogeneous nudestion in LC phase.

Two regimes of the ordered phase growth were found: nucleus growth and
nucleus coarsening, i.e. Oswad ripening. Both regimes were described usng
the universd law of the duder growth with the growth exponent equd to
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about 1 and 1/3 respectively. The lagt is known to be a typicd vaue for phase
separation of two partly immiscible liquids,

References

(2) J.-M. Lehn. Supramolecular Chemistry. 1998; VCH, Weinheim .

(2) aC.-M. Lee, C.P. Jaiwda, A.C. Griffin. Polymer, 1994, 35, 4550 ; b)
K.Diekmann, M. Schumeacher, H. Stegemeyer. Liqg. Cryst., 1998, 25, 349.

(3) S. Bronnikov, V. Cozan, A. Nasonov. Phase Trans,, 2007,80, 831.

(4) 8SJ. Picken, RJ. van Wijk, JW.T. Lichtenbet, B. Wedterink, P.J. van
Klink. Mol. Cryst. Lig. Cryst. A, 1995, 261, 535 b) K. Hans, P.
Zugenmaer. Makromolek. Chem., 1998,189, 1189.

(5) S. Bronnikov, C. Racles, A. Nasonov, M. Cazacu. Lig. Cryst., 2006,33,
1015.

(6) S. Bronnikov, I. Dierking. Phys. Chem. Chem. Phys., 2004, 6, 1745.

(7) H. Fisher, V.V. Zuev. Polym. Bull., 1994, 32, 559.

(8) T.Kato, T. Uryy, F. Kaneuchi, C. Jn, JM.J. Frechet. Lig. Cryst., 1993,
14, 1311.

(9) Oscilations and traveling wavesin chemical systems (Eds.: R.J.F€d,
M.Burger), Wiley, NewY ork, 1985.

(10) H.G.Kilian, S. Bronnikov, T. Sukhanova. J. Phys. Chem. B, 2003, 107,

13575.

(118 S. Bronnikov, T, Sukhanova Phys. Chem. Chem. Phys., 2003, 5, 4252.

(12) AJ. Bray. Physica A, 1993,194, 41.

(13) G. Madras, B.J. McCoy. J. Chem. Phys., 2002,117, 8042.

Figures

Fig. 1 Fragmentary microscopic images of the supramolecular polymer
acrossits phase trangtion from the isotropic Sate: (a) a 1760's, (b) at 4690 s,
and () 9680 s after beginning of the coaling.
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Fg. 2 IR spectra of supramolecular system under investigation for initid mixture of
components (1); during heating a 200°C after 20 min (2), and 2 h (3);after
coaling to room temperature (4).
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Fg. 3 Time dependence of the droplet number across the isotropic-nemdtic
phase trandtion in the supramolecular polymer.
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Fg. 4 Frequency digtribution of the nematic droplet areafor the images depicted
inFg. 1, aand b, and thair description using Eq. (2) with thefitting parameters
given within the boxes
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Fig. 5 Time dependence of the mean droplet diameter across the isotropic-nemétic

phase trangtion in the supramolecular polymer. 1 denotes the first Satistical

ensembles, whereas 2 denotes the second one (see Fg. 4).

Fg. 6 Log-log representation of the detagivenin Fg. 5.
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