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Optical noise and dynamical properties of liquid crystal comb
polymers with di� erent mesogenic groups
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Politecnico, I-10129 Torino, Italy
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F-69390 Vernaison, France

(Received 7 May 1996; in ® nal form 23 September 1996; accepted 17 October 1996 )

The light scattered by a comb polymer with a polyacrylamide main chain and biphenyl-based
mesogenic units containing the substituent R =CN in the biphenyl core is characterized by
a stationary noise which has been measured between 70 ß C and 140 ß C in the frequency interval
5 Ö 10 Õ 2

n 10 Hz. This optical noise is analysed by means of a speci® c procedure
introduced to clarify the role of random movements of segments of the main chains on the
side chain ¯ uctuations. The RMS amplitude of the random molecular movements, the
relaxation times of the side chain and main chain ¯ uctuations, and the damping coe� cients
governing their motion are investigated as functions of temperature. The results are compared
with those recently obtained on a similar polymer characterized by R =H. Common features
and di� erences are brought into evidence and discussed in terms of the di� erent mesophase
structures exhibited by the two polymers in the temperature interval considered.

1. Introduction potential electro-optical applications of these materials.
Dynamical properties may conveniently be studied, forLiquid crystal comb polymers exhibiting thermotropic

and lyotropic properties are being extensively studied instance, by detecting and analysing the Brownian
motion of molecules as a function of temperature.owing to their fascinating structural and physical proper-

ties and to the prospects for their applications as con- In a previous paper [3], optical techniques were
introduced to study the Brownian movements of thestituents of electro-optical devices. These systems,

composed of rigid mesogenic units linked through ¯ ex- main chains and side chains in the comb polymer with
R =H, obtained by polymerization in THF and exhibit-ible spacers to a polymeric backbone, are characterized
ing a tilted, ordered bilayer smectic phase SI

2
followedby a variety of mesophase structures. Comb polymers

by a tilted, disordered bilayer smectic phase SC
2

abovewith a polyacrylamide main chain, spacers containing
105ß C. The glass transition of this polymer occurs atten methylene groups, and biphenyl-based mesogenic
Tg=83 Ô 3 ß C. The dynamical properties of the systemunits were recently prepared [1, 2]. They correspond to
were studied by measuring and analysing the stationarythe general formula:
noise of the light scattered by the system at low angles.

(CH2 ± CH)n This technique has been successfully applied in recent
| years to the study of the visco-elastic constants of liquid
CO± NH± (CH2 )10 ± COO± C6H4 ± C6H4 ± R crystals [4 ± 6]. However, the peculiar features of the

scattered light noise in these comb polymers required awhere the substituent in the biphenyl core may be:
novel procedure of analysis to be introduced [3]. InR =H, CN, OCH2CH(CH3 )C2H5 [2].
this way, a detailed picture of the response of both sideAlthough the characteristics of the various mesophase
chains and main chains to random disturbances ofstructures displayed by these polymers may be deter-
thermal origin was obtained.mined by X-ray di� raction [1, 2], considerable interest

In the present paper, the same procedure is appliedexists in techniques providing information on the
to study the comb polymer with an undecanoyloxy-dynamical properties of the constituent molecules and
cyanobiphenyl side chain, where the substituent inthe parameters governing their motion, in view of the
the biphenyl core is the highly polar carbonitrile group
R =CN. This polymer is characterized by two disordered*Author for correspondence.

0267± 8292/97 $12´00 Ñ 1997 Taylor & Francis Ltd.
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280 P. Allia et al.

bilayer smectic phases (tilted, SC
2

followed by SA
2

above (368 K). The side chains are tilted at 24 7́ ß with respect
to the normal to the smectic layers, which contain the95 ß C). The dynamical properties of the constituent mole-

cules are expected to di� er, to some extent, from those main chains. The distance between smectic layers is d =
51 8́ AÊ . At temperatures above 95 ß C, a second, disorderedobserved in the polymer with R =H, because of the

di� erent properties of the substituent and the di� erent double layer smectic structure (of the SA
2

type) appears,
characterized by a sudden increase in the layer spacingdegree of liquid crystalline order in the corresponding

mesophases. Moreover, the length of the main chains is to 59 0́ AÊ , and by a corresponding reduction in the tilt
angle from 24 7́ ß to 0 ß . The temperature of isotropizationhigher than in the previous polymer. A comparison

between the results obtained for the two polymers allows of the material, as determined by X-ray di� raction,
occurs at T =168 ß C (441 K). These results are summar-common features and speci® c di� erences to the con-

veniently checked. The good correspondence between ized in the table, where they are compared with the
corresponding data obtained on the di� erent combthe picture emerging from the present research and the

structural information gathered on these polymers gives polymer, with R =H, previously submitted to the same
type of optical analysis.further support to the adopted procedure of analysis.

The sample cell used in the optical measurements on
the comb polymer with R =CN consisted of two parallel2. Experimental

A liquid crystal comb polymer with undecanoyloxy- glass plates with a constant spacing of 50 mm ensured
by mylar spacers and was assembled using a thermo-cyanobiphenyl side chains, corresponding to the

formula reported above with R =CN, was prepared resistant glue. The sample thickness was not however
measured independently, and the reported value shouldunder vacuum by radical polymerization of acrylamidoyl-

undecanoyloxycyanobiphenyl at T =73 ß C (346 K) in be considered as being merely indicative.
The experimental set-up for the light scatteringchloroform solution, with AIBN as initiator, as described

elsewhere [2]. The polymer’s molecular characteristics measurements between room temperature and 150ß C
has been described in detail elsewhere [3, 6]. The mono-(Mn , Mw and their ratio), as determined by light scat-

tering from chloroform solutions and Gel Permeation chromatic light scattered by the polymer at di� erent
angles and the associated optical noise were detected byChromatography, are reported in the table. The structure

of the polymer was determined by X-ray di� raction [2]. means of a photodiode mounted on a rotating platform.
The optical noise was observed in the frequency intervalThe results of interest for the present study are now

brie¯ y summarized. For this polymer, as well as for the 5 Ö 10 Õ 2 Hz<n<10 Hz. At higher frequencies, the noise
originating from the sample merged into the back-polymer with R =H [2], d is the same on heating and

cooling and remains constant in the whole domain of ground noise.
All measurements were performed under normal inci-existence of each mesophase. A disordered, double layer

smectic structure of the SC
2

type is observed below 95 ß C dence of light. The optical noise of the scattered light
was su� ciently strong to be detected by the photodiode
only at low scattering angles; the smallest angle ofTable. Comparison between the properties and the meso-

phase structures of two liquid crystal comb polymers with scattering compatible with the requirement of excluding
polyacrylamide main chain and di� erent substituents R the direct beam from the photodiode’s active area was
in the mesogenic groups. Interlayer distances and angles

hs=4 ß ( in air). All reported data refer to this scatteringof tilt remain constant over the whole range of existence
angle.of each reported mesophase [2].

The optical measurements were performed in the
Mesogenic group temperature interval 70± 140ß C at an average heating

rate of 0 5́ ß C min Õ 1 (including measurement time). Each
Biphenyl Cyanobiphenyl power spectrum is an average taken at constant temper-Parameter (R=H) (R=CN)

ature over a set of ® ve independent samples of the
¯ uctuating voltage provided by the photodiode. NoLow temp. phase Ordered, SI

2
Disordered, SC

2Interlayer distance/AÊ 53 51 8́ signi® cant di� erences were found between the ® rst and
Angle of tilt 18 8́ß 24 7́ß the ® fth spectrum in each measurement. It can therefore
Transition temp./ ß C 105 95 be stated that the noise has been measured in stationaryHigh temp. phase Disordered, SC

2
Disordered, SA

2 conditions.Interlayer distance/AÊ 53 59
All results obtained on the comb polymer withAngle of tilt 18 8́ß 0 ß

Isotropization temp./ ß C 150 168 R =CN (referred to as sample CN in the following text)
Mn 24 500 68 800 will be discussed in comparison with the corresponding
Mw 42 300 88 100 results for the comb polymer with R =H (referred to as
Mw /Mn 1´73 1´28

sample H).
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281Optical noise and dynamics of comb polymers

3. Results

The intensity of monochromatic light scattered by
sample CN at hs=4 ß is reported in ® gure 1 as a function
of temperature T ( full symbols). At low T , this intensity
is rather weak, and begins to increase steadily above
80 ß C, exhibiting a tendency towards saturation in the
130± 140ß C interval. The e� ect of temperature on the
scattered light intensity in sample CN is much smoother
than in sample H, where the order± disorder transition
is marked by a sudden increase of the scattered signal
(open symbols in ® gure 1). The lower isotropization
temperature of the polymer with R =H makes it possible
to observe a distinct decrease in the intensity of the
scattered light (expected to disappear in the isotropic
phase), while in sample CN such a feature is displaced

Figure 2. Typical spectral density curves of the optical noise
to higher temperatures. Note the di� erence in vertical displayed by sample CN at two di� erent temperatures.
scales between the two samples. Such a di� erence is Dotted lines: best-® t curves.
mainly ascribed to (a) slightly di� erent thicknesses of
samples, and (b) a di� erent attenuation of the incident
light. It is interesting to remark that, merely by multiply- ¯ uctuations [4, 7]. The square root of the area
ing all data for sample CN by the constant numerical
factor 2 8́6, the curves of ® gure 1 take the same values

A = P n
2

n
1

S (n) dn, with n1=0´1 Hz, n2=10 Hz
at both low and high temperatures, supporting the
hypothesis that the di� erence in the measured curves

(i.e. the RMS noise) is shown in ® gure 3 (open symbols).originates from di� erent experimental conditions, rather
A steady increase with temperature of the molecularthan from intrinsic di� erences between the polymers.
¯ uctuations is observed, although no particular featureTwo representative spectral density curves S (n) of the
emerges from this analysis in the proximity of thescattered light noise (at hs=4 ß ) are reported in ® gure 2.
transition temperature. The scattered light intensity isThe low temperature spectra are well described by a
reported for comparison (full symbols in ® gure 3).single Lorentzian function, while a steeper high fre-

Valuable information on the molecular ¯ uctuationsquency decay is observed at higher temperatures, as
may be extracted by analysing the ratio between lowexpected in these polymers [3]. After subtraction of the
frequency and high frequency integrated spectral densitybackground noise, the spectral density curves were inte-
curves. Let us de® negrated over the measurement frequency interval, in order

to study the evolution with temperature of molecular
A low = P n

¾1

n
1

S (n) dn, with n1=0´1 Hz, n ¾1 =0´5 Hz

Figure 1. Temperature behaviour of the intensity of the light Figure 3. E� ect of temperature on the RMS optical noise in
sample CN (open circles) compared with scattered lightscattered at hs=4 ß by sample CN (full circles), compared

with data from sample H (open circles). intensity (full circles).
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282 P. Allia et al.

and the experimental di� erence in the level of scattered light
(see ® gure 1). In particular, all data referring to sample
CN have been multiplied by the constant numericalAhigh = P n

2

n
¾2

S (n) dn, with n ¾2 =5 Hz, n2=10 Hz.
factor 2 8́6, as previously discussed. Sample CN is char-
acterized by a continuous increase in the RMS ¯ uctu-The square root of the ratio R =A low /Ahigh is reported
ation amplitude, which starts from a very small value,in ® gure 4 as a function of temperature. The quantity
and is followed by a saturation region above 120ß C. InR

1/2 is a measure of the predominance of low frequency
sample H, the ¯ uctuation amplitude remains insteade� ects in the spectrum of the molecular ¯ uctuations. A
very small and constant up to about 100 ß C; for higherpeak in R

1/2 is observed at T =95 ß C, in good agreement
temperatures, a steep increase is observed, and thewith general concepts concerning ¯ uctuation modes in
high-T portion of the curve reaches the same values asthe proximity of a phase transition (the slow relaxing
for sample CN. Once again, these di� erences may bemodes must substantially increase around the transition
naturally explained in terms of the di� erent types oftemperature).
molecular arrangements at low and high temperatures;A comparison between the RMS noise curves for
the correspondence of the curves (after rescaling) issamples CN (full symbols) and H (open symbols) is
however remarkable, and de® nitely points to a commonshown in ® gure 5. The curves have been corrected for
origin of the optical noise in both polymers, as is indeed
expected.

4. Analysis of the spectral-density curves

A dynamical model of the ¯ uctuations responsible for
the optical noise in comb polymers has been recently
proposed [3]. A brief account of its basic assumptions
and consequences follows. The molecular ¯ uctuations
may be described as pure relaxational phenomena, in-
volving massless, heavily damped oscillators submitted
to random external forces [4, 5]. The optical noise is
assumed to arise, at all temperatures, mostly from ¯ uc-
tuations of the side chains. Main chains however play a
signi® cant role at high temperature, because the random
forces acting on side chains partly arise also from
random movements of segments of the main chains. ThisFigure 4. Temperature behaviour of the square root of the
fact brings about a change of the S (n) curve from aratio R between lower frequency and higher frequency
nearly pure Lorentzian behaviour to the weighted sumcontributions to the optical noise in sample CN (see text

for details). of a pure Lorentzian and the product of two Lorentzians,
according to the expression:

S (n)=S0(T ) +AP1+
P2

n
2+c

2
2B 1

n
2+c

2
1

(1 )

where S0(T ) is the background noise.
Both terms in equation (1) describe thermally excited

¯ uctuations of the side chains; the Lorentzian term, with
the weight P1 (T ) , is related to their spontaneous ¯ uctu-
ations, while the product of the two Lorentzians, with
the weight P2 (T ) , accounts for ¯ uctuations induced by
random movements of segments of the long chains. The
quantities c Õ 1

1 , c Õ 1
2 are relaxation times for side chain

and main chain ¯ uctuations, respectively.
The parameter P1 , obtained from the best ® t of

experimental spectra to equation (1), is reported as a
function of temperature in ® gure 6 for sample CN (full
symbols). A remarkable enhancement of P1 is observedFigure 5. Comparison between RMS optical noise measured

for sample CN (full circles) and for sample H (open circles). with increasing T . No de® nite structure appears in the
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283Optical noise and dynamics of comb polymers

positions), and increases at higher temperatures,
although with a lower slope than in sample CN. It can
be concluded that the main chains have a larger motional
freedom in sample CN than in sample H. At low
temperatures, such a freedom can be related to the lack
of crystalline order in the SC2 phase of sample CN, while
in the high-T region, the SA2 phase of sample CN seems
to be more unstable that the SC2 phase of sample H.

The temperature behaviour of the cut-o� frequencies
c 1 and c 2 in sample CN is shown in ® gure 8 (a) . Both
quantities steadily decrease with decreasing T , indicating
that the relaxation times for the ¯ uctuations of both
side chains and main chains become larger. A striking
di� erence is observed in sample H ( ® gure 8 (b)) , where
the parameter c 2 drops to zero below 80 ß C, indicating
that the corresponding main chain ¯ uctuations areFigure 6. Weighting factor P1 of the Lorentzian component

of the S (n) ® tting function for sample CN (full circles). becoming exceedingly slow. Such a feature does not
The P1 values obtained for sample H under the same occur in sample CN, where the disordered phase, stable
experimental conditions are reported for comparison at low temperature, does not bring about any freezing(open circles).

of main chain movements.
The parameters of equation (1) may be used to give

curve around 95 ß . The corresponding curve for sample information about the temperature behaviour of the
H exhibits similar features (open symbols). Quite interest- damping parameters governing the motion of the side
ingly, the low temperature limits of the P1 curves are and main chains (bs and bm , respectively) [3]. In particu-
very similar; the enhancement of P1 is however stronger lar bs , linearly related to an e� ective viscosity experi-
in sample CN. enced by the side chains, is proportional to T /P1 , where

The temperature behaviour of P2 is shown in ® gure 7
T is expressed in Kelvin, while bm , linearly related to an

for sample CN (full symbols). At low temperatures e� ective viscosity experienced by the main chains, is
(T 100ß C), P2 is very small, albeit non-zero, and dra- proportional to (P1 /P2 )

1/2 [3].
matically increases with increasing T above 100ß C, indi- The temperature behaviour of T /P1# bs is shown in
cating a high mobility of the main chains of SA2 phase; ® gure 9 for sample CN and sample H (full and open
on the other hand, the P2 parameter of sample H symbols, respectively). In both cases, bs decreases with
is equal to zero below 80 ß C (indicating that the

T , according to an Arrhenius law of the type bs=
main chains are completely frozen in their equilibrium bso exp (Q /RT ) , where bso is a constant, Q is an activation

energy for viscous ¯ ow, and R is Meyer’s constant
(dotted/dashed lines in ® gure 9). In sample CN, the
activation energy turns out to be Q =39 1́ kJ mol Õ 1,
signi® cantly higher than in sample H (Q =28 5́ kJ mol Õ 1

[3]) . On the other hand, the pre-exponential factor bso

is smaller in sample CN than in sample H:
bso (CN)$1/56 bso (H). The absence of any e� ects of
main chain order on bs indicates that these damping
e� ects arise through the e� ect of localized interactions
between the side chains themselves, almost certainly
occurring in the interlayer region where the side chains
of two adjacent polymers are in close contact. In the
considered temperature range, the bs coe� cients of the
two polymers are similar, owing to a balance of e� ects
from the pre-exponential constant ( larger in sample H)
and from the activation energy for viscous ¯ ow (larger

Figure 7. Weighting factor P2 of the non-Lorentzian com- in sample CN).
ponent of the S (n) ® tting function for sample CN (full

The temperature behaviour of (P1 /P2)
1/2 #bm iscircles). The P2 values obtained for sample H under the

shown in ® gure 10 for sample CN and sample H (fullsame experimental conditions are reported for comparison
(open circles). and open symbols, respectively). Both curves are
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284 P. Allia et al.

Figure 9. Behaviour of T /P1 (proportional to the damping
coe� cient for side chains) for sample CN (full circles),
compared with the same quantity for sample H (open
circles). Dotted and dashed lines: best ® t to an Arrhenius
law (parameters given in the text).

Figure 10. Behaviour of (P1 /P2 )
1/2 (approximately propor-

tional to the damping coe� cient for main chains) for
sample CN (full circles), compared with the same quantity
for sample H (open circles). Dotted lines: best ® t to a
Vogel± Fulcher± Taumann law (parameters given in the
text).

(a)

(b)

Figure 8. Cut-o� frequencies c1 and c2 appearing in the S (n)
out to be nearly coincident with the glass transition® tting function: (a) overall temperature behaviour for
temperature Tg measured by calorimetric techniquessample CN; (b) the same for sample H.
(83 Ô 3 ß C). In that polymer, T0 is only 20 ß C below the
temperature of the SI2 ± SC2 transition, while in sample
CN the main chains appear to maintain some shortdescribed by a Vogel± Fulcher± Taumann expression:

bm =bmo exp (H/(T Õ T0 )], where bm0 , H and T0 are range mobility over the whole temperature interval
explored. In fact, T0$54 ß C in this case, i.e. 41 ß C belowconstants. It has been suggested that the temperature

T0 , where the main chains appear to be completely the temperature of the SC2 ± SA2 transition. We can con-
clude that the main chains are more e� ciently dampedfrozen (both bm and c Õ 1

m diverge when T � T0 from
above), corresponds to the glass transition of the polymer in sample H than in sample CN, where the freezing of

main chains is expected to occur at a de® nitely lowermain chains [3]. In fact, T0 in sample H, ($85ß C) turns
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285Optical noise and dynamics of comb polymers

temperature. It is worth mentioning that the polymer in ® gure 11 (b) . While in sample H this coe� cient stays
with R =CN seems to exhibit a glass transition at about nearly constant over the whole existence range of the
50 ß C, once again close to our T0 , but the existence of SC2 phase, in sample CN, it is observed to increase for
this transition is not yet well established on the basis of the lowest values of the parameter T Õ T0 . This behav-
calorimetric measurements. iour is possibly related to the di� erent chemical and

Finally, it may be of interest to compare the behaviour physical properties of the two polymers; however, a
of the two polymers when they are in the same meso- satisfactory explanation of this behaviour is still lacking,
phase (the SC2 phase). From this viewpoint, the relevant and the present results may be a suitable starting point
parameter is the relative separation in temperature from for future work on this subject.
the glass transition. Assuming for simplicity that Tg=
T0 for both polymers, all data concerning the common

5. Concluding remarksSC2 phase, may be replotted as functions of T Õ T0 . Two
The present results con® rm the advantages of antypical results are given in ® gure 11. The behaviour of

analysis based upon optical noise measurements tothe measured noise intensity, shown in ® gure 11 (a) ,
derive valuable information about the dynamical proper-indicates that the overall e� ect of random forces of a
ties of liquid crystalline comb polymers. In fact, thethermal nature on the molecules of both polymers is
di� erent features observed in the optical noise of twoalmost the same at the same temperature above Tg . A
such polymers, di� ering chemically only by an atomicsimilar e� ect is observed for other parameters of the
group in their side chains (H or CN), are intrinsicallypresent analysis. The only signi® cant di� erence between
related to di� erences in the type of liquid crystallinesample CN and sample H occurs on considering the
order displayed by the polymers. These di� erences werebehaviour of the quantity (P1 /P2)

1/2, proportional to the
independently evidenced by X-ray di� ractometry: in fact,damping coe� cient for main chains, bm , and reported
the optical noise analysis is not su� cient, by itself, to
provide detailed information about the nature of liquid
crystalline phases and their stability regions. However,
the results discussed in § 3 indicate that such an analysis
may give the correct information about the temperature
at which a phase transition occurs, characterized by an
increase in low frequency molecular ¯ uctuations.

The common picture emerging from the present
analysis involves thermally-excited ¯ uctuations of the
polymer side chains, submitted to stochastic forces at
least partially related to random movements of segments
of the main chains, whose role signi® cantly increases
with increasing T.

However, remarkable di� erences are observed
between corresponding parameters obtained for the two
polymers through noise analysis. The RMS amplitude
of the optical noise related to spontaneous ¯ uctuations
of side chains grows with temperature more rapidly in
sample CN than in sample H, indicating a stronger
response of these chains to random disturbances in the
SA2 arrangement than in the SC2 con® guration. Likewise,
the RMS high temperature ¯ uctuations of main chains
are de® nitely stronger in sample CN than in sample H.
These ¯ uctuations rapidly disappear with decreasing T

below the transition to the ordered SI2 phase of sample
H, while they persist in the disordered SC2 phase of
sample CN.

The relaxation times for side chain ¯ uctuations are
almost the same in both materials; the main chain

Figure 11. Selected experimental data obtained on samples
¯ uctuations are instead characterized by a markedCN and H in the same mesophase (SC

2
) plotted against

di� erence occurring in the low temperature phases, withthe relative distance from the glass transition temperature:
(a) RMS optical noise; (b) (P1 /P2)

1/2, proportional to bm . a divergence of c Õ 1
m in sample H at T =T0 , while the
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286 Optical noise and dynamics of comb polymers

behaviour of the corresponding quantity is regular in responsible for the optical noise seem to be essentially
sample CN over the examined temperature interval. independent of the actual degree of polymerization,

Side chain movements are characterized by similar almost twice as high in sample CN as in sample H. This
damping coe� cients in both materials, while the main is not a surprising result, as the considered random
chains experience a lower damping in the SA2 phase of movements occur because of localized thermal disturb-
sample CN than in the SC2 phase of sample H. A ances, and do not involve large scale motion of main
dramatic di� erence between these damping factors is chain molecules.
observed in the low temperature phases. In fact, the
e� ective viscosity experienced by the main chains References
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