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Abstract

The conformation of side-chain liquid crystal polymers with different mesogen-graft amounts has been studied by small-angle neutron

scattering in dilute solutions of toluene-d8 and THF-d8. It is shown that the radius of gyration increases by about twofold when the mesogen-

graft amount increases from 0 to 100%, which suggests that the persistence length of the backbone increases by about 4-fold. Comparison

with the results reported in the literature on the melt state suggests that the persistence length is not an intrinsic property of side chain liquid

crystal polymers, but depends on inter-chain interactions.

q 2003 Published by Elsevier Science Ltd.
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1. Introduction

In the past 15 years, the backbone conformation of side-

chain liquid crystal polymers has been extensively studied,

mainly using small-angle neutron scattering (SANS) after

labeling the backbone by deuterium, [1–5] or X-ray

diffraction [6] experiments. These studies showed an

anisotropy of the backbone conformation in the oriented

mesomorphic phases. This anisotropy is small in the

nematic phases, and very large in the smectic phases

where the backbone is essentially confined between the

smectic layers. Another basic question posed by these

systems concerns their persistence length lp: A study carried

out in the isotropic and unaligned nematic phases shows that

the value of lp is near that of a conventional flexible polymer

[7]. This surprising result indicates that the flexibility of the

chain is not modified neither by grafting the mesogenic

groups every ,2.5 Å on the chain, nor by the nematic

interactions. All these studies were carried out in the melt

state. In order to see if this result is still valid for isolated

chains, we have performed SANS experiments in dilute

solutions of side-chain polysiloxanes exhibiting different

mesogen-graft amounts. The results obtained show that the

polymeric backbone becomes stiffer when the mesogen-

graft amount is increased.

2. Experimental

2.1. Samples

The ‘side-end’ fixed liquid crystal polymers (LCP)

investigated correspond to the chemical formula shown in

Fig. 1. The precursor backbones are homohydrogenmethy-

siloxanes (from Aldrich) or copolymers formed by hydro-

genmethylsiloxane and dimethylsiloxane units. The

copolymers were synthesized, as described elsewhere [8],

in such a way that they have a similar degree of

polymerization. The statistical distribution of the two

types of units was checked by 29Si NMR.
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Two different mesogenic groups, ended by a vinyl group,

were synthesized following a procedure previously

described [9]. In Fig. 1, they correspond to n ¼ 4 and m ¼

2 and to n ¼ 6 and m ¼ 1: In the following, they will be

respectively denoted P4 and P6. The side-end fixed LCP

were prepared in solution by a hydrosilylation reaction

between the hydrogenmethylsiloxane units and the vinyl

end groups of the mesogens [10,11]. The reaction was

initiated with dichloro(dicyclopentadienyl)-platinum II

(500 ppm with respect to the hydrogenmethylsiloxane

groups) and was carried out at 60 8C for 1 day. 1-Ethynyl-

1-cyclohexanol was then introduced (1 mg/1 g of polymer)

to act as a poison towards the catalyst in order to prevent

from any further reaction of the possible remaining silane

functions. The polymer was recovered by precipitation in

methanol and purified by dissolving twice in tetrahydro-

furan and precipitating again into methanol. In the

following, the samples will be labeled by their mesogenic

group and their mesogen-graft amount: for example, P6-85

will denote the sample having 85% ðx ¼ 0:85Þ of the

monomers grafted with P6 side-groups.

The molar mass distribution of the polymers was

obtained by size exclusion chromatography (SEC) in

toluene coupled with light scattering (3 angles Mini

Dawn; Wyatt Technology). The values of the refractive

index increments used in this analysis were determined by

means of a Waters 410 differential refractometer. All the

polymers exhibited quite similar average number degrees of

polymerization (,120), except the weakly substituted P6-8

sample. In fact, due to the low mesogen-graft amount, the

precipitation of this polymer was incomplete and so favored

the longest chains. The values of the molar masses and the

refractive index increments are gathered in Table 1. It

should be noted that, due to the low values of the refractive

index increments, and to the fact that the light scattering

detector has only three detector angles, the determination of

the averaged molar masses lack precision.

The solutions of these side-chain LCPs were prepared in

two different deutared solvents: THF-d8 and toluene-d8.

Both solvents were purchased from Euriso-top and showed

an isotopic enrichment $99.5%.

2.2. Neutron scattering

The neutron scattering experiments were carried at the

Berlin Neutron Scattering Center (Hahn-Meitner-Institute

Berlin) on the V4 small-angle camera. This camera is

equipped with a two-dimensional sensitive detector. A

sample-detector distance of 8 m was used together with a

neutron wavelength of 0.6 nm (full-width at half-maximum

of the wavelength distribution Dl=l < 8%). This gives

access to q values ranging from 0.07 to 0.4 nm21 where

q ¼ ð4p=lÞsinðu=2Þ; u being the scattering angle. Further

details are available on http://www.hmi.de/bensc/

instrumentation/instrumente/v4/v4.html.

The solutions were prepared directly in quartz cells from

HELLMA of optical paths of 5 mm. The position sensitive

detector was calibrated by means of light water, which gives

off only incoherent scattering. Under these conditions the

absolute intensity, IAðqÞ is written:

IAðqÞ ¼ INðqÞ=K ð1Þ

in which INðqÞ is the intensity obtained after background

subtraction, transmission corrections and detector normal-

ization, and K is a constant, which reads:

K ¼
4pðai 2 yasÞ

2ewTwNA

gðlmÞð1 2 TwÞm
2
i

ð2Þ

in which ai and as are the coherent scattering amplitudes of

the polymer and the solvent, respectively, y is the ratio of the

polymer molar volume over the solvent molar volume, Tw

and ew the transmission and the thickness of a 1 mm light

water sample, mi the molecular mass of the average

scattering unit of the polymer, and gðlmÞ a constant which

is camera-dependent and was measured by using a reference

sample displaying a rod-like behavior for which the mass

per unit length is known (bicopper complex in trans-decalin

[12]).

3. Results

The neutron scattering results have been analyzed by

means of the Zimm approach based on the development of

the scattered intensity proposed by Guinier for qRg , 1;

where Rg is the radius of gyration. For polydispersed

systems, and under the condition that C , Cp; where Cp is

the overlap concentration, Zimm has obtained for the

reciprocal of the scattered intensity [13]:

C

IAðqÞ
¼

1

Mw

1 þ
q2R2

z

3

" #
þ 2A2C þ 3A3C2 þ · · · ð3Þ

in which R2
z is the mean-square z-averaged radius of

gyration (third moment of the distribution), Mw the mass-

Fig. 1. Chemical formula of the side-chain LCPs under study.
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averaged molar mass (second moment of the distribution),

and Ai the virial coefficients.

As can be seen in Table 2, the values of the radius of

gyration are located between 5 and 11 nm. Strictly speaking,

the condition qRz , 1 is not totally fulfilled in the entire

investigated q-range. However, as can be seen in Figs. 2 and

3, linear Zimm-plots are obtained. This arises from the fact

that the samples have polydispersities between 2 and 3,

which usually allows the linear range to extend well beyond

the above condition. In a few cases, the third virial

coefficient had to be considered for improving the

extrapolation procedure (see Fig. 3). This most probably

stems from the fact that high polymer concentrations were

used although still below Cp (Cp < 0:2 g=cm3 for 0%-

sample, Cp < 0:1 g=cm3 for 100%-sample). The conspic-

uous invariance of the slope of the straight lines (C=IðqÞ

versus q in Figs. 3 and 4) for the three polymer

concentrations used highlights the absence of concentration

effect on the radius of gyration.

Table 2 shows that there is a reasonable agreement

between the molar masses measured by SANS and those

calculated from the neutron-determined molar mass of the

poly(hydrogenmethylsiloxane). On the other hand, com-

parison between Tables 1 and 2 shows that the molar masses

deduced from SEC are different from those measured by

SANS. These discrepancies could be explained by the lack

of precision of the SEC analysis discussed above. It should

be stressed that these discrepancies do not question the

twofold increase between the radius of gyration of the 0%-

polymer and that of the 100%-sample.

4. Discussion

From Fig. 4 and from the results displayed in Table 2 it is

clear that increasing the mesogen-graft amount from 0 to

100% entails an increase in the radius of gyration by a factor

of nearly two. Correspondingly, the second virial coefficient

decreases by approximately one order in magnitude. This

means that the increase in the radius of gyration does not

arise from an increase in solvent quality but is an intrinsic

property of the chains.

Since the chains with the grafted mesogens cannot be

considered as thin threads, the contribution of the mesogens

to the measured radius of gyration should be known. This

will allow one to discuss the conformation of the backbones

only. By considering the presence of the mesogens as a

simple thickness effect, we propose two different

approaches to quantify their contribution. It should be

noted here that, since the experiments were carried out in the

Guinier domain, a ln½qIðqÞ� versus q2 plot cannot be

performed to estimate the thickness of the chains.

Table 1

Characterization of the polysiloxane samples, Mn : number-averaged molar mass, Mw : mass-averaged molar mass, DPn : number degree of polymerization, m

and n refer to the chemical structure (see Fig. 1). dn=dc : refractive index increment in toluene (35 8C; 930 nm). rp : polymer density as measured in toluene

ðT ¼ 25 8CÞ

Sample ðPn-100xÞ x n m Mw (g/mol) Mn (g/mol) Mw=Mn DPn dn=dc rp (g/cm3)

P4-100 1 4 2 96,000 50,000 1.9 138 0.062 1.22

P6-85 0.85 6 1 14,9000 49,000 3 140 0.059 1.21

P6-50 0.5 6 1 85,000 29,000 2.9 110 0.056 1.12

P6-8 0.08 6 1 75,000 35,000 2.1 337 20.026 1.02

Poly(hydrogen methylsiloxane) 21,000 7000 3 110 20.078 1.01

Table 2

Experimental values of the radius of gyration ðRzÞ; the second virial coefficient ðA2Þ; the third virial coefficient ðA3Þ; the mass-averaged molar mass ðMð1Þ
w Þ as

determined by SANS, the mass-averaged molar mass ðMð2Þ
w Þ as calculated from the value determined by SANS for the poly(hydrogenmethysiloxane) sample

(except for the sample P6-8 because of its higher degree of polymerisation, as can be seen in Table 1). The poly(hydrogenmethysiloxane) samples used for the

P6 and P4 series of experiments came from different batches

Sample ðPn-100xÞ Rz (nm) A2104 (cm3/g2) A3103 (cm6/g3) Mð1Þ
w (g/mol) Mð2Þ

w (g/mol)

P6/deuterated toluene

Poly(hydrogen methylsiloxane) 5.3 ^ 0.5 11 0 17,000

P6-8 8 ^ 1 10 9 35,000

P6-50 8.7 ^ 1 6 1.7 58,000 63,000

P6-85 10 ^ 1 4.1 0 99,000 95,500

P4/deuterated toluene

Poly(hydrogen methylsiloxane) 5.8 ^ 0.5 13 0 23,500

P4-100 11 ^ 1 0.15 0 130,000 140.000

P4/deuterated THF

Poly(hydrogen methylsiloxane) 5.8 ^ 0.5 15 0 23,000

P4-100 9 ^ 1 1.1 0.55 128,000 137,000
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In the first approach, it is assumed that the average of a

system of chains with hanging side-groups is a chain with a

circular cross-section. As demonstrated in Appendix A, R2
n;

the mean-square n-average of the radius of gyration of the

system of chains can then be written:

R2
n ¼ R2

nb þ R2
c ð4Þ

where R2
nb is the mean-square n-average of the radius of

gyration of the backbone and R2
c the squared radius of

gyration of the cross-section, which show no polydispersity.

The second approach is based on a decomposition of the

intensity iðqÞ scattered by one chain [14,15]:

iðqÞ ¼ ibðqÞFðqÞ ð5Þ

where ibðqÞ is related to the backbone of the chain and FðqÞ

to its cross-section. With Rg the global radius of gyration

and Rgb the radius of gyration of the backbone, the Guinier’s

development of the intensities gives iðqÞ / e2q2R2
g=3 and

ibðqÞ / e2q2R2
gb=3: A Guinier development for the cross-

section [15,16] gives: FðqÞ / e2q2R2
c =2; with Rc the radius of

gyration of the cross-section, as previously. The following

expression can then be deduced from Eq. (5):

R2
g ¼ R2

gb þ
3

2
R2

c ð6Þ

For many-chains systems, average parameters should be

introduced. R2
g and R2

gb in Eq. (6) can be replaced by R2
n and

R2
nb; respectively: these parameters are independent of the

polydispersity and can therefore be compared to the cross-

sectional radius of gyration. One can note that Eq. (6) differs

from Eq. (4) by the 3=2 factor of the R2
c term. This

discrepancy comes from the fact that the two approaches are

based on different approximations, which lead to approxi-

mate expressions. However, as this will clearly appear

below, this point has no incidence on the fact that the R2
c

term is negligible compared to the R2
gb term.

Since the systems under study are polydisperse, the

scattering experiments give access to the mean-square z-

average of the global radius of gyration, namely R2
z : In order

to deduce the R2
n values from the measured R2

z values, the

molar mass distribution is approximated by a distribution

function. For that purpose, it is convenient to choose the

widely used Schulz-distribution function [17]. It is defined

as followed:

wðMÞ ¼
M1=U

G 1 þ
1

U

� �
Mw

1 þ
1

U

0
BB@

1
CCA

1þ1=U

exp 2
M

Mw

1 þ
1

U

� �� �
ð7Þ

where G represents the gamma function, M is the continuous

variable for the molar mass and U ¼ I 2 1 if I is the

polydispersity (values of I ¼ Mw=Mn are listed in Table 1).

wðMÞ is defined for a discrete system of Ni chains of molar

mass Mi by: wðMiÞ ¼ NiMi=
P

NiMi: R2
n and R2

z can be then

defined in gaussian approximation by [18]:

R2
z ¼ ð1 þ 2UÞR2

n ð8Þ

The use of a relation suitable for gaussian chains, whereas

the chains under study are not gaussian, has no incidence on

our discussion and will be justified later when discussing the

Fig. 2. Zimm-plot for 0%-sample in THF; Cpol ¼ 0:083; 0.055,

0.029 g/cm3. The open symbols stand for the extrapolation at q ¼ 0 nm21:

Fig. 3. Zimm-plot for 100%-sample in THF; Cpol ¼ 0:058; 0.039,

0.02 g/cm3. The open symbols stand for the extrapolation at q ¼ 0 nm21:

Fig. 4. Variation of the radius of gyration as a function of the mesogen-graft

amount x: (V) ¼ P6 samples in toluene, (W) ¼ P4 in toluene, (þ) ¼ P4 in

THF. The solid line is a guide for the eyes.
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determination of the persistence length. From Eq. (8), it

appears that the calculated values of R2
n for the partially or

totally substituted samples are included in the range:

16 # R2
n # 44 nm2 ð9Þ

For a fully substituted chain, R2
c can be estimated by

considering that the side groups are rods of length d < 2:5

nm and radius b < 0:2 nm; and is given by [19]:

R2
c ¼

d2

12
þ

b2

2

Since the thickness effect due to the side groups is less

important for a partially substituted chain than for a fully

substituted one, the present estimation will lead to a

maximal value for the R2
c term of Eqs. (4) and (6). The

calculation gives R2
c < 0:6 nm2: Comparing this value to

those of R2
n deduced from relationship (9), it appears clearly

that the main term in Eqs. (4) and (6) is R2
nb: Thus, we have

shown that the quantity measured by SANS reflects actually

the radius of gyration of the backbone of the polymer. This

result stems from the fact that the length of the side groups,

d < 2:5 nm; is much smaller than the average contour

length of the chains, which is higher than 30 nm. We will

now compare the standard polymer and the liquid crystal

polymer under study in terms of the rigidity of their

backbone.

An increase in the rigidity of the chains when grafting

side-groups is qualitatively obvious: the experimental data

in Tables 1 and 2 show that the radius of gyration is

increasing when the degree of polymerization remains

approximately the same (except for the sample P6-8 because

of its incomplete precipitation, as explained previously). A

more quantitative approach can be given by the determi-

nation of the persistence length of the side-chain liquid

crystal polymers, which, in first approximation, is the

backbone one.

In the frame of persistence length chain model, Benoı̂t

and Doty [20] have established the following equation

between the radius of gyration Rg; the contour length L of

the finite chain and the persistence length lp :

R2
g ¼

Llp

3
2 l2p þ

2l3p

L
2

2l4
p

L2
ð1 2 e2L=lp Þ ð10Þ

In the case of polymers in solution, this relation is valid for

unperturbed chains, i.e. for polymer–solvent systems at the

Q temperature. Above this temperature, in ‘good solvent’,

excluded volume effects occur, the chains swell and the

second virial coefficient A2 becomes positive. Is it therefore

possible to employ Eq. (10) for the systems under study? A

priori the answer is no since the measured values of A2

(Table 2) are positives. However, the value of lp determined

with Eq. (11) (see Table 3 and the following text) for the

non-substituted chain, lp ¼ 0:5–0:6 nm; is very close to the

persistence length lp ¼ 0:54 nm reported in the literature

[21] for an ordinary poly(dimethylsiloxane) chain. Assum-

ing that the flexibilities of poly(dimethylsiloxane) and

poly(hydrogenmethysiloxane) are identical, this agreement

indicates that Eq. (10) can be used for the non-substituted

chains under study, despite the positive value of A2:

Moreover, excluded volume effects decrease for the

substituted chain, as shown by the lower values of A2 : it

is then reasonable to use Eq. (10) for all the samples. This

result can be understood as being a consequence of the low

molecular mass of the chains, i.e. their low conformational

entropy.

Eq. (10) should be now adapted for the quantities which

are experimentally accessible. By using the Schulz

distribution of the molar masses, Oberthür [18] has

obtained:

R2
z ¼

1 þ 2U

1 þ U

Lwlp

3

 
1 2

1 þ U

1 þ 2U

3lp

Lw

 
1 2

2lp

Lw

!

2
ð1 þ UÞ2

1 þ 2U

6l3p

L3
w

"
1 2

 
1 þ

U

1 þ U

Lw

lp

!
2

1
U
#!

ð11Þ

where the contour length Lw is defined by Lw ¼ ðl= ~mÞMw;

Mw being the mass-average molar mass of the chains, l the

distance between repetitive units and ~m the molar mass of a

monomer unit (for partially substituted chains, ~m is the

average mass of a monometer unit). Mw is measured by

SANS (see Table 2), l is about 0.3 nm for a polysiloxane and

~m is known for each sample, so Lw can be deduced for each

sample. With the experimental values of Rz (Table 2), the

values of lp can be obtained by a numerical resolution of Eq.

(11). These values are gathered in Table 3.

Table 3 shows that the increase in the persistence length

is observed in the two solvents and for the two different

mesogens considered. The discrepancy between the results

for the two sets of experiments (with P4 or P6 side-groups)

stems from the fact that the poly(hydrogenmethysiloxane)

Table 3

Calculated values of the persistence length ðlpÞ; using Eq. (11) and with the

experimental values of the radius of gyration Rz; the contour length Lw and

the polydispersities I

Sample ðPn-100xÞ Rz

(nm)

Lw

(nm)

U ¼ I 2 1 lp
(nm)

P6/deuterated toluene

Poly(hydrogen methylsiloxane) 5.3 ^ 0.5 85 2 0.6

P6-8 8.0 ^ 1 106 1.1 1.2

P6-50 8.7 ^ 1 76 1.9 1.9

P6-85 10.0 ^ 1 88 2 2.1

P4/deuterated toluene

Poly(hydrogen methylsiloxane) 5.8 ^ 0.5 118 2 0.5

P4-100 11.0 ^ 1 109 0.9 2.4

P4/deuterated THF

Poly(hydrogen methylsiloxane) 5.8 ^ 0.5 115 2 0.5

P4-100 9.0 ^ 1 107 0.9 1.6
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used are issued from different chemical synthesis. It can be

seen that the persistence lengths calculated for poly(hy-

drogenmethylsiloxane) of the two syntheses are identical

considering an accuracy of 0.1 nm. Finally, it is clearly

shown in Table 3 that the persistence length of the polymer

backbones increases by a factor ranging from 3 to 5, from

the starting polymer to the fully substituted one. It is clear

that the numerical evaluation of lp depends on the choice of

the molar masses distribution. The present estimations,

obtained with the Schulz distribution, seem to be correct

since they give a value compatible to the literature for the

persistence length of the non-substituted chain. The results

shown in Table 3 also indicate that a small mesogen-graft

amount already produces a marked effect on the persistence

length. To quantify the increase in persistence length, a

larger number of monomers should be used in the

simulation: this is outside the scope of this paper.

Finally, it should be noted that an increase in the

persistence length has been suggested by Fredrickson on the

basis of theoretical calculations carried out by considering a

model system where the side groups and the backbone are of

identical chemical structure [22]. These analytical predic-

tions were later confirmed by Saariaho et al. [23] by means

of Monte-Carlo simulations. Fredrickson’s calculations are

not directly tractable under the present conditions as we are

dealing here with a polymer of disparate moieties.

5. Concluding remarks

The experimental determination of Rz points towards an

increase of the backbone’s persistence length with increas-

ing the mesogen-graft amount in the dilute state. Recent

results reported by Fourmaux-Demanges et al. [7] in the

isotropic and nematic melt-state have shown that the

persistence length is about 1 nm for liquid crystal polymers

made of poly(methylmethacrylate) with mesogen-graft

amounts of 100%. Since the persistence length for the

standard poly(methylmethacrylate) is about 0.7 nm [24], the

presence of the mesogens does not modify significantly

the rigidity of the chain in the melt state. Since the increase

in the persistence length in solution is clearly a consequence

of intra-chain interactions, the comparison between these

results and those in the melt state suggests that a balance

between intra and inter-chain interactions is responsible of

the unchanged value of lp in the melt state. The persistence

length is therefore not an intrinsic property of side-chains

liquid crystal polymers.
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Appendix A. Mean-square n-average radius of gyration

of a system of chains with hanging side-groups

(demonstration of Eq. (4))

The following calculation is based on the method

proposed by Reinecke et al. in Ref. [25]. The square radius

of gyration of a single chain is written:

R2
p ¼

1

2N2

X
i;j

AiA
2
j ðA1Þ

in which AiA
2
j stands for the square distance between any

two points in the chain, N being the number of these points.

The vector AiAj can be expressed through (see Fig. 5):

AiAj ¼ AiOm þ OmOn þ OnAj ðA2Þ

in which Om and On are the intersections between the

backbone of the chains and the cross-sectional areas

perpendicular to the backbone. Squaring Eq. (A2) gives:

AiA
2
j ¼ AiO

2
m þ OmO2

n þ OnA2
j þ 2AiOm·OmOn þ 2On

Aj·OmOn þ 2AiOm·OnAj ðA3Þ

with NL the number of cross-sectional areas and nc the

number of scatterers per cross-sectional area, the mean-

square n-average radius of gyration of a system of chains is

Fig. 5. Schematic drawing of a part of a chain with hanging side-groups.

Vector AiAj is shown to be the sum of three vectors, namely AiOm þ Om

On þ OnAj; where Om and On are the intersections between the backbone

of the chains and the cross-sectional areas perpendicular to the backbone.
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then written:

where the main summation
P

extends to all the chains in the

system, Np being the number of chains with radius of

gyration Rp:

Due to the averaging on all the chains of the system, any

vector AiOm and AjOn possess an opposite counterpart, so

that cross-terms in Eq. (A4) cancel by pair when the

summation over all possible values of AiA
2
j is performed.

Eq. (A4) becomes:

R2
n ¼

P" 1

2N2
Ln2

c

X
m;n;i;j

OmO2
n þ

1

2N2
Ln2

c

X
m;n;i;j

AiO
2
m þ

1

2N2
Ln2

c

X
m;n;i;j

OnA2
j

#
P

Np

ðA5Þ

which can eventually be written:

R2
n ¼

P 1

2N2
L

X
m;n
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n

" #
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1

2nc

X
i

AiO
2
m þ

1

2nc

X
j

OnA2
j

2
4

3
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The first term is the mean-square n-average of the radius of

gyration of the backbone, while the last term yields to the

radius of gyration of the cross-section.
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Strazielle C. Macromolecules 1988;21:2891.

[5] Le Commandoux S, Noirez L, Mauzac M, Hardouin F. J Phys II

(France) 1994;4:2249.

[6] Davidson P, Levelut AM. Liq Cryst 1992;11:469.
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