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Structure and Mobility in Ferroelectric Liquid 
Crystalline Elastomers as Studied by 
Time-Resolved FTIR Spectroscopy 

HOLGER SKU PIN^, SERGEJ v. SHILOV~, FRIEDRICH KREMER~, 
ELISABETH GEBHARD‘ and RUDOLF ZENTEL‘ 

aUniversity of Leipzig, Abt. PAE Linnkstx 5, 04103 Leipzig, of St. Peters- 
burg, Inst. for Macromolecular Compounds and ‘BUGH Wuppertal, Inst. fur 

Materialwissenschafen 

The molecular structure and reorientation of ferroelectric liquid crystalline elastomers 
(FLCE) in response to an external electric field is studied on a microsecond scale with 
time-resolved Fourier transform infrared (ITIR) spectroscopy. In order to analyze the influ- 
ence of the network on the molecular structure and mobility in FLCE, three similar FLC 
polysiloxanes are under study that differ just in their crosslinking architecture: besides the 
uncrosslinked polymer we obtain by photocrosslinking FLCE in which the backbones of 
either adjacent smectic layers (“interlayer”) or of the same smectic layer (“intralayer”) are 
preferably crosslinked. It is shown that the crosslinking leads to a slowing down of the 
molecular mobility which is stronger for the inter-than for the intralayer FLCE. Asymmetries 
in the reorientation times and/or in the reorientation angles are observed (elastic memory 
effect). The intralayer crosslinking causes a “locomotive effect”: the reorientation of the mes- 
ogenic cores precedes that ofthe backbones. 

Keywords: time resolved FTIR spectroscopy; fenoelectric liquid crystals; elastomeric net- 
works 
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38 HOLGER SKUPIN et al. 

INTRODUCTION 

Due to the combination of ferroelectrkity and rubber elasticity 
fmoelectric liquid crystalline elastomers (FLCE) are a promising 
material for electroptical and piezoelectric applications [I-31. The 
formation of network points during the thermal or photoinduced 
crosslinking process prohibits flow processes and enables piemeffects 
as large as those of piemceramics [4,5]. In order to study the influence 
of the crosslinking network on the structure and the mobility in 
response to an external electric field a homologues series of FLC 
polymers and elastomers is investigated by polarized time-resolved 
Fourier-transhrm infi-ared (FTIR) spectroscopy. Due to its specificity 
FTIR spectroscopy with polarized light can r e d  the mean orientation 
and the orientation distribution of the different molecular segments of 
FLC [6-191, that are the mesogenic long axis, the polar (carbonyl) 
group, the alkyl tail and -in case of FLCP and FLCE- the polymeric 
backbone. By performing polarized FTIR v&h a time resolution of 
At>= 5ps the reorientation dynamics in response to an e x t d  electric 
field can be studied in detail. By that one obtains for the Werent 
molecular segments the reorientation angles, the reorientation times, 
the reorientation path and the phase relation with respect to the external 
electric field [ 14- 191. 

As in most of the t h e  resolved FTIR measurements the sample 
is hold fixed with respect to the idhued propagation vector, the 
obtained information about the evolution of the molecular orientation 
refers to the projection onto the plane normal to the beam propagation 
(this is the plane in which the polatizer is rotated). Therefore, 
conclusions about the reorientation dynamics are equivocal as long as 
the three-dimensional character of the reorientation path is not M e n  
into account [lq. It is the aim of this paper to elucidate the segmental 
dynamics of FLCP and FLCE by deriving the reorientation paths in the 
3D space and studying the time evolution of the mean orientations of 
the different segments along these reorientation paths. 

In order to find out the influence of the elastomeric network on 
the segmental reorientation dynamics we investigated a homologous 
series of three FLCPFLCE samples that have a similar chemical 
structure besides their different crosslinking architecture [20-231. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

49
 1

6 
A

ug
us

t 2
01

2 



STRUCTURE AND MOBILITY IN FLCE 39 

EXPERIMENTAL SETUP 

The infrared spectnr are measured with an FTIR spectrameter (FTS 
6000, Bio-Rad) attached to an Mared microscope (Uu4 500, Bio- 
Rad). The microscope can be operated in the visible light mode and in 
the infrared mode. In the visible mode the sample c o w  is 
between two crossed polariprrs which allows to position the FLC 
sample in the measurement spot of 100pm x 100 pxn. In the infrared 
mode the polarization vector E" of the infrared beam can be varied by a 
rotatable wire-grid polarizer (figure 1). 

FIGURE 1 Experimental setup fm the shear Oriented FLC cells, the 
transition moments af the samples are mdicated 
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40 HOLGER SKUPIN et al. 

A MCT (MercuryCadmiumTel1urite)e) detector measures the i n f k e d  
intensity in dependence of the optid manlation (which is the Fourier 
Transform of the spectral wavenumber v), of the polarimr angle R and 
of the evolutin time. The absorbance spectra for each poIarizer angle 

the intensities in dependence of the variables a, f v measured with and 
without the sample placed in the beam. By use of the step-scan 
tecimique described elsewhere [14,15] a resolution in time of 5 ps can 

R and time interval t is An+&) = -ln(IQI(vyIon(v)) where I and I0 are 

1560 ls00 1700 lfMMl/O 

wavenumbor [cm-I] 

FIGURE 2 Evolution in time of bands assigned to the phenyl and the 
carbmyl group for a fixed pokriza angle J230". Fmm the set of 
these time resolved specbra for each polsrizer angle n=Oo-18O0 the 
absorbaace in dependence of i2 and t is deaived for the different 
bands. 
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STRUCTURE AND MOBILITY IN FLCE 41 

The samples under study are two FLC elastomers of a similar chemical 

uncrosslinked FLC polymer (Figures 4a,Sa,6a). In the “inter”-layer 
crosslinked FLCE a photocrosslinkable group is attached at the 
terminal position of a mesogen which leads to the formation of three- 
dimensional networks. In contrast the functional group in the “intra”- 
layer FLCE is attached via a short spacer to the bckbotle, which leads 
to CTOSSW lying preferably in the bacirbom layer (two- 
dimensional network). Bebre crosslinking the samples are oriented by 
sheating between CaF2 windows which- ceased with 821 IT0 l a p  in 
order to make the surfhce conductive. An addiibd SiO layer protests 
the IT0 elemodes &om short-circuii during the shearing. A 2pm PET 
foil separates the windows. These FLC cells are crosslinked about S 
degrees below the Sm-C*/Sm-A phase transition by UV-light. Tbese 
cells are placed in the IR microscope with the incident light 
propagating normal to the CaF2 windows (figure 1). 

stnrcture but different crosslinking architecture and the corresponding 

RESULTS AND DISCUSSION 

For the analysis of the different infrared spectra the absorbance of the 
band maximumS listed in Tab.l are calculated with respect to an 
appropriatebaseline. 

TABLE1 Molecular assignment of the bands under study 

Band name wavenumber v of the Molecular group 

Phenyl stretching 1499 iud 1604 Mesogenic long axis 
band maximum (cm-’) 

Carbonyl stretching 1730 group 
A s p .  CH2 stretching 2924 awspacer  
Si-CH3 defbrmation 1261 polymeric backbone 

By that br each of these four bands an array A,(R,t) is obtained, where 
the index v denotes one of the four band maximm. Each absorbance 
value A, of this array is proportional to the integral given in equation 1 D
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42 HOLGER SKUPIN er ul. 

where the polarization vector ,? of the IR-light is a function of the 
polariir angle R, ji is the transition moment of the band v which is 
timedependent in its orientation and its orientation distribution 
function The square of product j i .2  is integrated for all transition 
moments in the measurement spot J ~ Y  
Equation 1 describes an ellipsoid which is l l l y  characterized by its 
three principle axes. The orientation of the principle axes of the 
absorbance ellipsoids denotes the average orientation of the 
corresponding transition moments and hence of the molecular groups 
assigned to them. It should be noted that the C2 symmetq axis must 
coincide with one of the principle axes of the ellipsoids. In the 
experiments presented in this paper the polarization vector is varied in 
the plane parallel to the cell windows. Therefo~ for a given time t any 
pokuizer dependent absorbance A,@) can be fitted by the equation 

A = -log (PI + P2 COS2(Q - n- )) , (2) 

in which nmx denotes the polarizer angle for which maximal 
absorbance is measured. The maximal absorbance value is given by 
A,, = -log (P1+ P2) and the minimum absorbance is A- = -log (P1 - 
P2). If the principle axis of the absorbance ellipsoid 4 is lying in the 

plane normal to the beam it is measured a s k  if it is inclined to this 
plane smaller values for LX are obtained (Fig 3a). 

By that the value of R", A, and 4 can be used to determine 
the average orientation of the different molecular groups in 3D-space. 
Fig. 3b shows the time evolution of Q- and A- in response to the 
external electric field for the phenyl band of the intdayer crosslinked 
FLCE. Q-(t) describes how the principle axis of the phenyl band - 
being nearly parallel to the long mesogenic axis reorients in the 
projection normal to the beam propagation 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

49
 1

6 
A

ug
us

t 2
01

2 



STRUCTURE AND MOBILITY IN FLCE 43 

FIGURE 3 a) Such  of the absorbance ellipsoid changing its 
inclination with nspect to the plane n d  to the infiand beam. b) 
Rotation on the tilt cone of the xnamgmc . long axis as obsavad as the 
evolution of the value ami the p&er angle uf maximum phenyl 
absorbance 

The evolution of the mesogen inclination with respect to rhis 
plane is refleeted by the dips in the A d t )  curves. The CornbUion of 
both curves proof that the m g e n  reorientation takes place on a tilt 
cone. The reorientation on the tilt COMS in the SmC* phase is also D
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44 HOLGER SKUPIN ef al. 

confirmed for the carbonyl group and the alkyl spacers. In contrast to 
that the reorientation of the backbones does not take place on the cone. 
Taking into account tfut the WSi-CHs) trmsithn moments we 
approximately isompicaliy distributed around the polymer backbone 
chain the two long principle axes of the G(Si-CH3) absorbance ellipsoid 
have about the same length and the preferred orientation of the 
backbones is about paralzel to the hart principle axis of this aborbance 
ellipsoid. During the ekmical induced rearientation this short axis 
stays in the windows plane thus proving that the prefhed orientation 
of the polymer backbones does not rotate a r c l u n d  the layer normal as it 
is observed for the other m k u l a r  segments. 

J 

0 carbonyl . 

v backbone . 

20 

10 

Ii-0 C 
-1 0 

-2 0 

-30 ' 1 I t 1 
0 lo00 2000 3000 4000 5000 

time I vs 

FIGURE 4 a) Chemical structure of the uncrwsiiied FLC Polymer 
b) Evolution in time for the polarizer angle. of atremum absarbance 
fbr the different bandy, T=55"C (Sm-C*) 
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STRUCTURE AND MOBILITY IN FLCE 45 

The finding of different reorientation paths of the segments 
enable a detailed analysis of the Q"(t) curves of the samples under 
study. For each sample different reorientation angles 
Q-(E>O)-R-(E<O) are observed for the phenyl, the alkyl, the 
carbonyl and the band assigned to the backbone (figures 4-6). With 
exception of the latter band these values equal twice the tilt angle of the 
corresponding tilt cone. The d e r  tilt of the any1 spacer shows that 
these chains decouple the reorientation of the mesogen h m  the 
polymeric backbones. The different tilt of the carbony1 and the 
mesogen proves that the d m i t i o n  function of the carbonyl groups is 
not symmetric to the long mesogenic axis. This biased rotation of the 
carbonyl around the long mesogenic axis is the major molecular origin 
of the macroscopic spontaneous polarmion of these fenvelectric 
samples [24]. 

Figures 4-6 show that the backbone also takes place in the 
reorientation process. As the p r e M  polymer backbone orientation 
was observedto stay mthe plane, theobservedchange m P  fbr the 
Si-CH3-hd has to be assigned to changes in the conformation of the 
polymer backbone which lead to a of the rotational symmetry of 
the distribution of the G(Si-CH3) transition moments. The bplane 
rotation of smectic layers are excluded as explanation for the shift of 
Q- for the Si-CH&and as these usually take place on a much larger 
time scale than that in our experiments. The mnhht ion  time of the 
different molecular segmems in the uncrosslhked FLC polymer for the 
rectangular pulsed electric field of E=2.5 V / pm is approximaxely 0.5 

The reorientaiion times in the "interlayer" crosslinked sample 
(figure 5 )  are increased by a factor of about 2 with respect to the 
uncrosslied FLCP although electric fields 10 times h i g b  are 
applied. Hence the mtatiod viscosity in the interhyefcmssliuked 
FLCE is about 20 t i m s  larger than in the umosslinked FLCP. In 

The crosslinking m the Sm-C* phase at negative field polarity leads to 
an elastic potential which supports the switching back into the 
molecular orientation tbat was fixed by the crosslinking and which 
hinders the reorientation in the opposite direction The reorientation 
angles are reduced compared to the uncrosslinked FLCP. This is due to 

ms. 

contrast tothe FLEP anasylmneby m the switching tiulcs is ob6enfed. 
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46 HOLGER SKUPIN et al. 

the fact that crosslinking took place in the SmC* phase near the Sm-A 
transition The correspondins elastic potential hinders the thennaI 
induced increase of the tilt angles of the m k u k  segments. 

, %* 30131°C S c* 61°C S A  86'C i 

voltage 
I 

15 

10 

O 5  

C 
r 0  

-5 

-10 

-1 5 

-20 

t 

5- i 
t i  I I , 1 I 

time I ps 
0 2000 4000 6000 8000 

FIGURE 5 a) Chemical structure fix the ''mterlayer'' mqsliinkd 
FIX Elastomes b) Evolution in time for the poiariZer iiagle of 
extremum abmbawe for the different bands, T=55"C (SmX*) 

A fiuther asymmetry in the reorientation behavior can be observed on 
the anguiar axis. While for a negative field polarity the band assigned 
to the backbone shows the smallest f2- value, it exceeds for the 
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STRUCTURE AND MOBILITY IN FLCE 47 

I I LUL _ .  

*, 32°C & 57°C $4 82°C 

b) 15 

10 

6 :  C 

-5 

-1 0 

-1 5 

0 1000 2000 3000 4000 5000 
time / ps 

time I VS 

FIGURE 6 a) Chemical composition and sketch of the structure far 
the "intdaya" crosslinked FIX: Elastomer b) Evolutian in time for 
the pIarizer angle of extremum a h d e  for the different bands, at 
T = 5 3 O C  (Sm-C*) and c) at T=65"C (Sm-A) 
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48 HOLGER SKUPIN et al. 

positive polarity the i2- value of the alkyl and the carbonyl band. This 
elastic memory e m  shows that the elastic potential has a strong 
influence on the ability of the backbone to change its confixmation in 
response to the reorientation of the attached mesogens. 

In the "intralayer" crosslinked FLCE (figure 6b) the rotational 
viscosity is less reduced than for the "interlayer" crosslinkjng, shorter 
reorientation times are measured in the Sm-C* phase. No asymmetries 
in the reorientation of the segments is observed: the two-dimensional 
network does not cause an elastic memory efkct. The bsnd assigned to 
the backbones exhiiit in the "intralayer" crosslinked FLCE the second 
largest reorientation angles of the four bands d e r  study. This shows 

backbone layer affects strongly the ability of the backbones to ckmge 
their confi&u In the Sm-A phase of the 'SntmlaM crossliakd 
FLCE (figure 6c) the reorientation of the mesogen is about seven times 
faster than that of the backbones. The crosslinking does not allow 
conformational changes of the backbone m the time sale of fsst 
electroclinic switching. The reorientation angles fit the backbone 
exceed those of the mesogens which indicates that large conibmmtional 
changes in these crosslinked backbone layers am necessary to 
compensate for the alteration of the molecular struchve during the 
electroclinic switching. 

that this oetwork, formed preferably in the microphase separated 

TABLE 2 Reorientation times T am( reDcientatioll angles M Y  for 
the samples under study 

Sample T(-Eto+E) f(+Eto -E) -- An- 
(phenyl) (SicH,) 

Uncrosslinked FLCP,Sm-C* 0.5 ms 0.5 ms 50" 21" 
"Interlayer" FLCE,Sm-C* 3.5 ms 2.5 ms 35" 15" 
"IntraIayer" FLCE,Sm-C* 1 ms I ms 28" 24" 
"Intralayer" FLCE,SmA 0.15 ms 0.15 ms 8' 14" 

(backbone 1 ms) 
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STRUCTURE AND MOBILITY IN FLCE 49 

a) uncrosslinked FLCP,Sm-C* b)” interlayer” FLCE,Sm-C* 

c) “htralayer” FLCE,Sm-C* d)” intralayer” FLCE,SmA 

1:IGIIR.E 7 Normtriiz& evohiticm in time for the poiarizer angle of 
extremum absorbance for the diffaent bands as derived from figures 
4-6: a) uncrosslinked E’LCP, Sm-C*, b) “inter-layer“ crosslinked 
FLCE, Sm-C*, c) “intrahyer“ crasslinked YLCE, Sm-C*, d) 
“intralayw“ crwslinked FLCE, Sm-A 

The normalization of the Q-(t) curves for the Srn-C* phase of each of 
the different FLC samples lead to coincident plats (figures 7a-c). This 
shows the synchronous reorientation of the different segments on the 
time scale of the experiments. The normalized plot fix the Sm-A phase 
(figure 7d) of the ‘‘intra~yer“ crosslied FLCE reflects the 
asynchronous reorientation behavior between the backbone and the 
other molecular groups. 
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50 HOLGER SKUPIN et al. 

CONCLUSION 

The capability of time-resolved Fourier transform infrared spectroscopy 
with polarized light is used to study the dynamics of a Series of FLC 
polymers and elastomers that are similar besides their crosslinking 
architecture. Due to the specificity of infrared spectroscopy the 
reoriemtation of the dierent molecular segments can be followed in 3- 
D space. The crosslinking of the polymer precursor iocreaseS the 
rotational viscosity and leads to smaller tilt angles compared to the 
uncrosslinked FLCP. The crosslinking of beckbones lying in adjacent 
smectic layers results in an elastic memory eflt;ect a d  hence in diff;erent 
reorientation times for the two directions of the Geld reversal. This 
interlayer c r o s s l i i  also causes a break in symmetry fbr the mutual 
arraugements between the msogens and the backbone fbr tk electric 
fields of opposite polarity. If the crosslinking takes place within the 
same microphase sepmted backbone layer M elastic memry effect is 

changes of the backbone in response to the electrical ioduced mesogen 
reorientation. During the electroclinic switching the conhmatbn of 
the backbone is changed too slowly to be synchrom>us with the 
mesogenic motion. 

not observed. This intfalayer crosslinking leads to large ~ ~ r m a t i o n a l  
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