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Discontinuous elongation of nematic gels by a magnetic field
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The effects of a magnetic field on the swelling of a nematic gel immersed in a low molecular weight liquid
crystal solvent are examined by using a mean field theory. The nematic-isqpapimematicphase transition
temperature of the gel and the solvent is controlled by the external field. As a result of an anisotropic coupling
between the gel and solvent, the shape of the gel is discontinu@ustpntinuously elongated with increasing
the strength of the external field. We examine the condition for a first- and second-order volume phase
transition of the gel under a magnetic field.
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Liquid crystalline(LC) gels have attracted a considerable repeating unit on the subchain consists of a rigid mesogen
attention in recent years due to their anisotropic mechanicalyith the axial ration,, and a flexible spacer which has the
electrical, and optical propertid4,2]. These properties are numbemg of segments. The total number of segments on the
induced by the coupling between shape change and orientaubchain is given by= (ny,,+ ng)t, wheret is the number of
tional (nematig¢ ordering. The controls of the nematic order- repeating units. LeNy; and N, be the number of the sub-
ing by mechanical stress and magnétc electrig fields are  chains and solvents inside the gel, respectively. Then the
particularly important in dynamical and static properties ofvolume fraction of the gel is given by=a>n Ng/V, where
the LC gels. Moreover, when a LC gel are immersed in a lona® is the volume of a unit segment=a®N, is the volume of
molecular weight liquid crystal solvent, deformations of thethe gel,N;(=nNy+nyNy) shows the total number of unit
gel can be induced by applied electric field because a reacells, andR3=V/Ng is the volume per a subchain. The vol-
rangement of the LC solvent transmits to the &l The ume fraction of the mesogen is given %=a3nthg/V
theoretical studies on phase behaviors of LC gels have beea(1—p) ¢, wherep=n¢/(n,+n,) is the fraction of spacer
accomplished for nematic gels immersed in isotropic solsegments. The volume fractiab of the spacer is given by
vents and in nematogens in the absence of the external fielgs=pd.

[4-7]. It is now important to consider phase behaviors and To derive the value of the equilibrium concentratign
molecular shape of a gel immersed in a LC solvent under ave consider thermodynamics of our systems. The free en-

magnetic field. ergy of the LC gel can be given by
Some authors considered theoretically the influence of a
magnetic field on a nematic-isotropic transition temperature F=Fei+Fmixt Fnem® Fext- 1)

of pure nematogenf8,9], phase behaviors in solutions of _ )
rodlike polymers[10], phase diagrams of polymer-liquid The.f|rst term shows the elastic free energy due to the defor-
crystal mixtureg11], and orientations of nematic elastomers Mation of the gel. LeR, be the length of the gel along the
[12]. Recently, we examined the effect of the magnetic fielgdiréction z of the orienting field ?”Rp be the length along
on the swelling of a nematic gel immersed in an isotropicthe Perpendicular directiorRf=R{R,). Combining the clas-
solvent[13] and showed that the nematic ordering of the gelsical elastic free energy obtained by Flor¥4] with the
by applied magnetic field causes a discontinucosdensa-  freely jointed rod modefl15], the elastic free energy is given
tion of the gel. as a function ofp and an orientational order parameSy of

In this Rapid Communication we theoretically study the the mesogefi6,13],
swelling of a nematic gel immersed in a LC solvent under a

13
magnetic(or electrig field by using a mean field theory. We BF o/IN =~ (i + fInA— ¢( 1— Eln \/ﬁ¢)

show that the gel causes a discontinugas continuous et 2n] | nA 3 3 '
elongationwith increasing the strength of the external field (2
due to the anisotropic coupling between the gel and LC sol-

vent. P ping g whereA=(1+2S,)(1—S,)?. The elongation of the gel is

Consider a main-chain liquid crystalline polymer gel dis- Measured by13]

solved in a low molecular weight liquid crystal. Our theory 13

can be quite general for side-chain liquid crystalline polymer R./R.= 1+2Sy &)

gels in the frame work of our mean field approximations. Let 20770 \/ﬁ¢(1_ Sm)

n be the number of segments on a subchain between

crosslinks anchy be the axial ratio of the LC solvent. The whereR,=an. WhenS,,=0, Eq.(2) results in the elastic
free energy for an isotropic swellifd4]. The second term
Fmix IN EQ. (1) shows the free energy for an isotropic mixing

* Author to whom correspondence should be addressed. Electron@f a gel with a solvent molecule and is given by the Flory-
address: matuyama@chem.mie-u.ac.jp Huggins theory[14],
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(1-¢) 1.1 . . . T
BF mix!Nt= Mo IN(1=¢)+x(1-dg) s, (4 !
where y shows the isotropi¢Flory-Hugging interaction pa- ”LE L i

rameter between a nematogen and a spacer segment. Here w =
assume that the LC solvent is a good solvent for the mesogen
on the subchain. The third terf, ., in Eq. (1) shows the

L
free energy for nematic ordering. To describe the nematic = Tt
ordering of mesogens and LC solvents, we take into account
the orientational-dependent(Maier-Saupg interactions
[16,17]. We consider three coupling terms of the anisotropic i i
interactions. Let,,, be the orientational dependeiMaier- [ N+D) G
Saupg interactions between the mesogengg be that be- K ‘ \ TN
tween the mesogen and the solvent, agglbe that between 0.9 : : '
the solvents. The nematic free energy is given by 0 0.1 0.2 0.3 0.4
| 1 o
BFnem/Ni= >, ﬁf fi(0)In4mf (0)dQ— = vymd> S
nem Tt Lo ni ) ! 2 mmymTm FIG. 1. Phase diagram on the temperature-concentration plane
. for the gel ofn,,=2.5. The reduced external fieldis varied.
~ Vmnodm(1= $)SnSo— 5 vod 1~ $)?S5,  (5) 3 [/

13
B(#,Sm)= (ﬂ) _¢}Sm(1_sm)- (8)

wheredQ)=27 sin0dé, 6 is the angle between a nematogen nAGm
and a director of the orienting field. Thg(68)(i=m,0)
shows the orientational distribution functions of the mesogen 1M0=Ng
(m) and that of the nematoge®), respectively. In the nu-
merical calculations, we setjj=v(=U,/kgT) [17] for a  anq the functior o[ 7] is defined as
simplicity. The orientational order paramet8ris given by
S = [ P,(cosH)f;(8)dQ, whereP,(cos)=3(cog §—1/3)/2. 1
The last termFg,; in Eq. (1) shows the free energy 'q[”i]Efo[Pﬂcose)]q exf 7 P(cos6) Jd(cosb),
changes due to an external field. L&y ,=x|"— x| be a (10)
diamagnetic anisotropy of the mesogen aigo=x{— x?
be a diamagnetic anisotropy of the solvent. When a magnetig=0,1,2 .. ..
field H is applied to the system, the free energy is given by The chemical potentialiy(¢,Sy,Sy) of the LC solvent
inside the gel can be calculated mg=(z9F/r9N0)Ng and the
_ 2 chemical potentiaju°y(S;,) of the pure LC solvent outside
BFexi/Ne=— ‘f’mf BAXm(N-H) T m(0)d the gel is given by substituting=0 into sz( b, S, So). The
orientational order paramet&; of the LC solvent outside
—(1— J Axo(l-H)2fo(6)dQ, 6 the gel is determined by the self-consistent equatBn
(170 ] PxollHe() O L], where g, =no(vadSy+ 23,
The equilibrium concentratiog of the gel can be deter-

wheren and| are the unit orientation vector of the mesogenmined from the balance among the LC solvent existing out-
and that of the solvent, respectively. We here define twajge and inside the gélL3],

dimensionless parameters of the external field tas

=BAxmH? and ho=BAxoH?. In this paper we seh 10(,Sm,So) =1 o(Sp). (11
=hy(=h,)>0 and define the reduced magnetic fiedd

=h/h. in terms of a critical magnetic fielt, for the pure  Here we have two characteristic nematic-isotropic transition

LC solvent. (NIT) temperatures: One is the NIT temperatufg,

The orientational distribution functiof,(#) of the me- =ngU,/(4.54g) of the pure LC solvent outside the gels,
sogen andy(#) of the LC solvent are determined by free and the other is the temperatu‘F§I of the gels. In the fol-
energy(1) with respect to these functions under the normal-lowing calculations, we set,=2, n,=2, t=20, v/ xy=6 for
ization conditions [f;(6)dQ)=1. This leads to the self- a typical examplg13].
consistency equation for two orientational order parameters: Figure 1 shows the phase diagram on the temperature-
S=14[ n;1o[ 7], where concentration plane for the gel of,=2.5 (I'k,,/Tﬁ,zl.09).

The valuee of the reduced externLaI field is varied. When

. 2 =0, for high temperatures ofF>Ty,, the gel and LC sol-
=" Vmm@mSmt Vmo(1 = $)Sot ZMm = B(¢,Sm) | vent are both in an isotropic state, With decreasing tempera-

(7)  ture, the swelling curve of the gel has a kinkT,, where

2
VmoSmPm+ vooSo(1— ) + §ho}, €)
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Irz FIG. 3. Phase diagram on the temperature-concentration plane
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FIG. 2. Temperature dependence of the orientational order pa-
rameters for various values of the reduced external feeldith

concentration plane for the gel

Figure 3 shows the phase diagram on the temperature-
of,=4 (TK,/T$,=0.96) for

Np=2.5. various values of the. Whene=0, for high temperatures of
T>T§,, the gel and LC solvent are both in an isotropic state.
the LC solvent outside the gel becomes a nematic pfses2  As temperature decreases, the isotropic gel is discontinu-
Fig. 2. At further decreasing temperature, the isotropic gel isously collapsed into the nematic stateTay (see Fig. 4 At
condensedor the volume fraction of the gel is increaged further decreasing temperature, the nematic gel is swelled
and the NIT takes place &S, where the gel and the LC and the swelling curve of the gel has a kink By, . As
solvent inside the gel become a nematic phase. Thacreasinge the discontinuity in the volume of the gel dimin-
condensed-isotropic gel is discontinuously transformed intashes ate=0.6. The critical magnetic field appears at
a swollen-nematic gel &S, . The dotted lines show the two =1(h.=0.03) for both the gel and LC solvent. At a given

phase coexistence between the nem@ticand isotropic(l)
[or paranemati€¢pN)] gels. It is important to emphasize that, 19
for a LC gel immersed in an isotropic solvent, the isotropic

gel is discontinuously transformed into the condensed nemo.8 t

atic state affc, as temperature decreases because the fre
energy is minimized by the condensatigehase separation
rather than the swelling of the gi3,13,1§. As the strength
of the external field increases, the phase transitions move tc"

higher temperatures and critical poinidosed circles ap- 02 |

pear on the phase diagram. The orientational order param
eters are shown in Fig. 2 for various values of the external
field e. The solid curve refers to the orientational order pa-

rameterS, of the pure LC solvent outside the gel, the dash- ¢.8 |

dotted line shows the order parameSrof the LC solvent

inside the gel, and the dotted curve shows the order param906 |

eterS,,, of the mesogen on the gel. For a findethe nematic
phase transforms into the paranematic phase with field in-©
duced order as increasing temperature. The nematic
paranematic transitiotNPT) temperaturel S, (Tkp) of the

gel (LC solven) moves to higher temperatures with increas-

06 |

4t

ing e. The critical field appears at=1 (h.=0.04) for the 098 10

LC solvent outside the gel and at=1.25 for the gel. At
Tse, the condensed gel corresponds to the paranemetic

102 104 106 098
L
T/Ty;

10 102 104 106 108
T/ITay

phase with a weak orientational order and the swollen gel FIG. 4. Temperature dependence of the orientational order pa-
corresponds to the nematic state where the gel and solverdmeters for various values of the reduced external fieldith
molecules are highly oriented. The swelling of the nematim,,=4.

010701-3



RAPID COMMUNICATIONS

AKIHIKO MATSUYAMA AND TADAYA KATO PHYSICAL REVIEW E 64 010701R)
2.0 T . . . and the three order parameters are continuously changed
=25 T/T]f\n= 091 ] with temperature. .
18 Figure 5 shows the elongatidR,/R, for the gel ofn,,

gated along the orienting field and the value of the lerigjth

is slowly increased withe. When T5,<T<T(=0.98TK,),

the gel is discontinuously elongated by applied magnetic
field and transformed from the condensed-paranematic state
into the swollen-nematic state. For the case of a LC gel im-
mersed in an isotropic solvent, the lend® is discontinu-
ously decreased with increasing the strength of the magnetic
field because the nematic ordering induced by the external
field causes a condensation of the ffE3]. The nematic or-
dering of not only the gel but also of the LC solvent is
central importance to elongating and swelling of the nematic
gel by applied magnetic field. The anisotropic expansion of
the nematic gel is induced by the strong anisotropic coupling
between the gel and LC solvent under the external field. The
discontinuity in the lengthR, diminishes with increasing
temperature until the critical temperaturg.

temperature betweefy, and T, , the gel is swelled with a  To summarize, we have predicted different phase dia-
weak external field. As shown in Fig. 4, as increasing thegrams of a nematic gel immersed in a nematogen under a
strength of the external field, the NPT temperatlifg, of  magnetic(or electrio field and showed that the nematic gel
the LC solvent moves to higher temperatures but‘ltﬁe of is discontinuouslyor continuously elongated with increas-
the gel is almost constant. Wher= 0.6 these two NPT tem- ing the strength of the external field. We hope that such
peratures become the same, but it still shows the first-ordetiscontinuity in the gel will provide new electrical and opti-
phase transition. Foe=1, the critical temperature appears cal properties by magnetic and electric fields.

M =2.5 plotted against the reduced external fieddl {or vari-
/{ ous temperatures. WheR<T§,, the nematic gel is elon-

€=h/hg

FIG. 5. ElongatiorR, /R, for the gel ofn,,=2.5 plotted against
the reduced external field for various temperatures.
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