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Deuteron NMR investigation of a photomechanical effect in a smectic-A liquid crystal
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Jožef Stefan Institute, University of Ljubljana, Jamova 39, 1000 Ljubljana, Slovenia

Oleg D. Lavrentovich
Chemical Physics Interdisciplinary Program and Liquid Crystal Institute, Kent State University, Kent, Ohio 44242-0001

Huairen Zeng* and Daniele Finotello
Department of Physics, Kent State University, Kent, Ohio 44242-0001

~Received 22 February 2000!

Deuteron quadrupole-perturbed NMR is used to study the perturbation of orientational order in a smectic-A
liquid crystal ~octylcyanobiphenyl or 8CB! caused by photoinducedtrans-to-cis isomerization of a photosen-
sitive dopant~diheptylazobenzene or 7AB!. The time and temperature dependences of the orientational order
were independently studied for 8CB, 7AB, and their mixtures. Upon UV irradiation that causestrans-to-cis
isomerization of 7AB, the orientational order parameter of the smectic-A phase is reduced. Relaxation in the
dark exponentially restores the equilibrium value of the order parameter. The characteristic time for this
process closely matches the lifetimes of the 7AB excited state. While in the 8CB smectic-A matrix, the
cis-isomerized 7AB molecules retain a uniaxial orientational order with the director oriented along the normal
to the smectic layers. The highly bent 7ABcis molecules act as a disorienting factor, decreasing the orienta-
tional order in the layers and causing a small increase in layer spacing. This disorder-induced increase in layer
spacing is much smaller than the actual increase as observed byin situ x-ray experiments on UV-irradiated
mixtures of 8CB:7AB. Concomitant with the experimental observation that only a fraction of 7AB molecules
are converted to thecis state, this work provides indirect evidence for a nanophase segregation with the 7AB
cis-isomers arranged within the interlayer space, thus significantly increasing the smectic layer spacing.

PACS number~s!: 61.30.Gd, 64.70.Md, 76.60.2k
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I. INTRODUCTION

Optical control of the molecular order in liquid cryst
~LC! phases has attracted considerable attention as an i
esting phenomenon caused by a number of different me
nisms, some of which, as discussed in recent reviews@1–5#,
are not well understood. The interest is stimulated by the
that achieving alignment control by optical means offers
tential applications in display and optoelectronic devices@1#.
Particularly effective means to cause a photosensitive
sponse are through photoisomerization~e.g., trans-to-cis or
cis-to-trans! of the liquid crystal molecules or through fo
eign molecules either added to the liquid crystal bulk
forming a surface alignment layer.

Although most studies to date have dealt with the nem
phase@1–5#, recently, a number of photochemical effec
have also been reported for the smectic phases of therm
pic @6–10# as well as lyotropic@11# liquid crystal materials.
In smectic phases, photochemical effects influence not o
the orientational, but also the positional order; consequen
they give rise to photomechanical phenomena such
changes in the layer spacing and subsequent undulation
layers or the formation of focal conic domains@12,13#. In
situ x-ray studies@14# have shown that when the smecticA
~Sm-A! mixture of octylcyanobiphenyl~8CB! and photosen-
sitive diheptylazobenzene~7AB! is irradiated with short-

*Present address: Yale School of Medicine, P.O. Box 2080
Fitkin B, New Haven, CT 06520.
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wavelength~UV! light that enriches the system withcis-
isomers of 7AB, the layer thickness increases by about 0.
The subsequent shrinkage to the equilibrium thickness
be significantly accelerated by irradiation at a longer wa
length ~such as 633 nm, He-Ne laser! that facilitatescis-to-
trans isomerization. The effect of layer shrinkage und
He-Ne irradiation suggests that the prime mechanism resp
sible for the photocontrol of smectic layer spacing is pho
chemical rather than thermal through the heating of
sample~the layer spacing of the 8CB:7AB mixture increas
with temperature@14#!. There is also further indirect evi
dence of a photochemical mechanism in that the charact
tic times of the layers contractions are quite similar to t
lifetime of cis-isomers of azodye molecules@15#.

The molecular rearrangements of the Sm-A phase respon-
sible for the photocontrol of layer spacing remain to be st
ied. Recent computer simulations@16# predict photoinduced
nanophase segregation: strongly bent 7ABcis-isomers can-
not accommodate themselves within the layers and thus
grate to locations between the layers, consequently acco
ing for an increase in layer thickness. Upon relaxatio
rodlike trans-isomers return to within the layers and the lay
thickness decreases. Nanophase segregation is also supp
by the prediction@17# that even in pure smectic system
composed of identical rodlike molecules, a small fraction
them could be located in the space between the smectic
ers, aligned transversely to the rest of the molecules. H
ever, the photoinduced changes can also be explained
somewhat simpler mechanism based on the idea that thecis-
isomers decrease the orientational order parameter of
-

2252 ©2000 The American Physical Society
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PRE 62 2253DEUTERON NMR INVESTIGATION OF A . . .
smectic phase. This, in turn, increases the smectic layer s
ing through the coupling between orientational and po
tional ordering, in a manner similar to the increase of la
spacing with increasing temperature. Therefore, in this wo
in order to shed additional light onto the microscopic orig
of the photocontrol of smectic spacing, we employ deute
quadrupole-perturbed NMR~DNMR! spectroscopy which is
extremely sensitive to changes in the orientational orde
liquid crystal molecules to study the behavior of 8CB:7A
mixtures.

This paper is organized as follows. In Sec. II, we descr
the system under study and detail the methods of sam
preparation. After reviewing some of the technical aspect
the DNMR technique in Sec. III, we present and discuss
DNMR experimental results in Sec. IV. Concluding remar
can be found in Sec. V.

II. MATERIALS

Diheptylazobenzene is a mesogenic material that form
nematic phase and a monotropic~during cooling! smectic-A
phase@18,19#. Although its photosensitivity was apparent
not an issue of concern in earlier studies, it can be ea
verified by a simple polarizing-microscope experiment. U
der regular ‘‘white’’ illumination, 7AB shows an enantiotro
pic nematic phase, about 7 K wide, with the melting point at
313.2 K and the clearing@nematic-isotropic~NI!# transition
at 320.2 K@18#. If the sample is irradiated with UV light, the
phase width shrinks, eventually disappearing; the materia
in the isotropic state even at room temperature. The rea
for this is the UV-provokedtrans-to-cis isomerization of
7AB @13#. Isomerization of 7AB is similar to that of azoben
zene and its other derivatives, and shows a dramatic s
effect: thetrans-isomers have a rodlike elongated structu
approximately 29 Å long, while thecis-isomers are highly
bent~U shaped! with a characteristic size of about 16 Å, se
in Fig. 1.

The stationary fractionc of the cis-isomers present in the
system changes widely between 0 and 1~never reaching the
limits! depending on the wavelength of the irradiating lig
@20#. A high population ofcis-isomers is typically achieved
under UV irradiation: for azobenzene solutions in isoo
tane, c50.8 at l5313 nm @19#. The conversion into the
groundtransstate occurs either through thermal relaxation
the dark or under light irradiation at longer wavelengt
~typically .420 nm!. For example, for the azobenzene so
tions mentioned earlierc decreases to 0.045 atl5578 nm
@19#.

The liquid crystal host matrix used in this work was o
tylcyanobiphenyl~8CB! with the phase transition sequenc

I ——→
313.5 K

N ——→
306.5 K

Sm-A ——→
294.5 K

Cr.

In the smectic-A phase, 8CB molecules form dimers and t
layer thickness varies between 31.4 and 31.6 Å as the t
perature increases@14#. Thus the length of 7ABtrans-
isomers matches well the 8CB layer thickness. As a resu
small amount of 7AB solute~up to 16% by weight! does not
change significantly the phase diagram of pure 8CB@12#.

To ensure DNMR sensitivity to 7AB and 8CB, selective
deuterated analogs of both compounds were prepared.
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two protons at thea position~or first position! of the respec-
tive aliphatic chains were replaced by deuterons. E
8CB~D! molecule contained only a pair of deuterons sin
there is only one C8H15D2 alkyl chain attached to the mo
lecular core. In contrast, the 7AB~D! molecules contained
four deuterons each, since there are two C7H13D2 chains at-
tached to the molecular core at opposite sides.

Four different samples were investigated in this stu
pure 8CB~D!, pure 7AB~D!, a mixture of 8CB:7AB~D!, and
a mixture of 8CB~D!:7AB. The pure 8CB~D! ~nonphotosen-
sitive! served as a base reference of the orientational or
ing. The 7AB~D! NMR spectrum was measured in order
properly identify spectral absorption peaks as pertaining
trans and cis isomers. The two mixtures 8CB:7AB~D! and
8CB~D!:7AB, of complementary deuteration, were prepar
to separate the 8CB spectral absorption peaks from thos
7AB. Specifically, the 8CB:7AB~D! mixture served to study
the orientational order of 7AB in the 8CB host. Th
8CB~D!:7AB mixture, on the other hand, was investigated
determine possible changes in the 8CB orientational or
that might be caused by~a! the very presence of the 7AB dy
molecules and by~b! changes in the fraction of 7ABcis-
isomers. Both mixtures were prepared with the sa
8CB:7AB weight ratio of 90.67:9.33, which closely match
the concentration used in the x-ray measurements of sme
layer spacing@14,21#. The mixture chosen resulted in th
following 8CB:7AB~D! and 8CB~D!:7AB phase sequence:

I ——→
317.6 K

N ——→
311 K

Sm-A ——→
,275 K

Cr.

The samples for DNMR studies were prepared by sealing
corresponding bulk samples into thin-wall, UV-transpare
cylindrically shaped glass sample holders of 5 mm diame
and 25 mm length.

FIG. 1. Schematic representation of the 7AB isomerization p
cess~top! and a three-dimensional view of the two isomeric sta
~bottom!. The two flexible alkyl chains attached to the two phen
rings of the rigid molecular core on opposite sides are shown in
of the many possible conformations. Deuterated sites are dr
with a darker gray level.
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III. EXPERIMENTAL DETAIL

A. Deuteron NMR

The usefulness of deuteron NMR~DNMR! in the study of
the molecular orientational behavior in liquid crystals h
been demonstrated in numerous studies@22,23#. Most of
these studies dealt with rodlike molecules deuterated in tha
position of the alkyl chain. In the bulk uniaxial nemat
phase, fast reorientations of such molecules around the
molecular axis, as well as fast internal exchange of the
deuterons in the CD2 group, yield a cylindrically symmetric
electric field gradient~EFG! tensor at the deuteron site, wit
the symmetry axis pointing approximately along the lo
molecular axis. Previous DNMR studies@24# of trans-7AB
have indeed shown that both the orientational order of a
matic rings and the rotations of the CD2 group about the
phenyl-C bond possess axial symmetry. This makes the
CD2 deuteron sites indistinguishable, producing a DNM
spectrum consisting of two satellite absorption lines form
a doublet with quadrupole-perturbed frequency splitting:

Dn trans~u!5
3

2
nQStransP2~cosu!

5
3

4
nQStrans@3 cos2 u21#. ~1!

Here nQ is the time-averaged quadrupole coupling const
with magnitude'60 kHz at thea position@25,26#, Strans is
the nematic scalar order parameter, andu is the angle be-
tween the time-averaged orientation of the molecular lo
axis ~i.e., the nematic director! and the external magneti
field. Equation~1! can be used to describe 8CB andtrans-
7AB liquid crystals since in both cases their molecules h
elongated shapes. This is, however, not true forcis-7AB as
cis-isomers are highly bent. The anglef0 between the two
heptylazobenzene rodlike molecular fragments, connecte
the NvN bond, is approximately'62° ~see Fig. 1!. These
‘‘boomerang’’-shaped molecules are expected to perfo
some general type of reorientational motions as a functio
time. If these reorientations are very fast on the DNMR tim
scaletNMR'(nQ

trans)21 and possess cylindrical symmetry s
that the uniaxial character of the nematic and smectic ph
is retained, they would yield a decreased value of the n
atic order parameter.

To describe the 7AB molecules, we shall adopt a sim
fied picture where~1! reorientational motion takes plac
about one or two perpendicular, independent axes that
fixed in the liquid crystal reference frame;~2! the reorienta-
tions are symmetric—the two elongated fragments of
7AB molecule exhibit, on the time average, exactly the sa
reorientational motions; and~3! the 7AB molecules are rigid
and thus no conformational changes occur during reorie
tions. Note that to satisfy the above conditions, if only o
reorientational axis existed, such an axis would be the axi
uniaxial symmetry. It is well known that for an EFG tens
of cylindrical symmetry of largest eigenvalueVzz and corre-
sponding eigenvectorzW performing stochastic reorientation
on the surface of a cone, the time-averaged EFG tensor h
cylindrical symmetry around the symmetry axiszW8 of this
cone. The largest eigenvalue reduces toVz8z8
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5P2(cosq1)Vzz, with q1 denoting the constant angle be
tweenzW and zW8. The second reorientational process can
regarded as a stochastic precession of the cone axizW8
around the directorn̂, i.e., about the axis of local cylindrica
symmetry~see Fig. 2!, decreasing the largest eigenvalue
Vnn5P2(cosq2)Vz8z8 , with q2 the angle betweenzW8 and n̂.
Given the proportionalitiesDn trans}Vzz andDncis}Vnn , the
relation betweencis and trans DNMR doublet splittings can
be written as

Dncis~u!5Dn trans~u!P2~cosq1!P2~cosq2!. ~2!

The nematic order parameter is a second-rank tensor@27#:
thus, its components obey the same transformation rule
the components of the EFG tensor. Accordingly, the sca
part Scis of the cis-7AB nematic order parameter is

Scis5StransP2~cosq1!P2~cosq2!, ~3!

and Eq.~2! becomes

Dncis~u!5Dn trans~u!
Scis

Strans
. ~4!

The trans-to-cis isomerization of the 7AB molecule
should be reflected in the DNMR spectrum through a

FIG. 2. Rotational motions~top!, resulting in a partial averaging
of the deuteron EFG tensor. Thex-y-z frame is fixed to the first
carbon atom of alkyl chain, withz pointing along the carbon-carbo
bond joining the phenyl ring and the alkyl chains. Bottom: t
position with respect to the three different molecular types form
the 8CB:7AB layers is shown. In contrast to 8CB dimers andtrans-
7AB, the two alkyl chains can be, in general, physically nonequi
lent in cis-7AB, since thez directions of the two respective frame
are not parallel. The selection ofx andy axes is arbitrary due to fas
reorientations aroundz. Herez andz8 are ‘‘free’’ axes andn is the
direction of the normal to smectic layers, whileu denotes the
sample orientation with respect to the external magnetic fieldB0 .
Also, q1 andq2 ~see text! are the angular cone parameters.
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PRE 62 2255DEUTERON NMR INVESTIGATION OF A . . .
crease in the frequency splitting. This is a consequenc
uP2(cosq1)P2(cosq1)u<1, which implies thatScis<Strans .
Thus measurements of the quadrupole frequency splittin
a function of sample orientation in the external magne
field verify the local symmetry. When the local uniaxi
symmetry of 7AB molecules is retained during atrans-to-cis
isomerization, bothDn trans(u) andDncis(u) must follow the
P2(cosu) angular dependence.

B. Spectrometer and temperature control

DNMR measurements were performed in a 4.7-T sup
conducting magnet at the deuteron Larmor frequency
nL(2H)530.8 MHz. DNMR spectra were obtained by
complex Fourier transform of the solid-echo time doma
response to a 90°x-t-90°-t pulse sequence with phase c
cling, 90° pulse length of 3ms, t580 ms, and a repetition
time of 200 ms. The signal was typically accumulated 50
times. The temperature of the sample was controlled by
oven housed in the magnet bore, providing temperature
bility better than 0.025 K over the temperature range of
measurements.

C. Samples preparation

To simplify the discussion, we will label the state with th
minimum possible amount ofcis-isomers as thetrans state.
Such atrans state was obtained by maintaining the samp
in the dark in the NMR probe head, which was inserted
the magnet at a temperatureT5323.2 K for 6 h. At this
temperature, all the materials of interest, 8CB~D!, 7AB~D!,
8CB:7AB~D!, and 8CB~D!:7AB, are in the isotropic fluid
phase. Light conditions facilitated the conversion of the 7A
molecules to the groundtrans state.

Cis-isomerization was achieved by UV illumination of th
sample. Since the NMR probe-head design does not a
for in situ illumination, an external temperature-controlle
water bath with UV-transparent glass walls was used. T
trans ~non-UV-illuminated! sample was thermally stabilize
and field aligned by keeping it for 1 h in the NMR magnet
the desired temperature. Simultaneously, the temperatur
the external bath was set to the same value as that of
NMR cryostat. The sample was then removed from the m
net and placed in the external water bath. This was don
rapidly as possible~within 3 s!, in order to maintain the
sample temperature constant. Then, a UV-light beam of
tensity j '1 W/cm2 was shone from the outside onto th
sample and the illumination maintained for 2–4 h. Duri
this period, the temperature increase of the water bath du
the illumination was compensated for by the addition
colder water; the empty NMR probe head was left in t
magnet at the same temperature. Finally, the sample
rapidly reinserted into the NMR probe and in the magnet a
the measurement started. Particular attention was give
smectic samples to ensure that the probe was inserted in
magnet in such a way that the sample had the same orie
tion as before the illumination. A different orientation plac
ment of the sample would destroy the layer structure si
the magnetic field tends to orient the layers normal para
to its direction. In the nematic phase, this is not critical sin
all molecular directors are quickly realigned along the m
netic field within a fraction of a second@28#.
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IV. RESULTS AND DISCUSSION

A. Orientational order in trans-isomerized 7AB
and 8CB:7AB mixtures

The nematic order parameter for a system of rodlike m
ecules can be determined from the DNMR quadrupole
quency splitting using Eq.~1!. The splitting was measured i
bulk ‘‘ trans’’ ~or non-UV-irradiated! 7AB~D!, 8CB:7AB~D!,
8CB~D!:7AB, and 8CB~D!. The results of these studies a
presented in Fig. 3~a! at an orientationu50° ~parallel to the
external field! for which Dn(T)5 3

2 SnQ . In all four systems,
only one pair of satellite absorption peaks with a frequen
splitting Dn(T) was observed. The chemical neighborhoo
of the a-deuterons in 8CB~D! and 7AB~D! molecules are
almost identical, so the value ofnQ'60 kHz found in
8CB~D! presumably matches that intrans-7AB~D!. The rela-
tive difference in quadrupole frequency splitting betwe
8CB~D! and 7AB~D! thus measures the relative differenc
in orderS.

The nematic to isotropic transition temperatureTN1
5317.6 K is the same in 8CB:7AB~D! and 8CB~D!:7AB.
The quantitative similarity of the respective frequency sp
tings in the nematic phase directly demonstrates that
nematic order parameters are close for 8CB~D! and trans-
7AB~D!. With decreasing temperature and approaching
smectic phase, the ‘‘anomaly’’ inDn(T), namely, a sudden
enhancement in orientational order, is more pronounced
8CB~D!:7AB where an increase of about 6 kHz/K compar
to 4 kHz/K for pure 8CB~D! occurs; see the inset to Fig
3~b!. This suggests that the nematic-smectic order param
coupling is slightly stronger in the mixture including 7A
molecules than in pure 8CB even though the width of
nematic range is basically the same in both samples. O
the temperature range studied, the relative difference in

FIG. 3. ~a! Temperature and~b! relative temperature depen
dences of the DNMR doublet frequency splitting of 8CB~D! and
7AB~D! ~squares and circles, respectively! and for the 8CB~D!:7AB
~triangles! and 8CB:7AB~D! ~diamonds!. The inset is a magnified
view near the nematic to smectic-A transition showing only 8CB~D!
and 8CB~D!:7AB data for clarity reasons.
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FIG. 4. Time dependence of the~a! 7AB~D!, ~b! 8CB:7AB~D!, and ~c! 8CB~D!:7AB DNMR spectra observed after removal of U
illumination. The respective temperatures areT5308.6 K for ~a! and ~c! andT5308.2 K for ~b!.
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quency splitting~S! between these samples remains at 8%
less.

Considering the critical behavior and differences in tra
sition temperatures, a proper comparison of the orientatio
order of the mixed systems and the two pure compound
obtained from inspecting theDn vs T2Tc plot shown in Fig.
3~b!, with Tc representing the respective transition tempe
tures into the isotropic phase. The general observation is
sinceDn(T) of 7AB~D! and 8CB~D! molecules in the mixed
compound always exceedsDn(T) of pure 8CB~D!, the pres-
ence oftrans-7AB in the 8CB host increasesS. This is ex-
pected since 8CB molecules are considerably shorter
the 7AB ones, and the 8CB smectic layers consist of dim
that are more flexible than the 7AB molecules~see Fig. 1!.
Similar arguments can be used to understand why the
quency splitting of bulk 7AB~D! is always greater than tha
of bulk 8CB~D!.

B. Relation between orientational order and population
of cis-isomerized 7AB

To elucidate how the orientational order for the 8CB:7A
mixtures is affected by the presence ofcis-7AB isomers,
UV-illuminated samples were probed; it is stressed that d
ing the DNMR experiment the samples are in the dark. T
the initially presentcis-isomers convert into thetransstate as
a function of time. Consequently, if there is any correlati
between the concentration ofcis-isomers and the molecula
orientational order, the DNMR line splittings that conta
such order information should also exhibit time dependen
Indeed, the DNMR spectra of 7AB~D! and 8CB:7AB~D!, as
well as 8CB~D!:7AB, exhibit such time-dependent change
For example, in Figs. 4~a!–4~c! we show typical results ob
tained for 7AB~D!, 8CB~D!:7AB, and 8CB:7AB~D!. These
spectra were averaged for a period much shorter than
time scale of the observed changes; effectively, a ‘‘sn
shot’’ view at each instant is so obtained. In addition to t
r
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trans doublet found in thetrans samples, a second, inne
doublet of smaller frequency splitting appears for the U
illuminated 8CB:7AB~D! and 7AB~D! samples@Figs. 4~a!–
4~b!#. Note that~i! the intensity~the area under the two as
sociated absorption peaks! of the inner doublet decrease
with time; also ~ii ! the intensity of thetrans doublet in-
creases by the same amount;~iii ! the inner doublet is not
present in the 8CB~D!:7AB spectra, a sample lackin
DNMR-sensitive 7AB~D! molecules. It then follows tha
such a time-dependent doublet belongs tocis-isomers. The
disappearance of thecis peaks with time, reflecting thecis-
to-trans thermal conversion, is also accompanied by a sm
increase in thetrans and cis doublet frequency splittings
Dn trans(t) andDncis(t), respectively. A similar increase in
frequency splitting is found inDn8CB(t) of the 8CB~D!:7AB
sample; this demonstrates thatcis-isomerization-induced
changes in the scalar order parameter of the 8CB~D! system
are being detected.

The experimentally measured behavior is schematic
shown in Fig. 5. The intensityI of a spectral doublet as
signed to a certain molecular state, in our case thetrans and
cis states, is proportional to the number of molecules fou
in that state. The fractionc of cis-7AB molecules that are in
cis form is determined from the relation

FIG. 5. Typical spectrum of a UV-illuminated 8CB:7AB~D!.
Peak intensities are proportional to the respective population
cis-7AB and trans-8CB isomers. In the dark, populations and do
blet frequency splittings exponentially approach with time the eq
librium value.
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ccis~ t !5
I cis~ t !

I cis~ t !1I trans~ t !
. ~5!

An additional feature of the 7AB~D! spectra in Fig. 4~a! is
the presence of the absorption peak centered at zero
quency; it is associated with the isotropic phase ofcis-7AB
molecules since these do not form an orientationally orde
phase. UV illumination of 7AB thus yields a coexistence
the isotropiccis-7AB phase and the nematic phase. The ne
atic phase is a mixture ofcis-7AB ~low-concentration! and
trans-7AB ~high-concentration! isomers, similar to what oc
curs in the 8CB:7AB mixture@see Figs. 4~b! and 4~c!#. The
isotropic cis-7AB, the nematiccis-7AB, and thetrans-7AB
intensity contributions exhibit a time dependence that can
evaluated from the spectra in Fig. 4~a!: see Fig. 6. From Fig.
6 is evident that thecis population in the isotropic phas
decays significantly faster than thecis population in the nem-
atic phase. The initial increase in nematiccis intensity dem-
onstrates that upon conversion from the isotropic to the n
atic phase, a fraction of the molecules retain theircis state.
Further, the concentration ofcis-7AB molecules in the nem
atic phase, calculated from Eq.~5! by neglecting the isotro-
pic cis contribution toI cis , exhibits a monotonic decrease
time that is visualized in Fig. 7~a!. This is quite similar to the
decay exhibited by the 8CB:7AB mixture seen in Fig. 7~b!.

The experimentally determined time dependences
ccis(t) @Figs. 7~a! and 7~b!#, Dn trans(t) @Figs. 8~a!–8~c!#,
andDncis(t) @Figs. 9~a! and 9~b!#, calculated from the spec
tra presented in Figs. 4~a!–4~c!, are consistent with an expo
nential time dependence. The respective characteristic ti
tc

cis , tDn
cis , tDn

trans , and tDn
8CB can be calculated using th

model functions

ccis~ t !5c0 exp~2t/tc
cis! ~6!

and

Dn i~ t !5Dn`
i 2dDn0

i exp~2t/tDn
i !, ~7!

with c0 denoting the initial concentration ofcis-7AB mol-
ecules with respect to the total population of 7AB molecu
at t50; clearly,c0 is a measure of the effectiveness of t
UV-illumination-induced photochemical isomerization. Th
subscript and superscripti in Eq. ~7! refers to trans-7AB,
cis-7AB, or 8CB depending on the molecule giving rise

FIG. 6. Time dependence of the 7AB~D! DNMR spectrum dou-
blet frequency splittings atT5308.6 K. The sample was exposed
UV light for about 180 min and then measured in the dark.
re-
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the observed frequency splitting doubletDn i(t). dDn0
i is

the initial change in the frequency splitting measured co
pared toDn`

i , which is the frequency splitting in thet→`
limit. Dn`

trans and Dn`
8CB match the frequency splittings o

the pure sample@Figs. 3~a! and 3~b!#, whereasDn`
cis is a

FIG. 7. Time decay of thecis-7AB isomer percent concentra
tions in ~a! 7AB~D! and ~b! 8CB:7AB~D! after removal of the UV
exposure. Solid lines are exponential fits.

FIG. 8. Time dependence of the outer deuterium spectral d
blet frequency splittings of~a! trans-7AB in 7AB~D!, ~b! trans-
7AB in 8CB:7AB~D!, and~c! 8CB in 8CB~D!:7AB, after removal
of UV illumination. The respective exponential fits are shown
solid lines.
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model parameter and cannot be measured since in tt
→` limit the number ofcis-7AB isomers would be negli-
gible. Given the proportionality between the DNMR fr
quency splitting and the order parameter, Eq.~1!, it is pos-
sible to express the relative change in the nematic o
parameter as

dSi

S`
i ~ t !5

dS0
i

S`
i exp~2t/ts

i !, 21,
dS0

i

S`
i 5

dDn0
i

Dn`
i ,0, ~8!

where theDn ’s associated with the characteristic times we
replaced withS’s. This is done to stress that the observ
time dependence of the frequency splitting implies a cha
in nematic order: i.e.,ts measures the characteristic time
reestablish the nematic orderS`

i of pure samples with zero
cis-7AB population.

The DNMR study allows us to determine eig
physical parameters relevant for the description
photoisomerization-induced structural changes in the inv
tigated systems: c0 , tc , tS

trans , tS
cis , tS

8CB, dS0
trans/S`

trans ,
dS0

cis/S`
cis , anddS0

8CB/S`
8CB. They were measured at sever

representative temperatures in order to unveil possible co

FIG. 9. Time dependence of thecis-7AB isomers deuterium
doublet frequency splitting in~a! 7AB~D! and ~b! 8CB:7AB~D!
after removal of UV illumination.
er

e

f
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l
e-

lations among them. The results are summarized in Tab
Values ofc0 obtained with steady UV-light illumination and
values of the characteristic times for 7AB and 8CB:7AB a
very similar at all temperatures. This confirms their prima
dependence on temperature and on the internal molec
properties, whereas the molecular environment, i.e., the t
of LC phase present, seems to only play a minor role.

The characteristic decay times, illustrated in Fig. 10, se
to conform to an Arrhenius lawt5t0exp(Ea /kT) with acti-
vation energyEa50.925 eV. Since the difference intS

i val-
ues at a constant temperature is rather small, their avera
value was used to generate points shown in Fig. 10. Clo
inspection reveals that thetc values at any temperature a
systematically higher by 20–50% than thetS values. This is
interesting as it means that the concentration ofcis-isomers
changes more slowly than the value of the scalar order
rameter. Since we believe that the observeddS(t) time de-
pendence corresponds to an instantaneous adjustment o
nematic order due to changes in thecis-7AB concentration

FIG. 10. Temperature dependence of the characteristic timestc ,
tS , andtd . When fitted individually to the Arrhenius law, the fiv
data sets yield similar values for the activation energy; thus, only
effective theoretical fit~dashed line! is shown.
ncy
s in the
TABLE I. Photoisomerization parameters determined from DNMR in 7AB~D!, 8CB:7AB~D!, and 8CB~D!:7AB. Symbols: N is the
nematic phase; Sm-A the smectic-A phase;c0 is the initial concentration ofcis-7AB molecules of the total population of 7AB molecules;tc

represents the time decay of thecis-7AB isomer concentration; thetS’s refer to the time decay of the respective outermost freque
splitting, i.e., to the characteristic time of the restoration of the orientational order to that of a non-UV-illuminated sample. The ratio
last three columns refer to relative changes in the respective nematic order parameter.

T ~K! System Phase
c0

~%!
tc

~min!
tS

trans

~min!
tS

cis

~min!
tS

8CB

~min! dS0
trans/S`

trans dS0
cis/S`

cis dS0
8CB/S`

8CB

313.6 7AB N 3.8460.13 560630 430615 465620 0.3360.015 0.4760.04
308.6 N 4.5260.08 1015627 675610 730615 0.2560.015 0.3860.02
304 N 5.260.1 1670670 1050640 1055665 0.2060.02 0.2960.02
312.9 8CB:7AB N 8.9760.1 49668 488665 460665 451620 0.09760.02 0.09360.03 0.1360.005
308.2 Sm-A 5.7260.1 824622 544642 5006150 640660 0.02460.008 0.01760.006 0.02460.008
296.9 Sm-A 26206240 0.00560.002
275 Sm-A 4.660.5 3900064000
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c(t), tS is expected to more closely matchtc . However, this
expectation can only be valid ifdS(t) andc(t) are linearly
related. A power law dependencedS(t)}ck(t), on the other
hand, preserves the experimentally confirmed exponen
nature ofdS(t) by simultaneously rescaling the character
tic time totS5tc /k. A k.1 can account for the observe
discrepancy. This speculation suggests an equality betw
the activation energies for thec(t) and dS(t) processes.
WhenEa values are separately fitted to each of the four d
sets shown in Fig. 10, they are in very good agreement, w
k accounting for the differences int0 values.

C. Origin of the photomechanical effect in 8CB:7AB

Comparing the above DNMR results on characteristic
laxation times with the typical times for layer thickne
changes~Fig. 10, open circles! obtained from small-angle
x-ray scattering measurements@14#, one sees a remarkab
agreement. In other words, the decrease in nematic o
dS(t) and the increase in layer spacingdd(t) both reflect the
presence of thecis-7AB isomers,c(t). The photoinduced
changes in the layer thickness can be explained by cons
ing the relation between the orientational order of the m
ecules within the layers and the layer thickness. In smectA
phases of rodlike molecules possessing two aliphatic cha
one at each end of an aromatic core, the layer thicknessd and
the nematic order parameterS both decreasewith increasing
T @29#. In contrast, in 8CB, smectic layers consist of dime
@30# and, whileS decreases, d increaseswith increasing T
@14#. The same qualitative behavior is found in the 8CB:7A
mixture @13#. DNMR data on this mixture@Fig. 3~b!# show
that S decreaseswith T; consequently,S ~equivalently,Dn!
decreases with increasing d. The relationDn(d)}S(d), cal-
culated by combiningd(T) data from@14# with the Dn(T)
data of Fig. 3~b!, shows an almost perfect linear dependen
which is presented in Fig. 11. In a naive scenario it can
assumed that the orientational order parameter and the
thickness are directly correlated, i.e., a decrease inSyields a
linear increase ind, and that such anS-d interplay is the
prevailing mechanism responsible for the variation ofd. The
photomechanical effect observed in the 8CB:7AB sam
can therefore be described in terms of UV-illuminatio
induced changes inS, resulting in changes ind through the
S-d interplay. The actual situation seems to be subtler,
discussed below.

Given the above interpretation, UV illumination at co
stantT is equivalent to an increase inT in the darkness; both
sample treatments should drive the system along theS-dor,
equivalently, theDn-d curve of Fig. 11. Let us consider th
behavior at two representative temperaturesTlow5297 K and
Thigh5308.3 K. The states of the system in theS-ddiagram
are denoted withAlow , Blow , Blow8 and Ahigh, Bhigh, Bhigh8 ,
respectively. There, theA state represents the condition of
pure, non-UV-illuminated sample. TheA→B path is
achieved by isothermal UV treatment~wavy lines in Fig. 11!.
The relative shift of theB state with respect toA, denoted by
(dd,dDn), was experimentally determined from the x-ra
scattering results ford(T) from @14# and theDn(T) data
seen in Fig. 3. If the increase ind was only due to theS-d
interplay, the respective final stateB8 would be located along
the S-d curve of the pure sample, which is represented
ial
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solid circles in Fig. 11, with relative coordinate
(ddS-d ,dDn) with respect toA. This is not the case sinc
one observesddS-d!dd at bothTlow and Thigh. Therefore,
the experimentally observed photomechanical effect exce
considerably what would be expected from anS-d interplay.
It is thus reasonable to conclude that some kind of struct
rearrangement takes place in order to account for the r
tively large change in the layer thickness.

The DNMR results here described provide indirect su
port for a nanophase segregation picture where thecis-7AB
molecules are driven to locations between the layers. Th
specifically suggested by the estimate@16,21# that only about
5–7 % of the 7AB molecules may be converted to thecis
state in order to quantitatively satisfy the experimentally d
termined increase ind with UV illumination. In fact, the
initial concentrationsc0 of the 7AB isomers, as determine
in our study and summarized in Table I, are in excelle
agreement with such an estimate. Yet a remaining ques
that now arises is whether only a fraction of thecis-7AB
isomers are squeezed out from the smectic layers. If
were the case, the presence of isomers embedded in the
ers and those segregated in the interlayer spacing would
sult in two spectral doublets of distinct frequency splittin
This, however, is not the type of DNMR spectral patte
observed@Fig. 4~b!#. Consequently, the existence of a sing
spectral doublet~apart from thetrans-7AB doublet! arising
from the cis-7AB isomers suggests that practically all is
mers undergo phase segregation.

D. Effective local symmetry ofcis-7AB

The sharpness of the resonance lines in Fig. 4~b! proves
that all trans-7AB isomers ‘‘see’’ the same physical environ
ment. The same holds for thecis-7AB isomers. Unliketrans-
7AB, the cis molecules are highly bent and the two alk
chains on either side of the molecular core could give rise

FIG. 11. Deuterium doublet frequency splitting vs layer thic
ness in 8CB:7AB~D! ~solid circles!. The effect of UV illumination,
sketched at the two temperaturesTlow andThigh, can be regarded a
an isothermal transition from pointA to point B, yielding a layer
thickness increase ofdd. The direct orientational order-parameter
layer-thickness interplay~S-d!, which would shift the state along th
quasilinearDn-d curve ~defined by the solid circles! by a small
amountddS-d , does not account for the measured increase indd.



r
th
n

re

t-
b

ai

of

of

ins,
blet
l
us

ical
eir
ntly
ly

are
al

a

form

xis
ic

R
s
o-

al
he
The

re
se
t

c

of
e
tal
la-

2260 PRE 62ZALAR, LAVRENTOVICH, ZENG, AND FINOTELLO
different DNMR frequency splittings. This might occur, fo
instance, if the first of the alkyl chains was anchored to
layer and aligned along the layer’s normal, while the seco
alkyl chain is rotated around the long axis of the ancho
chain, as depicted in Fig. 12~a!. The two deuterons in the
anchored chain would contribute a spectral doubletDncis of
magnitude near that ofDn trans ~or, equivalently, Scis
'Strans!, which may not be distinguishable from thetrans
splitting doublet. Further, from Eqs.~2!–~4! with q150°
andq25f0562°, Dncis from the deuterons in the reorien
ing alkyl chain, at any orientation and temperature, would
smaller by a factor of Dncis /Dn trans5Scis /Strans
5P2(cosf0)'0.16.

To verify such predictions we studied in greater det
how the orientational order parameterS}Dn depends on
temperature in the 8CB:7AB~D! mixture: see Fig. 13~a!. The
ratio of cis to transorder parameters,Scis /Strans , calculated

FIG. 12. Two possible configurations of the nanosegregatedcis-
7AB isomers in the interlayer region. The two alkyl chains a
physically nonequivalent in ‘‘anchoring’’ arrangement, giving ri
to two distinctcis-7AB DNMR doublets. Since only one double
has been detected, the ‘‘free’’ configuration is more probable.

FIG. 13. ~a! Temperature dependence of the DNMR frequen
splitting in 8CB:7AB~D! and~b! the ratio of thecis-7AB andtrans-
7AB orientational order parameters in a UV-treated sample.
e
d
d

e

l

from the data in Fig. 13~a! and Eq.~4! is shown in Fig. 13~b!.
Within experimental accuracy, this ratio is independent
temperature with an average value'0.24. This is inconsis-
tent with the previously discussed ‘‘anchoring’’ scenario
Fig. 12~a! whereScis /Strans'1 andScis /Strans'0.16 corre-
sponded to the anchored and the free rotating alkyl cha
respectively. The appearance of a single spectral dou
caused bycis-isomerization of 7AB confirms the physica
equivalence of the two alkyl chains. It may not be fortuito
that the experimental value ofScis /Strans is very close to 1/4,
since such rational numbers are expected for some typ
reorientational dynamics modes for bent molecules. Th
effect on the orientational order parameter, and conseque
on the DNMR doublet frequency splitting, was qualitative
discussed in Sec. III A.

The basic reorientational one-axis and two-axis modes
found in Fig. 14. Specifically, the two-axis reorientation
motion of the type seen in Fig. 14~f!, with q15q2590°,
yields Scis /Strans51/4. DNMR results thus support
model where the bent, boomerang-shapedcis-7AB mol-
ecules that are segregated from the smectic layers per
fast reorientations~characteristic timet1! about the axis per-
pendicular to the boomerang plane. With time, this a
quickly reorients (t2) in the plane of the adjacent smect
layers. The characteristic timest1 andt2 for the two types of
reorientational motion are much shorter than the DNM
time scaletNMR'231025 s ~Sec. III A! due to the sharpnes
of the cis-7AB~D! resonance lines, reflecting complete m
tional narrowing. On the other hand,t1 andt2 are expected
to be longer than the reorientational timet rot'231029 s for
an elongated 8CB molecule about its long axis@31#.

The above dynamics implies a uniaxial effective loc
symmetry of thecis-7AB isomers, and measurements of t
angular dependence of the spectral doublets prove this.

y

FIG. 14. Simple one-axis and two-axis reorientational modes
the cis-7AB molecule.n is the normal to the smectic layers. Mod
~f! gives aScis /Strans ratio that better matches the experimen
value. f0'62° is the effective angle between the two hepty
zobenzene rodlike molecular fragments.
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frequency splitting angular dependence obtained atT
5291 K is shown in Fig. 15. Dn(u) for both trans-7AB
andcis-7AB follow the typicalP2(cosu) dependence, remi
niscent of uniaxial symmetry. The relatively low temperatu
was chosen and the angular pattern total measurement
kept below 300 s in order to preserve the layered struc
while reorienting the sample in the field. At higher tempe
tures or for longer measurement times, the layered struc
is destroyed since the director tends to orient parallel to
external magnetic field; equivalently, smectic layers tend
be oriented perpendicularly toB0 .

V. CONCLUSIONS

We have studied photoinduced changes in the molec
orientational order of the liquid crystalline mixtur
8CB:7AB. In agreement with previous studies, the smectiA
phase of this mixture undergoes substantial changes in l
spacing under UV~expanding! or visible ~contracting! light
irradiation @12–14,21#. Previous studies also revealed th
the increase in layer spacing is related to atrans-to-cis
isomerization of the 7AB molecules upon UV illuminatio
while the decrease in layer spacing is related to the relaxa
of the cis-isomers into the groundtrans state. Moreover,
computer simulations@16# showed the possibility of
nanophase segregation in which the photoinducedcis-7AB
isomers change their positional order and move from wit
the layers to locations between the layers. What was
known is the behavior of the orientational order paramete
the liquid crystal undergoing all these photoinduced trans
mations.

The present study shows that DNMR is an extrem
powerful technique to characterize structural changes inc
ing their dynamics in photosensitive liquid crystals. O
study reveals that upon UV illumination, only a small fra

FIG. 15. Angular dependence of the DNMRcis-7AB andtrans-
7AB doublet frequency splittings in 8CB:7AB~D! which is reminis-
cent of uniaxial local symmetry.
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tion of the trans-7AB isomers is converted intocis-isomers.
A reduction of the overall orientational order of the syste
whether pure 7AB or the 8CB:7AB mixture, is found whe
evercis-isomers are present. The 7ABcis-isomers are unam
biguously identified in the DNMR spectra through the a
pearance of an additional absorption frequency doublet
addition, the DNMR spectra indicate that the 7ABcis-isomer
population decreases exponentially once the UV irradiat
is turned off. Simultaneously, the orientational order para
eter exponentially increases to the value characteristic
pure, nonirradiated sample. This reflects an adjustment of
order to the changing fraction of 7ABcis-isomers; these iso
mers act as a disorienting factor that decreases the orie
tional order of the smectic-A phase.

A comparison of DNMR and x-ray studies@14# shows
that the orientational order parameter and the layer spa
in pure 8CB and the 8CB:7AB mixture are related ev
without photoisomerization~or, equivalently, in the dark!.
The smaller the scalar order parameterS, the larger the layer
separationd. When combined with the disorienting action o
the 7AB cis-isomers, theS-d interplay model suggests tha
the photoinduced changes of the layer spacingd are a con-
sequence of changes inS. For instance, UV irradiation in-
creases the fraction of 7ABcis-isomers; this decreasesSand
consequently increasesd. Although such aS-d interplay
model is certainly valid, it does not yield a straightforwa
interpretation for the complete set of results. Specifically,
photoinduced changes in layer spacingd measured by x-ray
scattering are too large to be fully accounted for by theS-d
model. We thus conclude that nanophase segregation of
cis-isomers must occur such that most of them migrate
locations between the smectic-A layers. A quantitative analy-
sis of the effective volume of such a layer predicts acis-
isomerization of only a few percent; the DNMR data confir
that the isomerization effectiveness in the 8CB:7AB syst
is low.

Finally, this study supports a scenario where the be
boomerang-shapedcis-7AB molecules segregate out of th
smectic layers and perform fast reorientations on the DNM
time scale in the interlayer space. These reorientations
about two independent axes giving rise to a uniaxial symm
try. Despite their nonmesogenic behavior in pure 7AB~D!,
the nanophase-segregated 7ABcis-isomers have uniaxial ori-
entational order controlled by adjacent smectic layers.
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