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Deuteron NMR investigation of a photomechanical effect in a smectiéx liquid crystal
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Deuteron quadrupole-perturbed NMR is used to study the perturbation of orientational order in a #mectic-
liquid crystal (octylcyanobiphenyl or 8CBcaused by photoinducedansto-cis isomerization of a photosen-
sitive dopant(diheptylazobenzene or 7ABThe time and temperature dependences of the orientational order
were independently studied for 8CB, 7AB, and their mixtures. Upon UV irradiation that ctrassgo-cis
isomerization of 7AB, the orientational order parameter of the smécfibase 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 smectrix, the
cis-isomerized 7AB molecules retain a uniaxial orientational order with the director oriented along the normal
to the smectic layers. The highly bent 7A#s 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 observaddity 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 theis 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 numbsgfs): 61.30.Gd, 64.70.Md, 76.66k

[. INTRODUCTION wavelength(UV) light that enriches the system wittis-
isomers of 7AB, the layer thickness increases by about 0.5%.

Optical control of the molecular order in liquid crystal The subsequent shrinkage to the equilibrium thickness can
(LC) phases has attracted considerable attention as an intdse significantly accelerated by irradiation at a longer wave-
esting phenomenon caused by a number of different mechdength (such as 633 nm, He-Ne lageahat facilitatescis-to-
nisms, some of which, as discussed in recent revidw®],  trans isomerization. The effect of layer shrinkage under
are not well understood. The interest is stimulated by the fadHe-Ne irradiation suggests that the prime mechanism respon-
that achieving alignment control by optical means offers po=sible for the photocontrol of smectic layer spacing is photo-
tential applications in display and optoelectronic devidds  chemical rather than thermal through the heating of the
Particularly effective means to cause a photosensitive resample(the layer spacing of the 8CB:7AB mixture increases
sponse are through photoisomerizati@ng., transto-cis or  with temperaturg 14]). There is also further indirect evi-
cisto-trans) of the liquid crystal molecules or through for- dence of a photochemical mechanism in that the characteris-
eign molecules either added to the liquid crystal bulk ortic times of the layers contractions are quite similar to the
forming a surface alignment layer. lifetime of cissisomers of azodye molecul¢ss].

Although most studies to date have dealt with the nematic The molecular rearrangements of the 8rphase respon-
phase[1-5], recently, a number of photochemical effects sible for the photocontrol of layer spacing remain to be stud-
have also been reported for the smectic phases of thermotried. Recent computer simulatiops6] predict photoinduced
pic [6—10Q as well as lyotropi¢11] liquid crystal materials. nanophase segregation: strongly bent 7é&®isomers can-

In smectic phases, photochemical effects influence not onlyiot accommodate themselves within the layers and thus mi-
the orientational, but also the positional order; consequentlygrate to locations between the layers, consequently account-
they give rise to photomechanical phenomena such asg for an increase in layer thickness. Upon relaxation,
changes in the layer spacing and subsequent undulations afdlike transiisomers return to within the layers and the layer
layers or the formation of focal conic domaifib2,13. In  thickness decreases. Nanophase segregation is also supported
situ x-ray studied14] have shown that when the smecfic- by the prediction[17] that even in pure smectic systems
(Sm-A) mixture of octylcyanobipheny(8CB) and photosen- composed of identical rodlike molecules, a small fraction of
sitive diheptylazobenzené/AB) is irradiated with short- them could be located in the space between the smectic lay-
ers, aligned transversely to the rest of the molecules. How-
ever, the photoinduced changes can also be explained by a
*Present address: Yale School of Medicine, P.O. Box 208042somewhat simpler mechanism based on the idea thatishe
Fitkin B, New Haven, CT 06520. isomers decrease the orientational order parameter of the

1063-651X/2000/6@)/225211)/$15.00 PRE 62 2252 ©2000 The American Physical Society



PRE 62 DEUTERON NMR INVESTIGATION OF A . .. 2253

smectic phase. This, in turn, increases the smectic layer spac- Trans 7AB Cis-7AB
ing through the coupling between orientational and posi-
tional ordering, in a manner similar to the increase of layer
spacing with increasing temperature. Therefore, in this work,

in order to shed additional light onto the microscopic origin uv

of the photocontrol of smectic spacing, we employ deuteron 4 ¢, ~p2°
guadrupole-perturbed NMRDNMR) spectroscopy which is thermal

extremely sensitive to changes in the orientational order of

liquid crystal molecules to study the behavior of 8CB:7AB Sy
mixtures.

This paper is organized as follows. In Sec. I, we describe
the system under study and detail the methods of sample
preparation. After reviewing some of the technical aspects of
the DNMR technique in Sec. Ill, we present and discuss the
DNMR experimental results in Sec. IV. Concluding remarks
can be found in Sec. V.

~29 A ~16 A

II. MATERIALS

I

Diheptylazobenzene is a mesogenic material that forms a
nematic phase and a monotrogeuring cooling smecticA FIG. 1. Schematic representation of the 7AB isomerization pro-
phase[18,19. Although its photosensitivity was apparently cess(top) and a three-dimensional view of the two isomeric states
not an issue of concern in earlier studies, it can be easilybottom). The two flexible alkyl chains attached to the two phenyl
verified by a simple polarizing-microscope experiment. Un-rings of the rigid molecular core on opposite sides are shown in one
der regular “white” illumination, 7AB shows an enantiotro- of the many possible conformations. Deuterated sites are drawn
pic nematic phase, abbid K wide, with the melting point at  with a darker gray level.

313.2 K and the clearinfnematic-isotropiadNI)] transition

at 320.2 K[18]. If the sample is irradiated with UV light, the two protons at thex position(or first position of the respec-
phase width shrinks, eventually disappearing; the material ifve aliphatic chains were replaced by deuterons. Each
in the isotropic state even at room temperature. The reasdCB(D) molecule contained only a pair of deuterons since
for this is the UV-provokedtransto-cis isomerization of there is only one gH;sD, alkyl chain attached to the mo-
7AB [13]. Isomerization of 7AB is similar to that of azoben- lecular core. In contrast, the 7AB) molecules contained
zene and its other derivatives, and shows a dramatic sterfour deuterons each, since there are twélGD, chains at-
effect: thetransisomers have a rodlike elongated structure,tached to the molecular core at opposite sides.

approximately 29 A long, while theis-isomers are highly Four different samples were investigated in this study:
bent(U shapedwith a characteristic size of about 16 A, seen pure 8CBD), pure 7ABD), a mixture of 8CB:7ARD), and
in Fig. 1. a mixture of 8CBD):7AB. The pure 8CED) (nonphotosen-

The stationary fractior of the cis-isomers present in the sitive) served as a base reference of the orientational order-
system changes widely between 0 anthéver reaching the ing. The 7ABD) NMR spectrum was measured in order to
limits) depending on the wavelength of the irradiating light properly identify spectral absorption peaks as pertaining to
[20]. A high population ofcis-isomers is typically achieved trans and cis isomers. The two mixtures 8CB:7AB) and
under UV irradiation: for azobenzene solutions in isooc-8CB(D):7AB, of complementary deuteration, were prepared
tane,c=0.8 at A=313nm[19]. The conversion into the to separate the 8CB spectral absorption peaks from those of
groundtransstate occurs either through thermal relaxation in7AB. Specifically, the 8CB:7ABD) mixture served to study
the dark or under light irradiation at longer wavelengthsthe orientational order of 7AB in the 8CB host. The
(typically >420 nm). For example, for the azobenzene solu-8CB(D):7AB mixture, on the other hand, was investigated to
tions mentioned earliec decreases to 0.045 at=578nm  determine possible changes in the 8CB orientational order
[19]. that might be caused k@) the very presence of the 7AB dye

The liquid crystal host matrix used in this work was oc- molecules and byb) changes in the fraction of 7ARBis-
tylcyanobiphenyl(8CB) with the phase transition sequence isomers. Both mixtures were prepared with the same

8CB:7AB weight ratio of 90.67:9.33, which closely matches
313.5K 306.5K 294.5K the concentration used in the x-ray measurements of smectic
| N Sm-A Cr. layer spacing[14,21. The mixture chosen resulted in the

. ) following 8CB:7AB(D) and 8CBD):7AB phase sequence:
In the smecticA phase, 8CB molecules form dimers and the

layer thickness varies between 31.4 and 31.6 A as the tem- 317.6 K 311K ~275K

perature increasefl4]. Thus the length of 7ABtrans l—  N— - SmA—Cr.

isomers matches well the 8CB layer thickness. As a result, a

small amount of 7AB solutéup to 16% by weightdoes not  The samples for DNMR studies were prepared by sealing the

change significantly the phase diagram of pure §C8. corresponding bulk samples into thin-wall, UV-transparent,
To ensure DNMR sensitivity to 7AB and 8CB, selectively cylindrically shaped glass sample holders of 5 mm diameter

deuterated analogs of both compounds were prepared. Tkad 25 mm length.
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IIl. EXPERIMENTAL DETAIL
A. Deuteron NMR

The usefulness of deuteron NMBRNMR) in the study of
the molecular orientational behavior in liquid crystals has
been demonstrated in numerous studi2g,23. Most of
these studies dealt with rodlike molecules deuterated ivthe
position of the alkyl chain. In the bulk uniaxial nematic
phase, fast reorientations of such molecules around the long
molecular axis, as well as fast internal exchange of the two
deuterons in the Cpgroup, yield a cylindrically symmetric
electric field gradientEFG) tensor at the deuteron site, with
the symmetry axis pointing approximately along the long
molecular axis. Previous DNMR studi¢24] of trans-7AB
have indeed shown that both the orientational order of aro-
matic rings and the rotations of the ¢@@roup about the
phenyl-C bond possess axial symmetry. This makes the two
CD, deuteron sites indistinguishable, producing a DNMR
spectrum consisting of two satellite absorption lines forming
a doublet with quadrupole-perturbed frequency splitting:

3 8CB dimer Trans-7AB Cis-7AB
Avirans(0) = P VQS[ransPZ(COSG)
FIG. 2. Rotational motion&op), resulting in a partial averaging
3 of the deuteron EFG tensor. They-z frame is fixed to the first
=7 voSirand 3 cog 9—1]. (1) carbon atom of alkyl chain, witk pointing along the carbon-carbon
bond joining the phenyl ring and the alkyl chains. Bottom: the
position with respect to the three different molecular types forming
Here vq is the time-averaged quadrupole coupling constanthe 8CB:7AB layers is shown. In contrast to 8CB dimers aads:
with magnitude~60 kHz at thea position[25,26], S;ans IS 7AB, the two alkyl chains can be, in general, physically nonequiva-
the nematic scalar order parameter, ahis the angle be- lent in cis-7AB, since thez directions of the two respective frames
tween the time-averaged orientation of the molecular longire not parallel. The selection plandy axes is arbitrary due to fast
axis (i.e., the nematic directprand the external magnetic reorientations around Herez andz’ are “free” axes and is the
field. Equation(1) can be used to describe 8CB ammdns- direction c_)f the_ norr_nal to smectic layers, whike deno_tes the
7AB liquid crystals since in both cases their molecules hav&ample orientation with respect to the external magnetic fild
elongated shapes. This is, however, not truecisi7AB as ~ ~S0. 1 andd; (see textare the angular cone parameters.
cis-isomers are highly bent. The angle between the two ) i
heptylazobenzene rodlike molecular fragments, connected by P2(C0S91)Vz;, with 9, denoting the constant angle be-
the N—=N bond, is approximately=62° (see Fig. 1 These tweenZ andZz'. The secqnd reorlen.tat|onal process can be
“poomerang’-shaped molecules are expected to perfornf€garded as a stochastic precession of the cone Zixis
some general type of reorientational motions as a function oftround the directon, i.e., about the axis of local cylindrical
time. If these reorientations are very fast on the DNMR timeSymmetry(see Fig. 2, decreasing the largest eigenvalue to
scaleryyr~(v52") "t and possess cylindrical symmetry so Vin=P2(cosd)Vy, , with 9, the angle betweed’ and .
that the uniaxial character of the nematic and smectic phas&3!Ven the proportionalitiea vians*Vz; andA veis* Vp,, the
is retained, they would yield a decreased value of the nemr_eIanqn betweertis andtrans DNMR doublet splittings can
atic order parameter. be written as
To describe the 7AB molecules, we shall adopt a simpli- _
fied picture where(1) reorientational motion takes place Aveis(0) = Avirans(0) Po(COSD1) P(COS D). 2)

about one or two perpendicular, independent axes that are The nematic order parameter is a second-rank tei2sgr

fixed in the liquid crystal reference frame?) the reorienta- thus, its components obey the same transformation rules as

tions are symmetric—the two elongated fragments of thene comnonents of the EFG tensor. Accordingly, the scalar
7AB molecule exhibit, on the time average, exactly the Sam%arts . of the cis7AB nematic order parameter is
reorientational motions; an@) the 7AB molecules are rigid, ols

and thus no conformational changes occur during reorienta- Seis= SiransP2(C0SY;) P,(c0sY,), 3
tions. Note that to satisfy the above conditions, if only one
reorientational axis existed, such an axis would be the axis aind Eq.(2) becomes
uniaxial symmetry. It is well known that for an EFG tensor
of cylindrical symmetry of largest eigenvaldg , and corre- Seis

ing e : i ic reorientati Aveio( ) =Avtand )
sponding eigenvectat performing stochastic reorientations cis St S ans
on the surface of a cone, the time-averaged EFG tensor has a
cylindrical symmetry around the symmetry ax$ of this The transto-cis isomerization of the 7AB molecules
cone. The largest eigenvalue reduces t¥,/,/ should be reflected in the DNMR spectrum through a de-

4
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crease in the frequency splitting. This is a consequence of a)
|Po(cost)P,y(cosdy)|<1, which implies thatS;js<S; ans- 80 -
Thus measurements of the quadrupole frequency splitting as

a function of sample orientation in the external magnetic v
field verify the local symmetry. When the local uniaxial =
symmetry of 7AB molecules is retained duringransto-cis 3
isomerization, boti\ vy, ,,4(#) andAv.;s(8) must follow the 40 -
P,(cos#) angular dependence.

T T T T T T T T T T

1 L f

L s 1 L L L
270 280 290 300 310 320

B. Spectrometer and temperature control b)

T T T T T T T
DNMR measurements were performed in a 4.7-T super- 80 -
conducting magnet at the deuteron Larmor frequency of
v (*H)=30.8 MHz. DNMR spectra were obtained by a
complex Fourier transform of the solid-echo time domain
response to a 9Q°7-90°-r pulse sequence with phase cy-
cling, 90° pulse length of s, 7=80 us, and a repetition 40+
time of 200 ms. The signal was typically accumulated 5000
times. The temperature of the sample was controlled by an
oven housed in the magnet bore, providing temperature sta-
bility better than 0.025 K over the temperature range of the FIG. 3. (a) Temperature andb) relative temperature depen-
measurements. dences of the DNMR doublet frequency splitting of 8OB and
7AB(D) (squares and circles, respectiveiynd for the 8CED):7AB
C. Samples preparation (triangles and 8CB:7ABD) (diamond$. The inset is a magnified

. . . . . . view near the nematic to smectictransition showing only 8CE)
To simplify the discussion, we will label the state with the 4 8CRD):7AB data for clarity reasons.

minimum possible amount afis-isomers as thérans state.
Such atrans state was obtained by maintaining the samples

60

Av(kHz)

in the dark in the NMR probe head, which was inserted in IV. RESULTS AND DISCUSSION
the magnet at a temperatuie=323.2K for 6 h. At this A. Orientational order in trans-isomerized 7AB
temperature, all the materials of interest, 0B 7AB(D), and 8CB:7AB mixtures

8CB:7AB(D), and 8CRED):7AB, are in the isotropic fluid ) )
phase. Light conditions facilitated the conversion of the 7AB  1he nematic order parameter for a system of rodlike mol-
molecules to the grountians state. ecules can be determined from the DNMR quadrupole fre-
Cis-isomerization was achieved by UV illumination of the duency splitting using Eq1). The splitting was measured in
sample. Since the NMR probe-head design does not alloulk “trans’ (or non-UV-irradiatedl 7AB(D), 8CB:7AB(D),
for in situ illumination, an external temperature-controlled 8CB(D):7AB, and 8CRBD). The results of these studies are
water bath with UV-transparent glass walls was used. Th@resented in Fig. (@) at an orientatiord=0° (parallel to the
trans (non-UV-illuminated sample was thermally stabilized external field for which Av(T)=3Svq. In all four systems,
and field aligned by keeping it for 1 h in the NMR magnet atonly one pair of satellite absorption peaks with a frequency
the desired temperature. Simultaneously, the temperature eplitting Av(T) was observed. The chemical neighborhoods
the external bath was set to the same value as that of thef the a-deuterons in 8CE) and 7ABD) molecules are
NMR cryostat. The sample was then removed from the magalmost identical, so the value ofg~60kHz found in
net and placed in the external water bath. This was done &CB(D) presumably matches thatirans-7AB(D). The rela-
rapidly as possiblgwithin 3 9), in order to maintain the tive difference in quadrupole frequency splitting between
sample temperature constant. Then, a UV-light beam of in8CB(D) and 7ABD) thus measures the relative differences
tensity j~1 W/cn? was shone from the outside onto the in orderS.
sample and the illumination maintained for 2—4 h. During The nematic to isotropic transition temperatulg;
this period, the temperature increase of the water bath due t8317.6 K is the same in 8CB:7AB) and 8CRD):7AB.
the illumination was compensated for by the addition ofThe quantitative similarity of the respective frequency split-
colder water; the empty NMR probe head was left in thetings in the nematic phase directly demonstrates that the
magnet at the same temperature. Finally, the sample wagematic order parameters are close for @Band trans
rapidly reinserted into the NMR probe and in the magnet an@AB(D). With decreasing temperature and approaching the
the measurement started. Particular attention was given temectic phase, the “anomaly” iAv(T), namely, a sudden
smectic samples to ensure that the probe was inserted in tlemhancement in orientational order, is more pronounced for
magnet in such a way that the sample had the same orient8CB(D):7AB where an increase of about 6 kHz/K compared
tion as before the illumination. A different orientation place-to 4 kHz/K for pure 8CBD) occurs; see the inset to Fig.
ment of the sample would destroy the layer structure sinc&(b). This suggests that the nematic-smectic order parameter
the magnetic field tends to orient the layers normal paralletoupling is slightly stronger in the mixture including 7AB
to its direction. In the nematic phase, this is not critical sincemolecules than in pure 8CB even though the width of the
all molecular directors are quickly realigned along the mag-nematic range is basically the same in both samples. Over
netic field within a fraction of a secor|{@8]. the temperature range studied, the relative difference in fre-
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FIG. 4. Time dependence of the) 7AB(D), (b) 8CB:7AB(D), and (c) 8CB(D):7AB DNMR spectra observed after removal of UV
illumination. The respective temperatures @re 308.6 K for (a) and(c) andT=308.2 K for (b).

quency splitting(S) between these samples remains at 8% otrans doublet found in thetrans samples, a second, inner
less. doublet of smaller frequency splitting appears for the UV-
Considering the critical behavior and differences in tran-illuminated 8CB:7ARD) and 7ABD) sampleqFigs. 4a)—
sition temperatures, a proper comparison of the orientationad(b)]. Note that(i) the intensity(the area under the two as-
order of the mixed systems and the two pure compounds isociated absorption peagksf the inner doublet decreases
obtained from inspecting th&v vs T— T, plot shown in Fig.  with time; also (ii) the intensity of thetrans doublet in-
3(b), with T, representing the respective transition temperacreases by the same amoufiii) the inner doublet is not
tures into the isotropic phase. The general observation is tharesent in the 8CHE):7AB spectra, a sample lacking
sinceAv(T) of 7AB(D) and 8CBD) molecules in the mixed DNMR-sensitive 7ABD) molecules. It then follows that
compound always exceeds/(T) of pure 8CBD), the pres- such a time-dependent doublet belongsi®isomers. The
ence oftrans-7AB in the 8CB host increaseS This is ex-  disappearance of thas peaks with time, reflecting theis-
pected since 8CB molecules are considerably shorter thaio-transthermal conversion, is also accompanied by a small
the 7AB ones, and the 8CB smectic layers consist of dimer#crease in thetrans and cis doublet frequency splittings
that are more flexible than the 7AB moleculege Fig. 1 Avians(t) andAvg(t), respectively. A similar increase in
Similar arguments can be used to understand why the frefrequency splitting is found itk vgcg(t) of the BCBD):7AB
quency splitting of bulk 7ABD) is always greater than that sample; this demonstrates thats-isomerization-induced

of bulk 8CB(D). changes in the scalar order parameter of the @JBystem
are being detected.
B. Relation between orientational order and population The experimentally measured behavior is schematically
of cis-isomerized 7AB shown in Fig. 5. The intensity of a spectral doublet as-

signed to a certain molecular state, in our casetrtéues and

cis states, is proportional to the number of molecules found
in that state. The fraction of cis-7AB molecules that are in
'Sis form is determined from the relation

To elucidate how the orientational order for the 8CB:7AB
mixtures is affected by the presence @-7AB isomers,
UV-illuminated samples were probed,; it is stressed that dur-
ing the DNMR experiment the samples are in the dark. Thus

the initially presentis-isomers convert into thigans state as AVyra®) & Spara(®)

a function of time. Consequently, if there is any correlation W< N, (1)

between the concentration ofs-isomers and the molecular E« Nm“ll Avg(t) < Sy (t) L
orientational order, the DNMR line splittings that contain R

such order information should also exhibit time dependence. — T T

Indeed, the DNMR spectra of 7AB) and 8CB:7ARBD), as <40 -20 - ‘()kHz) 20 40

well as 8CBD):7AB, exhibit such time-dependent changes. -

For example, in Figs. @-4(c) we show typical results ob- FIG. 5. Typical spectrum of a UV-illuminated 8CB:7AB).

tained for 7ABD), 8CB(D):7AB, and 8CB:7ARD). These  Ppeak intensities are proportional to the respective populations of
spectra were averaged for a period much shorter than th@s7AB andtrans-8CB isomers. In the dark, populations and dou-
time scale of the observed changes; effectively, a “snapblet frequency splittings exponentially approach with time the equi-
shot” view at each instant is so obtained. In addition to thelibrium value.
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FIG. 6. Time dependence of the 74B) DNMR spectrum dou-
blet frequency splittings at=308.6 K. The sample was exposed to
UV light for about 180 min and then measured in the dark.

|cis(t)
| cis(t) +1 trans(t) .
An additional feature of the 7A®) spectra in Fig. &) is

the presence of the absorption peak centered at zero fre-
qguency; it is associated with the isotropic phaseisf7AB

Ceis(t) = 5

a)

c (%)

c (%)

N W R OO

2257
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z,=1015 %27 min |
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molecules since these do not form an orientationally ordered FiG. 7. Time decay of theis-7AB isomer percent concentra-

phase. UV illumination of 7AB thus yields a coexistence oOftjons in (a) 7AB(D) and (b) 8CB:7AB(D) after removal of the UV
the isotropiccis-7AB phase and the nematic phase. The nemexposure. Solid lines are exponential fits.

atic phase is a mixture afis-7AB (low-concentratioh and
trans7AB (high-concentrationisomers, similar to what oc-
curs in the 8CB:7AB mixturésee Figs. &) and 4c)]. The
isotropic cis-7AB, the nematiccis-7AB, and thetrans7AB
intensity contributions exhibit a time dependence that can b
evaluated from the spectra in Figat see Fig. 6. From Fig.
6 is evident that thecis population in the isotropic phase
decays significantly faster than this population in the nem-
atic phase. The initial increase in nematis intensity dem-
onstrates that upon conversion from the isotropic to the nem-
atic phase, a fraction of the molecules retain tloggrstate.
Further, the concentration ofs-7AB molecules in the nem-
atic phase, calculated from E€p) by neglecting the isotro-
pic cis contribution tol ;;5, exhibits a monotonic decrease in
time that is visualized in Fig.(@). This is quite similar to the
decay exhibited by the 8CB:7AB mixture seen in Fi¢h)7

The experimentally determined time dependences of
Ceis(t) [Figs. 7a) and 1b)], Avyang(t) [Figs. 8a)-8(c)],
andAv;s(t) [Figs. 9a) and 9b)], calculated from the spec-
tra presented in Figs.(d)—4(c), are consistent with an expo-
nential time dependence. The respective characteristic times
78, 758, 72" and 75°B can be calculated using the
model functions

Ceis(t) =Coexp( —t/75'%)

(6)
and
Avi(t)=Av) — SAvhexp(—t/7y,), )

with ¢y denoting the initial concentration afis-7AB mol-

the observed frequency splitting doublew;(t).
the initial change in the frequency splitting measured com-
ared toAv!,, which is the frequency splitting in thie— o
imit. Av'"@"S and A 8B match the frequency splittings of
the pure sampl¢Figs. 3a and 3b)], whereasA v<'s

SA v is

is a

T=3088K
™" =675 + 10 min
| | ) £ 1 |

800 1200 1600 2000 2400

t (min)

™" = 544 £ 42 min

500

1000 1500 2000 2500

t (min)

7.’ =640 £ 60 min |
L 1 | 1 I 1 |

800 1200 1600 2000
t (min)

ecules with respect to the total population of 7AB molecules G, 8. Time dependence of the outer deuterium spectral dou-

att=0; clearly,cq is a measure of the effectiveness of thepjet frequency splittings ofa) trans7AB in 7AB(D), (b) trans
UV-illumination-induced photochemical isomerization. The 7AB in 8CB:7AB(D), and(c) 8CB in 8CBD):7AB, after removal

subscript and superscriptin Eq. (7) refers totrans7AB,

cis-7AB, or 8CB depending on the molecule giving rise to solid lines.

of UV illumination. The respective exponential fits are shown as
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FIG. 9. Time dependence of thas-7AB isomers deuterium 37 36 35 3'41 33 32
doublet frequency splitting i@ 7AB(D) and (b) 8CB:7AB(D) 1000/T (K™)

after removal of UV illumination. e
FIG. 10. Temperature dependence of the characteristic ijmes

7g, andry. When fitted individually to the Arrhenius law, the five
data sets yield similar values for the activation energy; thus, only an
effective theoretical fifdashed lingis shown.

model parameter and cannot be measured since int the
— oo limit the number ofcis-7AB isomers would be negli-
gible. Given the proportionality between the DNMR fre-

quency splitting and the order parameter, BB, it is Pos-  |ations among them. The results are summarized in Table |.
sible to express the relative change in the nematic ordeyy|yes ofc, obtained with steady UV-light illumination and
parameter as values of the characteristic times for 7AB and 8CB:7AB are
i i i very similar at all temperatures. This confirms their primary
i% t :is_o isﬁz%<o 8 dependence on temperature and on the internal molecular
(D=3 | | , (8 ; . .
S. S, S. Ay, properties, whereas the molecular environment, i.e., the type

) . S of LC phase present, seems to only play a minor role.
where theA v’s associated with the characteristic times were The characteristic decay times, illustrated in F|g 10, seem

replaced withSs. This is done to stress that the observedio conform to an Arrhenius law= roexpE,/kT) with acti-
_time depgndence _of the frequency splitting impl_ie_s a_changgation energyE,=0.925eV. Since the difference irk val-
in nematic order: i.e.7s measures the characteristic time t0 yeg at a constant temperature is rather small, their averaged
reestablish the nematic ord8, of pure samples with zero yajue was used to generate points shown in Fig. 10. Closer
cis-7AB population. inspection reveals that the, values at any temperature are
The DNMR study allows us to determine eight systematically higher by 20-50% than thevalues. This is
physical parameters relevant for the description ofinteresting as it means that the concentratiorisfisomers
photoisomerization-induced structural changes in the inveschanges more slowly than the value of the scalar order pa-
tigated systems: g, 7¢, 762", 78°, 78°°, 5SFA"ISI®™,  rameter. Since we believe that the obsenaSgt) time de-
8S5'%/S%°, and 5S5B/SE°P. They were measured at several pendence corresponds to an instantaneous adjustment of the
representative temperatures in order to unveil possible corrgtematic order due to changes in tbis-7AB concentration

exp(—t/7), —1<

TABLE I. Photoisomerization parameters determined from DNMR in @B 8CB:7AB(D), and 8CED):7AB. Symbols: N is the
nematic phase; SrA-the smecticA phaseg, is the initial concentration ofis-7AB molecules of the total population of 7AB molecules;
represents the time decay of thies-7AB isomer concentration; theg's refer to the time decay of the respective outermost frequency
splitting, i.e., to the characteristic time of the restoration of the orientational order to that of a non-UV-illuminated sample. The ratios in the
last three columns refer to relative changes in the respective nematic order parameter.

Co e 7_tsrans 7_gis T?;CB

T(K) System Phase (%) (min) (min) (min) (min)  &Syanysrans  sseisysels 55BC BB
313.6 7AB N 3.84+0.13 56030 43015 465+ 20 0.33:0.015 0.47-0.04

308.6 N 452+0.08 101527 675-10 730+15 0.25-0.015 0.380.02

304 N 52+0.1  167G-70 1050-40 1055+65 0.20:0.02  0.29-0.02

312.9 8CB:7AB N 8.97+0.1 496+8 488+65 46065 451+20  0.097-0.02 0.09%0.03 0.13-0.005
308.2 SmA 572+0.1 824+22 54442 500+150 640:60  0.024-0.008 0.017%0.006 0.024 0.008
296.9 SmA 2620+ 240 0.005 0.002

275 SmA 4.6:0.5 39000- 4000
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c(t), 75 is expected to more closely matep. However, this 72 ————— . T
expectation can only be valid #S(t) andc(t) are linearly i A UVT, =207K

related. A power law dependené8(t)occ”(t), on the other 10 “:5& ........... % '%-,5;"-‘““\,) ]
hand, preserves the experimentally confirmed exponentia g '_%f %",,’:W Bow ]
nature of6S(t) by simultaneously rescaling the characteris- I . ]
tic time torg=7./k. A x>1 can account for the observed 66 |- ., i

UV T,=3082K

o, "high

discrepancy. This speculation suggests an equality betwee_. ~,}l

the activation energies for the(t) and 6S(t) processes. g:': 64 2 m 7
WhenE, values are separately fitted to each of the four data;{ Y b 1
1 1 1 H 62 _‘g T Bhlgh T
sets shown in Fig. 10, they are in very good agreement, with I el RS R ]
x accounting for the differences ir, values. 60 L sd (T, )=0010A |sd (T, )=0049 A

C. Origin of the photomechanical effect in 8CB:7AB %8 i ST )=0155A  &(T. )=0.235A i

low : b

| ' 1 s L

high
I !

oy — ' Eo
300 301 302 303 304 305 306
d(A)

Comparing the above DNMR results on characteristic re-
laxation times with the typical times for layer thickness
changes(Fig. 10, open circlesobtained from small-angle
Ggcemant ot words, e dcrease I DM Ot oo i) s e s M
6S(t) and the increase in layer spacifid(t) both reflectthe  gyeched at the two temperaturBs, andTyg,, can be regarded as
presence of theis-7AB isomers,c(t). The photoinduced ap jsothermal transition from poirf to point B, yielding a layer
changes in the layer thickness can be explained by considefhickness increase afd. The direct orientational order-parameter—
ing the relation between the orientational order of the moljayer-thickness interplags-d, which would shift the state along the
ecules within the layers and the layer thickness. In sméctic- quasilinearAr-d curve (defined by the solid circl@sby a small
phases of rodlike molecules possessing two aliphatic chaingmountdds 4, does not account for the measured increasédin
one at each end of an aromatic core, the layer thickdessl ) ) ) ) ) ) )
the nematic order parametsrboth decreaswith increasing  SOlid circles in Fig. 11, with relative coordinates
T[29]. In contrast, in 8CB, smectic layers consist of dimers(@ds.a,8Av) with respect toA. This is not the case since
[30] and, whileS decreases, d increasedth increasing T One observesds q<éd at bothTjo, and Tpgy. Therefore,
[14]. The same qualitative behavior is found in the scB:7aBthe e'xperlmentally observed photomechanical gffect exceeds
mixture [13]. DNMR data on this mixturgFig. 3(b)] show co_n5|derably what would be expected from$u_ui|nterplay.
that S decreasewith T: consequentlyS (equivalently,A v) It is thus reasonable to conc!ude that some kind of structural
decreases with increasing @he relationA »(d) = S(d), cal- rgarrangement take_s place in orQer to account for the rela-
culated by combiningi(T) data from[14] with the Ap(T)  fiVely large change in the layer thickness.
data of Fig. 8b), shows an almost perfect linear dependence, 1€ DNMR results here described provide indirect sup-
which is presented in Fig. 11. In a naive scenario it can pdort for a nanophase segregation picture wherecth@AB L
assumed that the orientational order parameter and the layBtolecules are driven to locations between the layers. This is
thickness are directly correlated, i.e., a decreasgyields a  SPecifically suggested by the estimgié, 21 that only about
linear increase ird, and that such as-d interplay is the 2~/ % of the 7AB molecules may be converted to tie
prevailing mechanism responsible for the variatiordoThe state in order to quantitatively satisfy the experimentally de-

photomechanical effect observed in the 8CB:7AB sampldermined increase iml with UV illumination. In fact, the
can therefore be described in terms of UV-iIIumination-'”'t'al concentrationg of the 7AB isomers, as determined

induced changes i, resulting in changes id through the in our study and summarized in Table I, are in excellent

S-dinterplay. The actual situation seems to be subtler, a&dréement with such an estimate. Yet a remaining question

discussed below. that now arises is whether only a fraction of this-7AB
Given the above interpretation, UV illumination at con- ISOMers are squeezed out from the smectic layers. If this

stantT is equivalent to an increase hin the darkness; both Were the case, the presence of isomers embedded in the lay-

sample treatments should drive the system alongStiuor, ers :_ind those segregated in the i.ntc_erlayer spacing wqqld re-
equivalently, the\ »-d curve of Fig. 11. Let us consider the sult in two spectral doublets of distinct frequency splitting.

behavior at two representative temperatifgg=297 K and This, however, is not the WDGIOf rE)Nl\/IR Spectre;l pqttelrn
Thigh=308.3K. The states of the system in t8ed diagram obsetrvelchlgt.)lél(b)]. Ctofnsqu[Jheetnt Y, t7igx:jstertl)(|:e ot a singie
are denoted Wit Boy. By and Angn, Brign: Blugn. spectral doubletapart from thetrans- ouble} arising

respectively. There, thA state represents the condition of a from the dC|sr7ABh|somers sugtgests that practically all iso-
pure, non-UV-illuminated sample. ThéA—B path is METS undergo phase segregation.

achieved by isothermal UV treatmemtavy lines in Fig. 11
The relative shift of theB state with respect té, denoted by
(od,8Av), was experimentally determined from the x-ray = The sharpness of the resonance lines in Fif) proves
scattering results fod(T) from [14] and theA»(T) data that alltrans7AB isomers “see” the same physical environ-
seen in Fig. 3. If the increase thwas only due to th&s-d  ment. The same holds for tlés-7AB isomers. Unlikerans
interplay, the respective final steé would be located along 7AB, the cis molecules are highly bent and the two alkyl
the S-d curve of the pure sample, which is represented bychains on either side of the molecular core could give rise to

D. Effective local symmetry ofcis-7AB
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(a)

mw
At

“Anchored” cis-7AB
alkyl chains

(b)

' A

“Free” cis-7AB alkyl
chains

FIG. 12. Two possible configurations of the nanosegregeited
7AB isomers in the interlayer region. The two alkyl chains are
physically nonequivalent in “anchoring” arrangement, giving rise
to two distinctcis-7AB DNMR doublets. Since only one doublet
has been detected, the “free” configuration is more probable.

different DNMR frequency splittings. This might occur, for

instance, if the first of the alkyl chains was anchored to the
layer and aligned along the layer’s normal, while the second
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alkyl chain is rotated around the long axis of the anchored

chain, as depicted in Fig. 1&. The two deuterons in the
anchored chain would contribute a spectral douldlet;s of
magnitude near that ofAv,,s (or, equivalently, S;s

~ S ans)» Which may not be distinguishable from tians
splitting doublet. Further, from Eqg2)—(4) with 9;=0

and ¥,= ¢y=62°, Av.;s from the deuterons in the reorient-
ing alkyl chain, at any orientation and temperature, would b
smaller by a factor of Av.s/Avians= Scis!/Strans
=P,(C0Spy)~0.16.

To verify such predictions we studied in greater detall
how the orientational order parametBrAv depends on
temperature in the 8CB:7AB) mixture: see Fig. 1&). The
ratio of cis to transorder parameters;;s/S;;ans, Calculated

a)
I A B S ST R
80 _EDDDDDDDDDDDE%E ﬁ
60 - ]
Nontreated 8CB:7AB(D): EE“'%Eggj L
N = frans-7AB .E,
T 40 |- UV-treated 8CB:7AB(D): b
> O trans-7AB
= L O cis-7TAB
20 wooooo OOOOOOOmmmWK%% |
0 R T TR AR
270 280 290 300 310 320
T(K
b) K
1.00 . —
. 075 | -
£
@, 050 | .
Gl
»
0.25 NRVRvIvivdes
0 L ! |
270 280 290 300 310 320

FIG. 14. Simple one-axis and two-axis reorientational modes of
the cis-7AB molecule.n is the normal to the smectic layers. Mode
(f) gives aS.is/Sians ratio that better matches the experimental
value. ¢o~62° is the effective angle between the two heptyla-
zobenzene rodlike molecular fragments.

%rom the data in Fig. 1& and Eq.(4) is shown in Fig. 18).

Within experimental accuracy, this ratio is independent of
temperature with an average vaiu@.24. This is inconsis-
tent with the previously discussed “anchoring” scenario of
Fig. 12a) whereS;s/S;rans~1 andS;;s/S;ans~0.16 corre-
sponded to the anchored and the free rotating alkyl chains,
respectively. The appearance of a single spectral doublet
caused bycis-isomerization of 7AB confirms the physical
equivalence of the two alkyl chains. It may not be fortuitous
that the experimental value &f;s/S;ans IS Very close to 1/4,
since such rational numbers are expected for some typical
reorientational dynamics modes for bent molecules. Their
effect on the orientational order parameter, and consequently
on the DNMR doublet frequency splitting, was qualitatively
discussed in Sec. Il A.

The basic reorientational one-axis and two-axis modes are
found in Fig. 14. Specifically, the two-axis reorientational
motion of the type seen in Fig. {4, with 9;=9,=90°,
yields S;is/Sians=1/4. DNMR results thus support a
model where the bent, boomerang-shamest7AB mol-
ecules that are segregated from the smectic layers perform
fast reorientationgcharacteristic timer;) about the axis per-
pendicular to the boomerang plane. With time, this axis
quickly reorients ¢») in the plane of the adjacent smectic
layers. The characteristic timeg andr, for the two types of
reorientational motion are much shorter than the DNMR
time scaleryygr~2X 10 °s(Sec. lll A) due to the sharpness
of the cis-7AB(D) resonance lines, reflecting complete mo-
tional narrowing. On the other hand, and =, are expected
to be longer than the reorientational timg~2x 10" °s for
an elongated 8CB molecule about its long d)34].

FIG. 13. (a) Temperature dependence of the DNMR frequency ~The above dynamics implies a uniaxial effective local

splitting in 8CB:7ABD) and(b) the ratio of thecis-7AB andtrans
7AB orientational order parameters in a UV-treated sample.

symmetry of thecis-7AB isomers, and measurements of the
angular dependence of the spectral doublets prove this. The
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100 — . L e . tion of thetrans-7AB isomers is converted intois-isomers.

80 i Theory: ] A reduction of the overall orientational order of the system,
¢ 4v=4v,(3cos’0-1)2 | whether pure 7AB or the 8CB:7AB mixture, is found when-

60 4™ =T75.2kHz evercis-isomers are present. The 7Als-isomers are unam-

4y, =17.5kHz biguously identified in the DNMR spectra through the ap-

40

¥ pearance of an additional absorption frequency doublet. In
< 20 addition, the DNMR spectra indicate that the 7AiB-isomer
< [ population decreases exponentially once the UV irradiation
0 is turned off. Simultaneously, the orientational order param-
20| Experiment: eter exponentially increases to the value characteristic of a

pure, nonirradiated sample. This reflects an adjustment of the
order to the changing fraction of 7A8s-isomers; these iso-
mers act as a disorienting factor that decreases the orienta-
tional order of the smectié-phase.

A comparison of DNMR and x-ray studig44] shows

FIG. 15. Angular dependence of the DNM#&-7AB andtrans that the orientational order parameter and the layer spacing
7AB doublet frequency splittings in 8CB:7AB) which is reminis- 1N pure 8CB and the 8CB:7AB mixture are related even
cent of uniaxial local symmetry. without photoisomerizatiorfor, equivalently, in the dapk

The smaller the scalar order paramedethe larger the layer
separatiord. When combined with the disorienting action of
the 7AB cis-isomers, theS-d interplay model suggests that

O trans-7AB
40+~ O cis-7AB
P R [

0 15 30 45 60 75 90
6 (deg)

frequency splitting angular dependence obtained Tat

=291K is shown in Fig. 15. Av(6) for both rans7AB — he photoinduced changes of the layer spadraye a con-
andcis-7AB follow the typical P;(cos6) dependence, remi- goqence of changes & For instance, UV irradiation in-

niscent of uniaxial symmetry. The relatively low temperature aases the fraction of 7ABis-isomers: this decreas&sand
was chosen and the angular pattern total measurement ti”&%nsequently increased Although such aS-d interplay
kept below 300 s in order to preserve the layered structurg,qqe| js certainly valid, it does not yield a straightforward
while reorienting the sample in the field. At higher tempera-j,ierpretation for the complete set of results. Specifically, the
tures or for longer measurement times, the layered Strucwrﬁnotoinduced changes in layer spacthgieasured by x-ray
is destroyed since the director tends to orient parallel to th%cattering are too large to be fully accounted for by $he
external magnetic field; equivalently, smectic layers tend tq,q4e|. We thus conclude that nanophase segregation of 7AB
be oriented perpendicularly 8. cisisomers must occur such that most of them migrate to
locations between the smecticlayers. A quantitative analy-
V. CONCLUSIONS sis of the effective volume of such a layer predictgis

We have studied photoinduced changes in the molecula{ omerization of only a few percent; the DNMR data confirm

orientational order of the liquid crystalline mixture that the isomerization effectiveness in the 8CB:7AB system

8CB:7AB. In agreement with previous studies, the smegtic- '° low.

phase of this mixture undergoes substantial changes in layer Finally, thirs] St'é'gy ;Xgportls a IScenario wr:ere E{hef ?ﬁnt'
spacing under UMexpanding or visible (contracting light oomerang-shapeds molecules segregate out ot the

irradiation [12—14,2]. Previous studies also revealed thats.mectic Iaygrs and_ perform fast reorientations on the.DNMR
the increase in Ié\yer spacing is related totransto-cis time scale in the interlayer space. These reorientations are
isomerization of the 7AB molecules upon UV illumination, about tWO. mdependent axes giving rise t.o a.un|aX|aI symme-
while the decrease in layer spacing is related to the relaxatio y. Despite their nonmesogenic behavior in pure ..(D‘B.

of the cisiisomers into the groundrans state. Moreover, the nf'inophase-segregated 7&B|§omers have_unlaxml orl-
computer simulations[16] showed the possibility of entational order controlled by adjacent smectic layers.

nanophase segregation in which the photoinducied/ AB
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