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We report a detailed study of photoinduced changes in the microscopic structure of monolayers, multilayers,
and superlattices of a photosensitive side chain liquid crystalline polymer, deposited by the Langmuir-Schaefer
technique. We probe both out-of-plane and in-plane ordering and its changes due to optical pumping of the
trans-cisphotoisomerization transition of the azobenzene side chain in an azopolyacrylate. Microscopic struc-
ture was studied mainly by synchrotron radiation x-ray reflectometry and grazing incidence diffraction; we also
used null-ellipsometry and atomic force microscopy. Our results provide a quantitative modeling of the struc-
tural changes and corresponding relaxation times taking place as a function of confinement, temperature and
optical pumping, and in particular confirm previously reported ellipsometric results on such changes as a
function of sample thickness. This allows a quantitative description of the effects of reduced dimensionality on
the structural transitions in this glass-forming system.
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I. INTRODUCTION foundation to the classic Adam-Gibbs anddiz—13. As the
size of the system crosses the characteristic length of such
The optical pumping of th&rans-cisisomerization transi- zones, a disruption of the collective Adam-Gibbs behavior is
tion in polymeric systems containing the azobenzene moietgxpected. The experimental studies have been performed ei-
has received much attention in recent years, mainly becausBer in glassy systems confined in nanopdtef or in ultra-
of applications to optical writing, potentially down to the thin films[15-18. In a recent paper19] we have reported
nanoscalé1]. To this end, however, much fundamental study@n ellipsometric study of the effects of restricted dimension-
is still necessary, due to the complexity of the systems, whicility on the glass transition of PA4 multilayers as a function
feature a rich phenomenology of relevance to phase transPf temperature. In this work the samples were perturbed by
tions in liquid crystals, the glass transition, dewetting phe_pumpmg thetrans-cisphotoisomerization transition, and the

nomena, the anomalous diffusional and vibrational dynamic§nsumg back-to-equilibrium relaxation was followed using

in spatially heterogeneous systems. All of these issues can tggal time null-ellipsometric probmg'of the thlpkness at sev-
R o : . eral temperatures for samples of different thicknesses, rang-
studied in a specific class of these materials, namely sidé

ST : ; -~ “Ihg from one to sixty monolayers. We found a crossover in
chain liquid crystalline polymers with an azobenzene m0|etythe sample behavior in the range of about eight monolayers:

attached to the main polymeric chain via a flexible moleculag,. smajier thicknesses, the data were interpreted in the
spacerf2]. Here we shall mainly discuss the family of poly- ¢4 mework of the so-called “dead layer” modg20,21 , in
acrylates(similar results have also been obtained for poly-orger to explain the observed divergence in the back-to-
methacrylates in which the pumping of the photoisomeriza- gquilibrium relaxation times. The occurrence of important
tion transition yields several potentially useful optical effectschanges in structure and dynamics in ultrathin organic films
with very high sensitivity[ 3], the vibrational and diffusional pelow the thickness of about eight monolayers seems to be a
dynamics can be altered by the optical puf#6], the phe-  fairly general occurrence, for which, however, we have not
nomenology of the glass transition has been extensiveljound any explanation in the literature. As the role of inter-
studied by calorimetric, dynamical analysis and ESR relaxfacial interaction is of paramount importance to the under-
ation measurements]. Recently Langmuir-BlodgettLB) standing of both the structure and the dynamics of thin poly-
technique[8] has been applied to obtain monolayer andmeric layers, we also explored other structures of
multilayer of a specific system, namely, pdi-pentyloxy- confinement of molecular layers of the photosensitive poly-
3’-methyl-4’(6-acryloxyexyloxylazobenzene (henceforth  mer; namely, we deposited superlattices where we obtained
labeled PA4, which allowed the study of the effects of thick- homogeneous confinement of the polymer by intercalation of
ness on the structure and dynamics of the samples down fatty acid salts bilayers.

the nanoscalg9]. This was particularly relevant, not only to In this paper, we wish to address these points more exten-
explore the potential for applications to nanowriting, but alsosively and seek quantitative confirmation of our previous re-
to study a fundamental problem of long standing in the dy-sults[19], and at the same time extend our study to include a
namics of disordered systems, namely the behavior ofjuantitative experimental analysis of the effects of interac-
glasses in confined geometries or reduced dimensionalityions with the substrate, and of the presence of the free sur-
Here the issue is the existence of so-called cooperativelface (the “extrinsic” effects on the observed phenomenol-
rearranging zonegl0], a model that provides a quantitative ogy, in order to extract the intrinsic behavior as a function of
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thickness. We have also studied photoinduced dewetting phéts mean molecular weight was 4 19000, M,=12 000
nomena, not only to identify and separate their eventual efqweight and number averaged, respectiyefhe other com-
fects on our obseryations, but also as an interesting pathV\{%unds were purchased from Sigma-Tau and used without
to produce by optical means nanoparticles of our polymerigyriher purification. The deposition was performed using a
glass in a reasonably controllable fashion. o modified [23] horizontal lifting (Langmuir-Schaefer, LS
The experimental techniques we used to obtain informage .pnique, which allowed the rapid and uniform deposition

tion on the micrascopic structure of the deposited architecq many monolayers onto a silicon substrate. This is essential
tures are x-ray reflectometry, which yields the out-of-plan&, ,iain 4 film, as free as possible from defects. The sub-
structure, i.e., in the direction perpendicular to the substrate ’

L ! . . . . Strate used was either covered with native oxide, or was
and x-ray grazing incidence diffraction, which yields the in- eated with dimethylchlorosilane to make it hydrophobic
plane structure. We have also used null-ellipsometry an(gv first studied th Y GH £ A) isoth Y fpth '
atomic force microscopyAFM) to further characterize our € Tirst studie € pressure-areld { A) isotherm of the

samples, to provide complementary information on thicknes&-angmuir monolayer on a KSV5000 Langmuir system, then

and morphology, and to image the photoinduced or temperd”® chose the optifmal r?urfgce p_r(_essuﬂ$=(r}5 miN/m at
ture induced dewetting in our films. Finally, we have per-f0°m temperatufe for the deposition of the Langmuir-

formed preliminary null-ellipsometry static and kinetic ex- Schaefer.multilayers.. The'deposited films were routinely
periments to study the photoinduced effects on the Langmuifharacterized by optical microscopy, by Fourier Transform

monolayer at the air water interface and their temperatur frar(_ed_and optical a_bsorption spe_ctroscopy.Amore detailed
dependence description of experimental techniques can be found else-

We have prepared three different types of molecular aryvhere[24]. Using the same techniques the superlattices were
chitectures, namely: prepared. In this case the deposition sequence was: first a

(i) monolayers and multilayers of PA4 on silicon coveredPilayer of Barium behenate, themmonolayers of PA41{
by its natural oxide or on silanized silicon: =1,4,6,8,10), then another pllayer of Ba-behenate. This unlt

(i) the same but deposited on a highly hydrophobic sub¥as repeated for several times to create the superlattice
strate made up of a bilayer of Ba-behenate on silicon witpstructure. We also studied the basic unit, with or without the
and without covering of the air interface by inert bilayer of €Xternal Barium behenate bilayer.
Ba-behenate; and

(iii) multilayers of polymer of different thickness sand- B. Structural measurements

wiched between bilayerS of the Ba-behenate molecular sepa- X-ray reﬂectivity (XRR) experiments were performed on
rator, to yield a superlattice structure, with periodic repetitionthe beamline ID10KTroika-2) at the ESRF synchrotron fa-
of the Ba-behenate bilayers obtained by the Langmuigiliity operating at the wavelength=1.385 A. During the
Blodgett(LB) deposition technique alternated by PA4 multi- measurement rocking curves were frequently taken to test the
layers obtained by the Langmuir-SchaefeS) deposition |evel of diffuse background and identify the true specular
technique. reflectivity. In the following, data are truncated @, in or-
The rationale for these choices was that in samples of thger to show the true specular reflectivity only.
first type we study the simpler system, in which, however, The sample was placed in a helium-flushed chamber with
we have no control of both interactions with the substratgqne temperature controlled by means of a Peltier [CElbta-
and the effects of the free surface; in the second type, Wgijity within +0.1 K). For thecis-trans isomerization we
control the interaction with the substrate more precisely, angised a filtered high-pressure Hg lamp placed on top of the
we can separate the contribution arising from the presence Qample, at a distance of 10 cm.
absence of a free polymeric surface. In the third type, we Grazing incidence diffractio(GID) patterns were col-
eliminate completely the free surface and control the interigeted with the incident beam impinging at=0.18° from
action with the confining media. Moreover, the last structurgpe sample surface, i.e., below the critical angle for total
is particularly suitable for the study by x-rays reflectometry,efiection of the substrate; this minimizes a possible contri-
due to the large contrast in scattering length density betweegytion to the GID signal from the substrate, which could be
the layer containing the Ba ions and the surrounding or- 4 problem at the smallest thickness of the deposited poly-
ganic medium. ) . meric layers. The signal was then integrated in the vertical
Finally, we have also studied photoinduced effects on thgjirection by means of a position sensitive detegt®sD
Langmuir monolayer at the air water interface. Clearly thisgyer the rang®, from 0 to about 0.3 AZ. In selected cases
is, as close as we can get to a two dimensional system, eve[lsecond and a third scan were performed with the PSD
though the real situation may not be quite as simple, sinCgtector at higher angle to extend the explo@drange.
such monolayer is stabilized by the interactions with the wa- Here we must note that care had to be taken that the
ter subphase. incoming flux of x rays did not damage or otherwise modify
our fragile and metastable samples. For this we took repeated
[l. EXPERIMENT runs on the same sample, and noted the eventual changes in
the reflectivity pattern. We found substantial effects on the
high-Q side, clearly due to the geometry induced higher
The polymer PA4 was synthesized and characterized agower density there. Thus we truncated our patterns at the
cording to procedures already reported in the literaf@@®.  wave vector values below which the radiation effect was

A. Sample preparation
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negligible. For this we also had to reduce the overall count-
ing time, compatibly with an acceptable signal-to-noise ratio.

Sample thickness and its variations were also determined
by null ellipsometry. Our techniques and procedures have
been described in previous publicatidd®,24]. Here we re-
mark that the overall uncertainty associated with the x-ray
reflectivity and ellipsometric measurements is larger than the
pure instrumental uncertainty, which is due to mechanical
hysteresis, positioning reproducibility and stability and so
on, which, however, in our case is better than 0.1 A. Neither
uncertainty stems from individual sample lateral inhomoge-
neity, but is mainly due to the reduced reproducibility of the
behavior from sample to sample of such complex system of
liquid crystalline photosensitive polymer. To improve repro-
ducibility we strictly adhered to a protocol of sample prepa-
ration, storage in dark at room temperature for not less than
12 h and not more than 5 days and careful thermal annealing
prior to any characterization.

The ellipsometric measurements on the Langmuir mono-
layer were performed by placing a small trough directly in
the path of the laser beam of the ellipsometer. The troug
was mounted on a platform whose vertical position could b
finely regulated with a micrometric screw. The optical pum
was a mercury lamp situated 10 cm above the liquid sur-
face. The temperature dependence data were difficult to o

tain, since as the temperature was increased; liquid evaporg:

tion rate increased: at the sensitivity level of our

measurements, this made the detection of the real eIIipsome![-

ric signal impossible. Thus we had to humidify the air, sur-
rounding the apparatus to minimize the evaporation an
hence stabilize the liquid level on the trough, for enough
time to be able to record the signal at a given temperature in
the two conditions of darkness and illumination. This provede
to be possible only up to about 40°C with the available
setup.

Finally, surface morphology and sample thickness on th
nanoscale have been probed by AFM imaging in the nonco
tact mode. For this we used an Autoprobe CP Research i
strument from Thermomicroscopes equipped with a large
area (100um) scanner with optical feedback for the inde-

<l‘ON

PHYSICAL REVIEW E 66, 041801 (2002

10*

10°

c

£10°
8

units)

08 1

0 0.2

0.4 o, A0S

FIG. 1. Reflected intensity measured at room temperature and

scaled byQ‘z1 from multilayers of different thicknes&, 4, 6, 10,
ﬁmd 20 molecular layerf PA4 deposited on natural silicon.

%aken on the pristine sample at room temperature as a func-
Ption of the number of deposited monolaydis., sample
t§[1icknes$.

The most noticeable feature is the appearance of a broad

p at about 0.48 A, as the thickness increases above six
yers. Note that the width of the dip appears to decrease as
e number of layers is increased. We also note that the Kies-
gig fringes, although clearly visible, are strongly damped,
especially for the thinner samples.

We calculate the intensity reflected by our complex lay-

red structure by applying either the matrix approach or the

recursive Parrat algorithnj25]. Layer roughness is ac-

counted for by the Nevot-Croce approximati@6], appro-
riate for roughness with smalk(1 wm) lateral coherence,
he reflectivity of the interface between megliandj+1 is

hen scaled by the Nevot-Croce factor F;

F=exp(ik, Ky j+107),

@

pendent control of the lateral movements of the piezo scanwherek, ; is thez component of the wave vector in medium

ner. We used Ultrasharp noncontact silicon cantileviosn

j and g is the roughness of the corresponding interface

Silicon-MDT Ltd.) with nominal curvature about 10 nm, and Sych an approach requires a preliminary guess about the el-
typical resonance frequency 150 KHz. Unless differentlyements of the model. This can be done by inverse Fourier
specified, all the measurements were performed at room tentransformation(FT) of the reflected intensitR(Q) at the
perature and strictly in the dark; particular attention was paitkxchanged wave vectd, which, in the kinematidBorn)

to the latter point: the light source for the optical observationgpproximation, is simply related to the modulus of the FT of
of sample and AFM tip was used at the minimum, and it washe gradient along the direction of the refractive inder:

red-filtered in order to eliminate all the green-blue compo-
nents that are knowft] to affect the azobenzene moiety.

Finally, a useful quantity to characterize the surface
roughness and its evolution under the effect of different fac-
tors is the root mean square roughnessys, calculated
over all the points of the measured surface.

2
(2) expiQ,dz .

R(Q)=Re 2

[

0z

Therefore, after careful normalization one can hope to be

able to extract, in a model-free fashion, the distances be-

tween the various interfaces.

IIl. RESULTS AND DISCUSSION

After normalization to the reflectivity of the bare sub-

strate, we obtained a structurélhyered variation in the

A. Simple PA4 multilayers

refractive index, which is associated with the “typical” dis-

We shall begin by presenting our results on the simpleances of 23, 37, and 50 A. We then refined this model either
PA4 multilayers. In Fig. 1 we show the x-ray reflectivity data by using therARRAT32 software[27] or double checking our
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10° p— . . , : : : — TABLE I. Thickness and photoinduced expansion, as measured
by null-ellipsometry, below the glass transition temperafligeof
g homogeneous layers of PA4 consistingnofonolayers.
H
§ n Thicknesst (A) St (A) Stit
4 70.6 4.5 0.064
10 176.0 17.1 0.097
20 333.8 33.0 0.099
60 1441.8 147.7 0.102
15 100 1930.0 170.0 0.088
=
g '
Y proportionality between the thicknessand the number of
. polymer . .
Si0, deposited layers.
30 0 50 100 150 200 250 300 350
Depth (A)

B. Isothermal photoinduced structural effects

FIG. 2. Top panel: f'f(d‘?tFed I'ne’.down'Sh'ﬁed by a factor of We come now to the presentation of the photoinduced
10) of the measured reflectivity on a film made of ten monolayers of

PA4 at T-RT. Bottom panel: the model of scattering length densitystructural effects. In Fig. 3 we show the reflectivity pattern of
(SLD=rope, A2, see text for detai)semployed to fit the experi- t[he tgn Ilayer §ample at room temperatur'e beforg and under
mental data. illumination with UV light. Clearly the microscopic struc-
tural changes induced by theans-cis photoisomerization
are quite strong.

There are two spectacular effects: one is the total disap-
earance of the dip at 0.48°& and the other is the much
rgerQ, range of the Kiessig oscillations. From the damp-

'ing of the oscillations we have calculated a mean square

roughness of about 10 A. Thus the UV illumination has a
ronounced smoothing effect, reducing the mean surface
oughness by a factor of two. This fluidification effect of the

results with software developed by one of [@8]. The re-

sulting theoretical intensity and structural model are show
in Fig. 2, top and bottom panels, respectively. The substrat
is modeled as bulk Si covered by 19 A thick native oxide
the scattering length density (SEDgp) values of which

are known from the literature. The polymeric film is made up
of a first series of pseudoperiodic, layered units of thicknes

13'5 A, with zones of alternating high_ _and lOV‘.’ SLDs. In trans-cisisomerization pump had already been hypothesized
particular the interface between the silicon oxide and the i« hasis of optical daf0]; here it is beautifully con-

pplymer .shows a ”.“‘”im”.m SLD der]sity, followed by a re- firmed. This by the way excludes that our observations might
gion of higher density. This structure is repeated three or foube due to dewetting, which would cause an increase in the
times with decreasing contrast between high-SLD and low- '

SLD regions. At larger distance from the substrate the poly-
meric film is unstructured and has an average SLD 10
~0.910 ° A2, a reasonable value if compared to that of
pure PMMA (SLD=1.0810° A ~2) [29]. The film-air inter- ;
face has roughness~20 A. ]

Similar results were also found for films deposited onto
silanized hydrophobic substrates. We note in passing tha 510_2_5 :
other possible fitting models, such as crystalline regions em- § :
bedded in an amorphous matrix, did not yield fits of the sameg i
quality, and have been discarded also on the basis of all th%h.lo_s
other knowledge that we have on this polymeric system. = ]

Thus the structural model that seems to fit the data bette
consists of three components: the oxide covered silicon sub 444
strate, the homogeneous polymer film, and an intermediate
crystallinelike zone composed of up to about four polymeric
layers. This is most remarkable, and provides direct confir- . . . ) ) :
mation of the so-called dead layer hypothesis that we usedir ¢~ 01 02 03 (A“)M 05 06 07
our previous wor 19] to interpret the ellipsometric data. z

These results were independently checked by null- £ 3. photoinduced changes in the x-rays’ reflected intensity
ellipsometric measurements on the same homogeneous Migk a ten layer sample of PA4 measuredrat RT. Dotted line, film
tilayers. The results are summarized in Table | in which thepefore UV irradiation. Continuous line, film during UV irradiation.
thickness of the polymeric layer is varied from only 4 to 100 Note upon UV illumination the reduction of roughness, indicated by
monolayers. The homogeneous character of the depositiahe extension of the Kiessig fringes, and the disappearance of the
over the whole thickness range explored is evident from théeature around),=0.48 A2,
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FIG. 4. Reflectivity curves of a film of 40 monolayers of PA4 as

a function of the temperature. The onset of the nematic phase and FIG- 5. GID pattern from a sample made of six monolayers of

its melting are responsible for the appearance of the features &4 at selected temperatures. It is evident from the data that the
Q,>0.3 A~! and for their evolution. nearest neighbor correlation peak sharpens upon heating until the

final melting of the multilayer is reached at about 80 °C.

apparent roughness. This point will be discussed in greater
detail with the AFM data. featureless reflectivity curves measuredrat80 °C, which

Moreover by x-ray reflectivity we could confirm the ellip- implies a disruption of the periodicity along tizedirection,
sometric resulf19] that below the glass transition tempera- typical of the nematic phase. We note in passing that the
ture the photoexpansion reaches an equilibrium maximunoughness of the top and bottom interfaces is the same for all
value of 1-2 A per monolayer, i.e., roughly 5-10 % of thethe temperatures, as can be evaluated by the damping cutoff
overall film thickness, independent of film thickness. Thisof the Kiessig fringes. In Fig. 5 we report the grazing inci-
agreement is further extended by the present ellipsometridence diffraction(GID) signal obtained from a multilayer
results, summarized in Table I, where the third column re{n=6 layers of PA4 deposited onto hydrophobic Si, at dif-
ports the photoinduced expansion, and the fourth column referent temperatures. While at=20 °C the GID signal con-
ports the same quantity normalized to the total film thick-sjsts mainly of one broad peak of almost Lorentzian shape
ness. We note, however, a small deviation from the averaggentered aQ,,=1.44 and a shoulder ,,=1.60 A"%, as
behavior of the thinner filntfour monolayerk this is outside  the temperature is increased the GID peaks become narrower
the experimental uncertainty, which is less than 1 A, ancand better defined, and further, much weaker shoulders ap-
could be related to the quasi periodic layering of the monopear atQ,y=1.0 A=l and 1.65 A1
layers deposited closer to the fatty acid spacers. However, The change of the GID signal is consistent with that of the
photoinduced expansivity varies from sample to sample, alsgeflectivity curve, the sample becomes better structured as
for the thicker samples, so that only a broad range of variathe temperature is increased, before melting, both in the nor-
tion (5—10 % of the overall film thickneggan be indicated. mal to surface and in the in-plane direction. Moreover, we
The important qualitative result, however, is that photoex-—an infer that a minority part of our sample undergoes crys-
pansivity is an extensive quantity, i.e., it roughly scales withtallization upon heating, as we observe a transition from hex-
the number of deposited layers, and is not a surface relategyonal packing to a generic monoclinic cell, while all the rest
property, which would be roughly independent of film thick- remains in a liquidlike state giving rise to the broad back-

ness, at least above some threshold. ground observed under the sharp peak in the GID pattern.
This latter point is under current investigation. FinallyTat
C. Temperature dependence =80°C the sample becomes nematic, with no long-range

positional order, and a broad unstructured peak appears,

i It
Let us recall that in the bulk pha§é], our polymer melts characteristic of this phase.

into a nematic phase at 78 °C and has a nematic to isotrop
clearing point at 96 °C. We have tried to verify the micro- ) o _
scopic structural changes accompanying these transitions In ~ D- Superlattices: x-ray reflectivity and ellipsometry

Fig. 4 we show the reflectivity scaled by the fourth power of  To understand the role of geometric and interfacial inter-
the exchanged momentu@f , for a multilayer(40 layerg of  action in determining the observed anomalies in the structure
PA4 as a function of temperature; data are taken upon headf the first layers of polymer, we studied superlattice struc-
ing. The development of the structures@t>0.3 A~ in  tures in which the photosensitive polymer was confined be-
the reflectivity curves measured above 40—-50 °C is related ttween inert fatty acid bilayers.

the onset of the glass to nematic phase transition, occurring By null ellipsometry we have measured the overall super-
at 78 °C. The melting of the glassy phase results in the flatiattice thickness, as reported in third column of Table II.
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TABLE Il. Thicknesst, photoinduced expansiodt, and nor- TABLE Ill. Same as above in a single repeated unit, both as
malized photoinduced expansidit/t at T=19 °C of superlattices open and as closed structures [2 LB BaBeh: | LS PA4] and
[2 LB BaBeh: | LS PA4],. [2 LB BaBeh: | LS PA4 2LB BaBelj, respectively.

n I Total t (A) 8t (A) Stit I Open/closed Total (A) tpas (A) 6t (A)  6St/tpp,

1 10 166 19 0.114 2 open 102.4 43.0 3.1 0.072

2 10 464 20 0.043 2 closed 155.3 36.5 1.1 0.030

3 10 707 19 0.026 4 open 125.1 65.7 4.2 0.064

4 10 1005 21 0.021 4 closed 188.0 69.2 3.73 0.054

10 10 2490 27 0.010 6 open 155.6 96.2 6.84 0.071

6 closed 218.9 100.1 6.59 0.066
10 open 246.6 187.2 16.5 0.088
Then we measured the photoinduced structural changes, falg closed 309.1 190.3 14.3 0.075
lowing photoperturbation by UV light. In the fourth column 2 open 417.2 357.8 203 0.082
of Table Il we report the photoinduced thickness incredise g closed 467.0 348.2 26.7 0.077

whereas the last column reports the same quantity normal
ized to the overall thickness.

As it is easily verified 6t is independent of the number of . . .
o . : toexpansion only takes place in the uppermost repeated unit,
repeated units in the superlattice. Moreover, if one assumes

the standard value for the photoexpansiba2 A per mono- Whereas the other repeated units seem to retain their own
layer of polymey as measured by both XRR and ellipsom- structure anq per'Od'C'tY' .
etry on homomultilayergsee, discussion of the data of Table . The qus“O” then arises Whether the photoinduced expan-
1), then the measured photoexpansion is compatible with ex31o" i hindered or not when the interface between the pho-
pansion of the topmost polymeric layer only. tosensitive polymer and air is not a free surface, but is

We also measured the X-ray reﬂectivity of such SupeﬂatblOCked by an inert Iayer, such as Ba-behenate. In Table Il
tices, as shown in Fig. 6, and found no significant variationwe report the thickness and the photoinduced expansion
of the reflected intensity upon UV illumination. In particular Of & single repeated unit, both aspen and as closed
both Bragg peak positions and Kiessig fringes spacing arétructure, realized by [2 LB BaBeh: | LS PA4] and
practically unaffected by the UV illumination, whose main [2 LB BaBeh: | LS PA4 2LB BaBel}, respectively. We re-
effect seems to be that of smearing out the Hgkide of the  port both the total thickneds as obtained by the ellipsomet-
curve, perhaps due to a combination of radiation damage anit measurement, and the polymeric thickngss,, obtained
surface alterations. As a matter of fact, x-ray reflectivity after subtraction of the fatty acid layers, 59.4 A per bilayer
mainly probes the periodic repetition of the layers containingof Barium behenatéBaBel), value obtained by measuring
the B&™" ions in the bulk of the film, which is not affected by pure BaBeh multilayers by both null-ellipsometry and x-rays
the expansion of the uppermost repeated unit. Therefore, theflectivity. The next columnst is the photoinduced thick-
XRR observation is a confirmation that, in superlattices, phonegss increase, whereas in the last column we report the same
quantity normalized to the polymeric thickness,. At first
sight it is clear that photoexpansion is observed both in the
presence and in the absence of covering inert topmost layer.
T UV OR This implies that photoexpansion is a volume effect, which
1& 3 — UVOn 1 takes place over the whole film thicknels35]. A detailed
i ol analysis, however, reveals that the photoinduced expansion
" of the open structures is about 10% systematically higher

3 than that of theclosedstructures. Therefore, we think that the

¥ high-mobility liquidlike layers at the air interface exhibit
o larger rearrangements upon photoperturbation. This is a con-
] firmation of the complexity of the behavior of such photo-
sensitive liquid crystalline polymeric system, in which vol-
ume effects and surface effects are intimately entangled and
takes place on the same scale.

5 Superlattice [2BaBeh:2PA4]
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In Fig. 7 we show the grazing incidence diffracted inten-
FIG. 6. Reflected intensity measured at room temperaturélty Py @ superlattice structure of ten monolayers of PA4
and scaled by Q! from a superlattice structure intercalated between bilayers of Ba-Behenate at the tempera-
[2 LB BaBeh: 2 LS PA%,,. Crosses, reflectivity measured on the ture T=11°C, data are shown as a function of both the

pristine sample; line, reflectivity under UV illumination. in-plane Qy,) and the out-of-plane@,) exchanged mo-
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FIG. 7. In-plane Q,,) and the out-of-plane,) dependence of
the intensity diffracted by a superlattice structure of ten monolayers
of PA4 intercalated between bilayers of Ba-Behenaté=atll °C.

The two line arcs represent Debye rings, as discussed in the text.

FIG. 8. AFM image of a film as deposited at high surface pres-
sure (I=15 mN/m). The horizontal scale is66 um?, the verti-

menta. In order to extend th®, range, we combined two cal contrast scale is 8 nm. The terra¢ighter areascorrespond to

data sets acquired with two horizontal scans performed aegions covered by the uppermost molecular layer, whereas the val-

different zenithal angles. leys (darker aregsare regions not covered by the uppermost layer.
The most prominent feature is the peak &, The valley-to-terraces distan¢®.7 nim) corresponds to the thick-

=1.47 A" atQ,=0 A~* (darker area on the lower part of ness of the uppermost layer.

the figurg, which corresponds to a nearest neighbor distance

of 43A. This peak is, relatively broad (FWHM respond to regions covered by the uppermost molecular
=0.17 A~* which would correspond to a coherence lengthjayer, whereas the valleydarker areasare regions not cov-

of up to ten lattice units We have already commented upon gred by the uppermost layer. The valley-to-terraces height
the temperature dependence of the width, in the previougjtference (2.7 nm corresponds to the thickness of the up-
Sec. I!I C. Here we note that the dependence of the scatteregh most layer. The deposition of a very rigidnd brittle
intensity from the out-of-plane and in-plane components 0y onqmyir layer, as indeed is the film of PA4 at high pressure,
the exchanged momentum resembles more a Debye ring, as,50nap1y occurs via “rigid patches” that deposit with no

indicated by the circle overimposed to the data, than a Braggeformation but rather with many cracks, as observed in the
rod, which would appear as a vertical line in the same figure '

We take this as an indication of, relatively large tilting be- AFm Ionrqc?grefo check this point. we also measured the mor-
tween the different layers, or more generally, of nonideal ) S point,

order along the vertical direction. phology of films deposited et rr_1uch Iower. s_urface.pressure

The patterns reported in the figure are only slightly modi-(H_:L mN/m), where the film is not so rigid. A nice ex-

fied by the optical pumping; it appears that when the poly-
mer multilayers are sandwiched in the the behenate “crys-
tal,” they are much less sensitive in their structure and
morphology to the effects of the photoisomerization cycle.
This is consistent with the findings of the previous section,
that photoperturbation in superlattices acts only on the top-
most period, whereas GID probes the full set of layers.
Therefore, any possible photoinduced modification of the
topmost layer would result in little or no change on the over-
all GID pattern.

F. Atomic force imaging

Pristine films deposited at high surface pressufé (
=15 mN/m) show a morphology mainly due to incomplete
topmost coverage. A typical topography is shown in Fig. 8;
the vertical contrast scale is 8 nm. The corresponding root
mean square roughness dgys=1.66 nm, a value which
nicely corresponds to the RMS roughness as estimated inde-
pendently from the damping of the Kiessig fringes in the FIG. 9. 6x6 um? AFM image of a film deposited at low pres-
x-ray reflectivity experiment. The terrac@ghter areascor-  sure (I1=1 mN/m).
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FIG. 11. AFM image of the same film of PA4 afté h exposure
to UV radiation. Lateral scale is>66 um?, the vertical contrast
corresponds to 8 nm.

FIG. 10. AFM image of a film of PA4 after 15 min exposure to
UV radiation. Lateral scale is%6 wm?, the vertical contrast cor-
responds to 8 nm.

) ) ) IV. LANGMUIR MONOLAYERS AT THE AIR WATER
ample is shown in Fig. 9: we do observe aggregates of INTERFACE

bubbles, the size of each bubble being comparable with the ] )
estimated size of a single polymeric chain. The bubbles in- The confined geometry of the monolayer at the air water
deed form threadlike aggregates, with typical lateral sizdnt€rface is perhaps the closest approximation to a two di-
about 100 nm and length extending to several microns. ~ Mmensional system, especially when the monolayer is com-
Returning now to the films deposited at higher surfac ressed to its pseudosolid phase; here in fact the intermo-

pressure, exposure to UV light from a filtered Hg lamp first ecular and intramolecular interactions involving only the

reduces surface roughness, reducing the terraces, as show plymer molecules should become more important in deter-
. . 9 i g 5 o rihing the structure and dynamics, and to a first approxima-
Fig. 10, which has lateral size>X66 pm*, and vertical con-

) tion we can disregard the interactions with the aqueous sub-
trast of 8_ nm. The root mean square roughnessm@ls hase. Thus in this configuration we may expect to minimize
=0.9 nm in this image. The observed reduction of a factor o problems connected with the substrate and free surface
2 for the surface roughness is in good agreement with thgyeractions and effects. From the point of view of the glass
independent results from x-ray reflectivity. We believe thatyransition of course it remains to be seen to what extent the
the physical origin of the surface smoothing relies on thecompressed monolayer can be described as a glassy solid. In
fluidification effect that theisisomer has on the polymer, as what follows we shall present some preliminary data that
independently confirmed by inelastic neutron scattefBlg indicate that this might be the case, and that glass transition
and by measurement of photoinduced birefringefi88].  concepts can be used to interpret the data.

Such effect is very likely connected with the more isotropic  In Fig. 12 we show a typical isotherm of the PA4 mono-

shape of thecis conformer of the azobenzene moiety, andlayer, in the dark and under UV illumination. The abscissa is

with the poisoning of the nematic phase when the concentraarea per monomeric unit. The strong alteration induced by

tion of cis conformers becomes important. UV light confirms the fluidification effect induced by the
The same fluidification effect is responsible for the dew-photoisomerization of the azobenzene side chains.

etting that takes place when UV exposure is extended to A scaling analysis can be applied to these isotherms

longer time scales, as shown in Fig. 11, in which the rough{31,32. In the semidilute regime the surface pressure can be

ness would be completely smoothed, but round holes start texpressed ag32,33

develop. The number density and the size of the holes grows

as the UV exposure is extended, and so does the size distri-

bution, until a granular morphology is reached, wherein each

grain is a polymeric bundle of approximate mean size of 2—-3

nm. Thus by excitation of the photoisomerization transitionwherel” is the concentration of molecules per unit of surface

we can use the dewetting phenomenon to create glassy nanarea, andy is a scaling exponent related to the Flory expo-

particles, with the potential for a detailed control of size nentw, relating the chain radius of gyratid®, to the number

distribution and morphology by appropriate variation of pa-of monomersN: R,~N". The Flory exponent’ is con-

rameters such as temperature, light power density and waveected toy by y=2v/(2v—1) in two dimension(2D). In

length, time and sample thickness. Work on this aspect of thparticular in 2D one expects=1 for the extended chain,

problem is in progress. and to decrease to=4/7 for 6 solvent, and tav=1/2 for the

=1, (©)]
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50 - - - - population ofcis isomers can be expected to have stronger
long-range interactions, hence the surface pressure will start
40t rising at smaller surface densities, as demonstrated clearly in
the isotherms reported in Fig. 12. Clearly the monolayer with
30t strong dipole moment moieties will also be expected to show
€ good solvent behavior, in agreement with the observed
Ezo— change in the scaling exponent upon optical pumping. We
=

must note, however, that such a scaling law analysis is valid
only in a region of the pressure-concentration plane; its va-
lidity is limited at high pressure, high concentration, by the

onset of side chain interactions, and it also fails in the very

or = low surface pressure region, possibly due to errors unavoid-
0 20 0 Y 80 100 ably associated with the measurement of very low surface
rea (A2/m08
pressure.
FIG. 12. Compression isothermd €19 °C) of PA4 in dark We have then followed the back relaxation process after
(continuous lingand under UV illuminatior{dot-dashed ling Ab- trang-mgconverspn in the monolayer: for th_|5 we m.on'ltored
scissa, area per monomeric unit by kinetic null ellipsometry the correlated time variation of

the monolayer thickness. Given the problems in obtaining a

poor solvent condition, respectively. Correspondingtgkes good signal to noise ratio in these measurements, it was dif-
the values of 2, of 8, and of infinity. This was first verified ficult to obtain precisely the functional form of the time re-
for a polymer monolayer by Vilanovg34] and has since laxation. For simplicity we have used a single exponential
been applied to a wide range of polymer monolay&. form, from which we obtained a rough measure of the relax-
In Fig. 13 we show the isotherm in scaling form for the ation timer. We have then tried to determine the dependence
monolayer in the dark and after illumination by filtered UV of = on temperature. However, we had upper and lower lim-
light. The scaling picture emphasizes dramatically the effectits to the possible temperature variation with our apparatus in
of thetrans-cisphotoisomerization on molecular interactions its present form, so again only qualitative indications could
within the monolayer. In particular we note that the scalingbe drawn from our main results, namely, that there is an
exponent changes from about ten to two upon optical pumpmndication of the existence of a glass transition at about 16 °C
ing; this implies a change in the interaction with the aqueousor the Langmuir monolayer. Clearly such an investigation
subphase, from a situation almost of theta solvent to that ofieeds be made more quantitative both by extending the tem-

good solvent, respectively. Such behavior can be understoqshatyre range and improving the statistics before any defini-
on the basis of the difference in the properties of the azoben; e conclusions can be drawn.

zene side chain in the two conformations: tigisomer has
a strong dipole momen(B-5 Debyg, in contrast to the 0.5

Debye of thetransisomer. Thus the monolayer with a strong V. CONCLUSIONS

In this paper, we reported a detailed study of photoin-
duced changes in the microscopic structure of monolayers,
multilayers, and superlattices of a fragile polymeric liquid
crystalline glass. First, we have quantitatively confirmed the
interpretation given to the thickness dependence of the glass
transition phenomenology we had observed.

In particular we have shown that the layered structure,
which should be expected from the LS deposition technique,
is conserved only up to the first four to six monolayers; for
the following monolayers the structure is no more layered,
leading to a homogeneous glassy structure, nevertheless the
sample thickness remains linearly proportional to the number
of deposited layers.

Furthermore, the similarity of the structures obtained by
x-ray reflectometry and GID for the different confinement
40 50 geometries of the polymer indicate that the structural and

morphological photoinduced changes are connected to the

FIG. 13. Scaling law for the compression isotherm of PA4 mea-'€laxation of the mesogenic side chains, with the main chain
sured aff =21 °C with and without UV photoperturbatidsee text ~ providing a template structure. This indicates the predomi-
for detaily. Dashed lines correspond to the scaling laibsTY ~ nance of side chain interactions over the effects of the free
with y=2 and 10, respectively, typical of a very favorable interac-Surface, or the interactions with the substrate. Thus this sys-
tion with the subphase and of almagtsolvent condition. tem could be quite useful to study intrinsic dynamical effects

Pressure IT (mN/m)

20 . 230
Concentration I" (mol/1000 A”)
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of geometrical confinement, in particular for the fundamentalers. We are currently investigating this aspect of our system,

understanding of the glass transition. especially the effects of optical pumping, temperature and
A first qualitative confirmation of this is provided by our aging time on the size distribution of the polymeric glassy

data on the Langmuir monolayer, which suggest that the tenf?anoparticles. _ _

perature dependence of the monolayer back-relaxation times Fnally, the effects of confinement also show up in the

indicates the presence of a glass transition, at a slightly Iowet Ifferent response to the optical pumping shown by the mul-

. . _tilayers relatively to the superlattices. The very same poly-
temperature than for the bulk. This result, although needmg?ne)r/iC multilayer>,/ when corrl)fined between theyBa-behgnayte

more quantitative confirmation, could provide the S'mpleStbiIayers, expands but little under the action of the pumping
case of the truly two dimensional glass, or at least of a distight: essentially, only the last layer expands. In the free
ordered system in which the relative weight of in-plane andmultilayer instead, the expansion is proportional to the over-
out-of-plane interactions can be varied. all thickness. This difference indicates an important role of

Another consequence of our study is the possibility ofthe periodic superlattice structure, which acts like a rigid
generating nanoglasses with controlled size and morphologyage in which the polymer is confined. Work is in progress to
by using the optically induced dewetting of the LS multilay- explore the effect of other confining media.
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