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We report the first study by inelastitNS) and quasielastic neutron scattering of photoinduced changes in
the reorientational and vibrational dynamics of a liquid crystalline side chain polymer. We uses-tinans
photoisomerization transition to take the system out of equilibrium and determine the quasi€&3tand
inelastic scattering laws on two distinct time windows, corresponding to the time-of-fligBy and back-
scattering(IN16) spectrometers at Institut Laue LangevibL ) (Grenoblg. Our investigation was focused on
the dynamics of the coupling between the mesogenic side chains and the polymeric main chain, which is
connected to the extensive optical writing and memory effects that have been demonstrated in this complex
material. We report data on the QE broadening and Debye-Waller factors, as a function of temperature across
the glass transitionT;= 293 K). We also studied the dynamical coupling of side and main chains. We report
photoinduced changes on the static structure factor, on the purely elastic scattering fraction, on the low
frequency vibrational dynamidground the boson peak regjormn particular, we find that on the space-time
scales accessible to the INS techniques there is a time structure in the coupling, and that over longer times and
distances the two dynamics are decoupled.
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I. INTRODUCTION however, little is known about such coupling and how it
affects the molecular dynamics, both from the point of view
Side chain polymeric liquid crystals have been exten-of the glass transition and of optical memory effects.

sively studied for their strong potential as functional materi- In this paper, we present a study of molecular dynamics

als with the mechanical properties of plastits Of particu-  and relaxation following photoperturbation via excitation of
lar interest are azobenzene-based SystemS, in which tﬁBeCiS-tranS—CiSisomerization of the azobenzene side chain.
photoinducedtis-transisomerization of the azobenzene moi- 1he study was performed by quasielastic and inelastic neu-

ety in the side chain has been used to generate several intdfon scattering with different time windows, following the
esting optical effects with possible application to high den-Photoinduced changes in the dynamics of either side or main

sity optical memorie$2]. The liquid crystalline properties of c_haln on several time scales. In partlcular using tlme_-of-
light spectroscopy, we covered the fast side chain motions

the azobenzene moiety are preserved in the polymeric maiw10 - using backscattering and soin-ech ir
romolecule by the device of attaching the mesogenic azoben- ps); using bacxscattering and spin-echo spectroscopy,
we are sensitive to slow motions up to the tens of nanosec-

zene to the main polymeric chain via a so-called flexible .
i lvmethvlenic chain. with an ootimal numb Pnds scale. The main purpose of such measurements was to
shacet, 1.€., a polymetnylenic chain, an optimal NUMOeleormine the eventual time structure of the coupling be-

of units of the order of 6. Such number determines the €dUigyeen main and side chains. We find, indeed, evidence for
librium between two conflicting requirements: the ”ECESSitydecoupIing, as on the fast time scale we clearly find photo-
of decoupling the side chain from the main chain, so that the,4,,ced changes in the dynamics, whereas no noticeable ef-
liquid crystalline phase may be realized and the necessity Gbct was detected on the slow time scale where the main
a sufficiently strong interaction of the side chain with thechain is expected to contribute both directigain chain dy-
main chain, so that extensive and stable memory effects aigamicsg and indirectly(e.g., through the side chain methyl-

obtained. enes close to the rigid units of the side chain
A particularly interesting member of the family of
azobenzene-based photosensitive polymers is a polyacrylate, Il. EXPERIMENT
whose structure is reported in Fig. 1, for which strong and . )
extensive optical effects have been demonstrfed]. This The specific polymer we studied was the pply
material was also studied from a more fundamental point of Pentyloxy-3-methyl-4'(6-acryloxyexyloxy)azo-benzene
view, being a prototype fragile glass former (=293 K) e
[5,6]. For example, the possibility of taking the polymeric \

Moo : : L ) HC f:% 22 ’SZ N o_gz\ ,22\ CH;
glass out of equilibrium via optical excitation of tees-trans ~ / N7 \ﬁ: \S: “e—o “N/®’ S
isomerization has provided an interesting way of studying \ 4
molecular relaxation in the neighborhood of the glass transi-
tion [7]. In all these studies, the role of the coupling between FIG. 1. Sketch of one repeat unit of the polymer PA4
the main chain and the side chains is deemed to be essentigbly([ 4-pentyloxy-3-methyl-4' (6-acryloxyexyloxy)azo-benzene
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(PA4, shown in Fig. L we note that the PA4 monomeric unit
counts only three protons in the main chain and 33 protons ir
the side chain, therefore, its incoherent cross section is
largely dominated by the side chain contribution. The mate-
rial was synthesized according to procedures reported else
where [8] and had molecular weighiM,,=19000, M,
=12 000 (weight and number averaged, respectiveljhe 2
samples for the inelastic neutron scatterifiyS) experi- o /
ments were prepared as thick films deposited by the casy
solution method on thin, copper free aluminum disks. In or-“
der to study photoinduced effects, the thickness of the
sample could not exceed about §m, due to the require-
ment of having a reasonably homogeneous optically modi- 5|
fied sample. This in turn, placed rather stringent conditions
on the signal-to-noise ratidS(N) obtainable in our spectra,
which was far from optimal. Optical excitation was accom- 0 ‘ . . . .
plished using a high pressure 450 W xenon lamp, which =2 0 2 4 6 8 10
. . . . E(meV)
illuminated the sample directly in the spectrometer hutch
during the measurement through a quartz window added in FiG, 2. Scattering lawS(Q,w) measured on PA4 aff
the thermal screen of the suitably modified cryofurnace. Fil-=100 K on IN6, before(filled circles and under UV illumination
ters and polarizers were employed to cut the irradiation speqopen triangles, see textEach curve is normalized to the elastic
trum above the wavelength=500 nm, thus reducing the peak intensity.
photoinducedis-to-trans back relaxation and also excluding
thermal heating of the sampi{&nal power density on sample part of the IN6 spectra was reduced to a vibrational density
~50 mWr/cnf). Unavoidably the illumination equipment of states using the standard ILL suite of prograi@ we
restricted the accessibl@ range for the backscattering ex- applied corrections for detailed energy balance and mul-
periments. Spectra were taken before and during illuminatiphonon contributions.
tion, at selected temperatures in the range between 100 K
and 373 K. We note that to our knowledge these are the first
measurements of photoinduced dynamical changes as probed
by neutron scattering. We shall begin by discussing the results obtained on the
As stated, in this work we studied the sample dynamicgast time scale of IN6. In Fig. 2, we show the measured
on several time scales. In particular, we used IN6, IN11, andcattering lawS(Q,w) of a PA4 film before and under unpo-
IN16 spectrometers at ILL. For IN6, neutron wavelength wadarized UV light illumination, summing data from all the IN6
5.4 A~1, the available exchanged momentum range wasletectors. Each curve is normalized to the elastic peak inten-
0.2-2.7 A1, The elastic resolution full width at half maxi- sity. A small but noticeable reduction of the inelastic inten-
mum (FWHM) was 0.10 meV. These parameters correspondgity can be observed when UV light is switched on; we also
to a space-time window of the experiment of up to 40 ps andhote that such difference is not just a scale factor as it is
from 0.2 to 3 nm. The slower time scales were probed withenergy dependent.
the backscattering spectrometer IN16 and the spin-echo In Fig. 3, we present the neutron-weighted vibrational
spectrometer IN11. For the former, the available energy windensity of stateg(E), obtained at 100 K, where all the slow
dow was =15 peV and the elastic resolution FWHM diffusional motion can be assumed to be frozen. In the figure,
=0.9 weV (approximately 4 ns The slowest time scale we show the effects of optical pumping and the correspond-
was also probed directly with IN11, which allowed the inter- ing difference spectrum. We note small but clear differences
mediate scattering laB(Q,t) to be followed for times up to in the region of the excess modes in the vibrational density
10 ns. Although one would expect in principle the spin-echoof states(VDOS) that originate the so-called “boson peak”
spectrometer IN11 to be able to follo8(Q,t) up to longer [10] and a compensating changso that the overall area
times, this was precluded in the present case because someuwfder theg(E) curve is kept constanat higher energies; in
the compensating Helmholtz coils had to be removed t@articular theg(E) intensity in the excess modes region is
make room for the cryostat, the Xe lamp and the associateldrgely reduced upon UV illumination. Such effects decrease
optics. Therefore, the IN11 data only marginally extend thoseand vanish at the higher temperatures investigated. The re-
from IN16 and as such are discussed very briefly. gion of the boson peak is related to acousticlike, more or less
Data from IN6 and IN16 were corrected for detector effi- propagating(according to the different schools of thought
ciency, with a standard vanadium calibration and for the 10]) collective excitations. In the present case this implies
empty can contribution; data were summed over several demainly the motions of the main chain, although, we cannot
tectors in order to improve th&/ N ratio (at loss of resolution exclude a possible contribution from low frequency
in the Q spackg given the tiny amount of samplémited by = “accordion modes” in the side chain. However, in general
the constraint of achieving homogeneous UV illuminatjon such modes have higher frequency(e.g., in
no self-absorptioitslab correction was needed. The inelastic 4,4 -di-n-pentyloxyazoxybenze(C5) the accordion mode is
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IlI. RESULTS AND DISCUSSION
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FIG. 4. The static structure factpB(Q) integrated over all the
FIG. 3. Neutron-weighed vibrational density of statg€) for  energy transfer rangefor PA4 both with UV light off (filled sym-
PA4 measured af=100 K on IN6, without UV light (filled bols) and On(empty Symbou_:‘ Top panel, data af=100 K: note
circles, see text for detajlend with UV light(open trianglel also  the small peaks a®=1.3 A~! andQ=1.8 AL, Bottom panel:
shown is the difference between the two. T=361 K, at high temperature the Debye Wall@®W) factor
clearly reducesS(Q) at high Q (note the change in the vertical

found at 318 cr® [11], and inN-(P-ethoxybenzilidengp- scalg and also smears out the structural peaks.

n-butibaniline(EBBA) it is found at 280 cm* [12]). Thus,

the present data indicate that the main chains are influencalfits N0 appreciable temperature dependence of the FWHM.

by the light-induced reorientations of the side chains. The/Ve discuss this anomaly further on.

fact that UV illumination, and, henc&ansto-cis isomeriza- The optical pumping was found to accelerate the reorien-

tion, causes a large reduction in the intensity of the bosoftional motion, yielding a corresponding relaxation time of
peak can be related to the fact that a laciggraction implies ~ @Pout 23:5 ps at the same temperature of 200 K. The op-
a more fluid and, hence, homogeneous system. In particulaically induced change was found to decrease with increasing
birefringence under polarizing microscope has shown tha€mpPerature. This is in agreement with our general finding
photoisomerized PAdby means of UV irradiationis much that photoinduced changes in the dynamics are more pro-
softer and compliant to optical pumpig3]. Furthermore nounced at low temperatures, where all the thermally acti-
by AFM scanning force microscopii4], by null ellipsom- ~ vVated motions are more or less frozen. _ _

etry [7] and by synchrotron x-ray reflectivifyi5], we were The total scattered intensit$(Q), obtained !ntegratlng .
able to show that UV irradiation reduces surface roughnes@Ve' the whole energy transfer range accessible to ING, is
and increases main chain mobility, also promoting thin filmShown in Fig. 4 as a function of the momentum transder
dewetting from energetically unfavorable surfaces. for both UV light off and on, at low temperatutéop panel,

We turn now to the analysis of the quasielastic range] =100 K) and well aboveT (bottom panelT=361 K).
which should be sensitive to the reorientational motion of thel e measuredS(Q) contains both the incoherent and the
side chains and fast conformational fluctuations both in th&oherent contributions to the total scattering law; the latter is
main and side chains. As anticipated, a counting of the hythe static structure factor,'which can be considered a snap-
drogens, however, indicates that most of the scattered inte/$h0t of the structure and is responsible for the small peaks
sity is due to the side chain hydrogens. The spectra were fiiPserved inS(Q) at low temperatur¢100 K), whereas at
using one elastic contributiors(functior) and one single QE  high temperatur¢361 K) the Q dependence is dominated by
contribution (with Lorentzian shape both convoluted with ~ the Debye-Walle(DW) factor.
the experimental resolution function as determined from the [N Fig. 5, we report the logarithrtbase 10 of the purely
vanadium standard. From the fit of the QE Lorentzian, weelastic fraction of the scattered intensg{Q, » =0) normal-
obtain the behavior of the FWHM wit®, which, within our ized to the static structure fact®&Q), as a function of the
substantial error limits, turns out to be independentQof Momentum transfer square@” and for different sample
This indicates the presence of a localized reorientational mgeémperatures. In such quantity the static structure factor is
tion as the source of the QE broadening. factorized out and the only residu@l dependence is due to

Given the less than ideal quality of our data, we did notthe Debye-Waller factor: exp(3Q%u?). The linear slopes in
think appropriate to interpret the data with quantitative fits toFig. 5 give the DW mean square displacem@nt) at each
specific models typical of liquid crystalline systefd$]. As-  temperature, which is shown as a function of the temperature
suming for simplicity the isotropic rotational diffusion in the inset of the same figure, together with the prediction of
model, from the measured values of the FWHM, we obtairthe harmonic approximatioriclotted ling. The harmonic ap-
the reorientational relaxation time scale, which turns out tgproximation is reasonably well obeyed upTg. At higher
be about 3%5 ps at 200 K. We found, within our error temperatures the observed additional increas@iéf above
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FIG. 5. Logarithm(base 10 of the elastic intensityS(Q,w FIG. 6. Difference in the elastic sign&(Q,»=0) as measured

=0) normalized to the total intensi§(Q), as a function of?, for with UV light on minus the same quantity measured without UV
different temperatures in PA4 as measured on IN6. The dashed lindight (see text for detai)s as a function of the exchanged momen-
correspond to the Debye-Waller fits at the different marked temtum Q in PA4 at different temperatures.
peraturessee text Inset: temperature dependence of the Debye-
Waller mean square displaceménf). The dashed line represents with UV light on, respectively. Thus th@ structure can be
the harmonic approximation, well describing the experimental datanterpreted as due to the photoinduags-transequilibrium
up to T4=293 K. in the side chains. In fact, the broadening of the features of
S(Q) may be due to the disordering effect due to the creation
the harmonic approximation may be ascribed to anharmonicof a large number o€is conformers. Moreover, the fact that
ity (as suggested also by the obsern@dependence of the pelow RTS(Q,w=0) decreases under the action of the light
elastic intensity to the releasing of additional degrees of confirms that the photoinducedis-trans equilibrium in-
freedom(possibly related to the side chaibut we note that  creases the mobility of the side chaif@s confirmed by the
a similar upturn of u”) aboveT, is observed also in simpler photoinduced enhancement of the width of the QE signal, as
main chain polymeric systemd7,18. This is reasonable already pointed outleading to a general fluidification and a
thinking that in our system the glass-to-melt transition is alsqgeneral disordering in the structure. This result is also con-
controlled by the presence of the side chain, as is confirmeflrmed by recent data on photoinduced effects on surface
also by the general finding that in side chain polyacryldigs roughness of Langmuir-Schaefer multilayers of PA4 ob-
reduces(within certain limits, also given by the increasing tained by AFM microscopy and ellipsometfy5].
entanglemenjsas the flexible spacer length and the end tail  The temperature dependence of the photoinduced changes
length are increased 9—-21. in the elastic signal is more difficult to interpret. First of all,

It is also of interest to study the photoinduced differencethe cis-transthermally activated back relaxation is character-
in the elastic signab(Q,w=0). This quantity contains in- ized by very long time constantgypically 2 h at RT, 5 min
formation on the relative weight of elastic and inelastic con-at 343 K[6]), therefore, it is always less important than the
tributions as well as, from it® dependence, on the geometry temperature-independent photoinduced back relaxation.
of the reorientational diffusion, and its eventual space strucTherefore, the change in th® dependence of the elastic
ture[17]. To understand its behavior, the coherent contribusignal must be related to the fact that at about room tempera-
tion to the total scattering law must be taken into account. Iture this material has a glass transition. It would be reason-
Fig. 6, we show the effect of optical pumping &{Q,»  able then that the increased general mobility would wipe out
=0) at the temperatures of our experiment: the figure showghe Q structure. It is puzzling, however, that a structure of the
directly the light on—light off difference of the elastic signal. opposite sign should appear at the higher temperature. We
In the low temperature data, we note a clear structure in thalso recall the apparent independence of the QE broadening
Q dependence, which highlights two characteristic distancesyn temperature. Here, again the existence of4ain the
corresponding to the minima. In particular, also looking atmiddle of the temperature range, we explored might be sig-
the Q dependence of the static structure fac®Q) shown nificant. It is of interest, however, that the photoinduced
in the top panel of Fig. 4, it appears evident that the miniméroadening seems to disappear at the higher temperatures:
that we observe in the 100 K curve of Fig. 6 that are locatedhis could be related to the fact that abdyg the system has
atQ=0.5and 1.3 A%, (corresponding closely in real space acquired general mobility and, hence, the fluidification effect
to the characteristic size of the azobenzene intthesand  of light becomes negligible. Clearly more precise data on the
cis conformations,~13 and ~5 A, respectively, result temperature dependence are needed, especially, at the higher
from the disappearance of a corresponding peals(i@) temperatures.
measured in the dark and to a depressio®(@) measured We come now to the study of diffusional dynamics on the
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FIG. 7. Scattering law for P'.M measured on the backscattering FIG. 8. A typical result of the fifcontinuous ling of the quasi-
IN16 at T:SOO }fé\iclorrespondlng to an average e>.<changed mo_elastic part of the backscattering INS spectrum of PA4 measured at
mentumQ=1.78 . Data are measured in dark, with UV unpo- — P . .

i . : . . . T=340 K and(Q)=1.78 A%, using one Lorentziardash ling
larized light on, and with UW-polarized light(see text for details and ones function, both convoluted with the experimental resolu-
The measured scattering laws are indistinguishable within the givenon function as d’etermined by the vanadium standataish-dot
S/N ratio. Also shown for comparison is the resolution function as Y

determined from the vanadium calibration run. line).

. _ _ rick et al. [22] found (u?)=0.3 A% at T=T,, and(u?)
slower time scale accessible by the backscattering IN16_ 2 g
y 9 W07 A% at 50 K aboveT,.

spectrometer. In Fig. 7, we show the scattering 8@, «) The width of the QE component is found almost indepen-
obtained on IN16, af =300 K, and average exchanged mo- yant of the exchanged momentu®, at least in theQ
mentumQ=1.78 A™%. On the time-energy scale of IN16 the ye5ion above Q=0.8 A1, with typical value FWHM
fast motions studied with IN6 would appear as a flat back—:2_0(5) ueV at T=200 K and FWHM=3.0(5) weV at
ground, 'f_ the I|n_e shape WOUld_ be Lorent2|an, as we hadr _ 304 K, corresponding to correlation times ranging from
assumed in the simplified analysis as rotational diffusion. We| 3 15 2 ns. The behavior of the FWHM witd might indi-
can, however, not exclude that the observed quasielastic Sigse reorientational motion localized in space. Our data indi-
nal on IN16 is due to a very broad distribution of relaxation -4t that within experimental precision such motion is not

times. INS. spectra were _measured 'in the dark., with' UV Unyfrected by optical pumping, and, thus, it should not be con-
polarized light on, and with UV verticalV) polarized light.  acted with the azobenzene. Instead it could arise from the

As can be seen from the figure, the measured scattering laWsain chain conformational dynamics or from the part of the
measured with and without light are indistinguishable withingiya chain located closer to the main chain.

our experimental signal to noise ratio. Also shown for com- |, Fig. 9, we show the temperature dependence of the

parison is the resolution function as determined from th§nieqrated quasielastic intensity measured for two average
vanadium calibration run, from which the presence of quas"exchanged momentdQ)=0.71 A~ (open triangles and
elastic broadening in our sample is evident. (Q)=1.78 A~ (filled circles; we note that at both ex-

.ThehIN16 spectrjl lwere lmse;f':igh 8dfor aftypicql fit changed momenta the QE intensity starts to increase at about
using the same model employed for the data of IN6, i.e., ONg; this may be an indication of temperature activated in-

glastch contrlbutlonhé fungtlor:l) and olne Sdlngl_ehQE contrlbu_- crease in the population of mobile scatterers. However, it is
tion (Lorentzian shape both convoluted with the experi- worthwhile to note that well belowl; we have clearly a

ment.allresoIL_ltlon function. From thQ depe_ndence of the nonzero QE contribution. This correlates with the finding of
elastic intensity, we could extract the effective Debye-Waller.

. 5 ; a “fast” relaxation process in polystyrene well beloWy
mean square displacemefir’) as a fun_ctlon_ of the sample t£22]. We also note the difference in the temperature increase
temperature. The results are summarized in Table I. We ob-
serve that at high temperatuf@40 K) the apparent mean
square displacement estimated from the IN6 data at the sam
temperature is lower than that measured on IN16, this can b&!
expected from the consideration of the time windows acces-

e TABLE I. Temperature dependence of the Debye-Waller mean
uare displacement for PAZ (=293 K) on IN16.

sible with the resolution of the two instruments. Moreover, /K () (A%
recalling that PA4 ha§ ;=293 K, the IN16 values of the 200 0.12
mean square displacements are in complete agreement with 304 0.35
the findings on typical polymeric systems by backscattering 340 0.75

spectrometers, e.g., in atactic polystyren€;£375 K)
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0.7 - - - - - - - - - the vibrational dynamics in the boson peak range, i.e., in the
region of collective, acousticlike modes, which should be
0.6f . <Q>=1~78‘§j 1 mainly related to the main chain motion. This is a good
s <@ee07iA ¢ indication that the optically induced reorientational motion
05F Tg 1 of the side chains influences the main chain low frequency
vibrations, hence that there is coupling between the two
D4t L] _ chains on this time scale, whereas on longer space and time
@ o scales the two components are effectively uncoupled.
"’00.3— o _
¢ i A IV. CONCLUSIONS
. A AN AA In this work, we have presented an application of neutron
o1l | scattering spectroscopy: namely, the study of optical effects
on motional dynamics on the microscopic molecular scale. In
particular, we studied the effects ci-transphotoisomeriza-

P50 200 220 240 260 280 300 320 340 360 380 tion of the azobenzene moiety in a side chain liquid crystal-
Temperature (K) line polymer. This material can be described by a two fluid

FIG. 9. Temperature dependence of the integrated quasielastf!5a1Z: the side chain mesogenic and the main chain glassy
intensity at average momentuf®)=0.71 A~ (open triangles phases. Takmg advantage of the different time windows
and(Q)=1.78 A1 (filled circles. characteristic of the spectrometers we used, we have been

able to demonstrate qualitatively the existence of a time

of the intensity at the twa values shown. This indicates Structure in the coupling between these two fluids. In particu-
that the temperature activated mobility involves mainly re-lar, we wish to emphasize the IN6 results, where the optical
orientational fluctuations over short distances. On longePumping of thecis-transisomerization in the side chain in-
space scales, the material essentially retains its rigidity up tBuences the low frequency vibrational dynamics of the main
the highest temperature studied. Within this scenario, we caghain. This implies an efficient coupling of the two fluids
also find an interpretation for the disappearance of the opticdver the fast time and small distance scales. The two fluids
effect of the FWHM seen with IN6 at high temperatures: inbecome uncoupled as we approach the longer time and dis-
fact on the fast time scale of IN6~(100 weV, e.g., fance scales. However, given the difficulties of such pump-
~40 ps) the smaller size reorientational fluctuations are exProbe experiment that uses small amounts of material, our
pected to give the dominant contribution, and these are théonclusions can only be qualitative and must be confirmed
ones that are preferentially activated by the temperature iy more detailed studies: for instance, of the temperature
crease. dependence of the effects, and of selective deuteration of the

The absence of optical effects on the IN16 spectra is exside chains.
tended to even slower time scales by the data we obtained
with the spin-echo spectrometer IN11: here, too, no effect of
optical pumping was observed on the time correlation func-
tion S(Q,t) all the way to about=10 ns. Thus, there is no We gratefully acknowledge Jog&ianoux(ILL) for many
appreciable coupling between the side chains and the maimelpful discussions and for help with the time-of-flight ex-
chain. This is different from what was observed on the fasperiment on IN6, G. EhlerdLL) for help with the spin echo
time scale of IN6G; there in parallel with the photoinducedIN11 experiment, and P. Camorainiversity of Parmafor
changes in the QE scattering, we also observed changes lrelp with the experiments.
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