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Dynamical studies of gratings formed in polymer-dispersed liquid crystal films doped
with a guest-host dye
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This study investigated the dynamic behavior of the first-order diffraction efficiency of gratings formed in
polymer-dispersed liquid crystdPDLC) films doped with a guest-host dye. PDLC films were fabricated using
various LC-polymer mixing ratios, and written with various powers. Experimental results indicated that several
peaks appeared in the curve of the first-order diffraction efficiency versus time. According to the light scat-
tering study, we believe that the first peak was due to the superposition of density and absorption gratings. The
density grating was associated with the spatially varied molecular weight of polymer molecules across the
sample, and the absorption grating resulted from the spatially varied density of free electrons. The other peaks
were caused by the superposition of the absorption and phase gratings. The phase grating was generated by the
formation of a periodic structure of polymer-rich and LC-rich regions in the sample. This study also proposes
a model to explain these experimental results. Moreover, the theory derived from this model correlates well
with the experimental results, allowing us to determine the amplitude of the final grating.

PACS numbes): 42.70.Df, 42.70.Ln, 42.70.Jk

[. INTRODUCTION ylglycine (NPG; Aldrich), respectively. A small amount of a
photoinitiator dye rose Beng&RB) and of a guest-host dye
New holographic recording materials based on photopo&-206 (Nippon Kankoh-Shikiso Kenkyushovas added to
lymerizable systems have significantly contributed to the rethe PDLC mixtures in the sample. RB dye absorbs green-
cent growth of holographic applications, particularly in datablue light, resulting in an excited singlet state followed by
storage[1], optical interconnectionf2], and the use of ho-  fluorescence or intersystem crossing to the triplet state. The
lographic interferometry3] for studying local deformations RB triplet undergoes an electron-transfer reaction in which
and microdisplacements. A holographic grating can be madgpG functions as an electron donor, producing an NPG free
in photopolymer films via a single-step process at a relativelygical and then initiates the polymerization of DPPA and
fast speed. In addition, the selection of different sensitizing\;/p [10]. A separate experiment indicated that the polymer-
dyes allows several different optical recording wavelengthqzatiOn reaction in a PDLC film proceeds slowly when a

to be utilized. The feasibility of developing and applying small amount of G-206 dve is addé@sult not shown Ac-
eIec_tricaIIy [4—7]. and .opticaIIIy[S]. switchable holog'raphic cording to our previous S)’E/UO[)B] ad?jig a small am)(])unt of
_gratmgs has gained Increasing interpeLs]. Of_partlcular_ @—206 dye could absorb an Aﬂ,aser pulse and induce ther-
interest has been the use of films of polymer-dispersed IIquImal expansion, subsequently creating a better orientation of

crystal (PDLC) materials. ) . . .
A PDLC consists of microsized liquid crystal droplets dis- LC molecules in the PDLC grating. Thus, the refractive dif-

persed in a polymer matr§9]. PDLC films scatter light and ference between the LC-rich and polymer-rich stripe in-
appear opaque in the off state, while they are transparent iff€ases. .ThIS is commonly referred to as an optically switch-
the on state. This change in opacity can be achieved by agPle grating.
plying an ac electrical fieldtypically ~10* V/cm) across the Here, a mixture of 8 wt % of NVP, 0.5 wt% of NPG, 0.7
film. In this study, we examine the dynamic behavior of Wt% of RB, and 0.7 wt % of G-206 was prepared and used
PDLC gratings. Moreover, we propose a mechanism descrigo make three PDLC compounds by adding various E7 and
ing the dynamic formation of the grating based on the result®PPA concentrations. They wef&) 20 wt% of E7, 70.1
obtained from light scattering experiments. The diffractionwt % of DPPA,(2) 30 wt% of E7, 60.1 wt% of DPPA, and
theory derived from this model correlates qualitatively with (3) 40 wt% of E7, 50.1 wt % of DPPA. Drops of the homo-
the experimental results. geneously mixed compound were then sandwiched between
two indium tin oxide(ITO) coated glass slides separated by
36-um-thick plastic spacers to form a sample.

The experimental setup and its principles to form PDLC

The liquid crystal, monomer, cross-linking agent, andgratings are based on previous studi&k Briefly, two TE
coinitiator employed in this experiment were EWlerck),  polarized writing beams; and E, derived from an Af
dipentaerythritol pentaacrylate (DPPA; Polysciencgs laser A =514.5nm), intersected at an angle-3°. They
1-vinyl-2-pyrrolidinone (NVP; Aldrich), and N-phen-  were unfocused, each having a beam diamet&émm. They

had an approximately equal power, which was varied in this
experiment. During writing, an unpolarized He-Ne laser was
* Author to whom correspondence should be addressed. Email adntroduced in the plane determined by bealsand E, to

dress: andyfuh@mail.ncku.edu.tw probe the writing region of the sample. The intensity of one
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FIG. 1. Dynamic changes of the first-order diffraction efficiency

for a PDLC sample with an E7 concentratier20 wt % as a func-
tion of time with writing powers of 15 and 75 mW.

FIG. 2. Dynamic changes of the first-order diffraction efficiency
for PDLC samples with E7 concentrations 30 and 40 wt% as a
function of time. The samples were written with writing beams of
power~50 mW. The inset is the magnification for the curing time
of the first-order diffracted beams was monitored as the gratin the initial 4 s.
ing was being formed

The development of a PDLC system during the curingaddition, the depth of the minimum depends on the LC con-
process provides further insight into the dynamic behavior otentration and its curing power. We believe that this mini-
the grating formation. We used a light scattering metfg/Jd mum is due to the absorption of light by the photoinduced
to determine the beginning of phase separation in this PDLGree electrons during the initiation of polymerization. In our
system. Both an Ar laser and a He-Ne laser were simulta- photopolymer system, light absorbed by the photoinitiator
neously beamed onto the sample. These two beams made BB results in an excited singlet state followed by fluores-
angle~1.5° and overlapped at the sample. The He-Ne lasecence or intersystem crossing to a triplet state. The RB triplet
was used to probe the dynamical change of the sample'sndergoes an electron-transfer reaction in which NPG func-
transparency when it was cured by the*Aaser. The onset tions as an electron donor, producing an NPG radical that
of turbidity can be considered the beginning of phase sepadhnitiates prepolymer polymerization. The transmission of
ration in this PDLC system. light is restored to its initial value since the free electrons

The morphologies of written gratings were examined us-disappear when the coinitiator NPG has been completely
ing atomic force microscopyAFM). LC molecules were consumed. The formation of LC droplets or domains starts
removed from these samples by placing the cells in a hexanearlier in a sample with higher LC concentration. The scat-
solvent[7]. tering of light by these LC droplets or domains then makes

the minimum less visible, as shown in Fig. 3.
A dynamic light scattering experiment was performed to
IIl. RESULTS AND DISCUSSION verify the above hypothesis. A cw Arlaser with a power

Figure 1 shows the measured curves of the first-order dif~300 MW was chopped and incident normally onto a
fraction intensities for a PDLC grating with a LC concentra- S2MPle. The laser beam was then used as a pump beam to
tion of ~20 wt% as a function of time with writing powers initiate polymerlzanon of the prepolyme;rs in the mixtures.
of 15 and 75 mW. Notably, these two curves are similar\" Unpolarized He-Ne lasé6 mW) was introduced simul-
since each has two peaks. When the writing power is highef@neously to probe the excited region of the sample when

the times at which the two peaks appear are earlier. MearPPlYing the pump-beam pulses. The angle between these

while, the corresponding peak diffraction intensities aretC P€ams was-1.5° A current sensitive amplifidEG&G

larger. 181) was connected to the ITO electrodes of the sample to

The curves shown in Fig. 2 are similar to those depictednonitor the induced current. Figure@ summarizes the

in Fig. 1. These curves represent the results obtained from
gratings with E7 concentrations ef30 and~40 wt %, and
samples written with power-50 mW. The inset in Fig. 2 is
the magnification for the curing time in the initial 4 s. The
apparent dynamical diffraction behavior is different for
PDLC films with varying E7 concentration, as a small peak
appears at-1.8 s for the film with E7~30 wt %, while it
disappears for the film containing 40 wt% E7.

Figure 3 shows the results of a light scattering experiment
for the samples with E7 concentrations of 20, 30, and 40
wt% as a function of time, and cured with a powef5
mW. There is an appearance of turbidity in these three
samples. More LC droplets or domains are formed as the LC FIG. 3. Results obtained from light scattering experiment for
concentration increases, causing a greater drop in transmippLC samples with E7 concentrations of 20, 30, and 40 wt % as a
sion for a sample with a higher LC concentration. A mini- function of time, and cured with a power25 mW. The inset is the
mum is observed at early time of the curves in Fig. 3. Inmagnification for the curing time in the initial 4 s.
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FIG. 4. (a) Dynamic change of the probe-beam transmission
(upper curve and the induced curreribottom curve for a PDLC
film having a LC concentration-40 wt % in response to a pump
beam chopped with an off- to on-time ratio of 5:1. The period is 6
s. (b) Replot of the partial upper curve of, both before and after the
turning point, with a relatively large horizontal scale. The chopped
pump pulses are shown in the bottom curve.

(b)

o _ FIG. 5. Patterns during) the on time andb) the off time of the
measured results of the probe-beam transmission and the igrobe beam at approximately the time of the maximum modulation
duced current for a pump beam chopped with a period of 6 § Fig. 4a). Notably, the film did not retain the homeotropic order
and an on- to off-time ratio of 1:5 for a Sample having a LC after the pump pulse was off.
concentration of 40 wt%. Interestingly, a turning point ap-
pears in the curve representing the probe beam’s transmigypical arrangement for conoscopic inspection. Figu@ 5
sion versus curing time. A partial upper curve from Figg)4 shows the observed patterns corresponding approximately to
replotted and depicted in Fig(ld) illustrates the transmission the maximum modulation in Fig.(d). Notably, the film did
of the probe beam both before and after the turning point imot retain the homeotropic order of LC molecules after the
greater detail, including the pump pulses. The transmissiopump pulse was offFig. 5b)].
of the probe beam is lower when the pump be@m time The above two effects on the transmission of the probe
illuminates the sample than when the sample is not illumi-beam, i.e., the charge effect and the LC alignment effect,
nated(off time) before the turning point. However, the re- competed with each other during polymerization of the LC-
verse is true after the turning point. Notably, a significantprepolymer mixtures. The former occurred in the initiation
current was induced for this sample, indicating that this wastage, while the transmission of the probe beam was ob-
a dc current with the negative charges moving against theerved to be lower when the sample was being illuminated
propagation direction of the pump/probe beam. with the pump pulse before the turning point, as shown in

Previous investigations have assumed that the loweFig. 4b). The LC alignment effect became more pronounced
transmission experienced by the probe beam during the illuas the polymerization continued. The difference in the probe-
mination of the sample by the pump beam before the turningpeam transmission when the sample was illuminated with
point is due to the absorption of light by the mobile chargesand without the pump beam was zero when the two effects
We believe that the mobile charges are free electrons. Theiwere equal in amplitude at the time of the turning point, as
existence is supported by the measurement of the induceshown in Fig. 4a). The LC alignment effect became domi-
current. The induced dc current would separate positive andant after the turning point. Therefore, the probe-beam trans-
negative charges. They may be trapped by the polymer anahission was higher when the sample was being illuminated
form a polarization field. When the field is strong enough, itwith the pump beam, as shown in Fighbi
aligns the LC molecules with their long axes along the A model for the dynamical formation of PDLC gratings is
pump-beam direction. Some of the trapped charges may r@roposed based on the results obtained from the light scat-
combine when the pump beams are off. This results in @ering experiment. A diffraction equation is derived to fit the
lower electric field, and causes the relaxation of the align+esults shown in Figs. 1 and 2. The two writing beals
ment effect. Consequently, the probe-beam transmissioand E, set up a sinusoidal interference light pattern. Since
should be higher when the pump beam illuminates thephotopolymerization is preferentially initiated in the high-
sample(on time than during the off time. Next, the “ho- intensity regions, a spatial pattern of monomer concentration
meotropically” aligned sample was optically verified using a occurs across the film. Consequently, there is a diffusion of
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= with an E7 concentratior-20 wt %. The writing power was-75
2 mW. (b) The curve ofny(t), which is the refractive difference
) e, &/ S, o . . .
) between the low- and high-intensity regions, obtained from(Bx.
propagation
X from the high-intensity regions toward the low-intensity ones
to equalize the chemical potential everywhere in the writing
@ monomer O Er area, as depicted in Fig(@§. This diffusion is then followed

by the formation of a phase grating that is associated with the
periodic arrangement of polymer-rich material in the high-
intensity regions and LC-rich material in the low-intensity
FIG. 6. The proposed model for the dynamic formation of regions. The refractive index in the LC-rich regions is greater
PDLC gratings. The three stages during polymerization(@réni- than that in the polymer-rich regions. Thus, the phase grating
tiation, (b) end of initiation, andc) propagation. is phase shifted by 180° with respect to the density grating.
Let a4(t) represent the difference in the absorption coef-
ficient of light between the high- and low-intensity regions.

@ initiator 6 electron

monomer molecules toward the high-intensity regiphs|.

Thg molgcular weight of the polymers n Fhe high-intensity Based on the above analysis, we speculate that the function
regions increasegbecause of cross linkingto a much

greater extent than that of polymers in the low-intensity re-al(t) has the shape depicted in Fidayfor the sample with

an E7 concentration-20 wt% and written with a power

gions. Therefore, the intensity interference pattern produces )
a refractive index grating that can be associated with the 75 mW. The product of the first peaked value (1)

. . H ma’ H
spatially varying molecular weight of the polymer mol- shown in Fig. Ta) and the cell thicknessy[™, is assumed

i -1
ecules, termed the density grating. The spatially varying phot©® P€ ~0.85, i.e.,a7®~235cm ™. Notably, the shape of

topolymerization rate simultaneously resulted in an absorp@1(t) used in the simulations of other samples is similar to
tion grating that can be associated with the spatially varyinghat shown in Fig. @). But some adjustments are made to
density of the photoinduced free electrons, as shown in Figaccount for the variations in LC concentration in the sample
6(a). The amplitude of the absorption grating decreases du@nd in its writing power. The amplitude of the absorption
to the depletion of the initiator in the high-intensity regions 9rating for a sample written with a higher power is expected
as the polymerization continues. Also, some of the free elecl® increase as supported by the results shown in Fig. 1. Thus,
trons diffuse to the low-intensity regions as pictured in Fig.the value ofe*d is increased accordingly. The diffusion of
6(b). Photopolymerization also results in the diffusion of ini- both the LC molecules and the monomers is easier due to a
tiators toward the high-intensity regions. As a result, po|y_lower viscosity as the LC concentration increases. Thus, the
merization continues further in the high-intensity regions,absorption grating will be rapidly quenched as seen from the
and gives the secondary absorption grating. On the othe&gomparison of Figs. 1E7, 20 wt% and 2(E7, 30 and 40
hand, liquid crystal molecules are not consumed, and theiWt%). The peak appearing at early time in Fig. 1 is not
chemical potential increases in the high-intensity regiongvident in Fig. 2. Thuse7™d is smaller in a sample having
over that in the low-intensity regions due to the consumptiora higher E7 concentration. The values &f** used in the

of monomers. Hence there is a diffusion of LC, moleculesPDLC grating simulations have various LC concentrations
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TABLE I. Values of a7 andnf™® used in the simulations of and 40 wt% as listed in Table I. This assumption is reason-
the dynamic behavior of the PDLC gratings with various LC con-able, since the higher the LC concentration, the richer the
centrations, and written with various powersa]'®is the first-peak | C-rich regions are in each sample. Booth estimatgdn

max

value ofa(t) shown in Fig. Ta), andn;™ is the amplitude of the  photopolymer material as-5x 10 3~10"2 [15]. Our esti-

final grating. mated value oih}™® in PDLC gratings is 2—4 times larger
i max than that in photopolymers but is reasonable for the follow-
LC concentration Laser power a; ing reasons
(Wt %) (mw) cm™ Ny - i i
(1) The material used in Ref15] is a pure photopolymer
20 15 140 0.008 as compared to a LC-polymer mixture in the present case.
20 75 235 0.008 The ordinary and extraordinary refractive indicgsandn,
30 50 50 0.015 of E7 are 1.522 and 1.746, respectively. Consequently, the
40 50 10 0.019 LC-rich regions in PDLC gratings have an average index of

(n,+ng)/2~1.63, if LC's are completely phase separated
from polymers, which is larger than the index of the
and are written with various powers as listed in Table I.  polymer-rich regionsnp~1.52.

The PDLC gratings formed were of the Raman-Nath type (2) The grating spacing in the present case~i$0 um,
since the angle between the two writing beams in the presenthich is larger than that reported in R¢1L5]. The larger
experiment was~3° [12]. The probe beam was normally grating spacing implies a higher grating amplitude.
incident onto the sample, so the amplitude of the first-order (3) A small amount of guest-host dye G-206 is added in
diffraction wave,A,(t), can be written a§13,14] the present samples since our previous study demonstrated

that adding a small amount of G-206 dye could enhance the
1 (on A ‘ . . r g
Ay(t)= EJO T(t)e de1V9(g-iRmdMn O (O g-itg s, rstte:irslecél[\g.dlfference between the LC-rich and polymer-rich
(1) As mentioned above, the higher is the LC concentration in
the sample, the more the LC droplets form in LC-rich re-
where a4(t) is the difference in light absorption coefficient gions in a PDLC gratingor in a typical PDLC film. We
between the high- and low-intensity regions,(t) is the  would expect that both tha]® (PDLC grating and light
refractive difference between the low- and high-intensity re-scattering]PDLC film) would be proportional to the LC con-
gions, T(t) is the transmission of the samplg(¢) is the  centration in the sample. The transmission of the samples
shape of the absorption gratin§(¢) is the shape of the T(t), as shown in Fig. 3, can be then approximately fitted by
refractive grating, and (632.8 nm is the wavelength of the

probe bean{He-Ne laserin vacuum. The square of the ab- In, ()|
solute value ofA(t) gives the first-order diffraction inten- T(t)=1- K%, (4)
sity 15(1), i.e., N

(D) =]|A (D)% (2)  whereK is a constant, which is proportional to the LC con-

. centration in the sample.K is estimated through fitting of
Notably, (1), ny(t), andT(t) must be found to obtain ¢y 3 15 pe~0.1, 0.3, and 0.5 for PDLC films with E7

Aq(t) in Eq. (1). As mentioned above, the functian(t) IS .oncentrations of 20, 30, and 40 wt %, respectively.
assumed to have the shape shown in Fig).7Then,ny(t) The grating morphologies of PDLC gratings were studied
can be obtained as follows. First we extend the curves on thggjng atomic force microscopy. We split the cell and put it in
two sides of the minimum point between the two peaksyeyane solvent to remove the liquid crystals. Special care
shown in Fig. Ta) to the horizontal axis. a;(t) consists of a5 taken not to disturb the grating morphology during split-
two pe?ks. Based on the model described above, the firghy Using AFM, we then studied the polymer structure of
peaka{(t) gives the density gratingy(t), and the second  the grating. This technique allows us to directly measure the
peaka{?(t) gives the phase grating,(t). Moreover, they shape of the grating qualitatively. The result®t shown
are 180° out of phase. L&li(t) be the polymerization rate; reveal that the grating shape is approximately sinusoidal for
then it is reasonable to write;(t) as the sample with an E7 concentration of 20 wt%. The shape
. t becomes squarelike when the E7 concentration is increased

_ _ 24y (1) to 40 wt%. As a result, the function§£) and g(&) are

N1(O=Np(H) nd(t)ocfoM(t)dtoc fo[al (O = ey (D]dt assumed to be s# siné+isin3, and siné+isin3¢
(3 +£sin 5 for the PDLC gratings with E7 concentrations of
20, 30, and 40 wt %, respectively.

If the proportional constant in Eq3) is unity, then,(t) Following the above discussiomy(t) [from Fig. 6a)],
obtained with a LC concentration of 20 wt% is shown inn (t) [Eq. (3)], andT(t) [Eq. (4)] enableA(t) to be calcu-
Fig. 7(b). The final value ofn(t),n]'®, is assumed to be |ated from Eq.(1). The simulation results of the first-order
~0.008. Note that, since,(t) is initially negative, becom- diffraction efficiency as a function of time for the sample
ing positive later, the refractive index is initially higher in the with an E7 concentration of20 wt % with writing powers
high-intensity regiongdensity grating The phase grating of 15 and 75 mW are shown in Fig. 8. Figure 9 shows the
later dominates, and;(t) becomes positiven]™ is 0.015 simulated results for the samples with E7 concentrations of
and 0.019 for PDLC gratings with E7 concentrations of 3030 and 40 wt %, and written with a power 50 mW. A com-
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FIG. 8. The simulated results of the first-order diffraction effi- ) _ _ _ _
ciency versus time for the samples that give the experimental results FIG. 9. The simulated results of the first-order diffraction effi-
shown in Fig. 1. ciency versus time for the samples that give the experimental results
shown in Fig. 2.

arison of Figs. 8 and 9 with Figs. 1 and 2 confirms that the N .
Simulated regults agree with thg experimental results. polarization of the probe beam. An unpolarized He-Ne laser

. . . . was normally incident onto the sample through a polarizer,
The dynamical behaviors of holographic gratings formed hich can be rotated to change the polarization of the probe

in PDLC films doped with a guest-host dye were examine eam. Letp be the angle made between the polarizations of

in this paper. The light scattering and dynamical polymerlza-the probe beam and the writing beams. The shape of the

tion effects of the samples were also studied. A model Wa?nﬁeasured curves for different anglesis similar to that

proposed to explain the results based on the results obtain% own in Fig. 2 with 40 wt% E7, but the amplitude of the
from the latter experiments. The theory derived from thisfinal grating aecreases as increr;lses. The change of the

model qualitatively correlates with the experimental results. ratina’s amplitude is<7% when the anale chandes from
The density grating associated with the spatially varying mo%o 30° Thp indi hat the ori g'e ng lecul
lecular weight of the polymer across the sample plays an o - hisin |_cates_t at the orientation o molecuies
. ) i : .~ 7in the LC-rich regions is parallel to the grating’s stripe di-
important role in the early time of the grating formation.

) ) : rection(which is also the polarization direction of the writing
However, the phase grating resulting from the formation of abeam$ However. the orientational order is low. since the

periodic structure of LC-rich and polymer-rich regions duedecrease of the grating’s amplitude for the probe beam po-
to the phase separation dominates later. Moreover, the ar?a'rized with an angle fronp=0°—90° is small

plitude of the final phase grating®, can be obtained
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