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Abstract

This paper describes characterization of molecular orientation for azobenzene moieties in a polymer nanosheet. Copdyfers of
(phenylazo)phenyl] acrylamide (PAZoA) witkrt-pentyl acrylamide (tPA) were synthesized and the monolayers deposited on tapered quartz
waveguides by Langmuir—-Blodgett (LB) technique. Spectroscopic properties of the copolymer (p(tPA/PAZoA)) monolayers were monitored by
integrated optical waveguide technique on the molecular level. Molecular orientation of the azobenzene was precisely determined by polarized
absorption spectra. It was found that the azobenzene groups took a horizontal orientation and distributed uniformly in the p(tPA/PAZoA)
monolayer without significant PAZoA aggregation. Photoisomerization procesdrfaosto cis form was also investigated. More than half
of thetransform (60—70%) was photoisomerized under unpolarized light irradiation, and the photoisomerization rate was independent on
the PAZoA contents. This implies that the microenvironment of PAZoA moieties was almost the same in three different p(tPA/PAZ0A)
monolayers.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nanoassemblies, e.g. self-assembled monolaj&+40],
layer-by-layer assembligé¢1-13], and Langmuir-Blodgett
Azobenzene is a promising material for photonic devices (LB) films [14-16]. Many approach based on these tech-
such as optical information storage, light switching devices, niques have proved fascinating azobenzene nano-assembly
and nonlinear optical devic§s—4]. The deep understanding fabrication, and it is also inevitable to design molecular sys-
of the photoisomerization mechanigfj, especially froma  temssothatazobenzene molecules canundergo large changes
perspective of changes in molecular orientation, brings fur- in structure even at the nanometer s¢a.
ther possibility for future application. Many researchers have  The LB technique provides deposition of ultrathin layer
intensively investigated molecular orientation of azobenzene assemblies at the molecular scale. Besides, the chromophores
derivatives confined in thin films and their photochromic align themselves into an ordered structure. We found that
properties have been examined using spectroscopic tools sucpoly(alkyl acrylamide) LB monolayer took a highly ordered
as UV-vis spectroscopy, FT-IR spectroscopy, and surfaceand stable monolayer formation at the water surface with
plasmon spectroscog$,7]. its monolayer thickness in the range of 1-2 [i#,18]. The
Recently, much effort has been devoted to construct func- monolayer is transferred onto solid supports and various func-
tional nanoassemblies including supramolecules. Azoben-tional groups can be confined in the nanostructure with high
zene derivatives have been successfully incorporated intoorientation and desired arrangemgt]. Molecular orien-
tation has been also studied by choosing suitable alkyl side
chains capable of forming stable monolayer at the air—water
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Table 1
_é CHz‘QHHCHz—QH }n_ Characterization of p(tPA/PAZoA) copolymers
C,:=O (,3=o Copolymer PAZoOA M,x10% My/M, PAZoA area
NH NH contents (nn?)
HSC_(F_CHS (mol%)
CHy p(Tpa/PAZ0AS) 5.0 1.95 1.30 0.98
CHj P(tPA/PAZ0AL0)  10.4 1.37 1.44 0.78
N P(tPA/PAZOA19)  18.5 0.81 1.65 0.61
N’z
@ chloroform was used as spreading solvent. Pure distilled wa-

ter with a resistivity higher than 17.5 M€ém (purified by a

CPW-10 system (Advantec)) was used as the subphase.
Fig. 1. Chemical structure of p(tPA/PAZ0A).

2.2. Attenuated total reflection spectroscopy
It is important to understand spectroscopic properties of

nanoassemblies such as LB films because the information A quartz slide (thickness ca. 2Q@n, 65 mmx 20 mm,
gives insights into organic nanophotonic device fabrication. USI) tapered at both sides by 6&as used as a substrate.
However, spectroscopic study of ultrathin films by single- The substrate was rinsed with methanol for 30 min, treated
pass transmission UV-vis absorption spectroscopy meets dif-with ultrasonication for 10 min. After rinsed with distilled
ficulty in resolution due to shortage of optical path length. water, the substrate was made hydrophilic with a Uy-O
Since Swalen and his colleagues reported monolayer speccleaner (NL-253, Nippon Laser Electronics). Surface pres-
troscopic properties in 1978, much attention has been paid tosure (7—area (A) isotherm measurements and LB film de-
spectroscopy based on waveguide off2dg, optical waveg-  position of p(tPA/PAZoA) monolayers were performed us-
uide (OWG) techniqug22—24]has been developed and uti- ing a Langmuir trough (HBM, Kyowa Interface Science, Co.
lized to study molecular orientati¢@5,26], electrochemical  Ltd.). The monolayer was transferred on the waveguide sur-
analysis[27,28] and protein adsorptio[29,30], etc. Previ-  face by the vertical dipping method keeping surface pressure
ously, we demonstrated characterization of photocrosslinking and temperature at 20 mN/m and °Z0), respectively. Ab-
reaction occurred in anthracene-labeled polymer LB films sorption spectra of p(tPA/PAZoA) LB films were measured
with UV light irradiation [31]. In this paper, amphiphilic by a surface and interface spectrometer (SIS-50, System In-
copolymers containing azobenzene groups (p(tPA/PAZ0oA)s) struments Co. Ltd.). The experimental setup is schematically
were synthesized and their spectroscopic properties at thellustrated inFig. 2. White light from a 150 W Xe lamp was
monolayer level were investigated. The monolayer was trans-utilized as a signal. The light impinges in the tapered quartz
ferred onto a quartz waveguide and molecular orientation of substrate through a quartz fiber. Optical waves propagate in
azobenzene in p(tPA/PAZoA) monolayer was characterized the quartz slide, undergoing total internal reflection at the
with polarized absorption spectra under attenuated total re-slide interface. The output signal was collected by a CCD
flection mode. Furthermoré&rans—cisphotoisomerization of  spectrograph and spectra were stored in a personal computer.
p(tPA/PAZ0oA)s was investigated using time-resolved absorp- This allows recording of absorption spectra in the range of
tion spectra. wavelengths from 250 to 800 nm. For photochemical reaction

observation, a deep UV lamp (MDX-500MA, USHIO) was

utilized as an irradiation source. The waveguide surface was
2. Experimental

2.1. Materials
near UV light
X (1 mWem2)
N-[4-(Phenylazo)phenyl] acrylamide (PAZoA) was syn- -

thesized by a similar procedure described elsewfi&2g \ ;
Copolymers oftert-pentyl acrylamide (tPA) with different /I"R i e TR TR
PAZoA contents were synthesized by free radical poly- 20 mm ¢
merization in toluene for 24h (Fig. 1). Mole content of
PAZoA group was determined with UV-vis absorption Probe light quartz waveguide

spectroscopy, using molar extinction coefficient of PAZoA (Xelamp) | 2 mm thickness]
(2.75x 10*M~1ecm™1 at 350nm) in chloroform as refer- / detector
ence. The molecular weights (number-averaged and weight: p{tPAPAZoA) LB film
averaged molecular weights gMndMy,)) were determined

by gel permeation chromatography using a polystyrene stan-

dard. They are summarized Table 1. Spectroscopic grade Fig. 2. Experimental setup for attenuated total reflection spectroscopy.
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50 Table 2
Transfer ratio of p(tPA/PAZoA) monolayers onto solid substrates
T 404 Copolymer Down Up
% PUPAPAZAS) P(tPA/PAZOAS) 0.8 1.0
s a0 N ] p(tPA/PAZ0A10) 0.8 1.0
5 — p(tPA/PAZ0A19) 0.5 0.8
$ p{iPA/PAZOA10) )
[
E 20 / \ )
£ \ stroke onto waveguide surface so that the hydrophobic por-
@ 10  PUPAPAZOATS) tion was exposed to the surface.
Fig. 4shows absorption spectra for p(tPA/PAZoA) mono-
0 e layers with unpolarized probed light. The characteristic band
000 010 020 030 040 050 (m—7 transition moment otrans-azobenzene) of PAZoA
Surface Area [nm#%monomer unit] groups is clearly observed around near 350[88)34]. Be-

sides, the absorbance increased with PAZoA contents. This
Fig. 3. Surface pressure)sarea (A) isotherms of p(tPA/PAZoA) monolay- proves that the p(tPA/PAZoA) monolayers were transferred
ers measured at 2C. on the waveguide with the transfer ratio of almost unity. In

comparison with absorption spectra of the p(tPA/PAZ0AS)
irradiated with monochromatic light (1.0 mW/éthrough LB monolayer measured by a transmission UV-vis spec-
an IR-cut filter and an interference filter (367 nm). Propaga- trophotometer (dashed lin€jg. 4), the optical waveguide
tion direction of the near UV light was selected perpendic- measurement clearly provides us with greatly enhanced sen-
ular to the waveguide plane as shownFig. 2. Since the  sitivity. Sensitivity increased approximately by a factor of
light power was fairly low, effects of the irradiated light on  100. This allows us to analyze molecular orientation of
absorption spectra were negligible. Absorption spectra were p(tPA/PAZoA) monolayers at the molecular level.
simultaneously recorded as a function of irradiation time.

Measurements were performed under dark condition at room ] ]
temperature. 3.2. Molecular orientation of azobenzene chromophores

in p(tPA/PAZoA) monolayer

The absorption of a dye monolayer depends strongly on
the orientation of the transition moments with respect to the
direction of the electric vector of the incident light wave. As
shown inFig. 4, the azobenzene has its characteristic bands

Fig. 3shows surface pressure)zarea (A) isotherms for around _3’50 nm. Th's gorrespondg FO ttms-azobe_nzene’s
the p(tPA/PAZoA) LB monolayers, which contains 5, 10, absorption band in which the transition moment orients paral-

and 19 mol% of PAZoA, respectively. For comparison, the !el to the molepular ang axis3,34]. Cons-|der|ng the exper-
isotherm of homopolymer, ptPA is shownFig. 3. The col- imental axes in relation to the cross section of the waveguide

lapse pressure decreased as PAZoA contents increased. Avs_ubstrate and the plane of incidence (Fig. 5), the electric field

eraged limiting surface area, estimated by extrapolating the
linear portion of the condensed state in theA isotherms

to zero surface pressure, was increased with increasing PA-
ZoA contents. As PAZoA contents increase, it is likely that 1.00
the monolayers take an unstable monolayer formation. The
limiting surface areas for PAZoA groups were determined
(Table 1), assuming that those for tPA are 0.281ih2]. A
comparison of these results with the calculated values based
onthe CPK model (inseEig. 3) suggests that the azobenzene
groups take a fairly parallel orientation to the water surface
plane at the air—water interface. These monolayers can be

3. Results and discussion

3.1. Monolayer formation of p(tPA/PAZ0A)s

P{tPA/PAZOA19)

p(tPA/PAZOA10)
p(tPA/PAZOAS)
p(tPA/PAZOAS) x 10

Absorbance
o
D
(=]
1

transferred onto solid supports by vertical dipping method. 0.00 [ P e
The transfer ratio of p(tPA/PAZoA) monolayers are listed 250 300 350 400 450 500 550 600
in Table 2. Although the transfer ratio of p(tPA/PAZ0oA19) Wavelength (nm)

at the down-stroke was relatively lower (DOWN, 0.5), the _ , _
Fig. 4. Absorption spectra for p(tPA/PAZoA) monolayers monitored by at-

p(tPA/PAZOA) mono"ayer car_1 be transferred ”_1 bOth_Up'_and tenuated total reflection spectroscopy. The dashed line corresponds to spec-
down-strokes as Y-type LB films. For further investigation, trum of p(tPA/PAZ0AS5) monolayer monitored by transmission UV~vis spec-
the p(tPA/PAZoA) monolayers were transferred in the up- troscopy.
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Fig. 5. Schematic illustration of molecular orientation definition on the
waveguide surface.

amplitudes at the surface are given in EQ.[35]
1/2

Ey

Ey =

E, =

2(sir?B — n3))

cosp

1)
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whereE; (i =x,y, andz) is electric field amplitudes in the three
Cartesian directions at the surfagehe propagation angle in
the waveguiden,1(nz/n1) the ratio of refractive index of two
dielectric media. The dichroic ratio of TE (s-light) absorption
to TM (p-light) can be related to the orientation angle of dye
molecule by[35]

As |Ey|2

s _ 2
Ap  |E4|?+2|E;|2cot0 @

whereAg andA, are polarized absorbance, afthe orien-
tation angle between the transition moment vector and the
z-axis. This assumes that dye molecules take a rotationally
symmetric distribution in the waveguide plane (Fig. 5). Polar-
ized absorption spectra for p(tPA/PAZoA10) monolayer are
shown inFig. 6(a).Fig. 6(a) shows significant anisotropic ab-
sorption of p(tPA/PAZoA10) monolayer; the absorbance for
s-light at 350 nm is larger than that for p-light. Qualitatively,
this suggests that the azobenzene takes a parallel orientation
to the waveguide plane. For two other p(tPA/PAZ0oA) mono-
layers, similar results were obtained. In a similar approach
reported by Menzel et g136], we tried to decompose absorp-
tion band around 350 nm to estimate the amount of azoben-
zene aggregates: monomer, H-aggregates, and J-aggregates
[37]. We assumed that these components have its maximum

1/2 . 1/2°

(1 — n2)"?[(1 + n2)) siep — n2]"
2cosp

1/2°

a- n%l) /
2singcosp

1/2 . 1/2

(1 —n2)"?[(1 + nZ)) siep — n2,]Y
0.804

Absorbance

0.60-

\

0.20

p-light

s-light

000~ ey
250 300 350 400 450 500 550 600
(@) Wavelength (nm)
0.80 0.80
0.70 0.70
0.60 monomer 0.60 4 Mmonomer
8 0.50 4 g 0.50
] &
] 0.40 + & 0.40
2 Q
2 0.30 2 0.30
< <
0.20 H , 0.20
‘
0104 . / > 0.10 4
0.00 4% - - - - e e 0.00

(b)

Wavelength (nm)

— T T T T
280 300 320 340 360 380 400 420

— T T T
280 300 320 340 360 380 400 420

(c) Wavelength (nm)

Fig. 6. Polarized absorption spectra for p(tPA/PAZoA10) monolayer (a), spectrum decomposition for s-light (b) and p-light (c).



M. Mitsuishi et al. / Talanta 65 (2005) 1091-1096 1095

Table 3
Percentage of different aggregates in p(tPA/PAZoA) monolayers calculated by absorption spectra decomposition
Copolymer Integrated area for p-light (%) Integrated area for s-light (%)
H-aggregate Monomer J-aggregate H-aggregate Monomer J-aggregate

p(tPA/PAZ0A5) 5.2 91.6 31 2.7 97.3 0.0
p(tPA/PAZ0A10) 5.3 94.4 0.3 1.7 97.8 0.4
p(tPA/PAZ0A19) 7.8 91.8 0.4 33 96.0 0.6
Table 4
Dichroic ratio and orientation angle of different aggregates in p(tPA/PAZoA) monolayers

H-aggregate Monomer J-aggregate

APy 6(°) AdAp 0(°) AdAp 6(°)
p(tPA/PAZ0A5) 0.71 57.1 1.38 71.9 A A
p(tPA/PAZ0A10) 0.58 53.1 1.24 69.2 1.9 82.8
p(tPA/PAZ0A19) 0.71 57.1 1.35 71.3 1.9 82.8

2 Not obtainable.

at 348.5, 320, and 379 nm, respectively, and the spectrumcesses are reversible; azobenzene changes its forntriom
was fitted with Lorentzian type absorption bands (see for to cis with UV light irradiation, fromcis to trans with visi-
example[38]), keeping all parameters constant except the ble light irradiation or heating. We investigated photoisomer-
amplitudes of the peaks. As shownkig. 6(b) and (c), the ization process fronransto cis form in the p(tPA/PAZoA)
spectra were reproducibly assigned (within 3% experimen-
tal error). Interestingly, there are no significant absorption

bands of H-aggregates and J-aggregates for both polarized 028 ©)
absorption spectra. The integrated area of each absorption 0.20 0

band, dichroic ratio and molecular orientation angle obtained

from Egs.(1) and (2)are summarized ifables 3 and 4. 8 015

Comparing the results with those reported by Menzel et §

al. (‘hairy-rod’ polymer LB films)[36], these are signifi- S 0104

cant differences. In the hairy-rod LB films, the amount of < _

H-aggregates ranged from 27 to 46% and the values were 0054 N

comparable to those of monomer. The use of azobenzene N Ry T
homopolymer and multilayer structure seems to bring close Y T
proximity arrangement of azobenzene side chains. In the 250 300 350 400 450 500 550
p(tPA/PAZ0A) monolayer, however, the azobenzene contents Wavelength (nm)

is at most ca. 20% in the two dimensional nanosheet. The
PAZoA moieties are separated from each other, resulting in
no significant aggregates formation. As for the orientation

Fig. 7. Absorption spectrachange for p(tPA/PAZoA10) monolayer as a func-
tion of irradiation time.

angle shown inTable 4, it must be mentioned that the ori- 1.20

entation angle can be determined with uncertainty of.1.5

The orientation angle for PAZoA monomer was determined 1.00 ® Pp(PAPAZOAS)

to be around 700 Although the peak fitting is not a real E O p(tPA/PAZOAT0)

quantitative determination, it is interesting that the orienta- I B p(tPA/PAZOA19)

tion angle for H- and J-aggregates reflects their orientation. o -

From these findings, we can conclude that the azobenzene 3 [

group takes a parallel orientation and uniformly distributed 080 F !ﬂ

without significant aggregate formation in the p(tPA/PAZ0A) g ' E

monolayer. z 006 o B g -
0.20 o

3.3. Photoisomerization reaction in p(tPA/PAZ0A)

monolayer 000 -1+

0 500 1000 1500 2000
The attracting features of azobenzene are based on photoi- Time (s)

somerization reaction from thermodynamically statoéss
tocisconfiguration by irradiation of near UV light. These pro- Fig. 8. Plots of normalized absorbance change at 350 nm.
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monolayer.Fig. 7 shows changes in absorption spectra of (No. 14205130) from the Ministry of Education, Culture,
the p(tPA/PAZ0A10) monolayer as a function of irradiation Sports, Science, and Technology of Japan.

time. During the measurement the surroundings were kept

dark to prevent the reverse photochemical reaction. The spec-

tra in Fig. 7 were obtained by correcting each absorption References
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