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Cyclobutane Ring Cleavage of CBDA-ODA 
Polyimide Molecules Induced by Linearly 

Polarized UV Light 

KIYOAKl USAMTab, KENJI SAKAMOTOa and 
SUKEKATSU U S H I O D A ~ ~  

“Rcwnrch Imtitute of Eler-tricul Communicufion. Tokoku Umversifv, 2-1 -1  
Katalzrra, Aobn-kii Sendai 980-8577, Jq.wn and bRIKEN Photodynarriics 

R e w m  h Center; 51 9-1399 Ararrinki-aoba. Aohu-Xu, S e n ~ h  980-0845, Japan 

We have detcrniined the initial cleavage rate of the cyclobutane ring of poly[4,4’-oxydiphe- 
nylene- 1.2,3,4-cyclobutanetetracarboximide] (CBDA-ODA) for linearly polarized ultraviolet 
light (LPUVL). The initial cleavage rates b,; and p I for LPUVL polarized parallel and pcr- 
pendicular to the polyiinide backbone direction. respectively, were detcrmincd from the IR 
absorption data reported previously. PI: and p1 arc 0.70 k 0.02 and 0.13 * 0.02 J-’.cm’. 
respectively. for LPUVL of wavclcngth 248 nm. We found that the anisotropy of the cleavage 
ratc is much larger than that of the phenyl ring decomposition rate for poly[4,4’-oxydiphe- 
nylene-pyromellitimide] (PMDA-ODA) that was previously reported. The large anisotropy 
of the cyclohutanc ring cleavage is advantageous to photo-induced alignment o f  liquid crys- 
tals based on the decomposition reaction of polyimide molecules. 

Keywords: photo-induccd LC alignment: polyimide: CBDA-ODA; liquid crystal; lincady 
polarized ultraviolet light: IR absorption 

INTRODUCTION 

Surface alignment of liquid crystal (LC) molecules is an important 
technology for the fabrication of LC displays. Currently rubbing of 
polymer coated-substrates is widely used to obtain a homogeneous 
(uniform and parallel) alignment of LC molecules. However, the 
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development of an alternative alignment method i \  being sought. because 
the mechanical rubbing has problems, such as creation of dust particles 
and generation of electrostatic charges. They reduce the production yield 
of  LC displays. Recently, photo-induced alignment of LC molecules has 
received much attention as a promising method that can replace the 
conventional rubbing method. This is because the photo-induced 
alignment contains no mechanical process; i. e. i t  is dust-free and 
electrostatic-c.harge-free. Among the several photo-induced alignment 
methods that have been reported"-31, we focus on a photo-alignment 
technique based on the photo-induced decomposition reaction of 
polyimide mc,lecules'". This technique is attractive, in that thc polyimide 
lilms that are widely employed in the practical 1.C displays can be used ax 
alignment Iqers .  

Since the polyimide molecule oriented parallel t o  the polarization 
direction of ultraviolet (UV) light is preferentially decomposed, the 
orientation ol' the remaining polyimide molecules in the film become\ 
anisotropic after irradiation with linearly polarized IJV light (LPLVIA). 
Through the anisotropic intermolecular interaction between LC and 
polyimide molecules, the LC molecules align perpendicular to the 
polarization direction of LPUVL"'. Thus to achieve a desircd LC 
alignment. we need to control the orientation of the remaining polyimide 
molecules by LPUVL irradiation. The controllability strongly depends 
on the anisotropy of the photo-induced decomposition of a polyimide 
molecule. 

Recently Hasegawa reported that p l y  [3,4'-oxydiphenylene- 
1.2.3.4-cyclobutanetetracarboximide] (CBDA-ODA) films exposed to 
LPUVL (wavelength 257 nm) at -1 Jkm'  can induce a hornogeneous 
alignment of LC molecules[41. We investigated the anisotropic molecular 
orientation of a CBDA-ODA film induced by irradiation with LPIJVL, of  
wavelength 238 n d 5 ' .  From the LPUVL exposure dependence of the 
infrared (IR) absorption spectra, we found that the anisotropic molecular 
orientation arises from the preferential cleavage of the cyclobutane ring in 
the polyiniide backbone structure oriented along the polarization 
direction of LPUVL, and subsequent orientationat randomization o f  the 
cleaved moleculcs. The anisotropy of the molecular orientation of the 
LPUVL-exposed film exceeded that of a rubbed C'BI)A-ODA I'ilrri 
around 1 Jlcm'. This result indicates that the anisotropy of the photw 
induced cleavage of the eyclobutane ring is very large 

In the piasent study we have determined two initial (< 1 J/crn-) 
cleavage rates of the cyclobutane ring of CBDA-ODA for LPIJVIL 
polarized parallel and perpendicular to the backbone direction. This wax 
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C'YCIL)KCJTANE KING C'LbAVAGb OF CBDA-ODA 1422311455 

accomplished by analyzing the LPUVL exposure dependence of IR 
absorption reported in our recent letterL6'. These cleavage rates are useful 
in systematically determining the LPUVL exposure condition to obtain 
the desired orientation of uncleaved CBDA-ODA molecules. 

THEORY 

To describe the anisotropic photo-induced cleavage of the cyclobutane 
ring of CBDA-ODA, we consider two cleavage rates P/, and Pl"]. They 
are the cleavage rates of the cyclobutane ring for the LPUVL polarized 
parallel and perpendicular to the backbone direction, respectively. Since 
the thickness of the film used in this study was 10 nm, the variation of the 
squared electric field of LPUVL across the film thickness is negligible16]. 
Thus the cyclobutane ring cleavage can be considered to occur uniformly 
over the entire film thickness during LPUVL irradiation. Hence we need 
not consider the variation of the orientational distribution along the film 
thickness direction. The anisotropic photo-induced cleavage of the 
cyclobutane rings is described by the following rate equation: 

where N(0,  @, w) is the orientational distribution of the backbone 
directions of uncleaved molecules; 8 and I$ are the polar and azimuthal 
angles that specify the orientation of ĉ  with respect to the sample 
coordinates (XYZ) as illustrated in Fig. J; c  ̂ is the unit vector of the 
polyimide backbone direction; 6 and b are the unit vectors of the 
directions perpendicular to c^ and orthogonal to each other; &, is the unit 
vector of the polarization direction of LPUVL; and w is LPUVL 
exposure. In general, and 01 are not constant over the whole range of 
LPUVL exposure. However, since the aim of the present study is to 
determine the initial values of and pl, they are treated as constants 
here. By solving Eq. ( l ) ,  we obtain: D
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direction of the polyimide 
backbone structure 

+Y 

polarization direction 
x OfLPUVL 

FIGURE 1 Definition of the coordinate systerri. t) and @ are the 
pc+r and azimuthal angles that specify the orientation direction 
01 the polyimide backbone structure (c 1 with respect to thc 
sample coordinates (XYZj .  The Z axis is the surface normal. The 
X axis is defined by the polarization direction ( c ~ ~ ,  ) of LPUVI. 

RESULTS AND DISCUSSION 

Figure 2 shows the LPUVL exposure dependence of the IR absorbance of 
the 1376 and 1397 cm-’ bands measured for a 10-nm-thick CBDA-ODA 
film on a CxFz sub~trate‘~’. The wavelength of LPIJVL was 248 nm. 
Since we will determine the initial cleavage rate of the cyclobutanc ring 
of CBDA-ODA. we present only the IR absorption data up to 2 J/cm’. 
The 1376 and 1397 cm-’ bands are assigned to the C-N stretching 
vibration of the (0C)zNC bond of CBDA-ODA and maleimide. 
respectively”. * I .  The maleimide molecule is formed by the cyclobutane 
ring cleavage induced by LPUVL irradiation”. I()’. The relevant photo 
chemical reaction is illustrated in Fig. 3. These two bands are polarized 
along the backbone structure as indicated in  Fig. 3. 

The open and solid squares in  Fig, 2 arc the data points 0 1  
absorbance ( A 1  and A,,) for the IK light polarizecl perpendicular arid 
parallel tn the polarization direction of LPUVL, respectively. Since the 
widths of the two bands were constant at 30 crn I (FWHM) in thc 
mcnsurenieni range of LPLJVI. exposure. we plotted the peak absorh:ince 
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CYCLOBL'TANE RING CLEAVACih Ob ('BDA ODA [4225]/457 

UV Exposure ( J/cm2) 

FIGURE 2 LPUVL exposure dependence of the absorption of the 
two bands: (a) 1376 cm I ,  (b) 1397 cm-', and (c) 1376 cm-' + 1397 
cm I .  The open and solid squares are the data points for A1 and 
41, respectively. The solid circles show AL - All. The horizontal 
dashed lines are the dichroic diffwence for a rubbed film with the 
same thickness. The soiid curves in  (a) are the best fit calculated 
results (PI, = 0.70 J-'.cm- and pl =: 0.13 J-'.crn2). 

in Fig. 2 .  The solid circles show the dichroic difference defined by 
A* - At,. For comparison the dichroic difference for a rubbed CBDA- 
ODA film'"' with the same film thickness is also shown by horizontal 
dashed lines in Fig. 2. (The 1397 cm" band was not observed for the 
rubbed film.) For both 10-nm-thick LPUVL-exposed and rubbed films, 
the molecular orientation can be assumed to be uniform across the entire 
film thicknessc6. 1 2 ] .  Thus we can directly compare the dichroic 
differences for the LPUVL-exposed and rubbed films. 

First let us discuss the cause of the decrease of the 1376 cm-' band 
shown in Fig. 2(a). There are two proccsses that cause the decrease of the 
1376 cm-' band intensity. One is the direct decomposition of the 
(OC)2NC bonds of the CBDA-ODA (uncleaved) molecules. This process 
decreases the total number of (0C)zNC bonds (the sum of the numbers of 
the bonds of uncleaved and cleaved (maleimide) molecules) . The other 
process is the cleavage of the cyclobutane ring. In this process the 
decrease of the (0C)zNC bonds of uncleaved molecules is compensated 
by the increase of that of cleaved molecules. Thus the total number of the 
(OC)?NC bonds does not decrease. To identify the cause for the decrease 
of the 1376 cm-l band, the sum of the absorbance of the 1376 and 1397 
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1376 cm-' 1397 cm' 

CBDA-ODA Maleimide 

FIGURE 3 Molecular structure and photo-chemical reaction ot 
CBDA-ODA. The polarization directions of the 1376 and 1397 
c m ~ '  bands are indicated by thc arrows. 

c n i ~ '  bands is plotted in Fig. 2(c) .  Since the width.. o f  the two bands lire 
the same. the peak absorbance of the two bands can be added. The win j q  

proportional to the total numbcr of the (OC)?NC bond\. The averagc 
absorbance (Al+A,,)/Z, which is shown by the crosses in  Fig. 2 ( c ) .  i ~ ,  
almost constant LIP to - 1 J/cm'. This result indicates that the decrease 01- 
the 1376 cm- '  band was caused by the cleavage of the cyclobutane rina 
1 herefore. we can determine the initial cleavage rate of  the cyclobutantx 
ring by fitting the LPUVL dependence of the 1376 cm-' band up t!\ 1 

Before determining the initial cleavage rate o l t h e  cyclobutane ring. 
we describe the anisotropic cleavage of the cyclobutane i-ing am! 
~ b s e q u e n t  orientational randomization of the cleaved inoleculcs. For t!rc 
I376 cm-' band, A!, decreases about two timcs faster than rZ1. This shows 
[hat thc cyclobutane ring of the backbone structure oriented parallel :o Ihc 
polarization Airection of LPUVI, i s  cleaved much more easily than ilia! 
oriented perpendicular to it. As expected from this large anisotropy in I h v  
i:yclobutane ~ i n g  cleavage, the dichroic difference of the 1376 c m ~ '  hand 
mcreasea. anli i t  exceeds the value for the rubbed film around 1 J/CIII'. 0 1 1  

the other hand, both A1 and A,, of the I397 cni-' band initially increa\<. 
with the samc rate. The dichroic diffcrcncc is nearly equal to zcro. T h i  % 

result shows that the orientation of the maleimide molecule proclucetl h\. 
the photo-induced cleavage of the cyclobutane ring is almost rancloni 
From the results of the 1376 and 1396 c m ~ '  hands. we found th:it the 
orientation of the maleimide molecule is randomized after the cleavage oi' 
the cyclobutane ring. The LPUVL exposure dependence of the I SO1 c n i ~  
hand (not .;h.)wn here). which i s  assigned to the phenyl c'-C met chi ti^ 
vibration, i q  ,irnilar to that shown in Fig. 2 ( c ) .  From this rcsult we i e t .  

that the orientation of the phenyl ring adjacent to the maleimidc niolecu!t~ 
i5 a lso  rand(lmi7,ed in cleaving thc cyclobutane rinc.  Thercfnre. tor 

,. 

l/ClT12 
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C'YC'I,OHIJTANE RING CLEAVAGE OF CBDA-ODA [4227]/459 

CBDA-ODA films the anisotropic orientation of the backbone structurc 
arises from the anisotropic photo-induced cleavage of cyclobutane rings 
and the orientational randomization of cleaved molecules. 

and 01 of the 
cyclobutane rings. The R absorbance A of the 1376 cm-' band is 
expressed by: 

Now we will determine the initial cleavage rates 

where A0 is a proportionality constant; and ;,R is the unit polarization 
vector of the IR light. The initial (orientational distribution of the 
backbone directions of CBDA-ODA molecules was determined by 
measuring the incident angle dependence of the 1376 and 1501 cm-' 
bands for the unexposed film"31: N(O,@, 0) =No.e~p[-(8-7d2)~/{ 2-(n/4)')], 
where No is a proportionality constant. The product of A. and No is fixed 
by the IR absorbance of the 1376 cm-' band at w = 0. Thus the cleavage 
rates of the cyclobutane ring, and pJ, can be determined by fitting the 
LPUVL exposure dependence of the 1376 cm-l band up to 1 J/cm2. 

We obtained good agreement between the calculated results and the 
experiment for PI/= 0.70 f 0.02 J-'.crn2 and PL = 0.13 r 0.02 J-'.cm2. The 
solid curves in Fig. 2(a) are the best fit calculated results with PI /=  0.70 
J-'.cm2 and pl= 0.13 J-'-cm*. The ratio &/p1 of the initial cleavage rates 
is 5.5 f 0.5. Previously we determined the ratio p / / / p ~  of the 
decomposition rates of the phenyl ring of poly [4,4'-oxydiphenylene- 
pyromellitimide] (PMDA-ODA) for LPUVL of wavelength 266 nm: 
P,I/PL= 1.23 f0.02[61. We see that the anisotropy of the cyclobutane ring 
cleavage is much greater than that of the phenyl ring decomposition of 
PMDA-ODA. Thus we see that the anisotropy of the photo-induced 
decomposition of polyimide molecules can be increased by replacing the 
pyromellitimide in the backbone structure with 1,2,3,4- 
cyclobutanetetracarboximide. This large anisotropy of the cyclobutane 
ring cleavage is the reason why the anisotropy of the molecular 
orientation of the LPUVL-exposed film exceeded that of the rubbed film. 

CONCLUSION 

We have determined the initial cleavage rates of the cyclobutane ring in 
the backbone structure of CBDA-ODA. The cleavage rates and PL for 
the LPUVL. polarized parallel and perpendicular to the backbone 
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direction are 0.70 rt 0.02 and 0.13 ? 0.02 J ' .crn ' .  rospectivrly T h t ~  
anisotropy of the cyclobutane ring cleavage is much larger than that of the 
phenyl ring decomposition of PMDA-ODA. We found that rhc 
anisotropy o l  the photo-induced decomposition of  polyirtiicle r r i o l t u i k ~  
can he incrrosed by replacing the pyromellitimide i n  the hackhonc 
\tructtire w!lh I ,?,3,3-cyclobutanctctracorbouimirli~. Thi: larip- 
anisotropc 01 the cyclohutane ring cleavage is advnntageous to photo- 
induced 1 (' :alignment. By using fill  and PL determined in ihi i  study.  !hi- 
I.PIJV1. cxpsi i rc  condition for obtaining desired orientation o t  
uncleaved niiilecules can be systematical 1y deduced 
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