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The efficiency of hole formation, ~, the energy difference between a zero-phonon hole peak and a pseudo-side 
hole peak, E~, and the thermal stability of holes burnt at 4.2 K with a 0.1-2.0mWcm 2 
Ar+-laser-pumped ring dye laser at about 647nm were studied for tetraphenylporphin (TPP) in 
poly(ethylene terephthalate) (PET) films. The value of q) was 5.4 x 10 _4 and 6.2 x 10 4 for TPP in undrawn 
and five-times drawn PET film, respectively, while the annealing of the drawn film at 220:C resulted in a 
marked decrease in (I) probably due to the aggregation of TPP molecules. The phonon frequency measured 
as E~ from the hole profiles of TPP in PET films was about 11-12 cm ~ (similar to the Es for polystyrene), 
and a small increase in E~ was observed by five-times drawing the PET film, reflecting the increased order 
in the amorphous region of the PET film. The thermal stability of holes burnt at 4.2 K measured with hole 
recovery at 4.2 K after cyclic standing of the sample at 30, 50 and 80 K was markedly improved by the 
five-fold drawing of the PET film. The structural relaxation process affecting the spectral diffusion of PHB 
holes seemed to be of very local character in the vicinity of PHB molecules in the amorphous region of 
PET films. 
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I N T R O D U C T I O N  

The phenomenon of photochemical hole burning (PHB) 
has recently attracted considerable interest not only as 
a means for frequency-domain high-density optical 
storage ~, but also as a tool for high-resolution solid state 
spectroscopy at low temperatures 2-~. The PHB consists 
of burning very narrow and persistent holes into the 
absorption bands of guest molecules molecularly dis- 
persed in amorphous  solids by narrow band excitation 
with a laser beam at very low temperatures. 

The temperature dependence of hole profiles burnt at 
liquid-helium temperature is one of the important  aspects 
of the PHB phenomenon. It gives information on 
electron phonon coupling and the dephasing process 
from the hole width and the change in the Debye-Wal ler  
factor, and the spectral diffusion process due to local 
structural relaxation of the matrices. For  example, the 
photochemical hole of free-base phthalocyanine (HzPC) 
in poly(methyl methacrylate) (PMMA) burnt at 4.2 K 
was reported to be difficult to measure above 50 K by 
hole broadening and the decrease in the Debye-Wal le r  
factor. However, the hole reappeared when it was cooled 
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to 4.2 K after cyclic annealing at 80 K (ref. 5). The cyclic 
annealing experiments for evaluating the temperature 
stability of holes burnt at 4.2 K were also carried out for 
quinizarin (Q) in amorphous  silica (a-SiO2) 6, free-base 
tetraphenylporphin (TPP) in phenoxy resin (PhR) 7, and 
for some other systems s-~°. 

In order to increase the thermal stability of photo- 
chemical holes, we introduced main-chain aromatic 
polymers, such as polycarbonate,  polysulphone, poly- 
ethersulphone, polyimides, and phenoxy resin s as 
matrices. Among them phenoxy resin (aromatic poly- 
hydroxyether) proved to be an effective matrix both for 
the efficiency of hole formation and for the temperature 
stability of the hole of T P P  7, suggesting the importance 
of improving the packing and higher-order structure of 
the matrix polymer. Poly(ethylene terephthalate) (PET) 
is used extensively in the form of fibre and film, and 
the effect of orientation by drawing on the physical 
and microscopic properties of PET has been widely 
studied 11-13. Thus we chose PET as a matrix for studying 
the effect of drawing and annealing on the PHB in 
polymer matrices. 

In this study, the efficiency of hole formation and the 
temperature dependence of hole stability in PHB of T P P  
have been investigated in undrawn and drawn PET films. 
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Figure 1 Schematic diagram of the hole burning and detecting system 

The phonon frequency for PET reflecting the low energy 
excitation modes has also been determined from the 
energy difference between zero-phonon hole and pseudo- 
side hole peaks. 

EXPERIMENTAL 

Materials 
The solution of PET and T P P  (Wako Pure Chem. 

Ind., Tokyo) in hexafluoroisopropyl alcohol was cast, 
dried, and changed to a brown powder. An appropriate. 
amount  of this brown powder was mixed (1:10 v/v) with 
a PET pellet at 280°C in melt and pressed at 280°C for 
3 min, resulting in PET film (100-200 #m thick) contain- 
ing molecularly dispersed TPP.  The glass transition 
temperature, Tg, of the film was about 80°C as determined 
by differential scanning calorimetry (d.s.c.). The uniaxial 
drawing five times in length was carried out at 220°C for 
60 s. The T P P  concentration was about 8 × 10- 3 tool 1-1 
in all films. The density, p, of the undrawn, drawn and 
drawn-and-annealed films were 1.338, 1.368, 1.388, 
respectively. 

PHB measurements 
The system for hole burning and detection is shown 

in Figure 1. The sample was set in a continuous flow 
type liquid-helium cryostat (Oxford, CF1204), and 
irradiated by an Ar+-laser-pumped single-mode con- 
tinuous wave ring dye laser (Cohernt, 699-01) with 
0 . 1 - 2 . 0 m W c m  -2 laser power around 647nm. The 
sample temperature was monitored by a Fe-doped gold 
versus chromel thermocouple. Holes were detected by the 
change of transmittance with a 1-m monochromator  
(Jasco, Tokyo, CT100C), a photomultiplier (Hamamatsu, 
R943-02) and lock-in amplifier (Jasco, LA126W). The 
data was processed with a desk-top computer (NEC, 
PC9801vm2). The resolution of the detecting system was 
about 0.3 cm-  t with the resolution of the monochromator 
being the limiting factor. 

RESULTS AND DISCUSSION 

Efficiency of  hole formation 
Figure 2 shows the absorption spectrum of T P P  in 

PET at room temperature and 4.2 K. Holes were burnt 
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Figure 2 Absorption spectrum of TPP in five-times drawn PET film 
at 4.2 K ( . . . .  ) and at room temperature ( ). The film thickness 
is 100/zm, and the concentration of TPP in the film is 
8.0 × 10 -3 mol 1 -~ 

around 647 nm in the lowest 0 -0  transition of the Q 
band with an inhomogeneous line width, A~oi, of 
approximately 550 cm -1. The absorbance of the band 
increased with the decrease in temperature, and it was 
about one-and-a-half times larger at 4.2 K than that at 
room temperature. 

Typical photochemical holes of TP P  in PET films 
burnt with a 0.75 mW cm -2 ring dye laser at 4.2 K are 
shown in Figure 3, and the changes in hole depth during 
laser irradiation are given in Figure 4. The increase in 
hole depth, AA/Ao, where AA is the difference in 
absorbance produced by hole formation and A 0 is the 
absorbance before irradiation, does not obey a first-order 
plot, and AA/A o levels off during irradiation. 

The quantum yield for hole formation, qb, can be cal- 
culated from the initial slope in Figure 4, [d(A/Ao)/dt],=o, 
by using equation (1): 

(d(A/A°)~ Ao/[103Io(1 -- IO-A°)~R] (1) 
(I} = \ dt ,/, = o 

where Io is the incident laser intensity given in einstein 
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Figure 3 Typical photochemical holes of TPP at 4.2 K in undrawn (a), 
five-times drawn (b) PET films, and annealed PET film after five-times 
drawing (c). Burning times with a 0.75 mW cm -2 dye laser at 4.2 K 
are shown beside the profiles 
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Figure 4 Change in hole depth, AA/Ao, during 0.75 mW cm -2 dye 
laser irradiation at 4.2 K for TPP in undrawn (A), five-times drawn 
(C)) PET films, and annealed PET film after five-times drawing ([5]) 

cm -2 s - 1  e is the molar extinction coefficient for the 
inhomogeneous line profile at the hole burning wave 
length and temperature, and R = Co/Cob = A~oi/AoJ h is 
the reciprocal initial fraction of T P P  molecules within a 
homogeneous line width, A~o h, at the laser frequency 7'14. 
The value of • increased a little for the five-times drawn 
T P P / P E T  film ( ~ = 6 . 2  × 10 -4) compared with the 
undrawn film (~ = 5.4 × 10-4), but the annealing of the 
drawn film at 220°C resulted in a marked decrease in • 
(O = 1.2 × 10-4). The same tendency is also observed for 
the hole depth in the later stage of irradiation shown in 
Figure 4. The T P P  molecules are supposed to locate in 
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the amorphous region of PET film, and annealing at 
220°C for 1 min may have brought about the aggregation 
of T P P  molecules causing the decrease in O. The TPP  
is stable up to 350°C and vaporizes in vacuum at that 
temperature. The maximum value of qb = 6.2 x l 0-  a for 
the hole formation of T P P  in PET is not much smaller 
than that of @ = 1.1 x 10 3 for T P P  in phenoxy resin 7. 
Recently, • for TP P  was shown to depend little on the 
nature of matrix polymers, as long as the samples were 
prepared in optimum conditions, i.e. with a sufficiently 
low concentration of TPP,  evacuation of the solvent-cast 
sample at a temperature near the Tg of the matrix polymer 
and hot pressing 15. 

Phonon frequen O' of poly(ethylene terephthalate) 
A pseudo-side hole or a side hole formed at the low 

energy side of a zero-phonon hole (shown by arrows in 
Figure 3) gives information on the low energy excitation 
modes of the matrix polymer coupled with guest 
molecules. The energy difference E~ between a zero- 
phonon hole peak and a pseudo-side hole peak, called 
phonon frequency, corresponds to the energy for that 
mode, and was proved to be independent of both the 
temperature and the nature of the guest molecule ~6. The 
E s is an inherent parameter to the matrix polymers. The 
values of E~ for PET and other polymers are summarized 
in Table 1 together with the characteristic frequency, Ec, 
used to explain the excess heat capacity iv and the energy 
El, at a peak in the region of low energy excitation modes 
determined by neutron inelastic scattering measure- 
ments ~8, The fact that the Es values obtained from the 
PHB hole profile agree well with E~ by heat capacity and 
E~ by inelastic neutron scattering measurements suggests 
the utility of PHB measurements for investigating the 
low-energy modes of phonon states of amorphous 
matrices ~6'~9. The increase in E S of PET by drawing five 
times suggests the increase in order and orientation by 
drawing the amorphous region of the PET film. 

Thermal stability of holes burnt at 4 K 
Typical changes in hole profiles during cyclic annealing 

of T P P  in five-times drawn PET film are shown in Figure 
5. The photochemical hole of T P P  in PET burnt at 4.2 K 
for 10 min with a 0.75 mW cm -2 laser at about 646 nm 
becomes broader and shallower with increase in cyclic 
30-min-standing temperature, and it disappeared with 
standing and measuring at 80 K. Three factors, namely, 
broadening of homogeneous width due to dephasing of 
the electronically excited state by electron-phonon 
interaction, decrease in the Debye-Waller  factor, and the 
spectral diffusion process due to local structural relaxa- 
tion of the matrix polymer are supposed to affect 

Table 1 Phonon frequencies determined by PHB, Es, heat capacity, 
Ec, and inelastic neutron scattering, El, measurements 

Chromophore/amorphous E~ E~ 1 7 E1  18 

polymer matrix (cm 1) (cm-1) (cm-I) 

TPP/PET (undrawn) 10.9 
TPP/PET (five-times drawn) 11.8 
TPP/polystyrene 10.1 9.1 12.0 
TPP/PMMA 13.1 12.0 
Quinizarin/PMMA 13.6 
TPP/phenoxy resin 15.1 
Sulphonated TPP/poly(vinyl alcohol) 23.5 
Quinizarin/poly (vinyl alcohol) 23.0 
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Figure 5 Typical photochemical holes of TPP in five-times drawn 
PET film during cyclic annealing. The upper faces correspond to the 
measurements at the annealing temperature (O) (shown beside the 
spectra) after standing for 30 min. The lower traces correspond to 
spectra measured at 4.2 K (O) after cooling from the annealing 
temperature. Insert shows the cyclic annealing procedure 
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Figure 6 Change in relative hole depth, AA/(AA)o, compared with 
the initial hole depth burnt at 4.2 K, during cyclic annealing measured 
at the annealing temperatures (A, O, • )  and at 4.2 K (A, O, U]) for 
TPP in undrawn (A, A), five-times drawn (O, O) PET films and 
annealed (at 220°C) PET film after five-times drawing (•,  [~) 

the temperature dependence of hole profiles. The broad- 
ening of homogeneous width and the change in the 
Debye-Wal ler  factor are reversible processes with change 
in temperature, while spectral diffusion is an irreversible 
process 4'15. Thus the analysis of hole recovery observed 
in Figure 5 when the sample was cooled again to 4.2 K 
from each annealing temperature provides information 
on the irreversible local structural relaxation causing hole 
broadening and filling. 

The changes in relative hole depth, A A / ( A A )  o, based 
on its initial value measured just after irradiation at 4.2 K, 
are summarized in Figure 6 for T P P  in PET films. The 
hole depth measured at 4.2 K after cyclic standing at a 
certain temperature was improved markedly by five-times 
drawing the PET film, but it returned to its initial value 
by annealing the drawn sample at 220°C for 60 s (zx, O,  
[] in Figure 6). Similar effects of drawing the PET film 

and further annealing of the film at 220°C were also 
observed for the change in hole depth measured at the 
standing temperatures (A, O ,  • in Figure 6). The dye 
molecules molecularly dispersed in PET film are known 
to be located in the amorphous region 2°. The orientation 
of the amorphous  region by uniaxial drawing suppressed 
the local molecular motion of T P P  leading to the 
restriction of spectral diffusion at 4-80 K. Further 
annealing of the drawn sample at 220°C brings about 
the increase in crystallinity and crystallite size, and also 
a disordering of non-crystalline oriented chains12,21. The 
results in Figure 6 suggest that the disordering or 
structural relaxation process affecting PHB hole recovery 
is of very local character in the vicinity of the PHB 
molecule which is sensitive to the annealing of drawn 
film even for 60 s at 220°C. 

The orientation in the amorphous region can be 
evaluated by visible dichroism measurements of dye 
molecules molecularly dispersed in PET film 2°. Though 
T P P  in the drawn PET film showed no visible dichroism 
owing to its inherent inactivity to dichroism, a marked 
dichroism (D =0.28)  was induced for free-base tetra- 
hexyloxyphthalocyanine (THPC) in PET film by drawing 
the film five times. Further annealing of the drawn 
film at 220°C for 60 s hardly changed the value of 
dichroism (D =0.27). Thus the present condition of 
annealing is insufficient for rotation of the dye molecule, 
but is supposedly sufficient for the local relaxation 
affecting the PHB hole recovery. 

In conclusion, the effects of drawing and annealing on 
the efficiency of hole formation and the temperature 
stability of photochemical holes of T P P  have been studied 
for PET films. The five-times drawing of the PET film 
improves the temperature stability of holes by increasing 
the number of oriented chains in the amorphous region. 
The structural relaxation process affecting the spectral 
diffusion of PHB holes is of very local character in the 
vicinity of the PHB molecule. 

A C K N O W L E D G E M E N T  

This work was supported in part  by Grant-in-Aid for 
scientific research in the priority area of 'Macromolecular  
Complexes'  from the Ministry of Education, Science, and 
Culture, Japan. 

REFERENCES 

1 Moerner, W. E. J. Mol. Electron. 1985, 1, 55 
2 Friedrich, J. and Haarer, D. Angew. Chem. Int. Ed. Engl. 1984, 

23, 113 
3 Macfarlane, R. M. and Shelby, R. M. J. Lumin. 1987, 36, 179 
4 Moerner, W. E. (Ed.) 'Persistent Spectral Hole Burning; Science 

and Applications', Springer, Berlin, 1988 
5 Gutierrez, A. R., Friedrich, J., Haarer, D. and Wholfrum, H. 

IBM J. Res. Develop. 1982, 26, 198 
6 Tani, T., Namikawa, H., Arai, K. and Makishima, A. J. Appl. 

Phys. 1985, 58, 3559 
7 Horie, K., Mori, T., Naito, T. and Mita, I. Appl. Phys. Lett. 

1988, 53, 935 
8 Horie, K., Hirao, K., Kuroki, K., Naito, T. and Mira, I. J. Fac. 

Eng. Univ. Tokyo 1987, 39, 51 
9 Nishi, T., Arishima, K., Tabei, H. and Hiratuka, H. Jap. J. 

Appl. Phys. 1988, 27, 225 
10 Horie, K., Kuroki, K., Mita, I. and Furusawa, A. in 'Polymers 

in Information Storage Technology' (Ed. K. L Mittal), Plenum 
Publish. Corp., New York, 1990, p, 145 

11 Hiltner, A. and Bear, E. Polym. J. 1972, 3, 378 

854 POLYMER, 1991, Volume 32, Number 5 



Photochemical hole burning: K. Horie et al. 

12 Itoyama, K. J. Polym. Sci., Polym. Lett. Edn. 1987, 25, 331 
13 Hemker, D. J., Frank, C. W. and Thomas, J. W. Polymer 1988, 

29, 437 
14 Moerner, W. E., Gehrtz, M. and Huston, A. L. J. Phys. Chem. 

1984, 88, 6459 
15 Furusawa, A., Horie, K., Kuroki, K. and Mita, I. J. Appl. Phys. 

1989, 66, 6041 
16 Furusawa, A., Horie, K. and Mita, I. Chem. Phys. Lett. 1989, 

161,227 

17 Reese, W. J. Macromol. Sci. Chem. 1969, A3, 1257 
18 Kanaya, T., Kaji, K., Ikeda, S. and Inoue, K. Chem. Phys. Lett. 

1988, 150, 334 
19 Furusawa, A., Horie, K. and Mita, I. Jap. J. Appl. Phys. 1989, 

28, Suppl. 28-3, 247 
20 Nakayama, K., Okajima, S. and KobayashL Y. Sen-i Gakkaishi 

1968, 24, 425 
21 Misra, A. and Stein, R. S. J. Polym. Sci., Polym. Phys. Edn. 

1979, 17, 235 

POLYMER, 1991, Volume 32, Number 5 855 


