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Two colour photon-gated persistent spectral hole-burning via donor-acceptor electron transfer is reported in systems where the donor: zinc tetraphenylporphyrin (ZnTPP) and the acceptor: vinylbenzylchloride where linked to a polystyrene chain. A spectral hole is observed when the sample is irradiated
using a gating light in addition to the wavelength-selective light. No effect of the gating light has been
observed for ZnTPP dispersed in polystyrene (PS) even with efficient acceptors. In contrast, the efficiency
of hole formation under two colour excitation is four times larger than that under one colour excitation
in ZnTPP-PBCS/PMMA and nearly two times larger in ZnTPP-PBCS/PS.
KEY WORDS: Hole-burning, photon-gating, electron transfer, zinc tetraphenylporphyrin, grafted
molecules, copolymer.

1. INTRODUCTION
Persistent Spectral Hole-Burning (PSHB) is a phenomenon in which a stable hole is
formed in the inhomogenously broadened absorption band of impurity centers at
very low temperature by selective excitation with a narrow band laser. PSHB has
attracted much interest as a very sensitive probe for the dynamics in polymer
systems as well as a possible means for high density optical data storage. While the
first years of PSHB research were focused on single photon mechanisms, 2 the destructive reading that occurs in these systems during hole detection has generated a
great interest for two colour photon-gated materials. In photon-gating PSHB, two
photons are required for the photoinduced change leading to a higher hole-burning
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efficiency; nevertheless, only one wavelength is required to probe the unreacted
ground state population during hole detection. With such a mechanism, the two
stages of the PSHB procedure (writing the spectral hole first, then reading it) can be
well separated.
The various photon gated PSHB systems that have been reported as yet can be
divided into four types, based on the kind of hole formation photoreactions that are
involved, namely, ionisation,
decomposition, 6-8 Donor-Acceptor Electron Trans9’
fer (DA-ET)
and sensitisation. TM
In almost all the reported photon-gated PSHB systems involving DA-ET photoreactions, porphyrin derivatives are used as donor chromophores and halogenated
compounds as acceptors, x’4 In these systems, an acceptor must be located in the
neighbourhood of the donor porphyrin for a high efficiency. Then, the matrix should
contain the acceptor in a high concentration. To achieve this, a polymer which has
the electron acceptor directly bonded to the polymer chain has been used. 4’ The
branching of the guest molecule to the host matrix is a very effective way to make
highly doped polymer materials without aggregation of the guest molecules.
Previous studies have demonstrated that the grafting of donors and/or acceptors to
the host matrix can solve such problems as low burning efficiencies and low thermal
stability of burnt holes in PSHB materials via DA-ET photoreactions. It is also
expected that the grafting of the chromophore to the host should reduce the influence of spectral diffusion at low temperature. These characteristics are important
for the application of PSHB materials to frequency domain optical data storage
devices or optical data processing.
In this paper, we report on two colour photon-gated PSHB via a DA-ET reaction in which a polystyrene chain contains a vinylbenzylchloride in its monomer
repeated unit as acceptor molecules and grafted ZnTPP as donor molecules. Two
polymers: polystyrene (PS) and polymethylmethacrylate (PMMA) were used as
hosts. The hole formation efficiency of ZnTPP linked to polyvinylbenzylchloride-copolystyrene which we call ZnTPP-PBCS hereafter, has been compared to the values
obtained with ZnTPP dispersed in PS or in PMMA.

-

2. EXPERIMENTAL

The chemical structure of the compound studied in this letter is shown in Figure 1.
ZnTPP-PBCS has been synthesised by grafting ZnTPP to a preformed polystyrene. We
used the Williamson reaction starting from polyvinylbenzylchloride-co-polystyrene and
porphyrin monofunctionalized by a phenol substituent as reported previously. 6 The
amount of grafted porphyrins was evaluated to be: 1 porphyrin for 3 benzylchloride.
ZnTPP and ZnTPP-PBCS were dispersed in PS (MW430000) and PMMA
(MW 120000) by dissolving them in toluene. Sample films were prepared by a film
casting method. The mixture was dried over one week. The concentration of porphyrins
in the matrices ( 10 mol/1) was adjusted to give thin slabs (e 1 mm) with an
absorbance value at the burning wavelength (2) of about 0.5 at room temperature.
The samples were placed in a liquid helium cryostat with variable temperature
facilities (SMC FAir Liquide). They were irradiated at 5 K simultaneously with
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Chemical structure of the synthesized ZnTPP-PBCS. The average distribution along the polymer chain is as follows: ZnTPP for 3 benzylchloride and 18 styrene.

Figure

selective laser light from a Rhodamine 6G ring dye laser (21 tunable around 600 nm)
and with the gating light from an argon laser (Spectra Physics, Model 2016) used in
all-lines regime (22 chosen among the two lines at 488 and 514 nm). For burning, the
two beams, non focused, were overlapped in the same spatial spot on the sample.
The intensities of both beams were adjusted by using a combination of neutral
density filters. To record the holes, we monitored the fluorescence intensity through
a low-pass colour filter when scanning the dye laser wavelength. The signals were
processed with a lock-in amplifier and fed into a microcomputer for data acquisition
and treatment. Holes were burnt with an excitation intensity not greater than 1.4
mW on a spot area of 0.1 cm 2 on the sample, corresponding to power densities of
about 14 mW/cm 2. The hole area was kept constant for all the experiments. The
readout of the holes was performed with a beam attenuated by a factor of about 103.
Burning times were varied around a few minutes depending on the fluence required
to produce a detectable hole.
The holes were fitted by Lorentzians and the values of width and area were
obtained from them.

3. RESULTS AND DISCUSSION

The absorption spectrum of ZnTPP-PBCS measured with an UV-visible spectrometer (Philips PU8700) is shown in Figure 2. This absorption spectrum is almost
the same as for dilute ZnTPP in solution. Therefore, we conclude that the covalent
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Figure 2 Ground state absorption of ZnTPP-PBCS (full line) and triplet-triplet absorption spectra of
ZnTPP (dashed line) in a toluene solution.

bonds introduced between ZnTPP and polyvinylbenzylchloride-co-potystyrene do
not have a large influence on the electronic states of the re conjugated system of the
zinc porphyrin ring. We measured the triplet-triplet absorption of ZnTPP using the
flash photolysis method on a nitrogen-bubbled toluene solution. The result is drawn
in Figure 2. The maximum of the triplet-triplet absorption appears at 470 nm. As
the inhomogeneous absorption band of the Q(0,0) $1 ,--So transition has its maxi592 nm, we used dye laser wavelengths between 570 nm and 620 nm
mum around
for the site selection, and argon laser lines at 488 and 514 nm for the gating light.
ZnTPP, excited to the S state, undergoes intersystem crossing with a very high
efficiency (q9 0.90) 17 to the triplet state T1. Due to the long lifetime of the T1 state,
ZnTPP can then be further excited to a higher triplet state T, by the absorption of a
photon of the gating light (22). ZnTPP is favorable because the wavelengths of 22 at
488 and 514 nm are quite close to the absorption maximum of the T-T transition
and because its ground state only has a weak absorption cross section in the 22
region.
We investigated the dependence of the hole characteristics in polymer matrices
using the same guest concentration. In the case of PMMA, easily detectable holes
were observed after a few minutes of irradiation. Much longer times were necessary
to burn holes in the PS matrix.
A persistent spectral hole burnt in ZnTPP-PBCS/PMMA is shown in Figure 3.
In trace (a), the hole was burnt via a one color excitation: the sample was irradiated
with only a frequency selective excitation (21 605.8 nm, duration 10 ran, burning
intensity 1.3 mW). In trace (b), the persistent spectral hole was burnt via a twocolor excitation: the sample was simultaneously irradiated with a frequency selective
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Figure 3 One and two photon holes burnt in a sample of ZnTPP-PBCS/PMMA at 5 K, burning
time 10 mn, P21 1.3 mW: (a) one colour, 21 605.8 nm: (b) two colour, 21 605.2 nm, 22 488 nm,
P22 7.5 mW.

excitation (21 605.2 nm, duration 10 mn, burning intensity 1.3 mW) and the
gating excitation (22 488 nm, duration 10 mn, gating intensity 7.5 mW). The efficiency of hole formation under two colour excitation is four times larger than that
under one colour excitation in ZnTPP-PBCS/PMMA. In contrast, no detectable
influence of the gating light could be observed on the free dispersed ZnTPP/PMMA
system without electron acceptors when irradiated under the same conditions.
The photon-gated hole spectrum shown in Figure 4 was obtained with the
ZnTPP-PBCS/PS system, irradiated at 21 603.0 nm using a burning laser intensity 1.3 mW during 30 mn for the one colour hole (trace (a)), and at 21 601.8 nm,
duration= 30mn, burning intensity= 1.3 mW with 22 =488 nm, gating intensity 8.0 mW for the two colour hole (trace (b)). The burning efficiency due to the
gating light is increased almost two times in ZnTPP-PBCS/PS, compared to its
value under one colour excitation. Again, no detectable influence of the gating light
could be produced when a ZnTPP/PS sample was irradiated in the same conditions.
The mechanism of photon-gated hole formation for the ZnTPP-PBCS in
PMMA or PS matrices can be understood as a laser induced donor-acceptor electron transfer. The presence of an halogen atom (chlorine) in the acceptor molecules
(vinylbenzylchloride) is crucial for the persistence of spectral holes, because as just
mentioned above, no gating effect could be obtained when ZnTPP is only dispersed
in PMMA or in PS without any acceptor, under the same irradiation conditions as
with the ZnTPP-PBCS systems.
The feasibility of a photoinduced electron transfer reaction for a D-A combination is dictated by the change in the free energy, AG, accompanying the reaction. 18-20 An important requirement is the condition of the exothermicity (AG < 0)
for the electron transfer reaction. AG is calculated by the following equation [20]
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Figure4 One and two photon holes burnt in a sample of ZnTPP-PBCS/PS at 5 K, burning
time 30 mn, P21 1.3 mW: (a) one colour, 21 603.0 nm; (b) two colour, 21 601.8 nm, 22 488 nm,
P22 8 mW.

and has been applied by several researchers to photon-gated hole-burning 9,21.

Eox- Ere Eex- e 2/(Rc’e
where Eox is the one electron oxidation potential of an electron donor, Ere is the one
electron reduction potential of an electron acceptor and Eex is the excitation energy
AG

d

d

required to produce the reaction state. The last term:-e2/(Rc.e) is the coulombic
term which accounts for the electrostatic interaction between an ionic pair separated
by the distance Re. Compared to the values of the red-ox potentials, this term can be
neglected.
For ZnTPP, Eox=0.71eV versus SCE, 22 for benzylchloride, CH2C1,
Ered 1.94 eV versus SCE. 23 The Ex value is evaluated as the sum of the lowest
triplet energy (1.59 eV 22) and of the energy gap corresponding to the gating light at
488 nm (2.54 eV).
Therefore, in these conditions, the AG change is negative and equals to
1.48 eV. Negative values for AG are obtained with other electron acceptor mole1.68 eV, 24 which
cules, as for instance the p-hydroxybenzaldehyde (p-HBA, Ered
1.74 eV). These thermodynamic arguments suggest that the photongives AG
gated hole burning should be quite efficient with ZnTPP and a suitable electron
acceptor in any kind of matrices.
Therefore, for comparison, we have investigated two photon hole-burning in
samples of ZnTPP dispersed in PS or in PMMA with various acceptors. Unambiguously, the results obtained show that efficient two photon hole-burning is possible
only in a PMMA host and no effect could be detected in PS. In a ZnTPP/pHBA/PS sample, we even observed that an intensive, exposure of the sample to only
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the Ar + laser beam led to hole erasing. Figure 5 depicts the effect with several holes
burnt successively at 593.8 nm, 594.4 nm and 595.1 nm for 10 mn each. The intensity
for burning was 5 mW and that of the gating light was about 18 mW. As shown, no
effect of the gating light is observed even with the presence of an efficient electron
acceptor.
This result points out the importance of the host. In fact, there are only a few
reports on the quantitative relation between hole-burning efficiency and matrix
properties. In most cases, PMMA is used as the suitable amorphous matrix. 9’4’2
Suzuki and al. showed that the hole formation yield increased from a PMMA to a
polyethylene (PE) host matrix, depending on the donor-acceptor average separation.
They discussed their result assuming the guest molecules are mainly located in the
amorphous parts of the semicrystalline PE matrix, giving rise to a D-A average
separation in PE shorter than in complete amorphous PMMA. 26
In our case, we understand the negative result in the PS host as a consequence
of the non-polar character of polystyrene. Due to the weakness of the polarity of the
PS host, the electron transfer can not be stabilized, even at the liquid helium
temperature. This means that the reverse reaction is so effective and fast that the
photon-gated hole is refilled at once. A different situation exists in the polar host
PMMA. The polarity of the matrix then allows a stabilisation of the charge redistribution. The important result demonstrated in this work is the fact that it was
possible to by pass the barrier imposed by the polystyrene matrix with the ZnTPPPBCS/PS system where both the donor and the acceptor molecules are linked to the
same chain. We believe that it is due to the high concentration of acceptor sites
achieved in this new system, where the flexibility of the polymer chain close to the
attached donor and acceptor moieties, as shown in Figure 6, allows an efficient
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Figure 5 One and two photon holes burnt successively in a sample of ZnTPP/p-HBA/PS at 1.8 K,
burning time 10 mn, P21 5 mW, 22 488 nm, P22 18 mW: (a) two colour, Zl 593.8 nm, 2; (b)
two colour, 21 594.4 nm, 22; (c) only Ar laser, 22; (d) only dye laser, 21 595.1 nm.
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electron transfer reaction. The figure suggests that in some configurations, sufficiently short distances can be achieved between donor and acceptor to allow an electron
transfer through space by ionisation of the donor, ejection and electron trapping by
the acceptor moiety. Nevertheless, as in our system the electron donor and the
electron acceptor are grafted to the same polymer chain, a transfer through bonds
can not be excluded.
The triplet state of ZnTPP is assumed to be an intermediate state of the reaction. The assumption is supported by the fact that the lifetime of ZnTPP triplet is
26 ms 22 and no persistent spectral hole could be burnt when the system was irradiated both by a 2x and 22 excitation with a time delay of lS. 21 In addition, the
triplet has a high absorption cross-section at the gating excitation wavelength.
To explain the stability and the efficiency of photon gated holes in PMMA,
some authors have considered a possible dissociative halogen detachement of the
acceptor occurring after the electron transfer took place. This reaction was assumed
to take place in TZT/halomethane/PMMA(TZT=meso-tetra-(p-tolyl)-Zn-tetrabenzoporphyrin 9’2s and TPP/AX/PMMA or polyethylene systems to explain the
persistence of spectral holes (AX represents an acceptor molecule containing an
halogen X). 26 A similar mechanism could also be suspected in the case of our
ZnTPP-PBCS/PMMA and ZnTPP-PBCS/PS systems.

7mTPP
C1
(donor)
(acceptor)

@
Polystyrene chain
Figure tl A possible conformation of a fragment of the copolymer ZnTPP-PBCS chain showing the
possibility of quite short distances between ZnTPP (donor) and benzylchloride (acceptor) moieties.
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4. CONCLUSION

In order to investigate spectral hole-burning, we have synthesised a co-polymer in
which the ZnTPP as donor and vinylbenzylchloride as acceptor are linked in the
same polystyrene chain. When the co-polymer is incorporated into PMMA or PS
matrices, photon-gated holes are observed, with a higher efficiency in the PMMA
host. The increase of the efficiency of hole formation under two-colour excitation
instead of one-colour excitation achieve a factor 4 for ZnTPP-PBCS/PMMA. In
contrast, no photon-gated hole-burning occurred when ZnTPP was dispersed in
those matrices without acceptor, or in PS even with efficient electron acceptors. We
believe that the spectral holes are produced by an electron transfer reaction from a
high excited triplet state of ZnTPP to chlorine atoms in a benzylchloride group,
closely located to the selectively excited ZnTPP grafted molecule. Our results obtained with ZnTPP-PBCS shows that systems with optimised donor and acceptor
moieties grafted to a same polymer chain, should offer good prospects of D-A
electron transfer systems for PSHB optical memory materials. The importance of
host properties is also strongly underlined.
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