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Refractive Index Changes of Doped Polymer Films Induced by the Photoelimination
of Meso-Ionic Heterocyclic Compounds with and without a Sulfur Atom
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We measured refractive index changes of doped polymer films induced by photoclimination of meso-ionic heterocyclic
compounds. A poly(methyl methacrylate) (PMMA) film containing 30 wt% 3-phenyl-1,2,3,4-oxatriazole-5-thione (3POTT)
showed a large refractive index change of —0.02 duning photoirradiation, at a wavelength far from the resonant region. PMMA
films containing mcso-1onic compounds with a sulfur atom in the meso-1onic ring showed large refractive index changes during
phototrradiation, while PMMA films containing 3-phenyl-1,2,3,4-oxatrazole-5-one, which posscss no sulfur atoms in the meso-
ionic ring, showed relatively small changes in refractive index. This difference may be duc to the existence of a sulfur atom in
thc meso-1onic ring. We estimated the spectfic refractions of the climinating groups, and we found that both the existence of a
sulfur atom and the position of the sulfur atom in the meso-1onic group affect the specific refractions.
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1. Introduction

Photochemical reaction is an important process in the fab-
rication of refractive index patterns in polymer films. Com-
pared to other processes, such as those which involve pho-
torefractive effects and nonlinear optical effects, where the
refractive index modulation is very small and can be induced
transtently, photochemical reaction induces larger refractive
index modulation 1n a polymer film and the modulation re-
mains after the photoreaction. Therefore, photochemically
induced refractive index changes in polymer films have been
given much attention for various applications, such as opti-
cal memories, switching devices, holography and waveguide
lithography.

Photochemical reactions can be categorized into two types
of reactions, reversible ones and irreversible ones. Photo-
chromic compounds are well known to induce reversible pho-
toisomerization and have been studied by many groups for ap-
plication in write-read-erase (WRE) recording devices.!~ On
the other hand, photopolymenzation, photolocking and other
irreversible photochemical reactions are applicable to read-
only optical memories, holography, microlenses, and wave-
guide lithography.!®13 For these applications, large refrac-
tive 1index changes induced by photochemical reactions in
polymer films should be achieved, and transparency in a wide
visible region 1s also desired. With the properties of large re-
fractive index change and transparency, the polymer system
becomes more applicable to various optical devices.

The refractive index, n, of a compound can be related to

the molar refraction, R, the molar mass, M, and the density,
p, by the Lorentz-Lorenz equation, eq. (1) by!¥

n—1 M

T n242 ;—

We can introduce this equation into a polymer film using the
mean molar refraction, R, expressed as eq. (2), where x is the

mole fraction of molecule A in the polymer film B given in
base moles.

(1)

R=xRs+ (1 —x)Rg (2)
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Generally, the molar refraction of a compound with no de-
localized electrons 1s described only by the summation of
atomic or atomic group refractions. However, the molar re-

fraction of a compound with delocalized electrons, i.e., res-

onance structure, i1s described by the summation of atomic
refractions and the contribution of resonance effects. There-
fore, compounds with delocalized electrons have larger mo-
lar refractions and larger refractive indices. We can induce
refractive index changes in a polymer film by introducing
a compound that changes its molar refraction and/or molar
mass and/or density during a photochemical reaction. Pho-
tochromic compounds have a large resonance structure and
the resonance structure changes during the photochemical re-
action, which leads to changes in molar refraction and there-
fore in the refractive index. Photo-cross-linking in a polymer
film induces the density change of the polymer film, which
leads to an increase in the refractive index. By using these
processes effectively, large refractive index changes can be
achieved. |

Photoinduced refractive index changes of polymer films
containing various photochromic compounds were reported
by several authors,>® and they obtained refractive index

changes of 107°-10 during photoreaction. However, pho-
tochromic dyes have absorption bands in the longer wave-
length region.

We have already obtained the large refractive index
changes of —0.01 and —0.037 at 633 nm by the photoiso-
merization of norbornadiene derivatives!>!® and the pho-
todimerization of poly(vinyl cinnamate) (PVCm) film,!? re-
spectively, maintaining transparency throughout the entire
visible wavelength region. Here, it is considered that large
refractive index changes were achieved because largely de-
localized m-conjugations of photoreactive compounds are
lost during the photoreactions. In other words, large de-
creases in the molar refraction induced by the photoreac-
tion lead to large decreases in the refractive index. Us-
ing the same concept, Beeson et al.!® obtained large
changes in refractive index of —0.026 by photobleaching
(4-N, N-dimethylaminophenyl)-N-phenyl nitron doped in
poly(methyl methacrylate) (PMMA) film.

In our previous paper,'” we introduced photoeliminable
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eroups, such as «-diazoketone derivatives and azido com-
pounds, into polymer films. Since the photoeliminable groups
release nitrogen molecules and are accompanied by the loss
of resonance structure during photoreaction, decreases in both
the molar refraction of the dopant and the density of the poly-
mer film additively contribute to decreases in the refractive
index, which lead to the large refractive index changes of
polymer films containing various «-diazoketone denvatives.
The refractive index change of the polymer film containing
20 wt% 2-diazo-1-indanone (2DI) was —0.015 duning pho-
toirradiation. In the course of the study, we found that the
loss of nitrogen molecules from various dopants, especially
dopants with meso-ionic =N*=N" groups, contributes to
large refractive index changes of doped polymer films dunng
photoirradiation.

In the present study, we investigated new materials, meso-
ionic heterocyclic compounds, for making large refractive in-
dex patterns in polymer films because of their interesting
electronic structure. 3-Phenyl-oxatriazole-5-one (3APOTO) 1s
a meso-ionic heterocyclic compound and it is known that,
during photoirradiation, 3POTO releases a carbon dioxide
molecule to form mainly phenyl azide which is further pho-
tolyzed to produce nitrene, or 3POTO 1s transformed to
phenyl isocyanate (Fig. 1).>” In this course, the meso-ionic
heterocyclic ring disappears and 1s accompanied by large
changes in resonance structure and in molar mass. This
suggests that both the molar refraction and the density of
the polymer film containing meso-ionic compounds, such as
3POTO, decrease during photoirradiation; therefore, we can
expect large changes in the refractive index of polymer film
containing various meso-ionic compounds during photoirra-
diation.

2. Experimental

2.1 Materials

We used three meso-1onic compounds, 3-phenyl-oxatriazole-

5-one (3POTO), 3-phenyl-oxatriazole-5-thione (3POTT) and
3-phenyl-thiatriazole-5-one (3PTTO), in which the het-
eroatoms in the meso-ionic heterocyclic nng are different.
Conventionally, 3POTO is prepared by the nitrosation of
phenylhydrazomethanedisulfonate salt or by the coupling of
substituted nitromethane ions with phenyldiazonium ions or
phenyl isocyanate. Here, we simply synthesized 3POTO from

phenylthiosemicarbazide with nitrous acid by performing two
steps, combining two reported procedures.?!*>?) 3POTT and
3PTTO were synthesized as described in the literature.>>
Their chemical structures are shown in Fig. 2. The photol-
ysis of 3POTO has been reported, as shown in Fig. 1.29 On
the other hand, photoreactions of meso-ionic compounds con-
taining a sulfur atom in the heterocyclic nng, such as 3POTT
and 3PTTO, have not been reported. In many cases of pho-
toreactions of heterocyclic ring compounds, the photoreaction

}*'ﬁ(o V
Ph-Ns 0 v, Ph—N3 — Ph—N =
N "COz 'NZ
hy
-N,0
Ph—NCO

Fig. 1. Photochemical reaction scheme of 3POTO.
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itself occurs irrespective of whether the atoms in the hetero-
cyclic ring are oxygen or sulfur, but the process and/or prod-
ucts of the photoreaction may be different. Although we do
not yet know the processes and products of the photoreac-
tion of 3POTT and 3PTTO, it was confirmed from absorption
spectra that both 3POTT and 3PTTO undergo some chain-
scission reactions under photoirradiation. We used commer-

~ cially available PMMA after reprecipitation as a polymer.

2.2 Absorption spectrum and refractive index measure-
ments

The photoreaction was carried out using a 450W high-
pressure mercury lamp with an appropnate filter. The ab-
sorption spectra of the photoreactive compounds before and
after photoirradiation were measured in acetonitrile solutions.
'The refractive indices of the polymer films were measured by
an m-line method.”” The probe beam used for refractive in-
dex measurements is a tunable He-Ne laser (LSTP-1010, Re-
search Electro-Optics). Films for refractive index measure-
ments with a thickness of approximately 3 pum were prepared
by a barcoater method® from approximately 10 wt% solutions
of PMMA film containing photoreactive compounds with var-
ious weight fractions for PMMA in methylene chlonide on
fused silica substrates. We measured the refractive indices
of the polymer films containing photoreactive compounds be-
fore and after irradiation in TE modes at 632.8 nm. |

In order to investigate the process of the photoreactions of
3POTT and 3PTTO compared to 3POTO, we measured the
IR spectra of PMMA films containing 3POTT or 3PTTO dur-
ing photoirradiation. Since the photoreaction of 3POTO pro-
ceeds through phenyl azide, a peak from azido groups 1n the
phenyl azide at about 2100 cm™! should appear in the IR spec-
tra of the PMMA film containing 3POTO during photoirradi-
ation. On the basis of this type of measurement, we can see
whether or not the photoreactions of 3POTT and 3PTTO pro-
ceed through phenyl azide. The photoirradiation as carried
out using a 450 W high-pressure mercury lamp with a UV29
filter in order to prevent the phenyl azide formed during pho-
tolysis of the meso-ionic compounds from contributing to an-
other photolysis due to corresponding UV irradiation.

_Ph— N
N
3POTO
S - N O~
+/N=< Ph-—-N/ —s
N N
3POTT 3PTTO

Fig. 2. Chemical stucture of meso-1onic compounds.
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3. Results and Discussion

3.1 Absorption spectra of meso-ionic compounds before
and after photoirradiation

The changes in absorption spectra of 3POTO, 3POTT and
3PTTO are shown in Fig. 3. 3POTO has an intense peak at
265nm (¢ = 1.1 x 10*Lcm~! mol™1), and after UV irradia-
tion the absorption peak greatly decreased with an increase
in absorption around 350 nm [Fig. 3(a)]. Isosbectic points
were observed at 240 and 300 nm. 3POTT, which possesses a

sulfur atom in the meso-ionic ketone site, has an intense ab-

sorption peak at 257nm (¢ = 2.1 x 10* Lem™! mol™!) and
a broad peak around 390 nm [Fig. 3(b)]. After photoirradi-
ation, the absorption greatly decreased, which suggests that
3POTT undergoes a photochemical reaction. 3PTTO, with a
sulfur atom in the meso-1onic ring, showed similar behavior
in absorption spectra before (¢ = 1.0 x 10* Lcm™ mol™! at
271 nm) and after photoirradiation [Fig. 3(c)]. The absorp-
tion spectra of 3POTT and 3PTTO before irradiation are dif-
ferent from those of 3POTO in that 3POTT and 3PTTO have
absorption bands 1n longer wavelength regions due to the sul-
fur atom in the meso-ionic moiety. 3POTT has an absorption
band around 390 nm and 3PTTO has an absorption shoulder
at 350 nm, which cannot be observed 1n the absorption spec-
trum of 3POTO. On the other hand, the absorption spectra
of these three meso-ionic compounds after photoirradiation
are not very different. This suggests that the photoproducts
of these three meso-ionic compounds, 3POTO, 3POTT and
3PTTO, are similar.

3.2 Refractive index changes of PMMA film containing
meso-ionic compounds during photoirradiation

The refractive indices of PMMA films containing vari-
ous meso-ionic compounds decreased after photoirradiation
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Fig. 3. Absorption spectra of meso-ionic compounds in acetonitrile before
and after photoirradiation: (a) 3POTO in 8.0 x 10~ mol/L solution: (b)
3POTT in 4.0 x 1072 mol/L solution: (c) 3PTTO in 8.0 x 107> mol/L
solution. Arrows show the derection of change during photoirradiation.
photoirradiation times are shown beside the arrows.
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due to the decreases in absorption. Refractive indices and
refractive index changes of PMMA films containing 5 wit%
meso-ionic compounds are shown in Table I. PMMA films
containing 5 wt% meso-ionic compounds with a sulfur atom,
3POTT and 3PTTO, showed large refractive index changes of
—0.0040 and —0.0032 during photoirradiation, respectively,
while a PMMA film containing 5 wt% 3POTO, which pos-
sesses no sulfur atom, showed only a small change in refrac-
tive index of —0.0015 during photoirradiation. The difterence
in the refractive index changes is attributable to the differ-
ence In heteroatoms in the meso-ionic ring. Refractive in-
dices of 3POTT and 3PTTO before irradiation are larger than
that of 3POTO due to a sulfur atom, which has larger molar
refraction, in the meso-ionic moiety and therefore, the refrac-
tive index changes of 3POTT and 3PTTO are larger than that
of 3POTO during photoirradiation. In our previous paper,'”
we measured the refractive index changes during photoirra-
diation of PMMA films containing heterocyclic compounds
with a sulfur atom in the heterocyclic ring, 4-phenyl-1,2,3-
thiadiazole (4PTD) and 5-phenyl-1,2,3,4-thiatriazole (SPTT)
[eq. (3)].

(3)

The refractive index changes of PMMA films containing
Swt% 4PTD and SPTT were —0.0014 and —0.00135, respec-
tively; these values were very small, as in the case of 3POTO.
This suggests that i1t 1s not the existence of a sulfur atom but
the existence of a sulfur atom 1n the meso-ionic heterocyclic
moiety that 1s an important factor for large refractive index
changes. In other words, large refractive index changes can
be obtained by introducing compounds which possess a pho-
toreactive meso-ionic group with a sulfur atom into polymer
films.

Figure 4 shows the relationship between the weight frac-
tions of 3POTT in PMMA films and the refractive indices
or refractive index changes of PMMA films before and after
photoirradiation. The samples with a larger wt% of 3POTT
were irradiated for longer time periods to complete the re-
fractive index change. Up to 30 wt% doping, the refractive
indices and refractive index changes of PMMA films before
and after photoirradiation are in proportion to the weight frac-
tions of 3POTT in PMMA. This finding suggests that 3POTT
exhibits quite high solubility to PMMA. Other photoreactive
compounds, such as 2DI and B-azidostyrene (8-AS), exhibit

Table 1. Refraction indices of PMMA films cotaining 5 wi% of meso-ionic
compounds before and after photoirradiation (at 633 nm, in TE Mode).

Y

3POTO IPOTT 3PTTO
n beflore irradiation 1.4945 1.4985 1.4977
n after irradiation 1.4930 1.49.15 1.4945
—An 0.0015 0.0040 0.0032
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Fig. 4. Refractive indices (O, @) and refractive index changes (x) of
PMMA films containing various weight fractions of 3POTT before (D)
and after (@) photoirradiation. Irradiation times are 1 h (5, 10wt%), 2h
(20 wt%) and 3 h (30 wiir).

fairly good solubility to PMMA, but the refractive indices of
PMMA films containing more than 20 wt% 2DI or 8-AS no
longer showed a linear relationship to the weight fractions,
probably due to partial crystallization induced by the micro-
scopic aggregation of dopants in the PMMA films.!® Com-
pared to these results, 3POTT shows remarkable solubility to
PMMA and we can therefore obtain larger refractive index
changes of PMMA films containing 3POTT during photoir-
radiation because we can introduce 3POTT with high weight
fractions to PMMA films maintaining a reasonably high qual-
ity of PMMA films. Eventually, we could obtain a large re-
fractive index change of —0.02 in the PMMA film containing
30wt% 3POTT during photoirradiation.

‘The process of the photoreactions of 3POTT and 3PTTO
were revealed by the measurement of IR spectra during pho-
toirradiation to be not through phenyl azide. The PMMA film
containing 3POTO showed a peak from an azide group at
2100cm™! during photoirradiation, while the PMMA films
containing 3POTT or 3PTTO did not show any peaks around
2100cm™!. 3POTO releases carbon dioxide (CO,) during
photoirradiation and forms phenyl azide. If 3POTT or 3PTTO
releases carbon oxide sulfide (COS) during photoirradiation,
1t is quite possible that phenyl azide is formed during photoir-
radiation and that azide peaks should appear in the IR spec-
tra. These results suggest that the photoreactions of 3POTT
and 3PTTO may proceed through a different process from
3POTO. This can influence the refractive index changes of
the PMMA films. |

S. MURASE ¢! al. 6775

Table 1. Specificrefraction of photoeliminable ester groups with and with-
out a sullur in the meso-ionic rings,

-COO0O- -CS0- ~CSO-

Specific refraction (cm?/g) 0.141 0.247 0.209

N

3.3 Effects of eliminating molecules on refractive index
changes

The molar refraction, which is related to the refractive in-
dex by the Lorentz-Lorenz equation, is an effective param-
eter for relating two properties, the refractive index and its
chemical structure, as mentioned above. Molar refraction
changes, which well describe the changes in electronic struc-
ture of photoreactive compounds, are reasonably well related
to the changes in the refractive index during photoreactions.
However, in the case of photoelimination where the molar
mass of the photoreactive compound varies, the molar refrac-
tion changes cannot describe the refractive index changes of

the polymer film containing photoreactive compounds accu-
rately, because the molar refraction changes include the effect
of mass changes. Therfore, we introduce the specific refrac-
tion, r, r = R/M) instead of the molar refraction, R, as
shown in eq. (4).!% |

ns —1
r-p=

— 4
n- 42 )

Since the specific refraction eliminates the contribution of
the change in molar mass to the change in molar refraction,
the change in specific refraction, Ar, can accurately describe
the changes in electronic structure of the photoreactive com-
pound. By using the parameter r, we discuss the effect of the
eliminating molecule on the refractive index changes. Three
photoreactive compounds, 3POTO, 3POTT and 3PTTO, are
meso-1onic heterocyclic compounds with the substitution by
a phenyl group at 3-position and the only differences are the
heteroatoms in the ester-like structure, -CO™-0-, -CS—-0-
and —-CO™=S—, respectively. Considering these ionized es-
ter groups as three ester groups, —-COO- and —-CSO- and
-(COS—, we can calculate the contribution of the loss of these
ester groups from the meso-ionic rings to the specific refrac-
tions by using the summation of atomic refractions. The spe-
cific refractions of these ester groups are shown in Table II.
The specific refractions of the ester groups containing a sul-
fur atom are larger than that of —-COO-, which suggests that
a sulfur atom contributes more to the specific refraction than
an oxygen atom. This result is in good agreement with the re-
fractive index changes of the PMMA films containing meso-
tonic compounds. The specific refraction of ~CSO-is larger
than that of -COS-, which leads to a larger refractive index
before 1rradiation and larger refractive index changes of the

PMMA film containing 3POTT than 3PTTO. This suggests

that the position of a sulfur atom in the meso-ionic ring is
also an important factor for the refractive index change. Thus,
the differences in specific refractions of ester groups effec-
tively contribute to the refractive index changes of the PMMA
films containing meso-ionic compounds. The total changes
In refractive index during photoreaction are achieved by the
summation of vartous effects, such as the loss of eliminating
molecules with high specific refractions, the loss of resonance
structure, and the decreases in density of PMMA films.

4. Conclusions

We measured the refractive index changes of PMMA films
containing photoeliminable groups with meso-ionic hetero-
cyclic nings during photoirradiation. Polymer films contain-
ing 3POTT or 3PTTO, which possess a sulfur atom in the
meso-ionic ring, showed large decreases in refractive in-
dex during photoirradiation, while a polymer film contain-
ing 3POTO, which possesses no sulfur atom-in the meso-
1onic ring, showed only a small change in refractive index.
This may be explained by the existence of a sulfur atom in
the meso-1ionic ring. We can obtain a large refractive index
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change of —0.02 by UV photoirradiation to the PMMA film
containing 30 wt% 3POTT. ,

The specific refractions of the eliminating molecules were
estimated using the summation of atomic refractions. The
specific refractions of ester groups with a sultur atom tumed
out to have large specific refractions compared to those with
no sulfur atom, which leads to the differences in refractive in-
dex changes. We found that the position of the sulfur atom 1n
the meso-ionic compound also relates to the specific refrac-
tions and the refractive index changes.
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