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Abstract

In this study we report on the synthesis and characterization of photoreactive polymers which display large changes in their refractive index
upon UV irradiation. These polymers contain aromatic ester groups which undergo a photo-Fries rearrangement from aryl esters to hydroxyke-
tones. The polymers under investigation were poly(4-acetoxystyrene) and two derivatives of polynorbornene, poly(bicyclo[2.2.1]hept-5-ene-2-
carboxylic acid, phenyl ester) and poly(bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid, diphenyl ester). The kinetics of the photoreaction was
studied by FTIR spectroscopy. Ellipsometric measurements of thin films showed that the photo-Fries rearrangement causes a large increase
of the refractive indices in these polymers (between þ0.03 and þ0.05). The modulation of the refractive index is of interest for applications
in the field of optics and data storage. The photoreaction also leads to an increase in surface energy as evidenced by contact angle measurements
with water and diiodomethane as test liquids.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers with tunable refractive index are applied for op-
tical data storage (e.g. by holography), optical elements such
as distributed feedback (DFB) lasers as well as for inscribing
of waveguide structures in planar films [1]. Over the past years
numerous materials have been reported which provide the
possibility to inscribe refractive index patterns by UV photo-
lithography. Photopolymerizable acrylate resins, poly(vinyl
cinnamate) which undergoes a [2þ 2] cyclodimerization, as
well as polymers bearing azobenzene moieties (reversible
cisetrans photoisomerization of the azobenzene chromo-
phore) are among these recording materials [2]. However,
only a few recording materials operate at deep UV wave-
lengths (<300 nm) and simultaneously offer the advantage
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of a well defined photochemistry. In our previous work we
reported on photo-induced refractive index changes in poly-
mers containing thiocyanate groups [3]. In polymers such as
poly(4-vinylbenzyl thiocyanate) the photoisomerization of
thiocyanates (eSCN) to isothiocyanates (eNCS) results in
refractive index changes (Dn approx. þ0.03). Post-exposure
modification with gaseous amines gives a further change in
the refractive index [4]. Only recently we have transferred
this photochemistry to poly(norbornenes) prepared by ring-
opening metathesis polymerization (ROMP) [5]. This poly-
merization process offers the advantage that well defined
polymers and block copolymers can be obtained in a conve-
nient fashion by living polymerization using ruthenium-based
catalysts [6,7].

In search of alternative photoreactions which give a large
increase in the refractive index of polymers we now investi-
gated the so-called photo-Fries reaction. It is well known
that aryl esters of carboxylic acids undergo photolytic reac-
tions upon irradiation with ultraviolet light (200e250 nm).
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The photo-Fries rearrangement transforms aryl esters to hy-
droxyketones as first observed by Anderson and Reese in
1960 [8,9]. This photoreaction mainly yields a mixture of
ortho- and para-hydroxyketones. Phenols and decarboxylation
products are obtained in side reactions. Scheme 1 presents
a survey of the photolysis products of aryl esters.

Considering the refractive indices of two low-molecular
weight model compounds, acetic acid phenyl ester (nD¼
1.5035) and the corresponding photo-Fries rearrangement
product 2-hydroxyacetophenone (nD¼ 1.5584) [10], it can
be expected that the photo-Fries reaction results in significant
changes of the refractive index. Indeed, such index changes
have been claimed in the patent literature for holographic
compositions [11].

Since discovery, it has taken a long time to elucidate the
mechanism of the photo-Fries rearrangement. The generally
accepted mechanism [12,13] proceeds via free radical interme-
diates as depicted in Scheme 1. Taking 4-tert-butylphenyl
acetate as an example, Lochbrunner et al. [14] have shown
that, as a first step, a cleavage of the CeO band occurs.
This photolysis proceeds from an excited singlet (S1) state.
The photogenerated radicals can recombine and then yield
a derivative of cyclohexadienone as the ‘‘cage product’’ (ortho
and para products). Tautomerism then gives the hydroxyke-
tone, which is the rearranged acyl migration product. For
aromatic esters lacking additional substituents at the aromatic
ring (e.g. phenyl acetate), the ratio of the ortho- and para-
substituted compounds can be controlled by the reaction tem-
perature. The ‘‘escape product’’ of the geminate radical pair is
mainly phenol which is explained by hydrogen abstraction
from the solvent. It is known that in aromatic esters a parallel
reaction of the photo-Fries reaction can occur: the photodecar-
boxylation (photoextrusion of CO2) [15] which has been found
by Finnegan and Knutson [16], cf. Scheme 1. The photodecar-
boxylation of Re(COeO)eR0 to give ReR0 proceeds from the
S1 state and a concerted (i.e. non-radical) mechanism has been
proposed. Weiss et al. support the idea that in ester compounds
Re(CO2)eR0 intramolecular steric effects (e.g. substituents
placed on the aryl rings) and intermolecular interactions (i.e.
templating medium effects as provided by a polymer matrix)
enhance the yield of the decarboxylation product ReR0.
Generally, photodecarboxylation is enhanced in constrained
media and at lower temperatures [17].

Bellus and Hrdlovic [18] investigated the photo-Fries
reaction thoroughly and demonstrated the application of the
photo-Fries rearrangement for preparative synthetic chemistry.
Considering polymeric phenyl esters, polymers such as poly-
(4-acetoxystyrene) and poly(4-formyloxystyrene) have been
investigated as positive resist materials for photolithography
[19]. These polymers become increasingly soluble in alkaline
media upon deep UV irradiation which is due to the formation
of phenolic OH groups.

The photo-Fries rearrangement is an irreversible photoreac-
tion yielding a stable product (similar to the SCNeNCS
photoisomerization). The synthetic preparation of aryl esters
and their polymers is convenient and a wide range of products
are easily accessible. In addition to this, ester groups are
compatible with a large number of transition-metal catalysts
which facilitate catalytic polymerizations of functional mono-
mers. These are important advantages for technological
applications.

We started our investigation with the model polymer
poly(4-acetoxystyrene) and transferred the concept of the
photo-Fries reaction to poly(norbornene esters). The present
paper describes the photo-induced reactions in thin films of
poly(4-acetoxystyrene) and functional derivatives of poly-
norbornene, poly(bicyclo[2.2.1]hept-5-ene-2-carboxylic acid,
phenyl ester) and poly(endo,exo-bicyclo[2.2.1]hept-5-ene-
2,3-dicarboxylic acid, diphenyl ester). Upon UV illumination
the esters rearrange and the corresponding hydroxyketones
are formed. These processes have been monitored by FTIR
and UV/vis spectroscopy. Furthermore ellipsometric measure-
ments showed that the photo-Fries reaction causes significant
changes of the polymer’s refractive index. This provides a
convenient way for refractive index patterning as required
for data storage and waveguiding.
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Scheme 1. General photoproducts of aryl esters by photo-Fries rearrangement (via a radical mechanism) and by decarboxylation (via a concerted mechanism).

The radical pair which is generated upon UV irradiation is also represented in this scheme.
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2. Experimental part

2.1. Materials

All materials were purchased from commercial sources.
Fumaryl chloride was distilled for purification, toluene and
dichloromethane were freshly distilled over appropriate drying
agents (Na/K and CaH2, respectively) under nitrogen atmo-
sphere prior to use. All other chemicals were used without
further purification.

2.2. Synthetic procedures

2.2.1. Synthesis of poly(4-acetoxystyrene) (poly-1)
For the synthesis of poly(4-acetoxystyrene) a literature

procedure [19] was modified. Anhydrous toluene of 100 mL,
100 mg (0.61 mmol) of azo-bis-isobutyronitrile, and 10.6 g
(65 mmol) of 4-acetoxystyrene (1) were placed in a round bot-
tom flask and heated to 100 �C for 5 h under nitrogen atmo-
sphere. The reaction mixture was precipitated with methanol
and dried in vacuo. The yield of poly-1 was 3.18 g (30%).
Mn¼ 13,800 g mol�1; Mw¼ 18,600 g mol�1; PDI¼ 1.4 as
determined by SEC. 1H NMR (d, 20 �C, CDCl3, 500 MHz):
1.05e1.97 (m, 3H, CH2eCH), 2.21 (s, 3H, CH3), 6.25e7.11
(m, 4H, aromatic). FTIR (thin film on CaF2, cm�1): 3025
(w, aromatic nCH) 2983e2861 (m, aliphatic CeH) 1767 (s,
C]O), 1694 (w), 1509 (m, aromatic C]C), 1423 (w), 1373
(m), 1215 (m, CeOeC ester), 1197 (m, CeOeC ester),
1020 (m), 911 (m), 846 (m, CH in para-substituted benzene).
1H NMR and FTIR data are in good agreement with literature
values [19].

2.2.2. Synthesis of bicyclo[2.2.1]hept-5-ene-2-carboxylic
acid, phenyl ester (2) (mixture of the endo and exo forms)

Acryloyl chloride of 6.41 g (70.84 mmol) was dissolved
in 60 mL of dry dichloromethane and cooled with an ice/
water bath. Freshly distilled cyclopentadiene of 9.36 g
(161.60 mmol) in 20 mL of dichloromethane was added drop-
wise to the solution, the cooling bath was removed, and the
reaction mixture was stirred for 16 h at ambient temperature.
The reaction mixture was cooled down again with ice/water
bath, and 8.00 g (85.01 mmol) of phenol was added dropwise.
The cooling bath was removed, and the reaction mixture was
stirred for further 24 h at ambient temperature. Deionized H2O
of 200 mL was added, after phase separation the organic phase
was extracted with diluted hydrochloric acid (1.5%), then with
water and finally with aqueous Na2CO3 (10 wt.%) and subse-
quently dried over Na2SO4. The solvent was removed in
vacuo. The residual crude product was purified by column
chromatography (silica gel, cyclohexane/ethyl acetate (50:1)).
Yield of compound 2: 8.42 g (55%) of a yellowish oil.

1H NMR (d, 20 �C, CDCl3, 500 MHz) only the signals of
the endo-form are given (approx. 85% endo, 15% exo-form):
7.36 (m, 2H, ph3,5), 7.20 (m, 1H, ph4), 7.05 (m, 2H, ph2,6),
6.27 (m, 1H, nb5), 6.09 (m, 1H, nb6), 3.39 (s, 1H, nb1), 3.22
(m, 1H, nb4), 2.98 (s, 1H, nb2), 2.02 (m, 1H, nb3), 1.57 (m, 2H,
nb3,7), 1.38 (d, 1H, nb7). 13C{1H} NMR (d, 20 �C, CDCl3,
125 MHz): 173.4 (1C, eCOOe), 151.0 (1C, ph1), 138.3 (1C,
nb5), 132.3 (1C, nb6), 129.3 (2C, ph3,5), 125.7 (1C, ph4), 121.7
(2C, ph2,6), 49.9 (1C, nb7), 46.1 (1C, nb1), 43.8 (1C, nb4), 42.8
(1C, nb2), 29.5 (1C, nb3). These data are in good agreement
with the literature [20].

2.2.3. Poly(bicyclo[2.2.1]hept-5-ene-2-carboxylic acid,
phenyl ester) (poly-2)

To a solution of 5.00 g (23.3 mmol) of monomer 2 in
45 mL of dry dichloromethane, 38.41 mg (0.046 mmol) of
[RuCl2(PCy3)(CHPh)] (Cy¼ cyclohexyl) dissolved in 10 mL
of dry dichloromethane was added. The reaction mixture
was stirred at room temperature for 24 h and then the reaction
was stopped by adding 0.5 mL of ethylvinylether and the poly-
mer was precipitated by slowly pouring the solution into an
excess of cold methanol. The precipitate was dried in vacuo.
Yield of poly-2: 4.056 g (81%) of a white solid. Mn¼
160,000 g mol�1; Mw¼ 307,000 g mol�1; PDI¼ 1.9 (deter-
mined by SEC); Tg: 72.6 �C. 1H NMR (d, 20 �C, CDCl3,
500 MHz): 7.25e7.00 (m, 5H, ph), 5.73 (m, 2H, CH]CH),
3.63e2.97 (m, 4H, nb), 2.56e2.16 (m, 2H, nb) 1.56 (d, 1H,
nb). Elemental analysis: found C: 77.80%, H: 6.61%, O:
15.59%; calculated C: 78.48%, H: 6.59%, O: 14.93%. FTIR
(thin film on CaF2, cm�1): 3057 (w, aromatic CeH), 3005e
2856 (m, aliphatic CeH), 1745 (s, C]O), 1484 (m, aromatic
C]C), 1454 (w), 1361 (w), 1193 (s, CeOeC ester), 1157 (s),
1130 (s).

2.2.4. (�)-endo,exo-Bicyclo[2.2.1]hept-5-ene-
2,3-dicarboxylic acid, diphenyl ester (3)

Fumaryl chloride of 7.07 g (46.2 mmol) was dissolved
in 60 mL of dry dichloromethane and cooled down with an
ice/water bath. Freshly distilled cyclopentadiene of 6.11 g
(92.4 mmol) in 20 mL dichloromethane was added dropwise
to the solution, the cooling bath was removed, and the reaction
mixture was stirred for 23 h at ambient temperature. The reac-
tion mixture was cooled down again with an ice/water bath,
and 10 g of phenol (161 mmol) and 11.0 g of pyridine
(138.5 mmol, dissolved in 20 mL of absolute dichlorome-
thane) were added dropwise. The cooling bath was removed,
and the reaction was stirred for further 24 h at ambient temper-
ature. Deionized H2O of 200 mL was added, after phase
separation the organic phase was extracted with diluted hydro-
chloric acid (1.5%), then with water and finally with aqueous
Na2CO3 (10 wt.%) and subsequently dried over Na2SO4. The
solvent was removed in vacuo. The residual crude product
was purified by column chromatography (silica gel, cyclo-
hexane/ethyl acetate (30:1)). Yield of compound 3: 11.08 g
(72% yield) of a white solid product.

Melting point: 109e110 �C. 1H NMR (d, 20 �C, CDCl3,
500 MHz): 7.41, 7.39 (m, 4H, ph3,5), 7.26 (m, 2H, ph4), 7.13,
7.07 (d, 4H, ph2,6), 6.45, 6.30 (m, 2H, nb5,6), 3.79 (m, 1H, nb),
3.54 (s, 1H, nb), 3.42 (s, 1H, nb), 3.10 (m, 1H, nb), 1.80, 1.64
(d, 2H, nb). 13C{1H} NMR (d, 20 �C, CDCl3, 125 MHz):
173.1, 171.8 (2C, COOPh), 150.9 (2C, ph1), 138.1, 135.3 (2C,
nb5,6), 129.6 (4C, ph3,5), 126.1 (2C, ph4), 121.6 (4C, ph2,6),
48.3 (2C, nb1,4), 47.6 (2C, nb2,3), 46.2 (1C, nb7). FTIR (thin
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film on CaF2, cm�1): 3057 (w, aromatic CeH), 3098e2875 (w,
aliphatic CeH), 1750 (s, C]O), 1592 (m, aromatic C]C),
1492 (w), 1456 (w), 1305 (w), 1263 (w), 1242 (w), 1192 (s,
CeOeC ester), 1163 (s), 1150 (s), 1107 (w).

2.2.5. Poly(endo,exo-bicyclo[2.2.1]hept-5-ene-
2,3-dicarboxylic acid, diphenyl ester) (poly-3)

To a solution of 5 g (14.98 mmol) of compound 3 in 45 mL
of dichloromethane, 24.65 mg (29.91 mmol) of [RuCl2-
(PCy3)(CHPh)] (Cy¼ cyclohexyl) dissolved in 10 mL of dry
dichloromethane was added. The reaction mixture was stirred
at room temperature for 24 h and then the reaction was
stopped by adding 0.5 mL of ethylvinylether and the polymer
was precipitated by dropping the solution into an excess of
cold methanol. The precipitate was dried in vacuo. Yield:
5.01 g (99%) of a white solid. Mn¼ 140,000 g mol�1; Mw¼
159,000 g mol�1; PDI¼ 1.1 (determined by SEC); Tg:
96.5 �C. 1H NMR (d, 20 �C, CDCl3, 500 MHz): 7.20e7.70
(m, 10H ph), 5.73 (m, 2H, C]C nb), 3.64e2.93 (m, 4H,
nb1,2,3,5), 2.12e1.55 (m, 2H, nb4). Elemental analysis: found
C: 75.19, H: 5.51, O: 19.30%; calculated C: 75.43%, H:
5.43%, O: 19.14%. FTIR (thin film on CaF2, cm�1): 3028
(w, aromatic CH), 3004e2847 (m, aliphatic CH), 1767 (s,
C]O), 1600 (w, aromatic C]C), 1509 (m, aromatic C]C),
1441 (w), 1373 (m), 1223 (s), 1197 (s), 1020 (m), 907 (m,
C]CeH).

2.3. Characterization techniques

FTIR spectra were recorded with a PerkineElmer Spec-
trum One instrument (spectral range between 4000 cm�1 and
450 cm�1). All FTIR spectra of the samples were taken in
transmission mode. UV/vis spectra were measured with a Jasco
V-530 UV/VIS spectrophotometer. All UV/vis spectra were
taken in the absorbance mode. For spectroscopic measure-
ments, polymer films were prepared on CaF2 plates by spin
casting from chloroform solutions. Weight and number aver-
age molecular weights (Mw and Mn) as well as the polydisper-
sity index PDI¼MwMn

�1 were determined by size exclusion
chromatography (SEC) with the following setup: Merck Hita-
chi L6000 pump, separation columns from Polymer Standards
Service (8 mm� 300 mm, STV 5 mm grade size; 106, 104, and
103 Å pore size), refractive index detector (model Optilab DSP
Interferometric Refractometer) from Wyatt Technology. Poly-
styrene standards from Polymer Standard Service were used
for calibration. All SEC runs were performed with chloroform
as eluent. 1H and 13C NMR spectra were taken with a Varian
INOVA 500 MHz spectrometer operating at 499.803 MHz and
125.687 MHz, respectively. Solvent residual peaks were used
for referencing the NMR spectra to the corresponding values
given in literature [21]. Differential scanning calorimetric
(DSC) measurements were carried out with a PerkineElmer
instrument (model Pyris Diamond) under a nitrogen flow of
20 mL min�1. Glass transition temperatures (Tg) were read
as the midpoint of change in heat capacity. Elemental analysis
was carried out by the Microanalytical Laboratory of the
University of Vienna (J. Theiner).
2.4. Determination of absorbance coefficients

To obtain the absorbance coefficients A in the infrared re-
gion, a liquid cell equipped with KBr windows was employed.
The optical path length was 117 mm as determined with a
precision gauge. Acetonitrile solutions of phenyl acetate, 2-
hydroxyacetophenone and 4-hydroxyacetophenone were pre-
pared with concentrations in the range 1.0e10.0 mmol L�1.
Quantitative FTIR measurements (in absorbance mode)
showed that a linear relationship exists between the concentra-
tion of the compound and the absorbance at the wavenumber
of the carbonyl group (phenyl acetate: ester band at 1750 cm�1;
2-hydroxyacetophenone: ketone band at 1641 cm�1; 4-hydroxy-
acetophenone: ketone band at 1675 cm�1). In each case, the band
height was determined by a tangent fit method. From linear
regression the absorbance coefficients were calculated. Phenyl
acetate: A1750¼ 420 L mol�1 cm�1; 2-hydroxyacetophenone:
A1641¼ 345 L mol�1 cm�1; 4-hydroxyacetophenone: A1675¼
320 L mol�1 cm�1.

2.5. UV irradiation procedure

The unfiltered light of a polychromatic medium pressure
mercury lamp (Heraeus) was used. All UV irradiations of
polymer samples were conducted under inert gas atmosphere
(nitrogen with a purity >99.95%). For these experiments,
the light intensity (power density) at the sample surface was
measured with a spectroradiometer (Solatell, Sola Scope
2000TM, measuring range from 230 to 470 nm). The inte-
grated power density for the spectral range 230e400 nm was
45 mW cm�2. For sample preparation, solutions of the corre-
sponding polymers (10 g L�1 in chloroform) were spin-cast
onto CaF2 disks. The polymer samples were exposed for
periods between 240 and 840 s. UV/vis and FTIR spectra
were taken prior to and after UV illumination in order to mon-
itor the progress of the photoreaction.

2.6. Ellipsometric measurements

For sample preparation, solutions of the corresponding
polymers (10 g L�1 in chloroform) were spin-cast onto silicon
wafers. Ellipsometric measurements were performed with a
Woollam VASE spectroscopic ellipsometer (xenon short arc
lamp, wavelength range 240e1100 nm, spectral bandwidth
4 nm). The implemented software uses the Levenberge
Marquardt fit algorithm. From ellipsometric data both the
film thickness and the dispersion of the refractive index
(Cauchy fit) were obtained.

2.7. Contact angle measurements

The surface tension g of the sample surfaces was deter-
mined by measuring the contact angle with a Drop Shape
Analysis System DSA100 (Krüss GmbH, Hamburg, Germany)
using water and diiodomethane as test liquids (drop volu-
me w 20 mL). The contact angles were obtained by means of
the sessile drop method and they were measured within 2 s.
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The mean values of five individual measurements were used,
the reproducibility was within 2�. Based on the OwenseWendt
method, the surface tension g as well as the dispersive and
polar components (gD and gP) were evaluated [22].

3. Results and discussion

3.1. Syntheses

The photosensitive polymer poly(4-acetoxystyrene) (poly-
1) was synthesized by free radical polymerization of commer-
cial 4-acetoxystyrene (1) as depicted in Scheme 2. In contrast
to this, monomers 2 and 3 were polymerized by catalytic ring-
opening metathesis polymerization (ROMP). The synthetic
routes to monomers 2 and 3 as well as their polymers poly-2
and poly-3 are outlined in Scheme 3. Starting from acryloyl
chloride and cyclopentadiene, bicyclo[2.2.1]hept-5-ene-2-
carboxylic acid chloride is obtained from a DielseAlder reac-
tion. Esterification with phenol then leads to monomer 2.
Poly(bicyclo[2.2.1]hept-5-ene-2-carboxylic acid, phenyl ester)
(poly-2) was prepared in high yield using the ruthenium-based
‘‘Grubbs catalyst’’. For monomer 3, fumaryl chloride was
used instead of acryloyl chloride in the DielseAlder reaction.
Poly(endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid,
diphenyl ester) (poly-3) was synthesized in an analogous
manner. Both ROM polymerizations proceeded in high yields.
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Scheme 2. Synthesis of poly(4-acetoxystyrene) (poly-1) and its photo-Fries
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While the molar mass distribution of poly-3 is low (polydis-
persity index, PDI¼ 1.1) as expected for ROM polymeriza-
tions, for poly-2 a rather broad distribution of the molar
mass was found (PDI¼ 1.9). One explanation for this finding
may be some (unwanted) crosslinking in this polymer during
synthesis and work-up. The glass transition temperatures
(Tg) of poly-2 and poly-3 are well above room temperature
(poly-2: 72 �C and poly-3: 96 �C). All polymers show excel-
lent film forming properties when spin-cast from CHCl3
solutions. Fully transparent and colourless films with optical
quality were obtained from all three polymers.

3.2. UV/vis spectroscopy

The polymers under investigation absorb UV light up to
a wavelength l w 280 nm (peak maximum at l w 260 nm).
UV absorption in this range is typical of the phenyl chromo-
phore with its pep* transitions. The ester C]O group itself
absorbs at around 190 nm (pep*) and with extremely low
absorbance near 270 nm (nep*), while the C]C double
bonds e present in poly-2 and poly-3 e absorb near 200 nm
(pep* transition). As an example, Fig. 1 displays the UV/
vis spectra of a film of poly-1 prior to and after flood UV illu-
mination under nitrogen atmosphere with an energy density
E¼ 27 J cm�2. It can be seen that UV irradiation leads to a sig-
nificant increase in UV absorption. For the irradiated sample of
poly-1, two weak absorbance maxima localized at l¼
260 nm and l¼ 330 nm are observed. These changes indicate
the formation of aromatic hydroxyketone units. For compari-
son, 4-hydroxyacetophenone displays UV absorbance maxima
at l¼ 252 nm and l¼ 326 nm [23]. These absorptions are
assigned to the pep* and nep* orbital transitions,
respectively.

Similar results were obtained with the poly(norbornene
esters) as shown in Figs. 2 and 3. Poly-2 and poly-3 exhibit
spectral changes similar to those obtained for poly-1. An
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evolution of absorption maxima at l¼ 260 nm and l¼
330 nm is observed. Fig. 3 displays stacked UV spectra of
poly-3 which were recorded at intervals during prolonged
UV illumination (up to 35 min) under nitrogen atmosphere.
These spectra indicate that UV spectroscopy is a useful tool
for following the kinetics of the photo-Fries rearrangement.
However, it must be considered that aromaticealiphatic ke-
tones, which are produced as the acyl rearrangement product
in the photo-Fries reaction, are photoreactive themselves. In-
deed, photocleavage and hydrogen abstraction reactions as
well as free radical reactions involving the C]C groups of
the polynorbornene backbone may take place in poly-2 and
poly-3 at later stages of the UV irradiation. For this reason a
kinetic assay was performed with FTIR spectroscopy (vide
infra).

3.3. FTIR spectroscopy

Since UV spectroscopy provides only limited information
on the photoproducts of the polymers, FTIR spectra of the
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Fig. 1. UV spectra of a film of poly-1 on KBr. Dotted line: prior to irradiation;

solid line: after UV irradiation with an energy density E¼ 27 J cm�2

(l¼ 230e400 nm).
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Fig. 2. UV spectra of a film of poly-2 on KBr. Dotted line: prior to irradiation;

solid line: after UV irradiation with an energy density E¼ 21.6 J cm�2

(l¼ 230e400 nm).
polymers were recorded prior to and after UV illumination.
Moreover, the kinetics of the photo-Fries reaction was
followed by quantitative FTIR spectroscopy.

Fig. 4 shows detail FTIR spectra of a transparent film of
poly-1 after polychromatic irradiation with an energy density
E¼ 27 J cm�2 (measured in the range l¼ 230e400 nm).
In the spectrum of the non-irradiated film the signals at
1767 cm�1 (C]O stretch) and at 1197 cm�1 (asym. CeOe
C stretch) are typical of the ester units. The position of these
two bands exactly meets the expectation for esters R1e
(C]O)eOeR2 with R1 being an aliphatic unit and R2 being
a phenyl ring [24]. Other bands in this FTIR spectrum are
typical of aliphatic groups (1373 cm�1: CeH deformation
in the CH3 units of the acetate group) and aromatic groups
(1604 cm�1 and 1509 cm�1: aromatic ring vibration;
847 cm�1: CeH deformation in 1,4-disubstituted benzenes).
The signal at 1013 cm�1 is related to the acetate group.
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Fig. 3. UV spectra of a film of poly-3 on KBr prior to (dotted line) and after

prolonged UV irradiation (solid lines). Spectra were taken after irradiation

with energy densities E¼ 2.7, 5.4, 8.1, 13.5, 18.9, 24.3, 29.7, 40.5, 67.5,

94.5 J cm�2 (l¼ 230e400 nm).
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Fig. 4. FTIR spectra of a film of poly-1 (film thickness approx. 0.5 mm) prior to

(dotted line) and after irradiation (solid line) with an energy E¼ 27 J cm�2
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and 1197 cm�1) is accompanied by the evolution of the ketone (band at
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After UV irradiation, significant changes are observed in
the FTIR spectrum of poly(4-acetoxystyrene) (poly-1). The
signals of the phenyl ester group at 1767 cm�1 and
1197 cm�1 have almost quantitatively disappeared, also the
signal at 1013 cm�1. New bands are observable at
3400 cm�1 (not shown in the detail spectrum in Fig. 4),
1640 cm�1 and 1612 cm�1. These signals indicate the forma-
tion of a hydroxyketone which is the expected photo-Fries
product (cf. Scheme 2). The broad band at 3400 cm�1 stems
from the OeH stretching vibration of hydroxyl groups, while
the split carbonyl band with peak maxima at 1640 cm�1

and 1612 cm�1 is typical of aromaticealiphatic ketones. For
comparison, the FTIR spectrum of 2-hydroxyacetophenone,
a low-molecular weight reference compound was recorded.
For this compound a split carbonyl band at 1643 cm�1 and
1603 cm�1 is found. These FTIR data prove that in poly-
(4-acetoxystyrene) the photo-Fries reaction proceeds as
expected.

The FTIR spectra of poly-2 and poly-3 present a similar
situation. Fig. 5 displays FTIR spectra of a film of poly-2
(thickness approx. 6 mm) prior to and after irradiation with
an energy density E¼ 27 J cm�2 (measured in the range
l¼ 230e400 nm). The depletion of the ester group (bands
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Fig. 5. FTIR spectra of a film of poly-2 (film thickness approx. 6 mm) prior to

(dotted line) and after irradiation (solid line) with an energy E¼ 27 J cm�2

(l¼ 230e400 nm). The depletion of the ester group (bands at 1745 cm�1,

1193 cm�1, and 1130 cm�1) is accompanied by the evolution of the ketones

(band at 1632 cm�1 for the ortho-product and band at 1670 cm�1 for the

para-product).
at 1745 cm�1, 1193 cm�1, and 1130 cm�1) is accompanied
by the evolution of a band at 1632 cm�1 which is assigned
to the ortho-hydroxyketone. In addition to this, a weak signal
appears at 1670 cm�1. Considering the position of the C]O
band in 4-hydroxyacetophenone (1675 cm�1), this signal indi-
cates the formation of para-hydroxyketone groups. The over-
all photoreaction in poly-2 is depicted in Scheme 4. For poly-3
essentially the same observations were made: the ester band at
1752 cm�1 depletes, and new carbonyl signals at 1632 cm�1

(ortho-hydroxyketone) and at 1670 cm�1 ( para-hydroxyke-
tone) are observed. FTIR spectra of poly-3 are given in the
supplementary data.

It is well known that the photo-Fries reaction also gives
side products (e.g. decarboxylation products and free phenols).
To estimate the photochemical yield of ortho- and para-
hydroxyketone units (i.e. the photo-Fries products) in our
polymers, the IR absorbance coefficients of model compounds
were determined (acetoxybenzene: A1750¼ 420 L mol�1 cm�1,
2-hydroxyacetophenone: A1641¼ 345 L mol�1 cm�1 and 4-
hydroxyacetophenone: A1675¼ 320 L mol�1 cm�1). These ab-
sorbance coefficients were used for the estimation of the yield
of the photo-Fries products. A comparison of the intensity of
the ester carbonyl peak (1763 cm�1) in non-irradiated poly-1
and the ortho-hydroxyketone carbonyl peak (1641 cm�1)
showed that the yield of ketone in poly-1 is between 30%
and 35% after 10 min of irradiation (E¼ 27 J cm�2). This is
the maximum value for this polymer: when the UV irradiation
was prolonged, the intensity of the ketone peak decreased
again. This finding is in good agreement with the data reported
by Wilson [19]. For the new polymers, poly-2 and poly-3,
kinetic studies of the photo-Fries reaction were carried out
by FTIR spectroscopy. Films of poly-2 and poly-3 were illu-
minated for defined periods, and absorbance FTIR spectra
were recorded. The depletion of the ester signal and the evo-
lution of the ketone bands were quantified by a tangent fit
method using the absorbance coefficients A of the reference
compounds (vide supra). The data are presented in Table 1
and in Figs. 6 and 7.

Fig. 6 refers to poly-2. The disappearance of the ester
group follows a first order kinetics. The yield of the ortho-
hydroxyketone passes through a maximum after 6 min of
UV irradiation (corresponding to an energy density E¼
16.2 J cm�2). At this point the conversion of the ester is
approx. 57%, and the yield of the ortho-product is approx.
16%. As a minor reaction product, para-hydroxyketone units
O

O

n

hv

+
O

O O

n

O

n

OH

HO

poly-2

Scheme 4. Photo-Fries rearrangement in poly-2.
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are produced at a yield of approx. 3%. After prolonged irradi-
ation the amount of ketone groups decreases again. This can
be attributed to photoreactions of aromaticealiphatic ketones,

Table 1

Reaction yields of ortho- and para-hydroxyketone units in poly-1, poly-2,

and poly-3 after UV irradiation

Polymer

(min)

Irradiation

timea (%)

Esterb

(%)

ortho-

Hydroxyketoneb (%)

para-

Hydroxyketoneb (%)

Poly-1 0 100 0 e
8 17 32 e

Poly-2 0 100 0 0

6 43.3 16.4 3.3

Poly-3 0 100 0 0

11 20.2 20.9 3.6

a Time for maximum yield of ortho-hydroxyketone obtained at a power

density P¼ 45 mW cm�2.
b For the characteristic FTIR signals used in this assessment, see text.
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Fig. 6. Monitoring the photo-Fries rearrangement in poly-2 by FTIR spectros-

copy: depletion of the ester band at 1745 cm�1 and evolution of the ortho-

hydroxyketone at 1632 cm�1. UV irradiation was carried out at a power

density of 45 mW cm�2 (l¼ 230e400 nm).
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Fig. 7. Monitoring the photo-Fries rearrangement in poly-3 by FTIR spectros-

copy: depletion of the ester band at 1752 cm�1 and evolution of the ortho-

hydroxyketone at 1634 cm�1. UV irradiation was carried out at a power

density of 45 mW cm�2 (l¼ 230e400 nm).
among them photocleavages and hydrogen abstraction reac-
tions [25]. At the same time, the degradation of the ester
groups continues, see Fig. 6. A very similar result is found
for poly-3, see Fig. 7. Again the degradation of the ester pro-
ceeds with a first order kinetics. After 11 min of irradiation,
the yield of ortho-hydroxyketone reaches its maximum with
21%. At this stage, 80% of the ester has reacted. Again, the
yield of para-product is low (approx. 4%). From the exponen-
tial fit of the degradation of the ester units, similar half-life
times t are calculated (poly-2: t¼ 4.0� 0.8 min; poly-3:
t¼ 3.6� 0.6 min). Summing up, the photochemical yield
of hydroxyketones in polymeric media is comparably low
(20e35%) whereas it can reach up to 90% for low-molecular
compounds in dilute solutions [18].

3.4. Ellipsometry

The main focus of this research work was the preparation of
polymers that undergo high refractive index changes upon UV
irradiation. Such materials are desired for optical applications
such as waveguiding, laser structures and holographic record-
ing. Therefore the refractive index changes in the materials
poly-1, poly-2, and poly-3 were investigated by means of
spectroscopic ellipsometry. Figs. 8e10 display the Cauchy
fits of the dispersion of the refractive index both for pristine
and UV illuminated films of the polymers under investigation.
For these experiments, UV irradiation times were adjusted to
obtain a maximum yield of ketone formation (cf. Figs. 6 and
7). In all polymers, a significant change in refractive index
is observed upon UV irradiation as predicted for the acyl
migration. For poly-1 the refractive index increased from
n450¼ 1.568 (non-irradiated sample) to n450¼ 1.615 after irra-
diation with a energy density E¼ 27 J cm�2. The difference
in the refractive index (Dn¼ 0.047) is remarkably high. In
the case of poly-2 the refractive index increased from
n450¼ 1.594 (non-irradiated sample) to n450¼ 1.636 after
irradiation with an energy density E¼ 21.6 J cm�2 and in
the case poly-3 from n450¼ 1.591 (non-irradiated sample) to

400 500 600 700
1.5

1.6

1.7

re
fra

ct
iv

e 
in

de
x

wavelength nm

n = 0.05

Fig. 8. Refractive index n of a film of poly-1 on Si (film thickness approx.

150 nm) as a function of the wavelength l (Cauchy fit). Solid line: prior to

irradiation; dotted line: after irradiation with an energy E¼ 27 J cm�2

(l¼ 230e400 nm).
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n450¼ 1.639 after irradiation with an energy density
E¼ 21.6 J cm�2. These data correspond to a change of the
refractive index of Dn¼ 0.042 and Dn¼ 0.049. Using shorter
UV irradiation times, lower index changes are obtainable. It is
instructive to compare these data to refractive index changes in
other photoreactive polymers. Refractive index variations of
more than þ0.003 are commonly regarded as high [26,27].
For copolymers of vinyl cinnamate the photo-induced
[2þ 2] cycloaddition results in a decrease of n by 0.02 [28],
while in poly(4-vinylbenzyl thiocyanate) the SCN-NCS photo-
isomerization results in an increase of n by 0.03 [3]. Com-
pared to these examples, the photo-Fries reaction yields very
large refractive index changes in polymers.

3.5. Contact angle measurements

The photo-Fries rearrangement in poly-1, poly-2 and poly-3
generates phenolic OH groups at the polymer surface. To as-
sess changes in surface polarity, contact angle measurements
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Fig. 9. Refractive index n of a film of poly-2 on Si (film thickness approx.

85 nm) as a function of the wavelength l (Cauchy fit). Solid line: prior to

irradiation; dotted line: after irradiation with an energy E¼ 21.6 J cm�2
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400 500 600 700
1.54

1.56

1.58

1.60

1.62

1.64

1.66

1.68

1.70

re
fra

ct
iv

e 
in

de
x

wavelength nm

n = 0.05

Fig. 10. Refractive index n of a film of poly-3 on Si (film thickness approx.

70 nm) as a function of the wavelength l (Cauchy fit). Solid line: prior to

irradiation; dotted line: after irradiation with an energy E¼ 21.6 J cm�2

(l¼ 230e400 nm).
were carried out. Table 2 summarises the contact angles
measured with water and diiodomethane as test liquids (sessile
drop). The data on the surface tension g and its dispersive (gD)
and polar components (gP) e as calculated by the Owense
Wendt method e are also presented in Table 2. For all poly-
mers, a slight decrease in the contact angle of water is
observed after 8 min of UV illumination. At the same time,
the contact angle of diiodomethane increases strongly. For
example, for poly-2 the contact angle of water drops from
83� to 81�, while the contact angle of diiodomethane increases
from 30� to 50�. These data reflect a slightly increased hydro-
philicity and a strongly increased oleophobicity as a result
of the photo-Fries reaction.

A more quantitative picture is provided by the changes in
surface tension and its components. In all cases, the overall sur-
face tension g drops as a result of UV illumination. This effect
is mainly caused by a drop of the dispersive component gD

which is only partly compensated by an increase of the polar
component gP. For example, for poly-2 the dispersive compo-
nent gD of the surface tension decreases from gD¼ 44 mJ m�2

to gD¼ 34 mJ m�2, and at the same time the polar component
gP increases from gP¼ 2 mJ m�2 to gP¼ 4 mJ m�2. As a result,
the surface polarity ((gP/g)100) of poly-2 increases from ap-
prox. 4.5% to 11.8% although the overall surface tension g de-
creases. Similar changes are observed for poly-1 and poly-3,
see Table 2. These results demonstrate that the photoreactions
of aryl esters lead to significant changes in the surface proper-
ties of polymeric materials.

It is important to note that the photogenerated OH groups
provide a possibility for a further surface modification by
post-exposure reactions. This is the topic of ongoing research.

4. Conclusion

In this contribution, we have explored the photo-Fries reac-
tion in polymers with the aim to achieve high refractive index
changes upon UV irradiation. Starting with an investigation of
the known polymer poly(4-acetoxystyrene), we have success-
fully transferred the concept of photo-induced acyl shifts
to derivatives of poly(norbornene) obtained by ring-opening
metathesis polymerization (ROMP). The progress of the

Table 2

Contact angle and surface tension data for poly-1, poly-2 and poly-3 subjected

to UV irradiation

Polymer Irradiation

timea

(min)

q (�)

for

H2Ob

q (�)

for

CH2I2
b

g

(mJ m�2)

gD

(mJ m�2)

gP

(mJ m�2)

Surface

polarity

(%)

Poly-1 0 97 22 47 47 0 0

8 90 52 35 33 2 6.0

Poly-2 0 83 30 46 44 2 4.5

8 81 50 38 34 4 11.8

Poly-3 0 89 34 44 43 1 2.3

8 79 45 41 37 4 10.8

g: surface tension; gD dispersive component, gP polar component; surface

polarity¼ 100(gP/g).
a Power density P¼ 45 mW cm�2.
b Contact angle (sessile drop).
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photo-Fries rearrangement can be followed both by UV and
FTIR spectroscopies. In contrast to low-molecular weight
compounds, the maximum yield of hydroxyketone groups in
the investigated polymers only amounts to 20e35%. Yet these
photoreactive polymers exhibit large refractive index changes
Dn up to þ0.05. This value is more than sufficient for many
optical applications such as waveguiding and index gratings.
Moreover, the photo-Fries rearrangement leads to significant
changes in the surface properties of the polymers by the gen-
eration of phenolic OH groups. Due to the fact that polymers
bearing aryl esters are easily accessible the photo-Fries rear-
rangement can be utilized in a variety of functional polymeric
materials.
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