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Abstract

A monofunctional and a polyfunctional monomer were studied for use as potential co-photopolymers. The monomers were the totally
cinnamoylated derivatives of p-nitrophenol (PNPCN) and p-manitol (MNTCN), and their structures were characterized by several spec-
troscopic techniques. The derivatives obtained were cross-linked by irradiation in the ultraviolet region, where the photosensitive mono-
mers showed maximum sensitivity. The thermal properties of these photosensitive monomers and the mixtures prepared with different
MNTCN:PNPCN ratios were investigated by differential scanning calorimetry under nitrogen atmosphere, and their photoreactivity was
investigated in thin films. Photoreaction products were analyzed by gel permeation chromatography. The effect of PNPCN as a chain
blocker in the MNTCN photocrosslinking reaction was evaluated by UV-visible spectroscopy and by 'H NMR.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The crosslinking and subsequent insolubilization of
photosensitive polymers is one of the oldest photochemical
reactions (Delzenne, 1972; Delzenne, 1974). The first syn-
thetic photopolymer used, which solved the problems asso-
ciated with natural photopolymers (Delzenne, 1974;
Egerton et al., 1981; Minsk, Smith, Van Deusen, & Wright,
1959; Tsuda, 1964), was polyvinyl cinnamate (PVCN)
(Minsk et al., 1959), which, in turn, was replaced by a
broad class of photopolymers based on cycloadditions
(Delzenne, 1972; Williams, Laakso, & Borden, 1971). The
polymers (olefins) are insolubilized by cyclodimerization
of two cinnamoyl groups (excited chromophores) belong-
ing to two different chains by means of a ‘“four-centre”
polymerization step (Wendell, 1983), involving the absorp-
tion of light energy (Ranby, 1998). This photoreaction
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takes place in crystalline state, providing polyesters that
contain units of cyclobutane. The carbonyl group provides
the double reactive bond with the necessary polarization
and the phenyl group increases the polarisability, thus
increasing the chromophore’s power to absorb light
(Williams, 1974). The presence of truxylic rather than tru-
xinic acid in the crosslinked PVCN requires stereoregular-
ity between chains (Reiser, 1980). The light-induced
photoreaction and molecular reorientation of thin polymer
films containing cinnamoyl groups depend on the regio-
isomerism of the these groups (Chae, Lee, Kim, Lee, &
Ree, 2003a; Chae, Lee, Ree, Jung, & Kim, 2003b; Ichim-
ura, Akita, Akiyama, Kudo, & Hayashi, 1997; Lee et al.,
2003; Lin, Chu, Huang, & Reiser, 1992). In recent times,
the synthesis of monomers and polymers that contain pho-
toreactive groups has received fresh attention because of
their potential use in emerging fields of microelectronics,
liquid crystal screens, holographic head-up-displays, non-
linear-optical materials, integrated circuits, etc. (Balaji,
Grande, & Nanjundan, 2004; Chae et al., 2003a, 2003b;
Lee et al, 2003). Monomers and polymers with
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o,B-unsaturated carbonyl groups, such as cinnamoyl
groups, possess a high degree of photosensitivity, good
pre-irradiation solubility, the potential to form thin films,
resistance to solvents, plasmas and strong acids after
crosslinking, and good thermal stability; they undergo
crosslinking as a result of UV radiation and can be used
as negative-type photoresists.

In previous studies we described the use of crosslinked cin-
namic carbohydrate esters for immobilising different enzymes
(Garcia-Ruiz, 2000; Marin-Zamora, Rojas-Melgarejo,
Garcia-Canovas, & Garcia-Ruiz, 2005; Rojas-Melgarejo,
Marin-Iniesta, Rodriguez-Lopez, Garcia-Canovas, &
Garcia-Ruiz, 2006; Rojas-Melgarejo, Rodriguez-Lopez,
Garcia-Canovas, & Garcia-Ruiz, 2004a, Rojas-Melgarejo,
Rodriguez-Lopez, Garcia-Canovas, &  Garcia-Ruiz,
2004b), and the dependence of the immobilized enzymatic
activity on the crosslinking density (p) reached by the poly-
mer during its irradiation (Rojas-Melgarejo, Rodriguez-
Lépez, Garcia-Canovas, & Garcia-Ruiz, 2004c). After
irradiation, the synthesized polymers that act as carriers
of reactive groups (Fréchet, 1981) are insoluble in the aque-
ous medium used for enzyme reaction and/or storage.

Small variations in irradiation time provoke substantial
changes in the crosslinking density and immobilized enzy-
matic activity attained, so that a method is needed to con-
trol the process and to provide more reproducible results.
This problem can be solved by preparing mixtures of the
immobilization support and an agent to limit the crosslink-
ing density, regardless of the irradiation time and condi-
tions used, thus controlling any increase in molecular
weight and support branching. In this way, the physical-
chemical characteristics (pore size and hydrophobic-hydro-
philic ratio) of the final polymer obtained (Rojas-Melgarejo
et al., 2004a) can be suited to the properties of the enzyme to
be immobilized and to the specific application for which it is
destined, and it will be possible to limit the cinnamoyl
groups available to react in an uncontrolled way and thus
modify the physical-chemical characteristics of the initial
support obtained. For this reason, the principal aim of this
study was to control the photocrosslinking process that
takes place in monomers containing photoreactive cinna-
moyl groups in an attempt to produce polymers for a specif-
ic application. In the present work, we used the totally
cinnamoylated derivative of D-manitol (MNTCN) as
monomer for crosslinking through the action of UV light,
and p-nitrophenol (PNPCN) cinnamate as a chain blocker
of the photocrosslinking reaction.

2. Materials and methods
2.1. Materials

D(—)-Manitol was supplied by Merck (Germany), while
pure p-nitrophenol (PNP) and trans-cinamic acid chloride
were purchased from Sigma Chemical Co. (Spain). All
other chemicals were of analytical grade and were supplied
by Panreac Chemical, S.A. (Spain). Ultrapure water from a

Milli-Q system (Millipore Corp.) was used throughout this
research.

2.2. Synthesis

2.2.1. Preparation of the totally cinnamoylated derivative of
p-manitol (MNTCN)

The preparation followed a modified version of the
method proposed by Van Cleve (Van Cleve, 1963), in
which 0.02mol (3.6 g) of p-manitol was dissolved in
100 ml of pyridine. The mixture was heated at 60 °C for
1 h to ensure complete dissolution. After cooling to room
temperature, 0.15 mol (24.0 g) of cinnamic acid chloride
was added. The reaction was allowed to proceed at room
temperature for 4 h, after which the resulting mixture was
poured into vigorously stirred cool water. The precipitate
obtained, after decanting and filtering this mixture, was
dissolved in chloroform and purified by adding, one drop
at a time, to vigorously shaken hexane. The solid obtained
was redissolved and reprecipitated before being dried on
P,Os5 at reduced pressure (yield: 76.4); mp = 98-99 °C
(Fig. 1).

FT-IR (KBr, cm™'): 1719 (C=O0 ester in the cinnamoyl
groups); 1632 (vinylene C=C stretching vibration in the
cinnamoyl groups); 1578, 1508, 1491 and 1449 (C=C
stretching vibration of the benzene ring in the cinnamoyl
groups); 1382; 1328; 1312; 1286; 1267; 1252; 1203, 1149
and 1069 (C-O ester stretching in the cinnamoyl groups);
1026; 984 (trans-vinylene C-H deformation vibration in
the cinnamoyl groups), 870; 766 and 706 (=C-H out-of-
plane bending of the benzene ring), 676. "H NMR (CDCl;,
0 in ppm): 4.39-4.73 (m, 2+2H, >CH-CH,-0), 5.60-5.62
(m, 2H, >CH-CH-CH»,-), 5.91-5.93 (m, 2H, >CH-CH-
CH<), 6.40-6.57 (m, 6H, Ar—-CH=CH-), 7.24-7.59 (m,
30H, ArH), 7.67-7.88 (m, 6H, Ar—CH=). The integration
signals corresponded to totally esterified derivatives. The
absence of hydroxyl groups was confirmed by analysing
samples to which deuterated water had been added; '*C
NMR (CDClz, ¢ in ppm): 62.16 (>CH-CH,-OOC-),

68.63 (>CH-CH,-), 69.35 (>CH-CH-CH<), 116.67
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Fig. 1. Schematic representation of the structure of the photocrosslink-
able monomers, MNTCN and PNPCN.
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(-CH=CH-COO-), 117.00 (-CH=CH-COO-), 117.21
(-CH=CH-COO-), 128.32 (ArH), 129.02 (4rH), 131.23
(ArH), 133.65 (Ar-CH=), 145.62 (Ar-CH=), 146.08 (Ar—
CH=), 146.65 (Ar-CH=), 165.43 (-COO-CH,), 165.56
(~COO-CH<), 166.30 (—-COO-CH<).

2.2.2. Preparation of the cinnamoylated derivative of
p-nitrophenol (PNPCN)

To prepare this photoreactive monomer, 0.02 mol
(2.8 g) of p-nitrophenol was reacted with 0.03 mol (4.0 g)
of cinnamic acid chloride. The reaction and purification
conditions were similar to those described in the previous
section for MNTCN (yield: 78.2); mp = 145-146 °C
(Fig. 1).

FT-IR (KBr, cm™'): 1739 (C=O0 ester in the cinnamoyl
groups); 1634 (vinylene C=C stretching vibration in the cin-
namoyl groups); 1597 (C=C stretching vibration of the ben-
zene ring in the cinnamoyl groups); 1523 (NO, asym.
stretching); 1494; 1352 (NO, sym. stretching); 1311; 1221
and 1147 (C-O ester stretching in the cinnamoyl groups);
980 (trans-vinylene C-H deformation vibration in the cin-
namoyl groups); 871; 853; 769 and 707 (=C-H out-of-plane
bending of the benzene ring); 678. '"H NMR (CDCl;, 6
in ppm): 6.60-6.66 (d, 1H, Ar—CH=CH-), 7.38-7.40 (d,
2H, H,,Ar-NO,), 7.44-7.46 (m, 3H, ArH), 7.59-7.62
(m, 2H, ArH), 7.89-7.95 (d, 1H, Ar—~CH=CH-), 8.27-
8.32 (d, 2H, H,Ar-NO,). The integration signals corre-
sponded to totally esterified derivatives. The absence of
hydroxyl groups was confirmed by analysing samples to
which deuterated water had been added; *C NMR (CDCl;,
0 in ppm): 116.2 (-CH=CH-COO-), 122.3 (H,,Ar-NO,),
125 (HoAr-NO,), 128.3 (4ArH), 129 (ArH), 131 (ArH),
133.8 (Ar-CH=), 147.8 (Ar—~CH=CH-and 4Ar-NO,), 155.6
(-CO0-4r-NOy), 164.1 (-CH=CH-COO-); e.m.; m/z (%):
270 (M, 0.3), 132 (8.9), 131 (100), 103 (45.7), 101 (10.6), 77
(27.7), 63 (8.0), 51 (8.1).

2.3. Instruments

The UV-visible spectra were obtained with a UV/visible
UNICAM 8625 spectrophotometer. Analyses and mea-
surements were made in quartz cuvettes. Infrared spectra
were obtained in a Nicolet Impact 400 spectrophotometer.
The cinnamoyl ester derivatives were prepared as thin films
on KBr plates. The "H NMR spectra were obtained in a
Bruker 400 MHz UltraShield™ spectrophotometer provid-
ed with broad band probe at room temperature, with tetra-
methylsilane (TMS) as internal standard and using CDCl,
as solvent. The proton decoupled '>*C NMR spectra were
obtained in the same instrument and probe, operating at
100.82 MHz. The GC-MS analysis was made in a Hewlett
Packard 5980-A gas chromatograph coupled to a Hewlett
Packard 5710-A mass spectrometer. The samples were
introduced by means of solid mass accessories, and the
electron impact technique used an ionization energy of
70 eV. The data obtained were expressed as units of mass
(m/e) and the relative abundance of each fragment is given

as a percentage of the spectrum base peak. The weight-av-
erage molecular weights (M) of the irradiated samples
were measured by using a Waters gel permeation chroma-
tography (GPC) apparatus equipped with a set of two col-
umns (Waters Styragel® HR1 and HR3 columns: effective
molecular-weight range of 100-5000 and 500-30,000,
respectively) and calibrated with poly(methyl-methacry-
late) standards of 2580-31,600 M., . In these measurements,
a flow rate of 1.0 ml min~' was employed and THF was
used as the eluent. Differential thermal analysis was per-
formed on a differential scanning calorimeter (model
TGA-DSC 2920). The measurements were carried out over
the temperature range of 10-300 °C at a heating rate of
10 °C min~' under a flow (5 mlmin~") of dry N,.

2.4. Films preparation

An emulsion was prepared from a solution (25 g17!) of
each of the MNTCN:PNPCN (mol:mol) mixtures being
studied in chloroform (Table 1), by adding dropwise over
a transparent quartz cuvette at room temperature. The
desired solid film was formed as the solvent evaporated
(Rojas-Melgarejo et al., 2004c¢).

2.5. Photoreactivity studies

All the assays were carried out under the same light
intensity, using an Osram HOL-125W mercury vapour
lamp without its external glass in order to obtain maximum
intensity in the ultraviolet region, which coincides with that
of the maximum sensitivity of the monomers obtained. The
lamp was placed ~17 cm from the film being irradiated,
which is equivalent to providing a power of 1.6 mW cm 2,
as determined by a Nova-Laser power/energy monitor
(OPHIR Optronics Ltd.). The monomer samples were irra-
diated for different times (0—110 min) at room temperature.
Immediately after irradiation, the UV-visible spectrum of
the crosslinked polymer film obtained was recorded in
the 240-340 nm range. In the work conditions used

Table 1

Composition data for the mixtures prepared with MNTCN and PNPCN
Ratio® m° m,° M=c=c<*
[1:0] 0.0260 - 0.1558
[3:1] 0.0238 0.0079 0.1507
[2:1] 0.0228 0.0114 0.1482
[1:1] 0.0203 0.0203 0.1421
[1:2] 0.0167 0.0333 0.1335
[1:3] 0.0141 0.0426 0.1272
[1:4] 0.0123 0.0490 0.1228
[1:5] 0.0108 0.0541 0.1189
[1:6] 0.0098 0.0577 0.1167

Final concentration of 25 g1~
& MNTCN:PNPCN molar ratios.
® 1y, my: MNTCN and PNPCN mol, respectively, in the mixtures.
¢ Photoreactive double bonds mol in the films.
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(constant irradiation intensity and transparent support),
the crosslinking density (p, so much per unity of crosslinked
monomer units) is independent of the initial concentration
of sample (Reiser, 1980), which made the supports easier
to prepare and guaranteed that the results would be compa-
rable and reproducible. In these conditions, the crosslinking
density and irradiation time (z) fulfil the equation:

p/t=2303 xIx ¢ xex M, (1)

where 7 is the intensity of illumination, ¢ is the quantum
yield, ¢ is the gram extinction coefficient and M, is the initial
molecular mass of the polymer (Egerton, Pitts, & Reiser,
1981; Lin et al., 1992). The fraction of photocrosslinked
bonds was monitored using the following equation (Balaji
et al., 2004):

p=(do—4,)/ (4o — Ax) (2)

where A, A, and A, are the absorbance intensities at
280 nm due to the double bond of the photosensitive group
after irradiation times 7 = 0 (non-irradiated sample), ¢ = ¢
and 7= oo, respectively, obtained from the UV-visible
spectra recorded. Similarly, the photochemical reaction
can be followed by '"H NMR spectroscopy, observing the
disappearance of peaks at 6 = 6.40-6.66 ppm and 7.67—
7.95 ppm of the corresponding spectra in samples exposed
to different irradiation times. In all cases, the results were
obtained as mean value of three different samples. The
reaction rate (v) was calculated using the first derivative
(dp/dt) of the equation obtained after fitting the represen-
tation of crosslinking density (p) vs irradiation time (#;;raq.,
min). To quantify the reaction rate, one unit of photocross-
linking (U) was defined as the fraction of monomer units
crosslinked per minute in the above mentioned irradiation
conditions and at 25 °C.

3. Results and discussion
3.1. Thermal properties

Differential scanning calorimetry analysis (DSC) of the
totally cinnamoylated derivatives corroborated the melt-
ing point data obtained for both non-irradiated mono-
mers. In the case of PNPCN, peaks corresponding to
melting and solidification can be seen in successive heat-
ing ramps. In the case of MNTCN, thermal crosslinking
led to no melting point being observed in the second heat-
ing cycle. For samples prepared with different
MNTCN:PNPCN ratios, peaks of heat absorption were
observed in all cases at short irradiation times, although
these were not observed in subsequent cycles. Such a peak
appeared at a slightly higher temperature (131 °C) in the
[1:4] preparation than in those prepared at [1:1] (111 °C)

r [1:3] (130 °C) or [1:6] (127 °C). At long irradiation
times small peaks were observed at 168-169 °C, particu-
larly in the [1:4] sample. The results described in this sec-
tion reflect the formation of a greater or lesser quantity of
impeded residues (see Section 3.2.2).

3.2. Photochemical properties

3.2.1. Variations in the ultraviolet and 'H NMR spectra
For this analysis, three samples of each of the
MNTCN:PNPCN (mol:mol) mixtures being studied were
prepared (Table 1). The influence of irradiation on the pho-
toresponse of the monomers was examined by measuring
changes in the absorption intensity UV (1 =280 nm) at
several irradiation times. Spectra were obtained (Fig. 2)
in which isobestic points were observed at 205 and
327 nm during the initial stages of UV irradiation due to
the trans—cis photoisomerization of the double bonds
(Chae et al., 2003b; Ichimura et al., 1997). In addition,
the absorption intensity at 280 nm decreased rapidly and
almost totally disappeared after 10 min of irradiation.
However, with increasing concentrations of PNPCN, the
time required for the reaction to finish also increased.
For example, while 30 min were necessary for completion
with MNTCN films, this time rose to 50 and 110 min for
the [1:1] and [1:6] MNTCN:PNPCN ratios, respectively.
For an irradiation time of 0.5 min, MNTCN showed a con-
version degree of 35%, while, in the presence of PNPCN
([1:1] ratio), conversion was only 14% and as low as 5%
for the [1:6] mixture. Such behaviour was similar for all
the radiation times assayed. For an irradiation time of
25 min (final stages of the photocrosslinking process) the
reaction was almost totally completed in the case of
MNTCN films (99%), while in the case of the [1:1] mixture,
conversion was 88% and only 71% at [1:6]. The decrease in
absorbance intensity at 280 nm following irradiation
reflected the disappearance of double bonds due to the for-
mation of cyclobutane rings by cycloaddition [2n + 2n] of

1.0

0.8 1

0.6 1

0.4

0.2 1

0.0 T T T T T T T T
180 200 220 240 260 280 300 320 340 360

A (nm)

Fig. 2. Changes in the UV spectral patterns of MNTCN in thin film upon
irradiation. Top to bottom, after irradiation time ¢ = 0, 10, 20, 30, 45, 60,
120, 180, 240, 300, 450 and 600 s.
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the cinnamoyl groups present in adjacent positions. These
destroy the conjugation in the m-electron system, provok-
ing the final formation of the polymer. Both monomers
react photochemically in a similar way to that observed
for cinnamic acid and its derivatives (Balaji et al., 2004;
Oriol, Pinol, Serrano, & Tejedor, 2003). The value of max-
imum absorption (4 =280 nm) was used to calculate the
crosslinking density (p) according to Eq. (2), or the fraction
of crosslinked monomers. The representation of p versus
irradiation time shows that crosslinking density behaves
logarithmically with respect to this time (Fig. 3), which
agrees with the results of other authors (Reiser, 1980; Reis-
er, 1989). Note the greater variation in the p values calcu-
lated for the shorter irradiation times, while any variation
was much less at longer times. However, when the concen-
tration of PNPCN was increased, variations in the initial
stages of the process were less pronounced, revealing how
low concentrations of this monocinnamoylated derivative
slow down the photocrosslinking reaction, probably by
preventing the MNTCN chains from coming together.
The slopes of the stright lines traced tangentially to the
curve for a given irradiation time provide the photocross-
linking reaction rates at different times of the process.
The representation of the residual reaction rate (vg, %) ver-
sus irradiation time illustrated the differences between the
various photopolymer films prepared (Fig. 4). In all cases,
the reaction rate tended to zero for irradiation times in
excess of 10 min (Fig. 4; inset). The beginning of the photo-
crosslinking reaction and the rate depended on the concen-
tration of PNPCN in the prepared sample. For example,

1,2

0 2‘0 4‘0 E;O 8‘0 100
0,0 ¢ T T T T T
0 20 40 60 80 100 120

tirrad. (min)

Fig. 3. Effect of irradiation time on crosslinking density in samples
prepared with different proportions of MNTCN:PNPCN: (@) [1:0], (A)
[2:1], (A) [1:1], (O) [1:5], (¥) [1:6] and (V) [0:1]. Inset: (@) [3:1], (A) [1:2],
(O) [1:3] and (A) [1:4]. Representation of crosslinking density, p, vs
irradiation time, f;, 4. (min). Data obtained by UV-visible spectroscopy.

120

120

100

100
Ve (%)
80+

60

40

20

tirrald. (mln)

Fig. 4. Effect of irradiation time on residual photocrosslinking rate in
samples prepared with different proportions of MNTCN:PNPCN: (a)
[1:0], (b) [3:1], (¢) [2:1], (d) [1:1], (e) [1:2], (£) [1:3], (g) [1:4], (h) [1:5], (i) [1:6]
and (j) [0:1]. Representation of residual photocrosslinking rate, vg (%), vs
irradiation time, #j.q. (min). The residual reaction rate (vg, %) was
calculated taking the initial reaction rate (vg, 100%) to be that calculated
for an irradiation time (#;aq., min) required to obtain a p value of zero in
the corresponding fitted equation. Data obtained by UV-visible
spectroscopy.

the films prepared with [3:1] and [2:1] ratios showed similar
behaviour to the sample containing no blocking PNPCN
groups ([1:0]), while those prepared with a higher propor-
tion of PNPCN ([1:1], [1:2] and [1:3]) all showed similar
behaviour to each other, but lower reaction rates and a
lag period at the beginning of the reaction five times greater
than that observed in the above mixtures with a lower pro-
portion of PNPCN. With the addition of increasing quan-
tities of PNPCN ([1:4] and [l:5] ratios), mixed
photocrosslinking became the main reaction and the poly-
merization degree (DP) diminished, while the photopoly-
merization rate increased, although the number of
photoreactive units in the reaction mixture was lower
(Table 1), since the greater mobility of the PNPCN mole-
cules probably facilitated their orientation in the mixture
and permitted a more effective arrangement of the double
photoreactive bonds. Thus, the film formed with the [1:4]
ratio tended to behave like the mixtures prepared with
the lowest proportion of PNPCN although with slightly
lower reaction rates and a lag at the beginning of the pho-
toreaction that was double the length. Similarly, the film
formed with the [1:5] ratio tended to behave like the mix-
tures prepared with intermediate quantities of PNPCN,
the graph obtained superimposing that obtained with the
[1:3] proportion. For very high concentrations of PNPCN
([1:6] ratio), the crosslinking process is governed by this
photopolymer and the PNPCN dimerization reaction
becomes quantitatively important (its photodimerization
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rate was only 10% of that measured in MNTCN films:
Figs. 3 and 4), the accumulation of these dimers among
the MNTCN chains leading to very low crosslinking rates.
This sample showed the lowest reaction rates and longest
lag at the beginning of the photoreaction.

In order to evaluate the '"H NMR spectroscopy tech-
nique for use in monitoring the reactivity of the photoreac-
tion, several samples (25 g17') were prepared at different
irradiation times (0-7 min) using pure MNTCN and a
[1:2] mixture with PNPCN. The signals at ¢ =7.24—
7.62 ppm (due to the aromatic protons) were used as refer-
ence because they are not involved in the photochemical
reaction. However, the intensity of the signals at
0 = 6.40-6.66 ppm and 7.67-7.95 ppm (due to the vinylic
protons) decreased with UV irradiation as a result of pho-
todimerization and the formation of cyclobutane rings.
The data referring to the integrated areas of the signals
obtained permitted us to calculate the relation between
the number of vinylic and aromatic hydrogens in the sam-
ple analyzed. In this case, the crosslinking density, p, was
defined by the following equation:

P = 1 - (Hvinylic/Haromatic),/(Hvinylic/Haromatic)O (3)
where (Hyinytic/Haromatic), corresponds to the relative inten-
sity of the double photoreactive bond after irradiation, and
(Hyinytic/Haromatic)o 1s the relative intensity before irradia-
tion. As the irradiation time increased, we observed a dim-
inution in the intensity of the bands due to the double bond
compared with the intensity of those due to the aromatic
ring; the appearance of signals at 6 = 3.22 ppm was accom-
panied by an increase in the signals at 6 = 4.39-4.73 ppm
and 5.60-5.93 ppm due to the formation of the B-truxynic
cyclobutane ring during photodimerization (Oriol et al.,
2003) and its overlapping with the signals originated by
the aliphatic chain of MNTCN. The values of p obtained
for different irradiation times in samples of
MNTCN:PNPCN prepared in different proportions are
shown in Fig. 5 (inset). As in the ultraviolet studies, the
crosslinking density in all cases behaved logarithmically
with respect to the irradiation time and the slopes of the
straight lines traced tangentially to the curve for a given
irradiation time enabled the corresponding photocrosslink-
ing rates to be calculated (Fig. 5). The presence of PNPCN
led to longer irradiation times being necessary to reach a
given value of p and a decrease in the corresponding reac-
tion rate. Furthermore, as the irradiation time increased
the resulting solid became more insoluble in deuterated
chloroform so that deuterated methanol (CD;OD) was
added to increase solubilization. For very long exposure
times, the resulting polymer could not be solubilized, mak-
ing "H NMR analysis impossible. Therefore, although this
aspect would be a limiting factor in the application of 'H
NMR spectroscopy to the analysis of photoreactive mono-
mers that give rise to polymers of very high molecular
weight, it could well be advantageous for analysing the ini-
tial and intermediate stages of the photoreaction, which are

120

0,0

40

tirrad. (min)

20+

0 T T T T
0 1 2 3 4 5 6 7

t min)

irrad. (

Fig. 5. Effect of irradiation time on residual photocrosslinking rate in
samples prepared with different proportions of MNTCN:PNPCN: (@)
[1:0] and (O) [1:2]. Representation of residual photocrosslinking rate, vg
(%), vs irradiation time, #;.,q. (min). Inset: Effect of irradiation time on
crosslinking density. Representation of crosslinking density, p, vs irradi-
ation time, f;raq. (min). Data obtained by "H NMR spectroscopy.

the most influential stages when characterising and differ-
entiating photoresists.

Although both UV-visible and "H NMR spectroscopy
can be used to monitor the photoreaction, comparison of
both techniques shows that (i) photodimerization can
only be monitored by the former if the absorbance value
of the monomer film to be irradiated is adjusted to the
measuring range of the spectrometer used, while
'"H NMR spectroscopy permits assays at widely differing
concentrations of monomer, (ii) "H NMR spectroscopy
provides more structural information concerning the
photoprocess taking place, indicating both the disappear-
ance of the photoreactive double bond and the appear-
ance of cyclobutane rings, (iii) the use of the '"H NMR
technique depends on the possibility of dissolving the
polymer formed during irradiation, while this is not a
problem for following the process by UV-visible spec-
troscopy, and (iv) in the initial and intermediate stages
of the photoreaction studied both UV-visible and
"H NMR spectroscopy can be used since the conclusions
reached are similar. However, the results obtained in both
cases are not identical due to the lower sensitivity of
"H NMR spectroscopy (Lee et al., 2003) for monitoring
the photoprocess studied and due to the greater degree
of processing of the irradiated samples necessary to
obtain the corresponding '"H NMR recording. Such
processing may introduce errors into the measurements
which are difficult to evaluate and which will depend on
the chemical nature of the monomers used, their ratio
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in the mixture and the irradiation time. This explains why
the differences observed in both samples by '"H NMR are
less than those observed by the UV-visible technique and
why the former technique is more suitable for mixtures
that require long irradiation times for insolubilization.

3.2.1.1. Effect of nature of the cinnamate groups. From films
prepared with different MNTCN concentrations it was seen
experimentally that crosslinking density was independent
of the initial concentration of the sample (Eq. (1); data
not shown), so that the differences in the reaction rates
measured cannot be due to the different concentrations of
the photoreactive groups present in the prepared mixtures
but to the different reactivities of the two monomers used
(MNTCN and PNPCN: Figs. 3 and 4) as a result of the dif-
ferent chemical nature of the molecule to which the cinna-
moyl groups in each monomer are bound (Balaji et al.,
2004) and the contribution each makes to the overall rate
of the process (Fig. 6). Hence, for the samples prepared
at [1:1]-[1:6] ratios, the overall rate of the process was gov-
erned by the lower photoreactivity of PNPCN, while for
the mixtures prepared with higher concentrations of
MNTCN ([1:0H{2:1]) the rate was determined by the latter
monomer. Moreover, the maximum reactivity reached sug-
gests the existence of an optimal molar relation
(MNTCN][PNPCN] =[1:4]), possibly due to the mixed
photocrosslinking of double photoreactive bonds belong-
ing to both types of monomers. This optimal ratio would
depend on the chemical nature of the photoreactive mono-
mers used and must be determined experimentally in each
case.

2500
q
2000 1
S
S [1:4]
2 1500 |
-
Z
(o]
=
z ]
5 1000
=
o
5
> 500 -
0 ‘ ‘ ‘

0,0 0,1 0,2 0,3 0,4 0,5 0,6
[CN]pnpen/[CNIrora

Fig. 6. Effect of cinnamate group nature on photocrosslinking initial rate.
Representation of initial photocrosslinking rate per mol of total cinnamate
groups, vy X 102/[CN]TOTAL (U mol’l), vs PNPCN cinnamate group
concentration per mol of total cinnamate groups, [CNlpnpen/[CNIroTAL-

3.2.2. Photoreaction monitoring by GPC data analysis

The retention times corresponding to PNPCN and
MNTCN monomers were determined by injecting non-
irradiated samples (25 g1~ in chloroform) prepared with
the corresponding monomers. Injection of irradiated sam-
ples (40-36,000 s) confirmed the position of the MNTCN
dimers, trimers and oligomers, and the PNPCN dimers
from the previously obtained calibration curve. The corre-
lation between the molecular weight of the species studied
and the retention time at which they eluted showed that the
width of the integrated peaks corresponded to species of
MNTCN monomer (alone or with one or two PNPCN
groups), MNTCN dimers (alone or with a PNPCN group),
or MNTCN trimers alone, while the rest of the chromato-
graphic peaks were assumed to correspond to oligomers of
the reacting species. Furthermore, the existence of
MNTCN species with PNPCN groups was evidently due
to the presence of shoulders at lower retention times par-
tially overlapping the corresponding MNTCN monomers,
dimers, trimers and oligomers, thus breaking the symmetry
of these peaks.

The signals recorded in the chromatograms were inte-
grated in a range that included the weight-average molec-
ular weights of the species obtained alone or with one or
several blocking PNPCN groups (Fig. 7). For samples pre-
pared in similar conditions and exposed to the same irradi-
ation times, it can be seen that the [1:4] mixture showed
higher values (corresponding to MNTCN monomers and
dimers alone or with blocking PNPCN groups), while the
values corresponding to trimers and, especially, oligomers
with or without blocking groups, were lower than those
obtained with the [1:1], [1:3] and [1:6] ratios. This clearly
illustrates the blocking effect of the PNPCN groups on
MNTCN photodimerization, since products of lower
molecular weight were accumulated, while those with a
higher degree of crosslinking were obtained in greater
quantities with mixtures containing a lower or higher pro-
portion of blocking groups than the mixture prepared with
the [1:4] ratio.

[=2]
o

o
o

Y
o
[

Area (%)
[~]
S

N
o
L

-
o
|

Monomers Dimers Trimers Oligomers
Fig. 7. Analysis by GPC of samples prepared with different
MNTCN:PNPCN ratios and irradiated with UV light. Area values (%)
calculated for each photoreaction product obtained after irradiation.
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4. Conclusions

MNTCN and PNPCN were synthesized and their struc-
tures were confirmed by spectral studies, applying UV-vis-
ible, FT-IR, '"H NMR and '*C NMR spectroscopic, and
gc-ms spectrometry techniques. The DSC data obtained
for MNTCN and PNPCN confirmed the melting point val-
ues obtained for these monomers. The DSC recordings
revealed heat absorption peaks at temperatures slightly
higher (low irradiation times) or of greater intensity (high
irradiation times) in the case of the [1:4] samples, probably
due to the presence of highly impeded photocrosslinking
products with a greater number of chain blockers in their
structure.

Photoreactivity studies of monomers in thin films sug-
gest that these monomers are highly photosensitive, which
is a prerequisite for negative photoresists and other appli-
cations. The rate of photocrosslinking depended on the
proportion of PNPCN present in the reaction mixture since
it acts as a chain blocker of the process. The reaction rate
of the film prepared depended on whether it was mainly
governed by the photocrosslinking process of the MNTCN
(highest rate for [1:0], [3:1] and [2:1] ratios), the
PNPCN (lowest rate for [1:6] ratio), the mixture of both
MNTCN and PNPCN ([1:1], [1:2], [1:3] and [1:5] ratios),
or of the MNTCN chains containing chain blockers (for
the [1:4] ratio, with a higher rate than that expected for this
composition), in all cases regardless of the time at which it
was measured. The higher quantity of photoreaction prod-
ucts with low weight-average molecular weights obtained
after irradiation of the [1:4] sample was confirmed by
GPC analysis. Although both UV-visible and '"H NMR
spectroscopy can be used to monitor the photoreaction,
the results obtained by each method are not identical due
to the lower sensitivity of "H NMR spectroscopy compared
with UV-visible spectroscopy and due to the greater degree
of processing of the irradiated samples necessary before
obtaining the corresponding '"H NMR recording.

This study opens up the possibility of testing the effect of
other monocinnamoylated compounds for preparing
immobilization supports with photocrosslinkable cinna-
mate groups and for adapting their physical-chemical
characteristics (molecular size, branching, pore size, hydro-
phobic-hydrophilic ratio and effect of the chemical nature
of the monocinnamoylated compound added) to the
requirements necessary for the immobilization of cells,
enzymes and/or biomolecules of industrial interest.
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