
Introduction

Recently, the photochemical behaviour of polymers
containing a b-dicarbonyl group ± polyacryloylacetone
(PAA) and polyethylacrylacetate (PEAA) ± upon UV
irradiation has been investigated. The kinetics and
mechanism of the photoketonization (Fig. 1) in solution
and in thick polymer ®lms obtained after evaporation of
organic solvents were studied using classical spectro-
photometric methods [1±3].

In principle, the mechanism of a photochemical
reaction strongly depends on the organization and
molecular orientation. In this sense, the polymer mono-
layer at the air±water interface is a convenient, simple
model for studying the kinetics and mechanism of PAA
and PEAA photoketonization in organized molecular
media.

This report has two purposes:

1. To analyse the interfacial organization of enol units in
PAA and PEAA monolayers using surface pressure±

area (p±A) and surface potential±area �DV ±A� iso-
therm measurements, a surface rheological approach
and theoretical calculations based on molecular
models.

2. To study the kinetics and mechanism of photochem-
ical enol±keto tautomerization at the air±water
interface at constant surface pressure, assuming that
the enol unit requires a smaller surface area than the
keto unit and, consequently, during the irradiation of
the monolayer, constituted of closely packed enol
monomers, an increase in surface area should be
expected.

Materials and methods

Polymers and solvents

PAA and PEAA were obtained from the Department of Applied
Chemistry, Technical College, University of Tokushima [4]. The
molecular weights of PAA and PEAA determined by gel perme-
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ation chromatography were more than 100 000. Chromatograph-
ically pure chloroform was used as a spreading solvent for PAA
and PEAA. The polymers were dissolved in chloroform to give a
solution of 0.5 g/l. Double-distilled water was used as a subphase
and the subphase temperature was maintained at 20 � 0:5 �C.

p±A isotherm measurements

PAA and PEAA were spread using an Exmire microsyringe on a
double-distilled water subphase (pH � 6) over the entire area
available (927 cm2). In order to avoid any doubts about the
accuracy of the results obtained two methods of isotherm
measurements were applied. The ®rst one used the Langmuir ®lm
balance and the second one was the Wilhelmy method with a
platinum plate and a Beckman LM 600 electrobalance connected to
a personal computer (PC) provided with specially written software
for real-time data measurement. The values of the surface pressure
after spreading were less than 0.2 mN/m. Monolayers were left for
about 15 min before measurement. p±A isotherms were measured
by continuous compression of the spread monolayers at a constant
rate, Ub � 150 cm2=min. In both cases, the isotherms obtained were
identical.

DV ±A isotherm measurements

The surface potential was measured at the air±water interface
using a gold-coated 241Am ionizing electrode, a reference
electrode and a KP 511 electrometer (Kriona, Bulgaria) connect-
ed to a PC provided with specially written software for real-time
data acquisition. The compression rate was 150 cm2=min. The
accuracy of the initial surface potential, DVo, measurement was
� 15mV; however, the accuracy of the surface potential
variation rate, dDV =dt, was 1 mV/s. As usual, the surface
potential of the pure aqueous surface ¯uctuated for about
30 min. Then it became constant and spreading of the monolayer
could be performed.

Rheological measurements

The dynamic response of a polymer monolayer to a dilatational
mechanical stress was studied by a theoretical approach based on
2D rheology [5, 6]. We consider the rheological response of the
monolayer as a whole, neglecting the surface pressure distribution
along the monolayer. To describe the surface pressure change,
Dp � p�t� ÿ pi, (Fig. 2), during the time, T , of the compression
with a constant velocity, Ub, followed by a relaxation, we suppose
that, at any moment, Dp � p�t� ÿ pi can be expressed as the sum
of one equilibrium, Dpe, and one nonequilibrium, Dpne, contribu-
tion.

Dp � Dpe � Dpne �1�
The equilibrium part, Dpe, is related to the equilibrium surface
dilatational elasticity, Ee. Thus,

Dpe � Ee
Ubt
Ai

; �2�

where Ai is initial surface area before the compression and
Ubt=Ai � DA=Ai is the corresponding strain (Fig. 2). The upper

Fig. 1 Photochemical reaction of the enol±keto tautomerization of
polyacryloylacetone (PAA) and polyacrylethylacetate (PEAA)

Fig. 2 Rhelogical model of the monolayer. Deformation �DA=Ai� and
change in the surface pressure �p� with time �t� during a fast
compression �c� with constant velocity �Ub�, followed by a relaxation
�r�. T is the time of compression. For the other notations see the text
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branch of the mechanical model in Fig. 2 represents this elastic
behaviour.

The nonequilibrium part of the total surface pressure change,
Dpne, is associated with the accumulation of elastic energy during
the compression. The dissipation of this accumulated energy
through expulsion of segments in the adjacent phase occurs during
compression as well as relaxation. This viscoelastic behaviour can
be modelled using Maxwell's equation:

dDpne

dt
� Dp

s
� Ene

Ub

Ai
; �3�

where Dpne is the applied stress, Ene is the nonequilibrium surface
dilatational elasticity and s is the speci®c time of relaxation. The
lower branch of the mechanical model used (Fig. 2) represents this
viscoelastic behaviour. The two branches of the mechanical model
are coupled in parallel according to Eq. (1), which corresponds to
the addition of stresses.

The general solution of Eqs. (1)±(3) is obtained from Ref. [6].
When T is much smaller than s (rapid compression or expansion),
the following expression for s during the relaxation process is
obtained:

Dp�t� ÿ Dp1
Dp0 ÿ Dp1

� p�t� ÿ p1
p0 ÿ p1

� eÿ
t
s : �4�

If the relaxation process with two relaxation times s1 and s2
associated with two distinctive molecular mechanisms occurs,
Eq. (4) can be extended as follows:

Dp�t� � a� b exp ÿ t
s1

� �
� c exp ÿ t

s2

� �
: �5�

Spectrophotometric measurements during
the photoketonization of PAA and PEAA solutions

The samples (2 ml PAA) and PEAA solution with
c � 2:5� 10ÿ3 �g=l� were thermostated at 20 � 0:5 �C in a
quartz-glass cuvette and irradiated with monochromatic (254 nm)
UV light under standard conditions. The photochemical reaction
was carried out on the setup using a medium-pressure mercury
lamp as the light source in combination with an IR ®lter. The UV
absorption spectra were measured on a Specord UV±vis spectro-
photometer.

p±A measurements of PAA and PEAA monolayers
during the photoketonization in solution

The samples (2 ml PAA and PEAA solutions with c � 0:5 g=l)
were irradiated at 15-min intervals following the previously
described procedure. After irradiation, the solutions were spread
at the air±water interface and the p±A isotherms were measured.

Measurements of the surface pressure at constant area and
of the surface area at constant surface pressure during
the photochemical reaction in PAA and PEAA monolayers

PAA and PEAA monolayers were spread on an aqueous subphase
in a Te¯on rectangular trough (6 cm� 25 cm � 0:7 cm). The
monolayers were compressed to a state of maximum packed
polymer units at p � 10mN=m. Then they were exposed to
monochromatic radiation (254 nm) using the same light source.
The lamp was ®xed above the monolayer at a distance of 10 cm in
order for the whole surface area to be irradiated (Fig. 3).
The radiation intensity was measured to be 1:29� 10ÿ16 (quan-
ta sÿ1 cmÿ2). The duration of irradiation was in time intervals of 1±
5 min. The increase in the surface pressure at constant area and the
increase in the area at constant pressure versus time were measured.

In all experiments the temperature was controlled in order to avoid
any artefacts due to temperature e�ects. Both the surface pressure
and the area increase versus time were related to the kinetics of the
interfacial monolayer reorganization induced by photochemical
tautomerization.

Molecular models

Molecular modelling was performed using the PCMODEL soft-
ware (Serena Software). The force ®eld used in PCMODEL is
called MMX and is derived from the MM2 (QCPE-395, 1977) force
®eld of N. L. Allinger, with the pi-VESCF routines taken from
MMP1 (QCPE-318) also by N. L. Allinger. The program gives the
structure of the monomer units. The monomers are situated at the
air±water interface, taking into account their hydrophilic±hydro-
phobic balance.

Results and discussion

Comparative study of the interfacial state
of PAA and PEAA monolayers

Surface pressure isotherm measurements

In order to compare the states of PAA and PEAA
monolayers before initiating the photochemical reaction
by irradiation of the monolayer with UV light the p±A
isotherms were measured (Fig. 4).

The in¯ection point at about 14 AÊ 2/monomer in the
isotherm of the PAA monolayer (curve 1) corresponds
to closely packed monomers according to the area
occupied by one enol acryloylacetone unit. The observed
¯at plateau at p � 18±19mN=m is a 2D±3D phase
transition due to the formation in the air-adjacent phase
of 3D structures that could be constituted of both
expelled portions (loops) and whole polymer molecules.
We assume the large number of enol units (96%) in PAA
favours their association in 3D structures as a result
of hydrogen bonds between neighbouring monomers.
Atomic force microscopy imaging con®rms this idea

Fig. 3 Schematic representation of the surface balance for measuring
the increase in the surface pressure �p� at constant area or the increase
in the area at constant surface pressure during the photochemical
reaction of the enol±keto tautomerization of PAA and PEAA
monolayers spread at the air±water interface. W -Wilhelmy plate,
L0-the length of the monolayer
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based on the p±A isotherm. Below the plateau no
microdomains were observed, but after the plateau the
appearance of 3D structures with a typical overheight of
16 ÊA con®rmed the expulsion of polymer segments or
whole molecules into the third dimension [7].

The p±A isotherm of the PEAA monolayer is repre-
sented by curve 2 in Fig. 4. The in¯ection point observed
at about 15 AÊ 2/monomer corresponds to the area
occupied by one ethylacrylacetate unit. The absence of
the 2D±3D phase transition and 3D structures can be
related to the small number of enol units (30%) in PEAA.

Rheological measurements

Additional information about the state of the PAA and
PEAA monolayers at the monolayer closed-packed

conformation was obtained by measuring the rheolog-
ical properties. Some typical results are presented in
Fig. 5. Small, fast compression followed by relaxation
was produced at p � 10mN=m. According to the
general concepts, the surface pressure measured during
the monolayer compression and relaxation can be
expressed as a sum of equilibrium, Dpe, and nonequi-
librium, Dpne, contributions. The equilibrium part of the
surface pressure is related to the density of the segments
anchored at the interface and their ability to stay in that
conformation. The nonequilibrium part can be related
to the expulsion of the segments through the interface
as a loop shape. From the experimental data in Fig. 5,
the nonequilibrium part of the surface pressure,
fne � �Dpne=Dp�100%, is estimated to be 11% in the
case of PAA monolayers and 38% for PEAA monolay-
ers. The data show that at the monomer closed-packed
conformation of PAA at the air±water interface a higher
value of the equilibrium part of the surface pressure,
fe � 89%, is obtained. We assume that a large number
of enol units (96%) leads to a higher density of the
segments anchored to the interface and stabilized by
hydrogen bonds. The data for the PEAA monolayers
show that the nonequilibrium contribution increases
approximately 4 times. It could be related, one the hand,
to the small number of enol units (30%) and, conse-
quently, to the negligible role of the hydrogen bonds or,
on the other hand, to the possibility of the reorganiza-
tion of keto units at the air±water interface through
some unknown molecular mechanism. The relaxation
times related to the dissipation of the accumulated
energy during monolayer compression are calculated
using Eqs. (4) and (5). The experimental results (data
not shown) are in good agreement with theoretical
predictions for one relaxation time in the case of the
PAA monolayer and for two relaxation times for the

Fig. 4 Surface pressure �p�±area (A) isotherms of the PAAmonolayer
(curve 1) and the PEAA monolayer (curve 2)

Fig. 5 Surface pressure excess
�Dp� as a function of time �t�
during a fast compression fol-
lowed by relaxation of the PAA
monolayer (curve 1) and the
PEAA monolayer (curve 2) at
p0 � 10 mN/m �Ub � 1:5 cm/
min, L0 � 30 cm)
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PEAA monolayer. A relaxation process with one
relaxation time (s � 25 s) is detected for the PAA
monolayer at p0 � 10 mN=m, while in the case of the
PEAA monolayer at the same surface pressure, the
theoretical model with two relaxation times (s1 � 7 s
and s2 � 44 s) describes well the data obtained. It
should be noted that the molecular mechanisms corre-
sponding to these relaxation times are unknown. We
assume that the fast time (7 s) and slow times (25±44 s)
are related to the formation of loops and, respectively, to
a consecutive reorganization of the monolayer as a
whole. In terms of crossing segments through the
interface, the faster time means a facilitated expulsion
of segments.

Surface potential isotherm measurements
and molecular models

The DV ±A isotherms of the PAA and PEAA monolayers
are compared in Fig. 6.

The DV ±A isotherm of the PAA monolayer (Fig. 6
curve 1) has three branches corresponding to a large
surface potential increase (between 27 and 25 AÊ 2/
monomer), a small surface potential increase (between
25 and 14 AÊ 2/monomer) and saturation (below 14 AÊ 2/
monomer). The surface potential saturation appears at
14 AÊ 2/monomer, corresponding to the in¯ection point in
the p±A isotherm (Fig. 4).

The surface potential isotherm of PEAA (Fig. 6,
curve 2) has only two branches, corresponding to the
surface potential increase (between 40 and 15 AÊ 2/
monomer) and the saturation that appears at 15 AÊ 2/
monomer, corresponding to the state of closely packed
ethylacrylacetate units.

In Fig. 7 the sum of the vertical components of
single-bond dipole moments (l) in one polymer residue

of PAA (curve 1) or PEAA (curve 2) was calculated
from surface potential measurements by applying the
Helmholtz equation:

DV � 4p
l
eA

; �6�
where e is the dielectric constant and A is the area of
one acryloylacetone or one ethylacrylacetate unit. The
dielectric constant was taken to be equal to that of a
polyethylene chain in the bulk phase (e � 2) [8, 9].

In principle, the main-chain backbone as well as the
shorter side chains of polymer molecules tend to be
oriented in a manner so their polar parts interact
predominantly with the aqueous phase, whereas the
nonpolar ones interact with the nonaqueous phase.
Following this concept a possible disposition of the PAA
and PEAA polymer molecules at the air±water interface
could be proposed. As an example, the interfacial
disposition of three PAA residues is shown in Fig. 8A.
The main-chain backbone as well as the side chains are
situated at the air±water interface and the carbonyl and
enol groups are anchored to the aqueous phase. The
dipole moment, l, for PAA can be obtained using the
following algebraic sum:

lPAA � lC@O cos h1 � lCAOA cos h2 � lAOAH cos h3 :

Using the data for the single-bond dipole moments [10]
lC@O � 433mD,lCAOA � 378mD,lAOAH � 487mD
and the values of h1 � h2 � 40� and h3 � 59�, where
h1 and h2 are the angles between the normal line of the
surface and each of the C@O and CAOAgroups,
respectively (Fig. 8B) and h3 is the angle between the
normal line of the surface and the AOAH group
(Fig. 8C), one can obtain the lPAA value:

lPAA � 433 cos 40� � 378 cos 40�

ÿ 487 cos 59� � 371 mD :

Fig. 6 Surface potential �DV �±
area �A� isotherms for the PAA
monolayer (curve 1) and for the
PEAA monolayer (curve 2)
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The large increase in the surface potential from 50 to
265 mV between the areas of 27 and 25 AÊ 2/monomer
corresponds to an increase in l from 60 to 362 mD. The
maximum value of l is 362 mD, which is in good
agreement with the theoretically obtained value of
371 mD. This situation corresponds to the monolayer
state when the main-chain backbone as well as the
shorter side chains are situated at the air±water inter-
face. The further compression of the monolayer from 25
to 14 AÊ 2/monomer leads to a slower surface potential
increase and to a dipole moment decrease. The surface
potential reaches a saturation value of 310 mV with a
corresponding dipole moment of 220 mD. We assumed
that during the monolayer compression below values of
25 AÊ 2/monomer the CH3 terminal group of the shorter
side polymer chain starts to reduce in the aqueous phase;
therefore, the dipole moment decrease is due to another
angle, u, between the normal line of the surface and
the carbonyl group (Fig. 9A). Substituting the experi-
mental value of the dipole moment of 220 mD, one can
estimate u:

220 � 433 cos u� 378 cos 40� ÿ 487 cos 59�

u � 65� :

A similar calculation for the dipole moment of the
PEAA monolayer can be performed. As the keto units
predominate (70%) this should be taken into account:

lPEAA � 0:3lPEAA�enol� � 0:7lPEAA�keto� ;

where

lPEAA�enol� � lC@O cos h1 � lCAOA cos h2 ÿ lAOAH cos h3

ÿ lAOACH2ACH3
cos h4

lPEAA�keto� � lC@O cos h5 � lC@O cos h6

ÿ lAOACH2ACH3
cos h7 :

Using the data for the single-bond dipole moments
(lC@O � 433, lCAOA � 378, lAOAH � 487 [10] and
lAOACH2ACH3

� 170mD [9]) and the values of h1 � 15�,
h2 � 0�, h3 � 59� and h4 � 72� (Fig. 10A), h5 � 46�,
h6 � 48� and h7 � 73� (Fig. 10B), where h1 and h2 are
the angles between the normal line of the surface and the
C@O and CAOA groups, respectively, h3 is the angle
between the normal line of the surface and the AOAH
group, h5 and h6 are the angles between the normal line
of the surface and each of the C@O groups, and h4 and
h7 are the angles between the normal line of the surface
and the AOACH2ACH3 groups in one PAA and one
PEAA unit, respectively, one can obtain for lPEAA�enol�
and lPEAA�keto� the values

lPEAA�keto� � 433 cos 46� � 433 cos 48�

ÿ 170 cos 73� � 541mD

lPEAA�enol� � 433 cos 15� � 378 cos 0�

ÿ 487 cos 59� ÿ 170 cos 72� � 497mD

and ®nally

lPEAA � 0:3� 497� 0:7� 541 � 528mD :

The surface potential increase from 230 mV to the
saturation value of 550 mV between the areas of 40 and
30 AÊ 2/monomer corresponds to a dipole moment in-
crease from 515 mD to a maximum value of 550 mD,
which is in a good agreement with the theoretically
obtained value of 528 mD. This situation corresponds to

Fig. 7 Sum of the vertical
components of the dipole mo-
ments of the bonds �l� versus
�A� calculated from the data in
Fig. 6 and using Eq. (6) for the
PAA (curve 1) and PEAA (curve
2) monolayers
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the monolayer state when the main-chain backbone as
well as the shorter side chains are situated at the air±
water interface. A further monolayer compression from
30 to 15 AÊ 2/monomer leads to a dipole moment decrease
to the value of 425 mD. In a similar way (Fig. 9B) we
assumed that during the monolayer compression below
the values of 30 AÊ 2/monomer, the AOACH2ACH3

terminal group of the shorter side polymer chain starts
to reduce in the aqueous phase. Then, taking into
account that the angles h4 and h7 are approximately

equal, the new angle, w, which corresponds to the diping
of AOACH2ACH3 group, can be estimated using the
experimental value of the dipole moment of 425 mD.

Fig. 8A±C Possible dispositon of a part of a PAA polymer molecule
at the air±water interface. a and b are two plane sections
perpendicular to the plane of the interface. Both the main-chain
backbone, lying in the a plane, and the shorter side chain, lying in the
b plane, are oriented at the surface in such a way that the enol and
carbonyl groups are anchored to the water phase. A Perspective
drawing of a part of the PAA polymer molecule with three polymer
residues. B View along the y-direction towards the a plane. C View
along the x-direction towards the b plane. The state corresponds to the
maximum value of l of 362 mD (see text)

Fig. 9 Schematic view of the dipping ofA a terminal CH3 group of the
shorter chain during compression of the monolayer of PAA after the
values of the area 25� AÊ 2/monomer and B a terminal OACH2ACH3

group of the shorter chain during compression of the monolayer of
PEAA after the values of the area of 30 AÊ 2/monomer

Fig. 10A, B Molecular models of PEAA monolayers. View of enol
and keto units situated at the air±water interface
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425 � �497� 170 cos 72� ÿ 170 cos w� � 0:3

� �541� 170 cos 73� ÿ 170 cos w� � 0:7 � 27�

Kinetics of the photochemical tautomerization
of the PAA and PEAA monolayers

The complete kinetics scheme of the photochemical
reaction is analysed in an organic solvent bulk solution
[3] and a polymer ®lm [1].

Ecisÿ!hm
E�cis ¢ Etrans ÿ! K ;

where Ecis, E
�
cis and Etrans are the di�erent energetic and

isomeric states of the enol form and K is the keto form.
The transformations between the Ecis, E

�
cis and Etrans

forms are very fast in comparison with the experimental
characteristic time of the order of 5 min. Therefore, the
conversion between the above forms cannot be detected
by the measured interfacial parameter (the change in the
surface area) and, consequently, Ecis, E

�
cis and Etrans are

indistinguishable.
On the other hand, the thermal re-enolization,

K! Ecis, is slower in comparison to the ketonization,
E! K, and can be neglected in the kinetics scheme. In
fact, the characteristic lifetime of the dicarbonyl keto
form is of the order of magnitude of 1 hour in a dilute
organic solvent bulk solution [3] and several hours in
polymer ®lms [1]. It should be mentioned as well that in
the case of a spread monolayer, the polar substrate
favours the formation of and, additionally, stabilizes the
dicarbonyl keto unit.

In order to adapt the kinetics scheme for the PAA
and PEAA monolayers spread at the air±water inter-
face, two subsequent stages are considered. The ®rst
one is the photochemical transformation of the enol to
the keto form and the second one is a reorganization of
the keto form to a more favourable state (Ki) at the
interface:

E ÿ!k1 K ¢
k2

k3
Ki :

The corresponding kinetics equations are

dCK

dt
� k1CE ÿ k2CK � k3CKi

dCE

dt
� ÿk1CE ;

where CE, CK and CKi are the surface concentrations,
expressed as monomer per unit area of the forms E, K
and Ki, respectively; k1, k2, k3 are the corresponding rate
constants.

Two useful approximations may be developed by the
supposition that the photochemical conversion (E! K)

is faster than the interfacial reorganization of the
reaction product (K$ Ki).

1. During the irradiation time, sirr, we neglect the
reorganization process:

E ÿ!k1 K :

The corresponding kinetics and mass-balance equations
are

dCE

dt
� ÿk1CE

C0 � C0
E � C0

K ; �7�
where C0

E and C0
K are the initial surface concentrations of

the enol and keto units, respectively. Then,

CE�t� � C0
Ee
ÿk1t �8�

CK�t� � C0
K � C0

E�1ÿ eÿk1t� : �9�
2. After irradiation only the reorganization process is

taken into account:

K ¢
k2

k3
Ki :

The corresponding kinetics and mass-balance equations
are

dCK

dt
� ÿk2CK � k3CKi

Cirr � CK � CKi ; �10�
where Cirr is the surface concentration of the keto units
obtained at the end of the irradiation. Then,

CK�t� � Cirr k3
k2 � k3

� k2
k2 � k3

exp �ÿ�k2 � k3�t�
� �

�11�

CKi�t� � Cirr k2
k2 � k3

1ÿ exp �ÿ�k2 � k3�t�� � : �12�

For the ®rst stage �E! K� we could not determine the
kinetics constant, k1, from direct spectrophotometric
experiment at the interface, but we could estimate it
from the surface pressure measurements. The photo-
chemical reaction is initiated in a closely packed
monolayer, where all polymer residues have identical
interfacial orientation and they are uniformly exposed to
the radiation.

The experimental data of the surface pressure in-
crease at constant area, and the area increase at constant
surface pressure, during and after irradiation (with
irradiation times sirr � 1; 3 and 5 min) are presented in
Fig. 11. The kinetics of the interfacial photochemical
reaction of the two polymers is di�erent. After the end
of the irradiation of the PAA monolayer the surface
pressure increases exponentially, whereas in the case of
the PEAA monolayer it remains constant. It could be
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assumed that the surface pressure increase is due to a
lateral force resulting from the keto form requiring a
larger area on the interface in comparison with the enol
form. At the irradiated end of the PAA monolayer the
observed surface pressure increase is related to the
reorganization of keto forms produced from the photo-
chemical reaction. In the case of the PEAA monolayer,
the keto forms predominate (70%) before irradiation
and their interfacial organization cannot be modi®ed by
the small additional production of keto forms during the
photochemical process.

In principle, the observed area increase is related to
the increase in the area per monomer unit during the
consecutive conversion of E into K and K into Ki. Thus,
for the ®rst stage of photoconversion (E! K) one can
write

DA
A0
� aK�CK ÿ C0

K� ÿ aE�CK ÿ C0
K� ;

where aE and aK are surface areas per unit of the enol
and keto forms, respectively; DA is the increase in the
area; A0 is the initial area of the monolayer.

By using Eq. (9) one can obtain

DA
A0
� C0

E�aK ÿ aE� 1ÿ eÿk1tÿ �
: �13�

Equation (11) ®ts the experimental DA�t�=A data for the
PAA monolayer obtained with irradiation times of
1 min with k1 � 0:84 minÿ1, 3 min with k1 � 0:70 minÿ1

and 5 min with k1 � 0:50 minÿ1 (data not shown). The
value of k1 � 0:84 minÿ1 obtained at a su�ciently short
time �sirr � 1min� of irradiation corresponds better to
approximation 1. From the experimental DA�t�=A0 data
for the PEAA monolayer a value of k1 � 0:25minÿ1 is
obtained. We also determined k1 from spectrophoto-
metric measurements in the bulk phase of PAA and
PEAA chloroform solutions in order to compare the
E! K process in the case where occurs at the interface
to the same one occurring in bulk solution. As an
illustration the adsorption spectra of PAA is presented
in Fig. 12. It shows an intense band in the 270±276 nm
region. According to Ref. [3], the high-intensity band at
274 nm is associated with the n-p� transition in the
CAOAconjugated ethylene system (enol form). The UV
irradiation of PAA in chloroform solution at 254 nm
resulted in adsorption spectra changes which are due to
enol±keto conversion. The extinction coe�cient of the
keto form is very small and therefore only alterations in
the concentration of the enol form could be followed
spectrophotometrically.

From the experimental data, by applying kinetic
model (1) to the E! K conversion in the bulk phase,

Fig. 11 Increase in the surface
pressure �Dp� versus time �t� at
constant area �A� for A PAA
and B PEAA and increase in
the surface area �DA� versus t at
constant surface pressure
p � 10:0mN=m for C PAA and
D PEAA during and after the
irradiation of the monolayer
spread at the air±water inter-
face. The start of the irradiation
is at t � 0. The arrows show the
end of the irradiation at
sirr :sirr � 1min (curve 1), 3 min
(curve 2), 5 min (curve 3). The
bars correspond to the maxi-
mum deviation of the experi-
mental data. The initial area is
30 cm2
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the reaction rate constant was determined to be
k1 � 0:28minÿ1 [11]. A value of 0:55minÿ1 for k1 was
obtained in the case of a chloroform PEAA solution [3].
A comparison of the rate constants of the photoinduced
PAA E! K tautomerization occurring at the interface
(k1 � 0:84 minÿ1) and in the bulk solution
(k1 � 0:28 minÿ1) shows that the process is faster if it
occurs at the interface. In contrast, the photoinduced
PEAA E! K tautomerization runs slower at the
interface than in the bulk solution. In order to relate
the photoconversion occurring in the bulk solution to
the interfacial properties, the p±A isotherms of the PAA
and PEAA monolayers were measured after spreading
the nonirradiated PAA and PEAA solutions as well
as the same solution but preliminarily irradiated for 15,
30 and 60 min. The results for the PAA and PEAA
monolayers are shown in Fig. 13. The ¯at plateau
observed in the isotherm of the nonirradiated PAA
monolayer is a 2D! 3D phase transition, which is most
likely a result of the hydrogen bonds between the enol
units (their amount is 96% initially). This phase
transition disappears progressively after 15 and 30 min
irradiation. A continuous 60-min irradiation leads to the
occurrence of photolytic processes of the keto form, and
especially for PEAA a stable monolayer of the photo-
products cannot be formed.

The second stage reorganization of the keto form
(K$ Ki) is observed only with the PAA monolayer. In
the framework of approximation 2

DA
A0
� aKiCKi ÿ aKCK ; �14�

where aK and aKi are the surface areas per unit of the
keto and the reorganized keto forms, respectively. After
substitution of Eq. (12) in Eq. (14), we obtain

DA
A0
� Cirr k2

k2 � k3
�aKi ÿ aK� 1ÿ exp�ÿ�k2�k3�t�

n o
: �15�

From the experimental data ®t after using Eq. (15) we can
determine k2 � k3 � 0:32minÿ1 (data not shown). The
increase in the areas during the consecutive conversion of
E, K and Ki can be estimated from the experimental
results in Fig. 11B and D and from Eqs. (13) and (15) for
a short irradiation time (1 min). For the initial concen-
trations of the enol forms before irradiation for both
PAA and PEAA monolayers we obtain

C0
E � 0:96

1

14
1016 � 6:68� 1016 monomers=cm2

and

C0
E � 0:30

1

14
1016 � 2:14� 1016 monomers=cm2 ;

respectively.
From the experimental data for A0, DAirr and k1 at

sirr � 1min and applying Eq. (13), the increases
(aK ÿ aE) in the area resulting from the photoconversion
of one enol to one keto unit for both PAA and PEAA
monolayers are 0.25 and 0.40 AÊ 2, respectively.

In order to estimate the area increase (aKi ÿ aK)
resulting from the reorganization of the keto units for
the PAA monolayer Eq. (15) can be simpli®ed. At the
end of the process (t !1) Eq. (15) reads

Fig. 12 UV spectra of PAA in
CHCl3 (c � 2:5� 10ÿ3 g=l)
measured at di�erent irradia-
tion times, sirr: nonirradiated
(1); 0.2 min (2); 0.5 min (3);
0.8 min (4); 1.8 min (5); 3.8 min
(6); 5.8 min (7); 7.8 min (8)
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DA1
A0
� �aKi ÿ aK� k2

k2 � k3
Cirr : �16�

With the evident relationships 0 < k2
k2�k3

< 1 and
k2 � k3 � 0:32 minÿ1

0 < k2 < 0:32 �17�
Eq. (16) becomes

DA1
A0

> �aKi ÿ aK�Cirr : �18�

After the substitution in Eq. (18) of DA1, A0 and Cirr

from Fig. 11B (curve 1) we obtained a reasonable
estimation of the area increase per unit resulting from
the interfacial reorganization of the keto form:

aKi ÿ aK < 1:10 ÊA
2
:

Summary

In conclusion, a simple model of closely packed PAA
and PEAA monolayers with uniformly orientated enol
and keto units which were exposed to UV radiation is
used as a tool for the investigation of the mechanism and
kinetics of the photochemical enol±keto tautomerization
at the interface.

From the experimental area change versus time
curves and a developed kinetics approach the area
increase per unit and the rate constants of the reaction of
PAA and PEAA polymers organized in a monolayer
were determined.
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Fig. 13 Surface pressure �p�±area per monomer unit �A� obtained
after spreading solutions of A PAA and B PEAA �c � 0:5 g=l�
without irradiation �sirr � 0min� and irradiated for di�erent dura-
tions �sirr � 15; 30 and 60 min)
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