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Fluorescence and FTIR spectroscopy have been used to investigate the pH-dependent conformational change of poly-
(methacrylic acid) (PMA) in aqueous solutions. Fluorescence intensity and lifetime, and other fluorescence parameters
of the 1-pyrenemethanol probe were measured as a function of pH in PMA aqueous solutions. The fluorescence data
obtained show that PMA undergoes a sharp coiling «— uncoiling change around pH 5. FTIR spectra of PMA were
successfully observed by an attenuated total reflection technique. The FTIR data show that the carboxyl groups of PMA
are ionized progressively over the wide pH range from 3 to 8, and that PMA takes an expanded conformation under basic
conditions. These results make it clear that although the ionization.of the carboxyl groups takes place progressively, the
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conformational change of PMA is brought about abruptly.

It is known that some polyacids containing carboxyl
groups undergo a pH-dependent conformational change in
dilute aqueous solutions.'—" When the pH of the solutions
is low enough to suppress the ionization of the carboxyl
groups, the polyacids take a contracted form due to hydro-
gen-bonding between the carboxyl groups and/or due to other
interactions such as hydrophobic interaction. As the pH is
increased and the degree of ionization (&) of the carboxyl
group reaches a certain value (¢ = 0.2—0.3 in many cases),
a conformational change from a contracted to expanded form
is induced as a result of the repulsion between carboxylate
anion groups.

Poly(methacrylic acid) (PMA) is one of such poly-
acids. Many studies have been done on PMA in aque-
ous solutions, because this polymer has a peculiar titration
curve unobserved for other polyvinylic compounds.*—%1?
Various techniques have been used for the investiga-
tions: potentiometry,*—® viscometry,”® light scattering,”'
small angle X-ray scattering (SAXS),!” NMR,>® and
spectroscopy such as IR,*!® Raman,* UV,"*'9 and
fluorescence. "7

In spite of numerous studies, there still remain issues about
three aspects: (1) whether the conformational change is co-
operative or progressive; (2) what kind of interaction is a
dominant factor for inducing the conformational change; (3)
what is the nature of the polymer structure. As to the first
problem, Liquori et al. demonstrated from investigation by
potentiometry that the transformation of the chain structure
is cooperative.'® Fluorescence studies by Anufrieva et al.
also supported the predominance of cooperative change.'”
On the other hand, Koenig et al. argued from laser Raman
data that the conformational change of PMA is dependent

on the tacticity of the polymer.>® They concluded that the
conformational changes of the syndiotactic and atactic PMA
occur progressively, while that of the isotactic PMA has a
cooperative nature. However, their Raman data reflect the
local conformational change of PMA rather than the overall
conformational change.>® Therefore, there remains ambigu-
ity on the overall conformational change. As to the second
problem, hydrogen-bonding between carboxyl groups, van
der Waals interaction, and hydrophobic interaction have been
considered as the possible factors. Although the majority of
studies stress the role of hydrophobic interaction, similar to
the case for proteins,>#!1%!" some studies contradict the im-
portance of hydrophobic interaction.!*??) As to the third
problem, we refer the interested readers to a recent short
review by Morawetz.3® He claimed in the review that the
contracted forms of PMA in aqueous solutions are far from
compact spheres from which the solvent is almost excluded.
Alternatively, he proposed that the PMA chain behaves as a
random coil in a theta solvent.

As so far stated, there is a contradiction between con-
clusions which were drawn by different groups by different
techniques.?*%!? Therefore, we are convinced that it is nec-
essary to apply two or more techniques to the same sample
for delineating a correct picture of the conformational state
of PMA. By virtue of the rapid progress of modern spec-
troscopy, it seems possible to obtain more precise and de-
tailed information than ever before about the conformational
change of PMA in aqueous solutions. In this study, we have
reexamined these long-standing problems by a combination
of FTIR and fluorescence spectroscopy, especially focusing
on the first problem: i.e. whether the conformational change
is cooperative or progressive. Fluorescence spectroscopy
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is a useful technique to obtain information on a conforma-
tional change and/or association of polymer chains."'"—2"
On the other hand, IR spectroscopy is a powerful tool for
detecting the ionization and hydrogen-bonding of carboxyl
groups.’' ¥ Despite this merit, IR spectroscopy has not been
a conventional technique for aqueous solutions because the
strong absorption of IR light by water heavily interferes with
measurements. Using an attenuated total reflection (ATR)
technique, however, we have successfully observed the IR
spectra of PMA in aqueous solutions.

Experimental

A stock solution of sodium salt of PMA (average molecular
weight: 15000; concentration: 25 wt%) was obtained from Poly-
sciences Inc., and was used as received. The fluorescence probe, 1-
pyrenemethanol (PyM), was purchased from Molecular Probes Inc.

A stock solution of 100 uM (1 M = 1 moldm~3) PyM was
prepared with methanol. Portions of the stock solution of the fluo-
rescence probe were transferred into 10-mL volumetric flasks, and
the solvent was evaporated by gentle heating under a nitrogen-gas
stream. Then, the volumetric flasks were filled with an aqueous
solution of PMA (1.0 gdm™ or 10 gdm™), followed by ultra-
sonic agitation for 10 min. The pH of each solution was adjusted
by titration with 0.1 M HCl or 0.1 M NaOH aqueous solution. The
samples were stored in the dark for one night before fluorescence
measurements.

The solutions for IR measurements were prepared by the same
procedure as that for fluorescence measurements except that the
step of adding the fluorescence probe was skipped. To estimate the
tacticity of PMA, the solution samples were cast onto CaF, plates
and carefully dried by vacuum evaporation. By comparison with
IR data of isotactic poly(sodium methacrylate),” we can safely rule
out the possibility that the PMA sample contains a high content of
isotactic regularity. However, it requires further characterization to
clarify whether the sample contains appreciable syndiotactic stereo-
regularity since atactic and syndiotactic PMA have close IR spectra.

IR spectra were recorded at a resolution of 4 cm™' on a Nicolet
Magna 550 FTIR spectrometer or a JASCO 7300 FTIR spectrom-
eter. The sample holder was an ATR unit from JASCO or Nicolet
with fixed angle of 45° and multiple reflection path (5 times). A
sample was put on a horizontally mounted crystal of ZnSe. The
sample chambers were purged with dried air or pure nitrogen gas to
remove moisture of water, which introduces noise-like rotational-
vibrational absorption bands on the ATR spectra. The ATR spectra
are expressed as difference spectra, which are obtained by subtract-
ing the background absorption of water from the sample absorption.

Fluorescence spectra were observed with a Hitachi F-4000
spectrofluorometer. The spectra were corrected by the use of a
standard tungsten lamp with a known color temperature. Fluores-
cence lifetime (7) measurements were done with a Horiba NAES
1100 time-resolved spectrofluorometer that uses a time-correlated
single photon counting technique.>®

Results and Discussion

Fluorescence Studies on the Conformational Change.
Non-covalently bound fluorescent probes so far used for
studying PMA solutions are pyrene,” auramine,'”" Acri-
dine Orange,'” 9-methylanthracene,’*?> and 9,10-dimethyl-
anthracene.> In this study, we used PyM because this probe
has several advantages over the former ones: PyM affords
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various fluorescence parameters useful for detecting confor-
mational change of PMA, and PyM has moderate solubility
in water, which allows us to easily prepare samples of aque-
ous solutions.

Figure 1 shows the fluorescence and excitation spectra
of PyM in an aqueous solution. In the excitation spectra,
the absorption ranging from 300 to 350 nm is assigned to the
S, Sy allowed transition. As S+ S transition is forbidden,
the S;«—So absorption bands appear at the shoulder of the
strong Sy«—Sy transition.*® The emission ranging from 360
to 460 nm is assigned to S;—Sy fluorescence of PyM in
the monomeric state. The excimer fluorescence*? is not
observed in this system. As seen in Fig. 1, the fluorescence
spectrum of PyM monomer is fine-structured, and consists of
five prominent bands. The band 1 is assigned to 0-0 and the
others to vibronic bands. Similar to the case of pyrene,*>—*¥
the intensity of band 1 is very sensitive to the polarity of the
environments, but that of band 3 is not. Thus, an intensity
ratio between the bands 1 and 3 (so-called I;/I3) can be used as
ameasure of the polarity of the environments of the probe.*>

We measured the fluorescence spectra of PyM in aque-
ous PMA solutions at various pHs, and plotted the I;/I; as
a function of pH (Fig. 2). At low pH (pH 1—4), the I;/5
values were low and almost constant. The low values of I;/15
indicate a lower polarity of the environments of the probe.
This observation indicates that PMA has a contracted coil
structure in the lower pH region, and that PyM is effectively
incorporated into the PMA coil, which has a polarity lower
than that of the surrounding aqueous phase. As the pH was
increased, we noted a drastic increase in /;/15 values around
pH 5. The changes of the fluorescence parameter suggested
that PMA polymer chains undergo a conformational change
from the contracted coil to the open structure; i.e. PyM is
transferred from PMA coils to the polymer—water interface
(or into the aqueous phase) as a result of the PMA confor-
mational change. Similar observations were reported for
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Fig. 1. Fluorescence (—) and excitation (---; ---) spectra

of PyM in an aqueous solution. Concentration of PyM is 10
uM. The dashed line is an expanded trace of the excitation
spectrum in the S; « Sq absorption region.
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Fig. 2. pH dependence of I;/I3 of PyM in aqueous solutions
of PMA. Concentrations of PMA and PyM are 1.0 gdm ™
and 10 uM, respectively.
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pyrene/PMA systems by Thomas and coworkers.!'®

Figure 3 represents fluorescence decay curves of PyM at
pH 4 and pH 6 in aqueous PMA solutions. At a glance we
notice a significant decrease in the fluorescence lifetime on
going from pH 4 to 6. We tried to analyze the decay curves
in terms of a series of exponential functions, and realized
that at least two exponential functions are necessary:

1) = I(0O)[A1exp (—t/ 7)) + Az exp (—1/ B)], (€))

where A; and 7; (i =1, 2), respectively, denote the preexpo-
nential factor and the lifetime of the ith component. I(0) is
the fluorescence intensity at time ¢ = 0. We obtained 7, = 108
ns and 7, =295 ns for the decay curve at pH 4. Relative quan-
tum yields (A;7) are 5.4 and 94.6% for the short and long
lifetime components, respectively. The short lifetime can be
assigned to the species exposed to the aqueous phase, and
the long lifetime to that located in the polymer coils.'® From
the relative quantum yields we know that most of the PyM
molecules are accommodated in the PMA polymer coils. At
pH 5, where the conformation of PMA seems to be in a tran-
sient state, we obtained a double-exponential decay curve
with a comparable distribution: 7y = 114 ns (A; 71 = 32.4%)
and 7, =272 ns (A, 75 = 67.6%). This indicates that about
30% of the probe molecules are exposed to water in the
partly unwound PMA chains. The decay curve at pH 6 is
quite in contrast to that at pH 4: 77 =120 ns (A 11 =92.5%)
and 7 =434 ns (A, 1, = 7.5%). As the short lifetime can be
assigned to the species which is exposed to water, this result
shows that PMA chains take an almost perfectly extended
form at pH 6.

To obtain an overview of the dependence of the lifetime on
pH, we used the averaged lifetime*® defined by the following

equation:
()= " AT/> A ()

In Fig. 4a we plot (7) against pH. We note sharp change
of the lifetime around pH 5 on going from lower to higher
pH. The large (z) values at low pH suggests that the mo-
tion of PyM is hindered so that nonradiative processes of
the probe are suppressed, leading to the increase in the life-
time of fluorescence. This is in accord with that PyM is
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Fig. 3. Fluorescence decay curves of PyM in aqueous so-

lutions of PMA at pH 4 (a) and pH 6 (b). Concentrations
of PMA and PyM are 1.0 gdm ™ and 10 uM, respectively.
PyM is excited at 325 nm and its fluorescence is collected
through a Toshiba UV-37 cut-off filter.

effectively incorporated into the PMA coil at low pH. The
drastic decrease in (7) around pH 5 suggests that PyM is
transferred from viscous PMA coils to nonviscous aqueous
environments. In Fig. 4b we show the pH dependence of ()
of PyM in the presence of a fluorescence quencher, iodide
ion (I7). A sharper change of (7) is seen in this case. As
the quencher does not much penetrate into the coils of PMA
due to its ionic nature, a quenching of PyM fluorescence is
less effective at low pH. When PMA undergoes the con-
formational change, PyM is exposed to the aqueous phase,
resulting in effective quenching (i.e. shortening of (7)) by
I~. Thus, the change of the lifetime in Fig. 4 is further ev-
idence for the conformational change of PMA around pH
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Fig. 4. pHdependence of the fluorescence lifetime of PyM in
aqueous solutions of PMA in the absence (a) and presence
(b) of Nal. Concentrations of PMA, PyM, and Nal are 1.0
gdm™3, 10 uM, and 20 mM, respectively.

5.

Another useful fluorescence parameter for probing poly-
mer conformations is the degree of polarization (P),**®
which is defined by:

P= (Ivv - GIvh)/(Ivv + GIVh)7 (3)

G = Iy /I, )

where I,, and Iy, respectively, denote the intensities of
the vertically- and horizontally-polarized emission when the
sample is excited with vertically-polarized light; and I}, and
Ly, the intensities of a vertically- and horizontally-polarized
component when the sample is excited with horizontally-po-
larized light.*® According to Weber and coworkers,*>? P is
related to the viscosity (7) of the environments of the probe
as follows:

1/P=1/Po+(1/Po—1/3)(kTT/nV), (&)

where Py is the degree of polarization in rigid media, k the
Boltzmann constant, T absolute temperature, 7 the fluores-
cence lifetime, V the effective volume of the probe. The
degree of polarization reflects the rotational mobility of the
probe under consideration, and Eq. 5 clearly shows that P is
large if the motion of the probe is hindered during its lifetime.
Therefore, it is expected that P is large when the probe is in-
corporated into polymer coils, but is small when the probe
is exposed to aqueous phase. We observed the polarization
spectrum of PyM in aqueous solutions of PMA at pH 9 and 3
(Fig. 5). As seen from Fig. 5, P is almost zero at pH 9. This
value corresponds to free rotation of the probe molecules in
nonviscous solvents, indicating that the probe is located at
the flexible polymer chains with a stretched form or the probe
is in the aqueous phase. On the other hand, P has a value of
about 0.02 at pH 3, indicating a hindered rotation due to in-
corporation into the polymer coils. These observations also
support the conclusion that PMA takes a contracted form at
pH 3, but an expanded form at pH 9.

Poly(methacrylic acid) in Aqueous Solutions
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Fig. 5. Fluorescence polarization spectra of PyM at pH 9

(—) and pH 3 (---) in aqueous solutions of PMA. Con-
centrations of PMA and PyM are 1.0 gdm™> and 10 uM,
respectively. The S, < Sp excitation spectrum (—--) is
also shown for comparison. The fluorescence is monitored
at 395 nm.

FTIR Studies on the Ionization of the Carboxyl
Groups. FTIR-ATR spectra of PMA in aqueous solutions
were observed at various pHs. The representative spectra
are shown in Fig. 6. In Fig. 6a (at pH 4), we note a promi-
nent band at 1702 cm~'. This band can be assigned to a
C=0 stretching mode of the unionized form of the carboxyl
group.”” The C=0 stretching band is so strongly affected by
the ionization of the carboxyl group that we can use it as a
marker band for monitoring the ionization of the carboxyl
group. As pH of the solution is increased, the C=0 stretch-
ing band gradually loses its intensity and shifts its location to
higher wavenumbers. The high frequency shift of the C=0
stretching band may be ascribed to the breakdown of hydro-
gen bonds as a result of the ionization of the carboxyl group.
Concomitant with the decrease of the intensity of the C=0
stretching band, a new band appears at around 1545 cm™!
(Fig. 6b). The new band is assigned to a COO~ antisym-
metric stretching mode of the ionized form of the carboxyl
group.’V

Here we can extract the information on PMA confor-
mation from the band profile of the COO™ antisymmetric
mode. Painter et al. investigated Na* and Ca®* ionomers of
poly(ethylene-co-methacrylic acid) by FTIR spectroscopy.®
These ionomers, known to have an aggregated structure from
forming clusters of carboxylates, showed a split band profile
of the asymmetric stretching vibration of the COO™ group
in the region of 1520—1580 cm™". This is due to the strong
interaction of COO™ anions which are close to each other
in the ionomers. In Fig. 6b, however, we do not observe
any splitting of the COO~ band in the 1520—1580 cm™!
region. This implies a great reduction of the strong inter-
action between the COO™ groups in the short range. In
other words, the simple band profile in Fig. 6b indicates the
absence of such aggregated structure, due to the expanded
overall conformation of PMA.
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Fig. 6. FTIR-ATR spectra of PMA in aqueous solutions at

pH 4 (a) and pH 7 (b). Concentration of PMAis 10 g dm™3.

In Fig. 7, we plot the intensity of the C=0 stretching
band for the COOH form as a function of pH, together with
the intensity of the COO™ antisymmetric stretching band
for the COO~ form. By monitoring the intensity of the
COO~ band, we can get information on the dissociation
behavior of the carboxyl group. This seems to be more
straightforward and reliable than the traditional method based
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Fig. 7. pH dependence of the intensities of the COOH (O)
and COO™ (@) bands of PMA in aqueous solutions.
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on potentiometric titration.*—® At pH 3 the intensity of the
band for the COO~ species is almost zero, indicating the
absence of this species. As the pH is increased, the band
for the COO™ group gradually increases and that for the
COOH group decreases. These behaviors of the C=0 and
COO™ bands clearly show the progressive change of the car-
boxyl groups from the COOH to COO~ forms.’® Thus, we
conclude that the ionization of the carboxyl groups of PMA
takes place progressively over the pH range from 3 to 8.

In this study we did not monitor hydrogen-bond formation
of COOH groups of PMA. By aband resolution technique,*”
we can follow the appearance and disappearance of the hy-
drogen bond. However, the ATR spectra obtained in this
study are too weak to have enough quality for band resolu-
tion. If we resolve the COOH band around 1700 cm~* into
the components of free and hydrogen-bonded species, we can
obtain some information on the nature of interaction which
is mainly responsible for the sharp conformational change of
PMA (see the third paragraph of Introduction section). Such
investigation will be done.

Conclusions

Various fluorescence parameters of PyM have been ob-
served to investigate the pH induced conformational change
of PMA in aqueous solutions. From the dependence of the
parameters on pH, it is seen that PMA undergoes a sharp
conformational change around pH 5. FTIR spectra of PMA
in aqueous solutions have been successfully observed by an
ATR technique. The band profile of the COO™ antisymmet-
ric stretching vibration in 1520—1580 cm™! region gives
evidence for an expanded conformation of PMA in basic
conditions. The C=0 stretching band for the unionized form
and the COO™ antisymmetric stretching band for the ion-
ized form of the carboxyl group of PMA gradually change
in their intensities over the pH range from 3 to 8, indicat-
ing progressive dissociation of the COOH group in this pH
range.

Based on the observation that the fluorescence parame-
ters of PyM drastically change around pH 5 (Figs. 2 and 4),
whereas the IR bands gradually change in their intensities at
the same pH (Fig. 7), we have concluded that the conforma-
tional change of PMA is cooperatively brought about around
pH 5. Hydrophobic interaction among methyl groups seems
to be important in the cooperative conformational change in
PMA since such a sharp conformational change has not been
reported for poly(acrylic acid) which has a structure simi-
lar to PMA but does not have methyl groups.” Breakdown
of the delicate balance between the attractive forces due to
hydrogen bonding and hydrophobic interaction and the re-
pulsive force due to electrostatic interaction may trigger the
cooperative conformational change of PMA.
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