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ABSTRACT: Poly(methacrylic acid) (PMAA) undergoes a conformational transition between pH 4 and 6 from

a hypercoiled structure to a water-swollen state. There has been much speculation as to the exact nature and
driving force of the transition. In this paper, we present a comprehensive investigation of the conformational
switch of PMAA using techniques which report on various length scales: fluorescence energy transfer experiments
provide unique information on the nanometer length scale while dynamic light scattering (DLS) offers an insight
into longer range interactions involved in the transition. Fluorescence energy transfer measurements demonstrate
that PMAA undergoes subtle molecular rearrangements between pH 2 and 5 as short-range hydrophobic interactions
between methyl groups are broken down by increasing concentrations of mutually repulsive carboxylate anions.
Although such rearrangements have been proposed to account for the pH behavior of PMAA, we reveal them
experimentally using techniques sensitive to nanoscale events. Fluorescence lifetime measurements indicate a
rather complex structure within the collapsed chain, and time-resolved anisotropy measurements also demonstrate
the importance of intramolecular interactions at low pH. A critical point, at pH 5.7, is reached in terms of the
carboxylate anion concentration where a macroscopic transition occurs (as monitored by DLS): the concentration
of carboxylate anions is such that repulsive interactions dominate, and a switch occurs from a compact, globular
form to an expanded state when neutralization of the PMAA is complete. We conclude that small-scale
rearrangements in structure occur between pH 2 and 5, rather than a large-scale expansion, which is then followed
by a macroscopic change in dimension at the neutralization point. Our results comprehensively describe the
conformational behavior of PMAA and reconcile, to some extent, previous conflicting experimental data in the
literature.

Introduction spectroscop¥s and scattering method$:2° The results obtained
from these different techniques have indicated that at pH 4
PMAA exists in a hypercoiled conformation with most of the
methyl groups located in the interior of the coil due to

of the importance of water-soluble polymers. The magnitude, hydrophobic interactions. At pH 6, the chain eXpa.”dS to amore
open water-swollen structure due to Coulombic repulsions

extent, and range over which conformational changes may occur,
9 g Y between carboxylate groups. However, the exact nature of the

have many possible applications. These extend from semicon-""". . - . ;
yp pp switch in conformation remains unresolved. Some stédies

ductor devices, molecular sensors, nanoscale pumping devicesé t that the ch ; i g . :
controlled wetting, new optics, microelectronics, drug delivery, uggest that the change IS cooperative and occurs In one step,

flocculants, and super-absorbahiSuch knowledge may also analogou_s to the he_choiI transition of polypeptides: Co_n- .

assist in elucidating the roles that complex biological polyelec- trary to this assumpt|op, ‘?'a,ta from Raman speptroscopy indicate

trolytes such as DNA play in biochemical proces3és the presence of a multiplicity of structures, which suggests that
Poly(methacrylic acid) (PMAA), a weak polyacioi is of the transition occurs as a progressive rather than a cooperative

. . . - . change??
particular interest because it exhibits a marked pH-induced 9 ] ) o
conformational transition. This transition has been studied by ~ T€chniques with resolution in a range from 0.2 to 10 nm are

The behavior of polyelectrolytes in solution remains an active
area of research because of the ability to control their behavior
in response to different external stimuli as well as recognition

different techniques including potentiometric titratin, vis- needed to observe the transition on the level of single molecules.
cosimetry measuremerftsi? solubilization of hydrophobic ~ Fluorescence spectroscopic measurements offer such resolution,
molecules in aqueous PMAR; 19 calorimetry!820-22 Raman and also allow in-situ monitoring of processes which occur

within the polymer chains when the pH is changed. In order to
follow such processes, it is necessary to attach a small amount
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such as dansyf diphenylanthracen¥, and 1-vinylnaphtha- polymerized at 60°C for 48 h. In order to ensure an even

lene3> distribution of fluorescent chromophores along the polymer chain
The combination of two chromophores in polymeric systems most samples were allowed to proceed to only20% conversion.

is a commonly used procedure to investigate molecular dis- The polymers were purified by multiple dissolution (five times)

tances. For this purpose, nonradiative energy transfer (NRET into methanol followed by precipitation into die.thyl ether. This
measurements aF;e Berformed in dcmacceptgylabeled p(oly- )preparatlon produced a polymer (AGPMAA) bearing a naphthyl

NRET d d h lati . ) d . chromophore rigidly bound to the chain backbone through two
mers. epends on the relative orientation and separationgjngie covalent bonds (which prevent label motion independent of

distance R, between the doneracceptor pairs, which can be  the polymer segment to which it is bound). A second, double-
located on the same polymer (as in the present study) or onjabeled, sample (ACEAMMA —PMAA) containing ACE and an
different polymers in a blenf. Since the chromophores are  anthryl chromophore bound via a methacrylate group (AMMA) was
attached to the polymer chains, changes in chain conformationalso prepared by this general method.

result in changes in the separation distance between the-donor ~ Sample Characterization Molecular weights of the labeled
acceptor dyed’:38 The variation in distance is monitored as a PMAA were measured by gel permeation chromatography using a
greater or lower efficiency in energy transfer from the donor to HP 1047A refractive index detector. Molecular weights based on

the acceptor. For this reason NRET is commonly called the POly(ethylene oxide) standards were 72 and 80 kg fnfar the
“spectroscopic ruler” technigquig: 4! single-labeled (ACEPMAA) and double-labeled sample (ACE

S AMMA —PMAA), respectively. Polydispersities were 2.9 and 2.7
One of the most popular combinations of chromophores used,. AcE—pPMAA and ACE-AMMA —PMAA respectively.

for NRET measurements is with a naphthalene donor and an 14 calculate the amount of label in the polyméthe PMAA
anthracene acceptor. This particular pair has some advantagesyas dissolved at 0.01 wt % in spectroscopic grade methanol, and
there is a range of wavelengths (28810 nm) where naphtha- UV spectra were recorded with a Hitachi U-2010 spectrometer,
lene can be excited with minimal direct excitation of anthracene, scanning from 200 to 500 nm. For ACRAMMA —PMAA the
naphthalene monomer and anthracene fluorescence bands ar@nthryl content was calculated prior to estimation of the naphthyl
quite different and easy to distinguish, and the anthracene loading. Correction was then made for the small amount of AMMA

chromophore can be covalently bound to polymers containing 2b5‘zg“£'kal\‘; I\ii\o “FE":AtAOAat'LOg" ?ehQCIEacgmﬁtnht t? cboen?eettermin:d
naphthalene in different ways3. or - haphthyl and anthry nts wer

In the present study we have used acenaphthylene (ACE) ano?ﬁggo"’:;'grg';? d%ﬁg{&dﬁf;ﬁﬁ%’ I\(/IIAe\A %%i?rﬁgsgeégswﬁ
anthrylmethyl methacrylate (AMMA) labels covalently attached PMAA, UV absorption revealed 0.82 mol % of chromophore (one
to the PMAA backbone where the chromophores are randomly Acg for 130 units of MAA).
distributed along the chain. Energy transfer measurements were  |nstrumentation and Analysis. Steady state measurements were
performed on the donor (ACE)acceptor (AMMA) pair using  performed using a LS-50B Perkin-Elmer luminescence spectrometer
steady-state fluorescence intensity and emission decay experiequipped with a Xe discharge lamp pulsed fersgat 20 kW (fwhm
ments as a function of pH. In addition to these techniques, we for the pulse was better than 18). Data analysis was performed
have also employed time-resolved anisotropy measurementsusing Perkin-Elmer Fluorescence Data Manager software (FL
(TRAMS) by selective excitation and analysis of the AMMA ~ WinLab). PMAA was dissolved in water at 0.01 wt %, which is
label in order to provide supplementary information on the dilute enough to observe isolated macromolecule behavior. (The
segmental dynamics of PMAA in aqueous solution. chain overlap concentration would be expected to-i®0 times

. - this value.) Both single- and double-labeled samples were excited
Although other authors have studied PMAA containing at 290 nm, the maximum excitation wavelength of ACE. Emission

naphthyl and/or anthryl labels, previous work has concentrated jntensity was recorded between 310 and 500 nm, which included
on the combination of two techniques: steady state and lifetime fiyorescence from naphthalene (340 nm) and anthracene (420 nm).
measurement$*344or time-resolved anisotropy measurements  The degree of energy transfer was monitored by calculation of
(TRAMS) and lifetime measurements in the case of single- the ratio of the emission intensities of AMMA at 420 nm to that of
labeled naphthyl-PMA&S45 We report here on a complete ACE at 340 nm Ku/In). The data were obtained using the steady-
characterization of the pH-dependent conformational change state fluorimeter combined with a flow cell and peristaltic pump
which occurs in PMAA in dilute solution using a combination System, such that liquid from a stirred vessel (the pH of which
of three fluorescence techniques: energy transfer, fluorescencdV@s accurately adjusted by means of a burette containing acid or
lifetime, and TRAMS. In addition to these fluorescence experi- 22S€) was constantly circulated through the flow cell. Aliquots of

. . 0.5 M HCl or 1.0 M NaOH were added to the solution to change
ments, complementary data on the conformational switch of

: S ) the pH, which was recorded as soon as the solution stabilized.
PMAA were obtained from dynamic light scattering (DLS)  gjyorescence lifetime measurements were carried out on a single

measurements. This latter technique allows estimation of the pnoton counting spectrometer equipped with an IBH System 5000
polymer chain dimensions at different degrees of ionization. coaxial nanosecond flash lamp and a photomultiplier connected to
) ) a time-to-amplitude converter (TAC) and multichannel analyzer
Experimental Section (MCA) which allows fluorescence decays in the range of 0.7 ns to
Polymer SynthesisPolymerization of methacrylic acid (MAA) ~ ~0.2us to be studied. A combination of filters to remove the stray
and copolymerization of MAA with the comonomer labels ACE €Xcitation associated with the instrument response function allows
and AMMA were performed by free radical polymerization. The fluorescence lifetime measurements  as short as 0.7 ns. All
ACE monomer was added at 0.5 mol % into the initial feed for fluorescence decays for the luminescently labeled samples were
single-labeled polymers; for double-labeled samples, the loading collected at the “magic angle” of 54.With respect to that of the
was 0.5 mol % ACE and 1.5 mol % AMMA. (Since dye labels are Vertically polarized excitation. Excitation and emission wavelengths
hydrophobic, and can be used as “hydrophobic modifiers” of Of 290 and 340 nm, respectively, were employed in the study of
polyelectrolyteg847it is necessary to keep their concentration low both ACE-PMAA and ACE-AMMA —PMAA. Data were fitted
to be confident that their effect is limited to acting as fluorescence Using the IBH software to simple exponentials. The decays were
labels and that no perturbation of the polymer behavior results.) (least-square) fitted to a sum of exponentials
The polymerization was performed in benzene using azobis-

(isobutyronitrile) as the initiator. n —t
The samples were thoroughly degassed, by repeated freeze | = ZA,» exp(—) Q)
pump-thaw cycles, sealed under high vacuurilQ—* mbar), and [ Ti
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where the term#\ are constants ang are fluorescence lifetimes 104

(t is time). In the present study, = 2 or 3, depending on the S ACEAMMABMAA: pH 2

complexity of decays. (A single-exponential fit was never judged A VAPV N

statistically sufficient to obtain a good fit to our data.) 10° P
The average lifetiméz[Inot only provides information on the

conformational transition but also is needed to calculate the 102

efficiency of energy transfefzlis calculated using

zAiTiz

F= ——
ZAiTi

Time-resolved anisotropy measurements (TRAMS) were per-
formed on an Edinburgh Instruments 199 fluorescence time-
correlated single photon counter modified with a computer-
controlled toggling polarizer accessory. The excitation source used
was an IBH Nanoled operating at a repetition rate of 1 MHz and Figure 1. Fluorescence decays for ACAMMA —PMMA and ACE-
a wavelength of 370 nm. The emission wavelength (450 nm) was PMAA respectively in acidic and basic conditiors{= 290 nm and

: < - ) - - Aem = 340 nm). The residuals to the best fits for the pH 2 data are
|solate_d using an interference fll_ter. (This experimental setup allows shown for the ACE.PMAA above and the ACEAMMA —PMAA
selective excitation and analysis of the AMMA fluorescence.)

. . : RO below. The deviation of the ACEAMMA —PMAA with respect to

In the TRAMS experiment, vertically polarized radiation is used ACE—PMAA at pH 2 is clearly visible. An extra lifetime component
to photoselect (via absorption) those chromophores whose transitionis needed to model the decay of the AGEMMA —PMAA fluores-
vectors (dipole moments) lie in a parallel plane to the polarization cence, which can be attributed to energy transfer from ACE to AMMA.

@)

Residuals (standard deviations) Fluorescence intensity (counts)

100

200

Time (ns)

300

of the incident radiation. If the luminescent molecule remains
stationary during its excited-state lifetime, the resultant radiation
remains highly polarized, characteristic of the intrinsic anisotropy
of that particular species. Light emitted from the molecules which
change their orientation while excited will be polarized differently
to the excitation radiation. Information regarding molecular motion
is contained within the relative time-dependent intensities of
luminescence observed in parallg(f)] and perpendicularl fi(t)]
planes to that of photoselection. The anisotropy functignhcan
subsequently be derived from

(0 — 1)
="~ m ©)
(1) + 21(t)
and is a useful means of deriving the relaxation information
contained within the TRAMS experiment. Using eq 3, anisotropy
decays of ACEEAMMA —PMAA were collected as a function of

pH. Different procedures of analysis have been discussed else

where?®® In the present studies, the raw anisotropy détawere
directly fitted to a function (without any deconvolution with the

experimental response function) which is assumed to model the
decay of true anisotropy data. Assuming the dyes behave like an

isotropic rotor in a fluid environment, the anisotropy can be modeled

with
_ —t
ri)=rq ex;{—rc)

whererg is the intrinsic anisotropy for the individual chromophores
(constant for a particular fit) and. is the correlation time, which
is a measure of molecular motion.

For dynamic light scattering (DLS), it is important to increase
the concentration of PMAA in order to increase the signal
intensity#°5° Too large an increase in concentration results in
aggregation, which can be detected bglaw mode(interchain
effects) in the DLS experiments. This slow mode can be inhibited
by adding salt to shield the charges. However, too much salt will

(4)

pH meter under constant stirring. To ensure that the samples were
completely dust-free, solutions and samples were prepared in a clean
room environment.

A BI-200 SM goniometer with 0.CLsteps from Brookhaven
Instruments Corp. was used. The excitation source was-d\ide
laser (with wavelengtii = 633 nm and maximum power output
of 75 mW). Each solution (i.e., at different values of pH) was
measured at angles of 40, 90°, and 120. The pinhole in front
of the detector was set at 4@0n. The data collection time was 5
min for each experiment with a time window from 100 ns to 100
ms. The measured correlation functions were analyzed using
cumulant analysis by polynomial fit. The linear relaxation rBte
= 1/z4 (Wherety is a time constant representing the temporal decay
in light scattering intensity fluctuation) was plotted as a function
of the squared scattering vectap) with the linear fit to the data
forced through the origin (see Supporting Information), yielding
_the diffusion coefficienD; as the slopel{ = D:;g?). The hydrody-
namic radiusy was determined using the StokeSinstein relation

ke T
61D,

Ry= ©)
wherekg is the Boltzmann constarit,is the absolute temperature,
andy is the solution viscosity.

Results and Discussion

Fluorescence Lifetime Measurementdn Figure 1, we show
decay data for ACE emission at 340 nm from AGEMMA —
PMAA and ACE-PMAA at pH 2 and pH 10. From the data it
is evident that at high pH the ACE decay is independent of
whether or not the AMMA acceptor is present. In acidic
conditions, the duration of the decay increases due to hydro-
phobic forces of attraction which cause the chain to collapse,
resulting in a more protective environment for the ACE label.
It is worth noting that at low pH the donor decay of A€E

affect the conformational transition. The best compromise between ApiMA —PMAA deviates away from that of ACEPMAA,

shielding interchain forces and maximizing intrachain forces was
found at a concentration of 0.1 wt % of polymer and 0.01 M NaCl.

Solutions were prepared by dissolving the same double-labeled

PMAA used in fluorescence analysis in filtered 0.01 M NaCl water

indicating that energy transfer from ACE to AMMA occurs prior
to any solvent quenching. This energy transfer adds complexity
to the fluorescence decay of ACRAMMA —PMAA: three

solution. The pH was adjusted by adding 0.5 M HCl and 1 M €xponential terms were required to fit the data adequately rather
NaOH. Samples were prepared at least 16 h prior to the experimentthan the two components necessary in the absence of the anthryl
in order to ensure that complete dissolution of the polymer had label. This complexity is a consequence of a distribution of
occurred and to equilibrate the pH, which was measured using adistances between different doracceptor pairs. At high pH,
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Figure 2. Average donor lifetiméz(ffor ACE—AMMA —PMAA and Y
ACE—PMAA as a function of pH4ex = 290 nm andlem = 340 nm). 5 o *
The solid lines are fits (using eq 6) to the data. The neutralization point 306fs<"*
calculated from these data is at a pH of 5.8 for the double-labeled £
polymer and 5.7 for the single-labeled polymer. 504
the chromophores move apart, and the fluorescence decay can Sools s s
be fitted to a dual-exponential model. The transient fluorescence £ as
of ACE—PMAA requires a double-exponential function to fit ~0.0

the data over the entire pH range. The quality of the fits to the 10

ACE—AMMA —PMAA decay data is good with a normalized
x? given by 1.2< »? < 1.6. Those for the single-labeled polymer  contributions (b) used to fit the decays for ACEMMA —PMAA

are even better with 1.8 2 < 1.5. Because these lifetime  analyzing the ACE emission. The thick vertical line in (b) refers to the
data at low pH are key to our understanding of the behavior of neutralization pH, and the solid lines are spline fits to guide the eye.
PMAA, we also show the residuals to the fits in Figure 1, which

show these fits are appropriate on statistical grounds for the Here, the authors suggest that the polyelectrolyte can adopt a

pH
Figure 3. pH dependence of the three lifetimes (a) and their fractional

data presented.

The average lifetimézCanalyzing the ACE emission at 340
nm, was calculated using eq 2 for both the single- and double-
labeled polymers at various pH values. ThEdata are plotted
as a function of pH in Figure 2. We note that between pH 2
and 5 [z0for ACE—PMAA is longer than that of ACE
AMMA —PMAA by ~5 ns. This provides evidence for quench-
ing due to energy transfer under these conditions.

At high pH (above the neutralization point), there is no

pearl necklaceonformation at pH values below the neutraliza-
tion point. The different lifetimes would then correspond to
chromophores trapped either in the clusters (longesr in the
more open segments (shortgj. However, in our work the
labeled PMAA is of a relatively low molecular weight and so
is incapable of forming such structurés.

We suggest that in acidic conditions the polyelectrolyte forms
a coil with different levels of exposure to the solvent, which
we refer to as a “layered onion” model. The most hydrophobic

significant difference in average lifetime between the samples regions exist in a nucleus which is reflected by a contribution
due to energy transfer being inhibited by the extended confor- of 20% from the longest-lived component. Interactions between
mation of the swollen chain (discussed below). In order to obtain methyl groups are responsible for this compact structure.
the neutralization point, we fitted the data using a Levenberg Presumably there are only traces of solvent present in the

f(pH)=h, +
A, —pH

% (h, — hz)\/(l + tan)'(Al;—lpH))(l + tan}‘(a—

Marquardt routine to an empirical function
2 ))

(6)

which models the data very well. In eq 6, all parametérs (
hy, A1, Az, 01, andoy) are fitted. Although this function is wholly
empirical b, hy, A1, Az, 01, ando, are introduced solely to fit

nucleus. Donor chromophores tightly trapped in this rigid pocket
do not exhibit significant freedom of movement, and as a result
their decays have a long lifetime of ~ 34 ns. Surrounding
the nucleus is a region, affecting20% of the chromophores,
that is less tightly bound and contains slightly more solvent.
Here the longer lifetime, which is in the range 103, < 15

ns, implies that there is more freedom of movement, afforded
by the presence of water molecules for labels under these
conditions. The shortest lifetime componerg € 5 ns) most
likely represents the outermost part of the chain, which accounts
for 60% of the chromophores. It is possible that the shortest

the data and convey no physical meaning), it allows a lifetimes are due to chains labeled at their ends, but given that
mathematically accurate and rigorous means of calculating thethe reaction was allowed to proceed to no more than 20%
neutralization pH. The neutralization point is obtained by setting conversion, it is unlikely that these species would contribute to
9%/3(pH)? = 0. The inflection point is located at a pH of 5.8  60% of the decays. Although the current lifetime data suggest

for ACE-AMMA —PMAA and 5.7 for ACE-PMAA.
Up to three different values af were required to fit the donor
decay of ACEEAMMA —PMAA, which suggests that a rather

that there are three distinct regions of chain conformation, we
did not fit the data to four or more lifetimes, which would have
also provided reasonable results. (A triple-exponential function

more complex structure exists for this sample than usually was deemed adequate by consideration of the statistical criteria
presumed for PMAA. Different lifetimes correspond to different used to judge the quality of fit.) Our results do not prove that
microenvironments with different degrees of hydrophobicity these lifetimes represent a discrete cesbell-shell structure;
and/or viscosity>18The fractional contribution of the different it is likely that a gradual distribution of solvent composition
lifetime componentsAi/YiA) used to fit the naphthyl fluores-  exists. Similarly, our data do not prove that the nucleus contains
cence decays in ACEAMMA —PMAA is shown in Figure 3. the most collapsed part of the chains, and nor can we say that
Previous work aimed at understanding the conformational there is only one such “nucleus”. Another possibility is the
structure of PMAA includes time-resolved anisotropy measure- existence of domains giving rise tg. In this respect, we believe
ments on PMAA labeled with terminal dimethylanthracéhe. that the layered “onion” model may be compared with a “plum
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Figure 4. Steady-state spectra of both ACEMAA and ACE- Figure 5. Data show how the AMMA emission is enhanced as the
AMMA —PMAA in aqueous solution (16 wt %) at different pH pH is lowered due to energy transfer.

values. The emission wavelengthy is scanned from 310 to 550 nm,

for a fixed excitation wavelengthex = 290 nm. The peak at 340 nm

is dominated by ACE emission, whereas the three peaks at higher 0.4
wavelengths are dominated by AMMA (acceptor) emission. As the
chain collapses at low pH, energy transfer between donor and acceptor
occurs, causing a rise in the anthryl emission for AGEBMMA —
PMAA but little change for the ACEPMAA.

o
w

1420/1340

o
)

pudding” conformation, which would be expected to swell via :
an intermediate pearl necklace conformation. (A plum pudding 015 4 6 8 10
model, in analogy with J. J. Thomson’s model of nuclear PH
structure, considers the collapsed PMAA as spherical, with Figure 6. Ratio of emission aflem = 420 nm to emission atem =
regions more dense in PMAA connected by less collapsed 338 nm as a function of pH for ACEAMMA —PMAA with excitation
segments, rather than extended as in the pearl necklace modeft 290 nm. The solid line is a fit to eq 6.
The pearl n_ecklace model assumes that collapsed regions Ofand also as a result of the enhanced mobility of the chain
PMAA are linked by more open, water-swollen, segments.) It ends
is interesting to note that the lifetimes remain independent of Thé de f .
o N - : gree of energy transfer can be estimated from

pH up to the transition (neutralization) point, which suggests
that the Coulombic repulsions between carboxylate groups can
only induce macrosco%ic expansion of the chai);l abog\;/e appH of intensity of AMMA _ |(%er = 420 nm)
57 intensity of ACE  I(4,,,,= 340 nm)

It is worth noting that a layered structure such as the one we
describe is unlikely to be compatible with an affine swelling of via steady-state spectra, using an excitation wavelength of 290
the polymers. As the pH increases, the outermost parts of thenm sampled over the entire pH range. We show in Figure 5 the
chain would be expected to swell before the innermost regions, increase in AMMA emission with pH. In Figure 6, we show
supporting, for example, previous conclusions from Raman the degree of energy transfer (eq 7) as a function of pH. The
spectroscopy experimeris. curve in Figure 6 has the same form as those observed by other

Energy Transfer Measurements.For the steady-state ex- authors using different chromophores attached or dispersed in
periments, emission spectra were recorded over a range of pHpolyelectrolyte systems to reveal the conformational transi-
values from 2 to 10 for both the ACEAMMA —PMAA and tion 1834
ACE—PMAA samples. Figure 4 shows data for the two The ratio of the emission peaks at 420 and 340 hag/ls40
extremes (pH 2 and pH 10) using an excitation wavelength of (Figure 6) increases as the polymer collapses from an expanded
290 nm. For ACE-PMAA, the spectral profile remains invariant  (at high pH) to a coiled conformation (at low pH). The
with pH. Consequently, it can be concluded that the steady- phenomenon is reversible, and the same data are obtained when
state emission of the ACE label is insensitive to its environment. the chain swells. Further examination of Figure 6 reveals that
This is in agreement with previous studies in our laboratdfles. a gradual decrease in the intensity ratio is apparent between
Figure 4 reveals that for the ACEAMMA —PMAA sample the pH 2 and 5. This behavior contrasts with that observed when
ACE (donor) and AMMA (acceptor) emit at 340 and 430 nm, [z[bfthe ACE donor is plotted for ACEAMMA —PMAA over
respectively. At high pH the donor emission peak at 340 nm in a similar pH range: between pH 2@’ a plateau is evident
the ACE-AMMA —PMAA spectrum is quenched compared to  (Figure 2). In order to confirm that these observations are not
the same peak in the ACEPMAA profile. Anthryl emission simply due to a pH dependence of the fluorescence from the
is observable at420 nm and is probably due to a combination ACE and AMMA labels themselves, we have examined the
of a very small amount of direct excitation at 290 nm as well behavior of single-labeled samples: besides noting that the
as some energy transfer via the ACE donor. (We cannot precludesteady-state spectra for ACEPMAA were invariant with pH
energy transfer in a swollen chain if donor and acceptor labels (Figure 4), we have also performed steady-state excitation
are separated by only a few monomers.) In acidic conditions spectra on AMMA-PMAA to demonstrate that absorption at
fluorescence quenching of ACE occurs and emission from the 290 nm by the AMMA does not contribute to the results
AMMA chromophore increases as a result of energy transfer. presented here (see Supporting Information). UV absorption
The fact that enhanced energy transfer occurs at low pH in the spectroscopy experiments support this point by confirming that
current study is similar to that reported by Guillet et al. in their minimal excitation of the anthryl species occurs at 2905%Am.
investigatio* of a PMAA chain labeled with a naphthalene We conclude, therefore, that the pH dependence of the steady-
donor and an anthryl acceptor sited at the chain terminus. Thestate intensity data for ACEAMMA —PMAA at low degrees
authors of this earlier investigatihconcluded that energy  of ionization can only be explained by the occurrence of energy
transfer was enhanced due to the hypercoiled conformationtransfer. In addition, the nonequivalence of fihedata and the

()
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intensity ratio measurements for ACEAMMA —PMAA at low in a comprehensive energy transfer study betwgésrphenyl
pH infer that deactivation by additional photophysical processes and tetraphenylbutadiene in toluene solution the total energy
to that of nonradiative energy transfer may occur in this system. transfer efficiency, ET was obsenfdo be the sum of the
This will be discussed in more detail later in this section. In contributions from the radiative and nonradiative components,
the region between pH 6 and 1Q;¢/1340 for ACE-AMMA —
PMAA remains approximately constant, indicating no major ET = ET,giatve T ETnonradiative (8)
changes in the chain conformation (Figure 6). In order to obtain
the neutralization point, we fitted the data, plotted in Figure 6, The contribution of each component was observed to vary with
to eq 6 and obtained a neutralization pH for PMAA of 5.7, in the concentration of acceptor species. In terphenyl/
good agreement with the lifetime results. Potentiometric experi- tetraphenylbutadiene system at tetraphenylbutadiene concentra-
ments have been perfornfedthich suggest that PMAA has a  tions less than 10 M, the radiative process is dominant while
broad and ill-defined neutralization region which has been at high [A] (~1072 M) the nonradiative mechanism prevails.
attributed to a gradual breakdown in short-range interacfibns. ~ The steady-state intensity ratios shown in Figure 6 provide
The energy transfer measurements described here are ideal foinformation about the total degree of energy transfer in this
interrogating such phenomena because the technique is onlysystem. The lifetime data for ACEAMMA —PMAA in Figure
responsive to interactions occurring at distances of a few 2, on the other hand, report exclusively on the nonradiative
nanometers. process. These features from the steady-state and time-resolved
When donotacceptor pairs are randomly attached to the experiments can be used to provide valuable short-range
polymer chain, the distribution of distances between such pairs information regarding the mechanism of the smart response in
is related to the chain dimensions. Two factors affect this PMAA.
distribution: the concentration of donor and acceptor and the ~Reference to Figure 6 reveals that a gradual decrease in the
location of donor and acceptor within the chain (i.e., whether intensity ratio is apparent between pH values 2 and 5. Here the
they are located at the center of a coil or at the extremitfes). ratio of the radiative component to the total energy transfer
For several acceptors per chain, the probability of energy transferdecreases because the lifetime data (see Figure 2, which reports
in optimum conditions (low pH) increases because it is likely on the nonradiative component) remain constant in this pH
that one acceptor chromophore will be closer to the donor thanrange. In the hypercoiled conformation of ACBMMA —
the average distance between all the possible chromophore pair®MAA, thelocal concentration of acceptor will be high (much
present in the system. Steady-state data cannot be used tdigher than the nominal concentration of anthryl chromophore
determine the distance distribution. Distance distributions have in the solution sample, which is107¢ M, from the labeling
been expressed as Lorentzian functighbut an analysis for conditions adopted in the current study). Consequently these
our situation should consider the dorarcceptor distance  Circumstances are conducive to promotion of a high contribution
distribution to decay exponentially with number of monomers. from the radiative component. (Certainly for thelerphenyl/
End-to-end distances have been calculated assuming a Gaussidetraphenylbutadiene system the radiative component domi-
distribution function to model the energy transfer efficiefity.  nate$® between acceptor concentrations of 4@nd 10 M.)
All of these theoretical treatments are postulated assuming thatFor PMAA at pH 2, there are strong attractive hydrophobic
segmental diffusion does not occur on the time scale of the forces between the backbone methyl groups, in addition to
energy transfer. However, no such assumption is necessary fohydrogen-bonding interactions between COOH units. These
DLS, and this is used to estimate an approximate size of the have previously been referred to as short-range interactfons.
conformation adopted by PMAA in both acidic and basic However, as the pH is increased, an increasing concentration
conditions. of carboxylate anions is preseéhtThe mutually repulsive
Radiative energy transfer is a two-step process involving the interactions between the negatively charged species serve to
emission of a fluorescence photon by D and reabsorption of gradually break down the short-range hydrophobic interactions

that photon by A as outlined below: involving the methyl units. This has been sugge%t¢al lead
to a gradual expansion of the PMAA chain until a critical point
D* — D + hwe is reached where a macroscopic transition occurs at ca. pH 6
when neutralization of the PMAA is complete. Under these
A+ hype— A*

conditions, repulsions between carboxylate anions dominate, the
hydrophobic attractions are completely broken down, and the
chain expands to a water-swollen structure. Classically, the pH-
dependent behavior of PMAA has been revealed in titration plots
which comprise two linear regions separated by a marked
inflection* These plots have been interpreted as follows: the
first linear portion is associated with increasing concentrations
D* + A — D + A* of anions as the degree of ionization increases. The point of
inflection can be attributed to a slowing down in the rate of
This process occurs via a single step as a consequence oflecrease in acid strength. This has been suggested to be a
dipole—dipole interactions and is dependent upon the spectral consequence of a sudden uncoiling of the polymer chains
overlap of D and A and the distance between the two. In contrastincreasing the separation between the remaining acid groups.
to the radiative process, the lifetime of D is critically dependent ~ The intensity data in Figure 6 illustrate these gradual
upon the concentration of acceptor. Consequently, lifetime datarearrangements of the polymer chain as the pH increases from
can be used to differentiate the degree of nonradiative to 2 to 5; thelocal acceptor concentration also decreases gradually
radiative energy transfer in a system. within this pH range as the short-range interactions are broken
When energy transfer (ET) occurs in solution, the radiative down and the chain partially expands. These energy transfer
process is often dominant, and so its effects must be accountedata provide strong evidence for a partial expansion (or structural
for when studying the nonradiative component. For example, rearrangement) of PMAA prior to the macroscopic switch at

This mechanism does not affect the donor decay; however, the

fluorescence intensity decreases with increasing [A]l. The

efficiency of transfer is governed by the spectral overlap between

D and A and the molar extinction coefficient of the acceptor.
Nonradiative energy transfer is defined as
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Figure 8. Rotational correlation times as a function of pHy= 370
nm andiem = 450 nm). The solid line is a fit to eq 6 and reveals the
neutralization point as pH 5.7.

This seems reasonable, since we estimate the total size of the
hypercoil to be 8 nm from the DLS data discussed below. The
Time (ns) coil expands to~15 nm at pH 6, which is beyond the critical
Figure 7. Anisotropy decays (top graph) for ACEAMMA —PMAA transfer distgnce for this system; gonsequeptly, the energy
as a function of pH (hergex = 370 nm andiem = 450 nm). The solid transfer efficiency decreases dramatically. This is reflected in
lines are fits to the data for pH values of 3.4 and 9. Below, the residuals the data shown in Figure 2; at pH values in excess of 6, the

are shown for the analyses of samples at pH 3.4 and pH 9. The residualdifetime data in the presence and absence of acceptor can be
from the analysis of the sample at pH 9 are the lower of the two. We superimposed

show the residuals over the full fitting range, but the scatter in the ) ' ) )

different sets of data at longer times means that the best presentation Time-Resolved Anisotropy MeasurementsFor the time-

of the anisotropy decays is limited to80 ns. The residuals to the pH  resolved anisotropy experiments the anthryl label (in ACE

9 data show that the single-exponential fit is limited to the “tail” of  ApMA —PMAA) was selectively excited and analyzed. The
the data, as discussed in the text. . '
anisotropy decays of the ACEAMMA —PMAA sample are

the neutralization point. In addition, and crucially, the donor ~ Shown at several different pH values in Figure 7. In acidic
acceptor experiments have allowed the breakdown in short-rangeconditions, the hypercoiled PMAA retards the decay, a situation
interactions to be monitored experimentally in PMAA. A similar  that is reversed in basic conditions. Previous work on the
trend in intramolecular energy transfer has been obséhied ~ @queous solution behavior of PMAA has shown that a 1-viny!-
a double-labeled poli¢isopropylacrylamide) (PNIPAM) sample; naphthalene Iab_el can sense free rotations in the hyperqoned
a gradual increase in the degree of energy transfer was reporte@onformatior®® Since the AMMA label in the current work is
well below the conformational transition temperature of PNIPAM. @also capable of free rotation, we wish to concentrate on
This was also attributé to the existence of short-range Mmonitoring motion of the polymer backbone. We have therefore
interactions at temperatures below the conformational transition Simplified our analysis by fitting the longest times of the decay
of the polymer, which were inferred to be a result of confor- (the “tail” of the data), which should reflect largely backbone
mational rearrangements prior to collapse into the globular motion, where a simple exponential decay (eq 4) suffices to

Residuals (standard deviations)
Los hoan

40 80 120

structure. model these data. The residuals also shown in Figure 7 clearly
The energy transfer efficiency is a function of the distance ~demonstrate that at long times a single-exponential function
between the donor and acceptor adequately fits the data. The quality of single-exponential
analyses is very good, with all of the (normalized)values
_ 1 ) lying between 1.0 and 1.8. These TRAMS results reveal a clear
1+ (1/R)° demarcation between the hypercoiled and expanded states of

PMAA. In Figure 8, the rotational correlation time is plotted

whereR, is the average doneiacceptor distance at which 50% as & function of pH. The neutralization point was estimated at
energy transfer takes plad&The energy transfer efficiency can  PH 5.7 by fitting these data to eq 6.
be calculated from The shape of the pH dependence of the rotational correlation
time (Figure 8), with a maximum at pH4 and a minimum at
pH ~7, demands some explanation. We first considerpH
where a maximum in the data occurs, as in previous observations
for PMAA with different labelst>35 Presumably this peak in
where tp and 7er are the respective lifetimes in the absence correlation time data is due to the freedom that the AMMA
and presence of acceptor. label has to rotate independently of the chain backbone, i.e.,
We have estimated ET from eq 10 by using an average about an axis defined by the single bond linking the chro-
lifetime calculated from eq 2 from the donor decays of ACE  mophore to the chain backbone. One might expect the chain to
AMMA —PMAA as a function of solution pH. The nonradiative become less mobile with decreasing pH to the point at which
transfer efficiency remains constant between pH 2 and 5 (ET full acidification occurs at pH~2. As the chain collapses,
~ 0.14 in this region) and decreases between pH 5 and 6 as thehowever, hydrogen bonding between carboxylic groups and any
coil expands: i.e., at pH 5.4 the ET drops to 0.11 and then to remaining carboxylate ions increase the rigidity of the chain,
essentially 0 by pH 5.6. At this point, the macroscopic transition causing an increase in the rotational correlation time. Under
is complete, in agreement with our estimates of the neutralizationthese conditions, AMMA, through its free rotation, monitors
point from the fits to the data shown in Figures 2 and 7. the microviscosity of the polymer coil. Consequently, our data
The distance between the donor and acceptor in the hyper-suggest that since the motion is slowest at-p# free rotation
coiled conformation was calculated as 3.4 nm from eq 9 using is hindered due to an increased microviscosity in the hypercoil
Ry = 2.5 nm for an anthryl and naphthyl donor/acceptor fir.  (i.e., the microviscosity is maximized at this pH). Clearly this

T,
ET=1-— (10)
Tp
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of the chain with pH can be seen from the results shown in

10 } } } Figure 9, where the transition to the open coil conformation
" occurs at a pH of 5.7. The analysis of the light scattering data
=12 treats the polymer as a hydrodynamic sphere, and we note that

<10 in swelling the chain increases in size frétg = 7.7 to 15 nm.
« 8 We note that, despite the fit to the DLS data suggesting the
transition is complete over a very narrow range in pH, the
6 quantity of data does not allow us to make this conclusion.
2 4 6 8 10 Nevertheless, intrachain rearrangements determined by lifetime

PH and steady-state experiments occur over a considerably broader

Figure 9. Hydrodynamic radii as a function of pH for (unlabeled) yange of pH than the transition to an open coil confirmation
PMAA as measured by dynamic light scattering. The size of the determined by DLS

polymer nearly doubles for solutions with pH greater than 5.7 (the
neutralization point measured in the current work). The solid line is a gy clusions

best fit to eq 6. . ) . .
A detailed study of the pH-induced conformational transition

effect diminishes when the chain is swollen: the microviscosity of poly(methacrylic acid) has been performed using three
is at a minimum under these conditions. The effect also fluorescence techniques (energy transfer, fluorescence lifetime,
diminishes at very low pH €4) when there are no (or few) and time-resolved anisotropy measurements), supported by data
remaining carboxylate ions. (The coil is presumed to partially from dynamic light scattering. The fluorescence techniques and
expand under very acidic conditions.) The pH at which the dynamic light scattering reveal that the transition occurs at a
rotational correlation time is a maximum is therefore between pH value of~5.7, which is in agreement with numerous earlier
the neutralization point, and full acidification, which is pHt measurements. Crucially, these techniques are also sensitive to
in our data. This is in agreement with results using other different length scales and have provided a comprehensive
dyes!®35 ACE, unlike AMMA, is linked to the backbone by  picture of the conformational switch of PMAA.
two bonds and so is unable to move independently of the main  Energy transfer studies (which are sensitive to the nanometer
chain. Consequently, no such maximum appears in time-resolvedscale) reveal contributions from radiative and nonradiative
anisotropy data for ACE-labeled PMAA since it is unable to Pprocesses and have provided valuable information regarding the
sense the microviscosity within the hypercoiled conformatfon. mechanism of the smart response in PMAA. These experiments
Another noteworthy point is the fact that TRAMS using the have monitored the breakdown in short-range interactions
AMMA label is insensitive to the gradual coil expansion/ between methyl units and carboxylic acid and carboxylate anions
rearrangement between pH values 2 and 5 as revealed by thé&s the pH increases toward neutralization. A gradual rearrange-
steady-state energy transfer experiments. These rearrangement¥ent of the coil results over several pH units as mutual repulsion
are a consequence of the breakdown of short-rargenm) between increasing concentrations of carboxylate anion begins
interactions (for example, between adjacent methyl groups or to dominate. At a critical pH (as revealed by DLS in particular),
adjacent segments) which result in subtle changes in the coilrepulsive interactions involving anions serve to expand the coil
structure. Energy transfer experiments are ideally placed tointo a water-swollen structure breaking down any remaining
monitor such short-range interactions. TRAMS, on the other hydrophobic forces of attraction in the process. The combination
hand, are sensitive to the macroscopic switch in conformation of data from fluorescence energy transfer, TRAMS, and DLS
since this significantly affects the mobility of the label: the provide unique, conclusive evidence for local intrachain rear-
coil dimensions (see DLS data below) increase dramatically at rangements prior to the sudden macroscopic change in confor-
the neutralization point which consequently reduces the local mation at the neutralization point of PMAA.
microviscosity and increases the rate of motion of the AMMA  Time-resolved fluorescence measurements reveal three life-
label. times for the hypercoiled structure of PMAA, which we interpret
Finally, the increase in correlation time (see Figure 8) above t0 be a result of different regions of solvent concentration within
pH 6 is likely to reflect shielding caused by the addition of the polymer chain. This suggests that the polymer expansion is
NaOH to adjust the pH of the solution. Presumably a partial cooperative rather than affine (different parts of the polymer
collapse occurs under these conditions due to the drive of thechain swell at different points) and is consistent with the model
hydrophobic units to minimize water contacts. An increase in deduced from the energy transfer and DLS measurements
correlation time is consequently observed. (This hydrophobic described above; i.e., short-range rearrangements occur prior
drive to induce coil collapse has been used previously to shift to the macroscopic switch in conformation.
the conformational transition of certain acrylic acid-based
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effect and resultant partial collapse has also, for example, been
observed in the swelling of PMAA gefs. Z}aﬁxrirgl\eﬂr:i and Ben Ryan for UV spectroscopy on the

Dynamic Light Scattering. Solutions of polyelectrolytes
show a qualitatively different behavior compared to that of  Supporting Information Available: Steady-state excitation
neutral polymers. With the transition from a coiled to an open spectra of ACEAMMA —PMAA and AMMA—PMAA,; relaxation
chain conformation, the hydrodynamic radRsincreases. The  times from the DLS experiments at three different pH values. This
hydrodynamic radius cannot be treated as the exact size of thematerial is available free of charge via the Internet at http://
polymer because it is related to the diffusive properties of the Pubs.acs.org.
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