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Polymer Effects in Proton-Transfer Reactions.
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ABSTRACT: Emission, excitation, and absorption spectra of poly(2-vinylquinoline) and 2-methylquinoline
solutions in dioxane—water mixtures have been measured as a function of the ionization degree, determined
potentiometrically or spectrophotometrically. Absorption and excitation spectra give information about the
ground-state equilibrium of heterocycle protonation. In the monomer analogue, the intensity of the emission
coming from the protonated rings is proportional to the ground-state degree of ionization. Nevertheless, the
emission coming from the heterocyclic protonated form in the polymer chain begins before the concentration
of such a form would be measurable in the ground state. This is interpreted as being due to protonation of
the ring following excitation as a consequence of the larger basicity of the heterocycle in the first singlet excited
state when anchored in a polymer chain. The different behavior of the polymer and the monomeric model
compound is interpreted in terms of the different approach to quinoline groups by solvent molecules.

Introduction

Chromophores that can undergo protonation usually
have a dual emission'? that is ascribed to the neutral and
protonated forms. Ground-state protonation equilibrium
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is reflected in absorption and excitation spectra, although
emission spectra are a consequence of excited-state be-
havior.

Ground state and excited state differ in their electronic
configurations and as a consequence in their properties;?
in particular, large basicity differences have been observed
in heterocyclic systems of small molecules? but in only one
polymer case.! When an aromatic heterocycle is excited,
the ground-state equilibrium of protonation is perturbed
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in a manner that may produce a subsequent proton-
transfer reaction. If proton affinity is smaller in the excited
state, the excited-state protonated chromophore may re-
lease the proton to a solvent molecule. After decay to the
ground state as the neutral form, it may recapture the
proton.

In contrast, if proton affinity increases with excitation,
the excited neutral form takes a proton after the necessary
diffusion steps. If protons are in the immediate solvation
sphere or intramolecular complexes previously exist, the
diffusion step is avoided. Otherwise, the proton-transfer
reaction can be diffusion controlled if the acid-base
equilibrium is quickly established once the reactants are
in contact.

For small molecules, when proton-transfer reactions are
faster than emission, the fluorescence spectrum reflects
the excited-state equilibrium population of neutral and
protonated forms and therefore, only one band is observed
for each pH.® In polymers* this is not so because basicity
(represented by pK values) changes during the course of
a titration® and as a consequence there is a broad range
of pHs in which the degree of ionization is complete.
Therefore, in polymers, to observe simultaneously the
bands corresponding to neutral and protonated forms does
not only have implications about the proton-transfer re-
action kinetics; it is also related to the influence of re-
pulsive interactions between ground- and excited-state
protonated heterocycles.

Many other polymer effects related to energy migration,
steric hindrance produced by the chain skeleton, high local
chromophore concentration, etc. are expected in macro-
molecules that are good models for biological systems in
which proton-transfer reactions play an important role.’

In the present work, we deal with proton-transfer re-
actions in the ground state and first singlet excited state
of quinoline joined to a macromolecule or in a small
molecule.

Experimental Section

2-Vinylquinoline was synthesized by two methods: (a) by
reaction of 2-methylquinoline with 38% aqueous solution of
formaldehyde in boiling triethylamine; (b) by reaction of quinoline
N-oxide with vinylmagnesium chloride.

Poly(2-vinylquinoline) (P2VQ) was synthesized at 90 °C with
a Ziegler—Natta catalyst (AlEt;/VCly) under a nitrogen atmosphere
and with toluene as a dispersant agent.® If was purified by
precipitating twice in the system benzene/n-hexane as sol-
vent/precipitant and dried under vacuum. Molecular weight
determined by light scattering in chloroform was M, = 7.33 X
105, Crystallinity was 57%, determined in a Philips 1100 X-ray
generator with Cu Ko radiation. 2-Methylquinoline (2MQ) was
from Ferosa. It was distilled under vacuum just prior use.

Organic solvents were RPE products from Carlo Erba. Water
was distilled and purified in a Milli-Q system from Millipore.
Solvents for fluorimetry were found to be transparent and clear
in the spectral region employed. Standard HCI solutions from
Carlo Erba were checked by potentiometric titration with an-
hydrous sodium carbonate.

pH measurements were performed in a pH meter from Ra-
diometer. Corrections for the liquid junction potential® were
applied for each dioxane-water composition and HCI concen-
tration.

Absorption spectra were measured in a Perkin-Elmer 124
spectrophotometer with cells of 10- or 2-mm optical path length.

Fluorescence measurements were performed in a Perkin-Elmer
LS-3 fluorometer. Spectra were uncorrected. Nitrogen bubbling
decreases the emission of the neutral and protonated forms by
less than 10% and so aerated solutions were employed.

In all cases polymer concentration was kept below 5 X 10 M
(OD < 1) in order to avoid autoabsorption in fluorescence spectra
and aggregation problems. 2MQ was used at the same concen-
trations. .
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Figure 1. Potentiometric titration of 2MQ in two dioxane-water
mixtures of different dioxane volume fraction: (O) ¢giex = 0.500;
(@) ¢giox = 0.667.

Table I
pK Values in the Ground (pK) and First Singlet Excited
State (pK*) for 2MQ and P2VQ in Dioxane-Water
Solutions of Different Dioxane Volume Fraction (¢4,,) at
Room Temperature

P2vQ
Ddiox 2MQ a,a* = 0.1 a,a* = 0.5
0500 pK=pK*=433 pK=133 pK = 1.60
pK* = pK* = e
0667 pK=pK*=385 pK =260 pK = 2.85
pK* = 380 pK* = 440

Results and Discussion

Ground-State Ionic Equilibrium. Potentiometric
determination of the ionization degree (o) and the ap-
parent pK, in a polybase partially protonated by HCI is
made through the expressions

a = ([HCl] - [H*]) /[P2VQ] ¢, (1)
pK, = pH + log [e/(1 - &)] 2)

where [P2VQ],, represents the polymer concentration.

But pH measurement does not allow the estimation of
a and pK, of dilute (5 X 10™* M) P2VQ solutions in di-
oxane—water mixtures because pH*, i.e., pH corrected for
the liquid junction potential, is approximately equal to —log
[HC1).

Nevertheless, that is not the case for the monomer
analogue 2-methylquinoline, as can be seen in Figure 1.
As expected, when the water content increases and
therefore the solvent dielectric constant increases, pK,
increases and heterocycle ground-state protonation be-
comes easier. In pure water at 20 °C, pK, = 5.83,10 in
accordance with the extrapolated value from our results
in water—-dioxane mixtures (Table I).

In the same solvent, P2VQ is comparatively much less
basic than 2MQ, according to the potentiometric results.
It is a general result in polybases and several arguments
have been claimed to explain it.'»'? They consider the
influence of the polymer skeleton through its hydropho-
bicity and giving place to a low local dielectric constant.!l!?
Preferential sorption of the low dielectric constant solvent
must also be considered in solvent mixtures.

P2VQ excitation spectra (Figure 2) show two partially
overlapping bands. The relative intensities and peak
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Figure 2. Excitation spectra of P2VQ in dioxane-water solutions
(bgicxr = 0.667) at different HC] concentrations. The emission
wavelength A, = 460 nm.
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Figure 3. P2VQ emission and excitation characteristics (max-
imum intensity (I) and wavelength ())) in a dioxane—water solution
(bgiox = 0.687) as a function of HCI concentration.

wavelengths change with the HCI concentration as shown
in the lower part of Figure 3 for mixtures containing 66.7%
dioxane in volume fraction.

P2VQ and 2MQ absorption spectra are essentially the
same. Figure 4 shows the absorption spectra of 2MQ in
dioxane-water at several HCI concentrations. They show,
as the excitation spectra, two bands whose relative inten-
sity changes with the degree of ionization, but in the ab-
sorption spectra there are no shifts of the peak wavelengths
as in excitation.

Although a precise potentiometric determination of o
is impossible for P2VQ as mentioned before, it is possible
to estimate the ground-state degree of protonation by
means of absorption and excitation spectra. Intermediate
values of a can be interpolated by assuming that the
plateaus of A,; vs. —-log [HCI] (Figure 3) at low and high
[HC1] correspond to zero and complete ionization. About
the same results are obtained by using the dependence of
the optical density on ~log [HCIl]. Table I summarizes the
P2VQ pK values calculated with expression 1 and 2 at two
« values and compares them with the pK for 2MQ.

It must be mentioned here that the P2VQ sample used
is highly isotactic, and tacticity influences in polymer
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Figure 4. Absorption spectra of 2MQ in dioxane-water solutions
(dgiox = 0.667) at different HC] concentrations.
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Figure 5. P2VQ emission spectra in dioxane-water solutions (@gx
= 0.667) at different HC] concentrations. The excitation wave-
length A,; = 320 nm.

basicity have been previously found!? for another polybase:
poly(2-vinylpyridine).

Excited-State Behavior. Excited-state behavior is
reflected in the emission properties. P2VQ fluorescence
spectra in dioxane-water solutions of 66.7% dioxane
volume fraction containing different concentrations of HCl
are shown in Figure 5. They show two bands that coexist
in a certain range of HCI concentrations. The peak around
390 nm that appears at lower HCI concentrations is as-
cribed to rings that are neutral in the excited state. At
larger HCI concentrations a new broader band appears
around 470 nm and is ascribed to excited-state protonated
rings (Table IT). Therefore, the transition from 390 to 470
nm for A, (Figure 3) allows estimation of the ionization
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Table 11
Spectral Characteristics of the Neutral (N) and Protonated
(P) Forms of 2MQ and P2VQ in Dioxane-Water Mixtures:
Emission (\,,), Absorption ()\,;), and Excitation (\,;)
Wavelengths and Stokes Shifts (S)

Aemy IM  Ag, DM A, nm S, cm
2MQ — N 340 314 293 4720
2MQ — P 405 314 337 4980
P2VA— N 390 319 326 5030
P2vQ — P 470 313 345 7710

degree in the excited state (a*) as a function of the HCI
concentration.

Total ionization of the first singlet excited state of
heterocycles anchored in the polymer chain occurs at pH
between 4.75 and 3.25 when ¢g4;,; = 0.667 whereas ioniza-
tion of the ground state under the same conditions requires
larger HCI concentrations with pHs ranging from 3.75 to
1.70.

Analogous behavior is observed when the dioxane vol-
ume fraction in the solvent mixture is 50%. In this case
ground-state protonation occurs between 3.25 and 0.50 pH,
and excited-state ionization is complete at pH 3.25. Sol-
ubility problems prevent determination of the pH at which
excited-state ionization begins, and therefore pK* cannot
be calculated for this ¢g;e.

Table I summarizes pK and pK* values for P2VQ in two
dioxane—water solutions and at two ionization degrees. It
is clear from these results that quinoline heterocycles are
much more basic in the excited state than in the ground
state when they form part of the homopolymer P2VQ. As
a consequence, when only neutral rings are present in the
ground-state ionization equilibrium, immediately after the
absorption of light that situation is no longer in equilibrium
since the chromophore basicity has suddenly increased. To
restore the protonation equilibrium, the heterocycle in the
excited state takes a proton from the surrounding solvation
atmosphere. Once protonated, it decays to the ground
state. Then it releases the proton again to the first sol-
vation shell.

Nevertheless, basicity of quinoline in 2MQ is the same
in the ground state and in the first singlet excited state,
as we will see now. 2MQ emission in dioxane-water so-
lutions, at very low HCI concentration, shows only one very
weak band around 340 nm. It corresponds to the neutral
form. Intersystem crossing, typical of heterocycles, may
explain the low fluorescence quantum yield. When the
HCI concentration increases, a new band at 405 nm ap-
pears with intensity comparable to the P2VQ emission
(Table II). The intensity of this last band, ascribed to
protonated 2MQ in the first singlet excited state, is pro-
portional to the ground-state ionization degree (Figure 6),
and it must be interpreted as if o* = « and therefore pK
= pK*. That is to say the 2MQ basicity is the same in the
ground and excited states, and the ionization equilibrium
is not perturbed by excitation to the first singlet excited
state at room temperature.

At very large [HCI]/[chromophore] ratios, when there
are five molecules of HCI per 2MQ molecule and the ion-
ization degree is 90%, fluorescence is quenched when the
HCI concentration increases. The same phenomenon oc-
curs in the polymer, but at lower HCl concentrations
(Figure 3), when there are only 2.6 HCl molecules per
heterocycle joined to the polymer chain and the ionization
degree is about 20%. Above that HCI concentration, the
P2VQ fluorescence intensity decreases progressively and
disappears at pH around 1. Fluorescence quenching by
counterions has previously been observed for poly(2-
vinylpyridine) and it was ascribed to the formation of a
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Figure 6. Emission intensity at 410 nm of 2MQ solutions in
dioxane—water mixtures of different dioxane volume fraction: (O)
Pdiox = 0500; (.) Ddiox = 0.667.

charge-transfer complex,? typical of heterocyclic systems.!*
The formation of such charge-transfer complexes is related
to counterion condensation on the protonated ring.!%14 As
expected,* upon addition of Na,8O,, the quenching effi-
ciency of chloride counterions decreases.

Polymer Effects. Differences between P2VQ behavior
and that of its monomeric model compound 2MQ are at-
tributed to phenomena specific to macromolecular systems,
which we call polymer effects.

Changes in basicity accompanying excitation are the
consequence of chromophore conformational changes.? In
2MQ basicity is the same in the ground state and in the
first singlet excited state, but there is experimental evi-
dence of quinoline conformational changes produced by
electronic excitation in that compound. Such evidence
comes from Stokes shifts of the neutral and protonated
forms of quinoline.

The Stokes shift S is given by

S = 107/Ape - 107/ A 3)

where A, and A, are the excitation and emission wave-
lengths (in nm), respectively. It measures the difference
in energy between Franck—Condon and equilibrium states
and depends on the degree of relaxation of the solvent
molecules produced in the chromophore solvation shell by
conformational changes in the molecule.? Table II sum-
marizes S values for 2MQ an P2VQ. In all cases, the
stabilization of the excited state by redistribution of solvent
molecules is quite strong. Conformational changes occur
in both compounds, although they are more drastic in the
polymer case.

If 2MQ suffers photoinduced conformational changes
but its basicity does not change with excitation, it could
mean that proton-transfer reactions occur from Franck-
Condon excited states and therefore they compete with
solvent relaxation. This interpretation is in accordance
with experimental and calculated photoinduced pK
changes.

The Forster cycle! allows calculation of such ApK by
means of the expression

ApK = pK* - pK = (hVQ - thH)/23RT (4)

where vq and vqy are the frequencies of the electronic
transitions in the neutral and protonated forms and h is
the Planck constant. In systems with large Stokes shifts,
two choices can be made for »g and »gy: those from
emission spectra and those from absorption spectra.
Frequencies from emission spectra involve the equilibrium
excited states, and frequencies from absorption spectra
involve the Franck-Condon excited states.

Table III summarizes ApK calculated values with
emission and excitation data of Table II and also with
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Table ITI
Photoinduced pK Increase (ApK = pK* - pK) for
Quinoline in 2MQ and P2VQ

ApKexptla ApK emb ApK“b ApK nvc
2aMQ 0 9.9 9.3 9.7
P2vQ 1.4 9.2 3.5 7.1

¢ Experimental results. ?Calculated by the Férster cycle using
emission (ApK,,) and excitation (ApK,,) data. °Calculated by the
Forster cycle using the average of excitation and emission wave-
lengths.

averages® of those two values. The closest approach to
experimental results in the P2VQ case corresponds to
excitation data, in agreement with previous arguments
about the electronic excited state involved in proton-
transfer reactions, the Franck—Condon level. For 2MQ,
ApK calculated values overestimate the experimental re-
sult. Perhaps solvent relaxation in this case is faster than
the proton-transfer reaction and the equilibrium excited
state is not able to react.

Differences in ground-state basicity and excited-state
behavior for the polymer and the monomer analogue
suggest that the chromophore approach by solvent mole-
cules is very different in the two cases. Chromophore
packing in the polymer chain and steric hindrance of the
backbone, which is especially important in position 2,1
make the quinoline-solvent interaction difficult. As a
consequence, local dielectric constant and ground-state
basicity are different for the polymer and the monomer
analogue, and that influences too the rate of proton-
transfer reaction with respect to the rate of solvation at-
mosphere relaxation.

Conclusions

Several polymer effects have been observed from com-
parison of the ionization equilibria of P2VQ and its mo-
nomer analogue 2MQ. (i) Ground-state basicity is much
smaller for the polymer than for the small compound. (ii)
P2VQ suffers proton-transfer reactions in the first singlet
excited state and 2MQ does not. (iii) Charge-transfer
complexes with counterions quench the emission at lower
acid concentrations for the polymer than for 2MQ.

These effects are explained by the following arguments:
(i) Excitation produces chromophore conformational
changes both in the polymer and in the monomer analogue.
(ii) Proton-transfer reactions occur from Franck-Condon
excited states and compete with solvent relaxation, both
in the polymer and in the monomer analogue. (iii) Solvent
molecule approach to quinoline is different in 2MQ and
P2VQ. As a consequence, proton-transfer reactions are
faster than solvent relaxation processes in the polymer
case, but the opposite is true for 2MQ. This also explains
the ground-state behavior of both compounds.

These interpretations are in agreement with Stokes
shifts and calculated pK values.
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ABSTRACT: Investigations have been carried out on intramolecular excimer formation, quantum yields,
times of fluorescence decay, and energy migration (EM) in polystyrene (PS) as a function of molecular weight
by using the Monte Carlo method. Mechanisms (resonance and exchange) that may be responsible for PS
luminescence have been discussed, and it has been shown that the exchange (Dexter’s) mechanism is more
appropriate in the description of the EM process. The observed differences in quantum yield obtained by
experiment and by Monte Carlo simulation have been explained by PS chain dynamics, which are not taken
into account in the simulation. The following photophysical parameters of PS have been determined:
concentration of excimer-forming sites, average time of energy hop between chromophoric groups, average
number of energy hops, and average square of the angle between electronic transition moments in phenyl

groups.

I. Introduction

Investigations of migration and transfer of electronic
excitation energy have been conducted on a number of
substances, which, owing to the distribution of luminescent

molecules, may be divided into homogeneous and nonho-
mogeneous substances.

The study of luminescence processes in nonhomogene-
ous systems, which include, among others, biological cells,
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