Colloid Polym Sci (2015) 293:823-831
DOI 10.1007/s00396-014-3474-7

ORIGINAL CONTRIBUTION

Photo-induced dynamic association of coumarin
pendants within amphiphilic random copolymer micelles

Huan Chang - Yan Liu - Mei Shi - Zhaotie Liu -
Zhongwen Liu - Jinqiang Jiang

Received: 16 September 2014 / Accepted: 25 November 2014 /Published online: 4 December 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract The water-soluble amphiphilic random copolymer
of P(DMA-co-VBC) with coumarin pendants has been de-
signed to investigate the photo-induced dynamic association
of coumarin pendants within polymer micelles in aqueous
solution. Methods of absorption and emission spectra, solu-
tion transmittance, dynamic light scattering (DLS), and atomic
force microscope (AFM) were applied. It was found that
P(DMA-co-VBC) can form polymer micelles in aqueous
solution. The time-dependent photo-dimerization degree
(PD) of polymer micelles upon different intensity irradiations
of 320 nm light showed saturating behaviors with an intensity-
independent value of the maximum photo-dimerization ex-
tent, while the maximum photo-cleavage extent of coumarin
dimers declined with the increasing intensity of 254 nm irra-
diation at used conditions. Furthermore, a significant emission
band at 445 nm (/) evidently emerged as against the disap-
pearance of emission band at 385 nm (/) during the photo-
dimerization, and the time-dependent /,/7; ratios of polymer
aqueous solution upon alternative irradiations of 320 and
254 nm light showed a wave-like increase as a function of
irradiation cycles, indicating a wavy closeness of coumarin
pendants within polymer micelles during the reversible photo-
dimerization cycles.
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Introduction

Water-soluble amphiphilic copolymers (WSAPs) have
attracted much attention in the past years due to their unique
self-assembly behaviors upon various chemical and physical
stimuli, such as pH, temperature, light, and redox [1-4]. Like
amphiphilic block copolymers, WSAPs can self-assemble
into various nano-aggregates, which can be exploited for
potential applications in nano-carriers, nano-reactors, etc.
[5—14]. A simplest design of WSAPs is to introduce a small
amount of hydrophobic comonomers into the water-soluble
polymer. To be emphasized, due to the unique random se-
quence architecture, this design would allow the objected
polymer to self-assemble loosely in aqueous solution with
hydrophobic components associating gradually from outside
to inside and to move toward a certain direction upon external
stimuli. Further understanding on their micellization and
stimuli-responsive behaviors may improve their opportunities
in potential applications.

Coumarin and its derivatives have attracted considerable
attention because of their diverse photophysical and photo-
chemical properties [15—18]. In addition, coumarins can un-
dergo a 2+2 photo-dimerization upon irradiations at A>
300 nm and then revert to the starting compound upon irradi-
ations at A<300 nm [19]. Since this reversible photo-
dimerization was first disclosed in 1902 [19], enormous stud-
ies concerning coumarins have been published due to their
unique photochemistry [20-25]. Moreover, in recent years,
applications of this reversible reaction have been explored
where coumarins can be used as phototriggers for light-
sensitive amphiphilic polymers. Here, as illustrated in
Scheme 1, we used the water-soluble amphiphilic random
copolymer of poly[2-(dimethylamino) ethyl methacrylate-co-
7-(4-vinyl-benzyloxyl)-4-methylcoumarin] (P(DMA-co-
VBC)) to investigate its micellization in aqueous solution
and the reversible photo-dimerization of coumarin pendants
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Scheme 1 Schematic illustration
of the water-soluble amphiphilic
random copolymer of P(DMA-
co-VBC) and its reversible photo-
dimerization upon alternative
irradiation in aqueous solution

within polymer micelles upon alternative irradiations of 320
and 254 nm light.

Experimental section
Materials

Ethyl-2-bromo-2-methylpropionate (EBM-Br), N, N, N', N, N
"-pentamethyl-diethylenetriamine (PMDETA), Cu(I)Br, 4-
vinylbenzyl chloride (90 %), 7-hydroxy-4-methylcoumarin,
4-methoxyphenol (99 %), 2-(dimethylamino) ethyl methacry-
late (DMAEMA), anhydrous potassium carbonate, and neu-
tral Al,O3; were purchased from Aladdin. DMAEMA was
passed through a neutral Al,O3 column to remove the inhib-
itor before the polymerization. 7-(4-Vinyl-benzyloxyl)-4-
methylcoumarin (VBC) was prepared according to previous
works [26, 27].

Characterization

"H-NMR spectrum (400 MHz) was investigated by a Bruker
spectrometer with CDClj; as solvent. Gel permeation chroma-
tography (GPC) was performed using a Waters system
equipped with a refractive index and a photodiode array
detector using THF as eluent (0.5 mL/min) and polystyrene
standards for calibration.

Dynamic light scattering (DLS) measurements were per-
formed at 25 °C with a Malvern Nano-ZS90 instrument
(Malvern, UK) to determine the average diameter and size
distribution of polymer micelles. Fluorescent emission spectra
were recorded on a QuantaMaster™ steady-state fluorometer
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(PTIL, America) at 25 °C. UV—vis absorption spectra were
recorded on a UV-6100s Spectrophotometer (Shanghai
Meipuda Instrument Co., Ltd., China) at 25 °C. Atomic force
microscope (AFM) images of micelles were obtained in tap-
ping mode on a_ CSPMS500A scanning probe microscope
system (Beijing Benyuan Nanometer Instrument Co., Ltd.,
China). The samples were prepared by dropping the micellar
solution (2.50x10? mg/mL) onto mica sheet and dried at
room temperature overnight.

Polymer preparation

In the polymerization, EBM-Br initiator (0.058 g, 0.3 mmol),
Cu(I)Br (0.086 g, 0.6 mmol), DMAEMA (5.030 g, 32 mmol),
VBC (0.750 g, 2.5 mmol), PMDETA (0.110 g, 0.6 mmol), and
dioxane (10 mL) were quickly added into a 50-mL ampoule.
Then, the mixture was degassed three times using the freeze-
pump-thaw procedure and sealed under vacuum. After 30 min
stirring at room temperature, the ampoule was placed in a
preheated oil bath (60 °C) for 24 h. Then, the solution was
passed through a neutral Al,O3 column with chloroform as
eluent to remove all the catalyst. The amphiphilic random
copolymer of P(DMA-co-VBC) was collected by precipita-
tion twice into ethyl ether. The pale yellow powder was dried
under vacuum at 30 °C overnight (yield, 70 %; Mn=1.67x
10* g/mol; Mw/Mn=1.20 (GPC)).

In order to determine the critical micelle concentration
(CMC) value of P(DMA-co-VBC) in aqueous solution, cal-
culated concentrations of polymer in previously pyrene-
saturated aqueous solution were excitated at 334 nm, and the
CMC value at 4.70x 107> mg/mL was determined according
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to the /,/I; ratio changes as a function of polymer
concentration.

Reversible photo-dimerization experiments
of P(DMA-co-VBC) in aqueous solution

The alternative narrow band of light at 320 and 254 nm was
derived from an adjustable double grating monochromator of
Omni-A1805i equipped with a broadband laser-driven light of
EQ-1500 LDLS™ and a set of six optical filters.

The calculated amount of P(DMA-co-VBC) was directly
dissolved into deionized water to get a concentration of

Fig. 1 a Absorption and
emission spectra (A =320 nm) of
polymer (0.25 mg/mL) in water
and methanol, respectively. b
Emission spectra (A.x=320 nm)
of polymer aqueous solution; the
inset showed the normalized FL
changes as a function of polymer
concentration

0.25 mg/mL. For the photo-dimerization experiment, 1 mL
of polymer micellar solution was sealed in the fluorescent
cuvette and irradiated by 320 nm light with different intensi-
ties, and for the photo-cleavage procedure, the polymer aque-
ous solution was first photo-dimerized to the given dimeriza-
tion extent (88.31 %) with 320 nm light (0.86 mW/cm?), then
irradiated by 254 nm light with different intensities. The
distance between the quartz wall and the spot light was
0.2 cm, and light intensities at the cuvette surface were mea-
sured by a CEL-NP 2000 optical power meter.

For the reversible photo-dimerization procedure, polymer
aqueous solution (0.25 mg/mLx1 mL) was alternatively
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irradiated by 320 nm (0.86 mW/cm?, 50 min) and 254 nm
(0.24 mW/cm, 90 min) for four cycles to evaluate their
reversibility.

In order to check the changes of micellar size and solution
transmittance during the reversible photo-dimerization, a
thicker polymer aqueous solution (5.0 mg/mLx1.5 mL) was
also alternatively irradiated with 320 nm (0.86 mW/cm?,
200 min) and 254 nm (0.24 mW/cm?® 150 min) for four
cycles. The solution transmittance at 621 nm was collected
by UV-vis instrument in transmittance mode. The micelle size
changes were monitored with DLS. The irradiation cycles
were also monitored with absorption spectra to make sure that
the final photo-dimerization degree in every photo-reaction
stage was almost the same with that of the dilute solution
(0.25 mg/mL) upon alternative irradiations respectively.

The photo-dimerization degree (PD) was calculated from
the UV—vis spectra by comparing the peak absorption at
320 nm assigned to the coumarin group by the following
equation:

PD(%) = 100 x (4o—4,)/Ao (1)

Here, Ay and A, were the absorbance intensities at 320 nm.
0 and ¢ represented before and after the 7 time of irradiation,
respectively.

Results and discussions
The micellization of P(DMA-co-VBC) in aqueous solution

As shown in Fig. 1a, P(DMA-co-VBC) in methanol and water
gave similar n—7t* absorptions around 320 nm, and the

Fig. 2 The emission spectra
(Aex=334 nm) of polymer in
previously pyrene-saturated
aqueous solution; the inset
showed the dependence of /,/15 as
a function of polymer
concentration
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absorption intensity in methanol was slightly higher than that
in water. However, the emission intensity at 385 nm (A=
320 nm) in water was very much suppressed than that in
methanol, indicating the possibility of hydrophobic associa-
tion of coumarin pendants in aqueous solution. As shown in
Fig. 1b, the emission spectra of polymer aqueous solution at
different concentrations exhibited nearly no significant peak
shift. However, as shown in the inset of Fig. 1b, the normal-
ized maximum emission peak at 385 nm was not always
strengthening as a function of polymer concentration, which
was strengthened at the beginning (<2.50x 10" mg/mL) and
then became weak with the increasing polymer concentration.
This phenomenon was often found in assemblies of coumarin-
containing polymers. The self-quenching effect of coumarin
decreases with the decreasing polymer concentration first,
then the fluorescence decreases with the further dilution.

In order to verify the micellization of P(DMA-co-VBC) in
aqueous solution, the objected polymer was dissolved in
previously pyrene-saturated aqueous solution and monitored
with pyrene probe technique. As shown in Fig. 2, the emission
spectra (Aex=334 nm) exhibited a vibrational fine five peaks
emission of pyrene at the beginning (<1.25x10"" mg/mL),
which was then suppressed to a broad emission band covering
350550 nm interval with the increasing polymer concentra-
tion. The inset in Fig. 2 showed the intensity ratio of the first
(f; at 373 nm) and third peaks (/5 at 384 nm) as a function of
polymer concentration; the dependence of /,//5 on the polymer
concentration below 4.70x 10> mg/mL remained constant
and then decreased progressively, which reflected the onset
of micellar formation and the partitioning of the pyrene be-
tween the aqueous and micellar phases [28—30]. Therefore,
the CMC value for P(DMA-co-VBC) in aqueous solution
could be determined as 4.70x 10> mg/mL. Taking both the
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Fig. 3 Absorption and emission
(Aex=320 nm) spectra of polymer
aqueous solution (0.25 mg/mL x
1 mL) upon 320 nm irradiation
(0.86 mW/cm?)

micellar stability and the demands of the real-time UV—vis
spectroscopy into consideration, the polymer aqueous solu-
tion used in the reversible photo-dimerization experiment was
kept at 0.25 mg/mL.

The photo-dimerization procedure upon 320 nm irradiation

Coumarin can be photo-dimerized upon irradiation at A>
300 nm. As shown in Fig. 3, irradiation of polymer micelles
with 320 nm light (0.86 mW/cm?) induced the photo-
dimerization of coumarins and thus resulted in a gradual
decrease in the absorption band at 320 nm. It is simple to
understand that the photo-dimerization of coumarin pendants
within polymer micelles may compact the loose micelles, thus

Fig. 4 The time-dependent PD
values of polymer aqueous
solution (0.25 mg/mLx1 mL)
upon 320 nm irradiations; the
solid curves were four parameter
biexponential fits to Eq. 2, and the
inset showed the zero-order
intensity dependence of X; +.X; as
a function of irradiation intensities

resulting in the mutual closeness of the remaining coumarin.
Evidently, as shown in the inset of Fig. 3, the disappearance of
emission band at 385 nm (/;) was accompanied with the
emergence of a relatively weak, but significant, emission band
at 445 nm (1) along with the irradiation time, indicating the
ongoing closeness of the remaining coumarins within photo-
crosslinked polymer micelles.

Figure 4 showed the estimated PD values based on the
absorbance changes of polymer micelles upon different inten-
sity irradiations of 320 nm light. The time-dependant PD
values for coumarins showed saturating behavior and syn-
chronously decreased with the lowering of irradiation intensi-
ties. These observed PD changes were fit well with a
biexponential equation:
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PD(t) = X, (1= ™™") + X5 (1) (2)

where PD(f) corresponded to the time-dependent photo-di-
merization degree, k; and k, were rate constants, and X; and
X, were the relative weight fractions [31, 32]. To be empha-
sized, the sum of X7 and X, determined the maximum photo-
dimerization extent (PD,;,,) that the coumarin pendants could
reach after the long enough irradiation time [33]. As shown in
the inset of Fig. 4, the obtained values of X;+.X, at different
irradiation intensities fluctuated weakly around 92 % and

Fig. 5 a Absorbance spectra of
photo-crosslinked polymer
micelles (0.25 mg/mLx1 mL,
PD(0)=88.31 %) upon 254 nm
light (0.24 mW/cm?); the inset
showed the time-dependent PD
values of polymer micelles upon
254 nm irradiations, and the solid
curves were four parameter
biexponential fits to Eq. 3. b The
intensity dependence of X3, X
and PD(0)-X3—Xj as a function of
irradiation intensities
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afforded a good zero-order linear fit, indicating that PD, .,
of coumarin pendants within polymer micelles upon 320 nm
light irradiations was always intensity-independent at the used
conditions.

The photo-reaction procedure upon 254 nm irradiation

The coumarin photo-dimers can also revert to the starting
compound upon irradiation with shorter wavelength (A<
300 nm) [31]. As designed, the polymer micelles were first
irradiated by 320 nm light (0.86 mW/cm?) to a given photo-
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dimerization degree (88.31 %), then irradiated by 254 nm
light. As shown in Fig. 5a, the absorbance at 320 nm recov-
ered along with 254 nm irradiations (0.24 mW/cm?), indicat-
ing the ongoing scission of the coumarin photo-dimers and
resulting in the decline of PD values along with the irradiation
time. The time dependences of these observed PD changes
upon various intensity irradiations of 254 nm light were fit
reasonably with a biexponential equation:

PD(7) = PD(0)—X; (1-e ) —x 4 (1-e ") 3)

where PD(f) corresponded to the PD value after ¢ time of
photo-cleavage, PD(0) was the given PD value (88.31 %) of
the photo-dimerized coumarin solution, k3 and k4, were rate
constants, and X3 and X, were the relative weight fractions. It
is understandable that Egs. 2 and 3 were opposite to each other
since these two fitting equations were derived from the re-
versible photo-dimerization process of coumarin pendants
within polymer micelles. Furthermore, PD(0)—X3;—X, deter-
mined the maximum photo-cleavage (PC,,,x) that the system
could reach after the long enough photo-dissociation time; the
smaller the PD(0)—X3—Xj, the higher the PC,,,. Figure 5b
showed the linear fit of the obtained values of PD(0)—X3—X}
at different irradiation intensities, indicating that the maximum
photo-dissociation extent of coumarin photo-dimers declined
linearly with the increasing intensity of 254 nm irradiations at
the used conditions.

Figure 6 showed the emission spectra of the photo-cross-
linked polymer micelles upon 254 nm irradiations; the first
band at 385 nm (/;) recovered quickly in the initial 40 min,
then began to flatten, and conversely, the second band at
445 nm (I,) increased slowly in the initial stage, then ascended
rapidly in the remaining of the photo-dissociation procedure.

Fig. 6 Emission spectra of
photo-crosslinked polymer
micelles (0.25 mg/mLx 1 mL,
Aex=320 nm, PD(0)=88.31 %)
upon 254 nm light (0.24 mW/
cm?); the inset showed the
dependence of I,//; as a function
of irradiation time

As shown in the inset of Fig. 6, the general time-dependent
values of I,/I; of polymer micelles upon different intensity
irradiations of 254 nm light went down at first with an expo-
nential decay and then went up to near the original, indicating
the ongoing mutual closeness of coumarin pendants. Combin-
ing the I,/I; ratio changes during the photo-dimerization pro-
cedure, it was very interesting that both the photo-
dimerization and photo-dissociation resulted in the closeness
of coumarin pendants within polymer micelles.

The reversible photo-dimerization cycles upon alternative
irradiations

To further elucidate the dynamic hydrophobic association of
coumarin pendants during the photo-dimerization and photo-
dissociation stages, polymer aqueous solution (0.25 mg/mL x
1 mL) was irradiated alternatively with 320 and 254 nm light.
As shown in Fig. 7, when polymer solution was exposed to
alternative irradiations of 320 nm (0.86 mW/cm?, 50 min) and
254 nm (0.24 mW/cm?, 90 min) for four cycles, the time-
dependent PD values in every photo-dimerization procedure
showed similar saturating behaviors with the final PD values
at 88.3, 84.3, 82.8, and 82.6 % respectively, and the PD values
in photo-cleavage stages decayed progressively with the final
at 44.0, 59.5, 68.3, and 73.0 % respectively, resulting in the
more compact micellar morphologies. At the same time, the
L/I ratios in every photo-dimerization procedure increased
almost linearly and ended at 0.89, 2.54, 3.60, and 4.39 respec-
tively, and the I,/I; ratios in every photo-cleavage stage
decayed exponentially with the final at 0.90, 1.52, 2.11, and
2.76 respectively. Those up-down changes of /,/I; ratios an-
nounced that the coumarins were wavily speeding toward
each other along with the irradiation cycles.
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Fig.7 PD and I,/1; ratio changes of polymer aqueous solution (0.25 mg/
mLx1 mL) upon alternative irradiations of 320 nm (0.86 mW/cm?) and
254 nm (0.24 mW/cm?)

It is known that the photo-dimerization of coumarin within
polymer micelles would result in the cross-linking of polymer
chains and, thus, the more compact micellar morphologies,
which would predictably change the physicochemical param-
eters of polymer micelles, such as the micellar size and solu-
tion transmittance. However, when the above polymer aque-
ous solution upon alternative irradiation cycles was taken by
the transmittance and micellar size analysis, there came no
significant or efficient changes because of the too low polymer
concentration at 0.25 mg/mL. Thus, a thicker polymer aque-
ous solution (5.0 mg/mL x 1.5 mL) was alternatively irradiated
by 320 nm (0.86 mW/cm?, 200 min) and 254 nm (0.24 mW/
cm?, 150 min) for four cycles and simultaneously monitored
by transmittance analysis and DLS instrument. As shown in
Fig. 8a, when upon alternative irradiations, the micellar trans-
mittance first dropped quickly from 87.9 to 82.6 %, then
recovered gradually to 87.9 % in the remaining of the first
photo-dimerization cycle; subsequently, it afforded a slow and
progressive ascending from 87.9 to 90.2 % in the successive
three photo-reaction stages and began to flatten in the remain-
ing four stages of irradiation cycles. At the same time, as
shown in Fig. 8b, the zeta average size of polymer micelles
correspondingly decreased from 90.4 to 77.4 nm, then recov-
ered to 84.4 nm in the first photo-dimerization stage, and then
it afforded an alternative and slight increment and decrement
in the subsequent photo-cleavage and photo-dimerization
stages of irradiation cycles. The AFM pictures in the inset of
Fig. 8b for polymer micelles in the first irradiation cycle
showed uniformly spherical micelles (the details can be seen
from S9, S10 and S11 in the Supporting Information). It
seemed that the average diameter measured by AFM of poly-
mer micelles before photo-dimerization (A, 60 nm) was slight-
ly smaller than those after photo-dimerization (B, 90 nm) and
after photo-dissociation (C, 80 nm) respectively. This is be-
cause the AFM samples were prepared with much more
diluted polymer aqueous solutions (2.50% 102 mg/mL), and
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Fig. 8 Transmittance (a) and zeta average size (b) changes of polymer
aqueous solution (5.0 mg/mLx 1.5 mL) upon irradiation cycles of 320 nm
(0.86 mW/cm?) and 254 nm (0.24 mW/cm?); AFM images (2x2 um?) of
polymer micelles before (4) and after (B) photo-dimerization and after
photo-dissociation (C) in the first irradiation cycle

polymer micelles before photo-dimerization may reassemble
into smaller nano-particles during the dilution, while the par-
tially reversible photo-dimerization stabilizes the polymer
micellar structure.

Conclusions

To summarize, we have synthesized a water-soluble amphi-
philic random copolymer of P(DMA-co-VBC) with coumarin
pendants, which could instantly form micelles in aqueous
solution with hydrophobic coumarin pendants gradually asso-
ciating from the outside to the inside. The alternative irradia-
tion experiment at 320 and 254 nm showed that coumarin
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pendants within polymer micelles can be reversibly photo-
dimerized. Furthermore, the derived I,/I; ratio changes based
on emission bands at 445 nm (/) and 385 nm (/) during the
reversible photo-dimerization cycles showed a wave-like in-
crease as a function of irradiation cycles, indicating the dy-
namic closeness of coumarin pendants within polymer
micelles.
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