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hermoresponsive and water-soluble polymers have wide-

spread academic and industrial interest due to their potential
applications in many areas such as drug and gene delivery,
separation, and surface modification." Many of them display
a lower critical solution temperature (LCST): the polymer
is soluble (hydrated) at T < LCST but becomes insoluble
(dehydrated) at T > LCST. Examples of LCST polymers include
poly(N-isopropylacrylamide) (PNIPAM),” poly[oligo(ethylene
glycol) methacrylate] (POEGMA),”> and poly(N,N-dimethyl-
aminoethyl methacrylate) (PDMAEMA),* to name only a few.
Generally speaking, as the solution temperature is raised across
the LCST, polymer chains undergo a coil-to-globule transition,
and the globules, as they become increasingly dehydrated, can
associate into large aggregates, resulting in a drop of the solution
transmittance and an observable cloud point.® Since this ther-
mally switchable water solubility is the key feature explored for
possible applications," it is important to develop the ability to
precisely control the transition temperature. The general method
consists in incorporating either hydrophilic or hydrophobic
comonomer units into a given polymer structure to increase or
decrease, respectively, the LCST.® In principle, the method
allows the LCST to be adjusted to a desired temperature by
fine-tuning a random copolymer composition. However, this
requires separate polymerizations with different feed ratios of the
monomers. In this paper, we report a new, simple, and efficient
optical tuning method that allows the cloud point temperature of
a single starting polymer to be controlled over a wide tempera-
ture range of about 30 °C.

Our approach for phototunable LCST explores a chain topology
effect schematically illustrated in Figure 1. The basic idea is to use
intrachain photo-cross-linking to introduce loops into the polymer
chain structure. Also shown in the figure is the chemical structure of
the polymer used for this proof-of-concept study, namely, poly
{N,N-dimethylaminoethyl ~methacrylate-co-4-methyl-[7-(methac-
ryloyl)oxyethyloxy]coumarin} (P(DMAEMA-co-CMA)). Using
this polymer containing a number of coumarin comonomer
units, which is soluble in cold water and becomes insoluble upon
heating, the reversible photodimerization of the pendent cou-
marin groups provides an easy means to optically control the
intrachain cross-linking density that determines the number of
loops formed. We anticipated that the presence of loops on the
initially linear polymer chains would affect the thermal phase
transition temperature. The rationale was inspired by some re-
cent reports showing that the chain topology could influence the
water solubility of polymer chains or flower micelles.”® In one
case, a cyclic PNIPAM was found to display a LCST that is
several degrees higher than that of its linear PNIPAM precursor,7
while in another case, micelles formed by a cyclic amphiphilic
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block copolymer (BCP) were shown to be thermally more stable
than those formed by the linear BCP counterpart.® Herein we
demonstrate that introducing chain loops into an initially linear
polymer through intrachain photo-cross-linking could shift dras-
tically the solubility transition to higher temperatures.

Two samples were synthesized using a procedure reported
previously.” Being aware of that intrachain photodimerization of
coumarin groups should occur only in dilute solutions, we first
used P(DMAEMA 3,-co-CMA,,) to investigate the effect of
polymer concentration on the photo-cross-linking in aqueous
solution. The sample was dissolved in iced water at three different
concentrations (1, 10, and 100 mg/mL), and the solutions were
exposed to UV light (365 nm, S0 mW/ cm®) to achieve the
photostationary state (~90% dimerization of coumarin groups).
After drying, the polymer was dissolved in THF for the GPC
measurements. Figure 2 shows the results for the samples photo-
dimerized in water at different polymer concentrations as well as
the initial sample without photodimerization for comparison;
their apparent molecular weights and polydispersity indices
(PDI) (relative to polystyrene standards) are also indicated. It
is seen that the photodimerization at polymer concentrations of
1 and 10 mg/mL results in a shift of the elution peak to longer
times as compared to the initial sample. This indicates the oc-
currence of intrachain cross-linking that, understandably, could
lead to a more compact chain hydrodynamic volume. By con-
trast, at the polymer concentration of 100 mg/mL, interchain
cross-linking is detected from the elution peak appearing at
shorter elution times, which coexists with intrachain cross-linking
as revealed by the peak at longer elution times. This result is no
surprise because at high polymer concentrations coumarin
groups located on different polymer chains have a chance to
encounter and part of the photodimerization could occur in an
interchain fashion. Unless otherwise stated, all results reported
below were obtained with samples subjected to photodimeriza-
tion in water at the polymer concentration of 1 mg/mL, ensuring
the intrachain photo-cross-linking,

Figure 3 presents the results obtained with the solution of
P(DMAEMA 3,-co-CMA,,). In Figure 3a are the UV—vis
absorption spectra of the solution recorded after various times
of UV irradiation. The continuous decrease of the absorption
band of coumarin at ~320 nm over irradiation time indicates
efficient intrachain photodimerization of pendent chromophore
groups.'® The photodimerization degree can be calculated from
1 — A/A,, where Ay and A, are the initial absorbance and the
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Figure 1. (a) Schematic illustration of the formation of chain loops upon intrachain photodimerization of pendent coumarin groups. (b) Chemical
structure of coumarin-incorporated random copolymer based on poly(N,N-dimethylaminoethyl methacrylate).
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Figure 2. GPC curves of P(DMAEMA3;,-co-CMA,,) in THF for the
initial sample (without photodimerization) and the samples subjected to
photodimerization of coumarin groups in water at different polymer
concentrations.

absorbance after irradiation time ¢ at 320 nm, respectively. The
inset is a plot of the photodimerization degree vs irradiation time.
The highest dimerization degree of ~94% was achieved after
4S min UV irradiation. Figure 3b shows the solution transmit-
tance measurement results obtained with samples photodimer-
ized to different degrees, i.., different intrachain cross-linking
densities. A clear cloud point is visible for all solutions. For the
initial sample, the cloud point appears at about 25 °C, while after
photodimerization, it increases continuously with increasing the
dimerization degree, shifting to ~50 °C for the polymer with
94% of dimerization. Figure 3c plots the increase in the cloud
point temperature with respect to the initial sample, AT, vs
photodimerization degree. There appear to have two regions in
which AT displays a linear increase over the dimerization degree
but with different slopes. The rise of the cloud point seems to
be faster for dimerization degrees above 70%. This result shows
that the water solubility of the polymer can easily be tuned by
controlling the photodimerization degree of the pendent coumarin
groups. The phototunable solubility can also be appreciated
visually as shown by the photographs in Figure 3d. At 40 °C,
the solution of the initial sample is completely opaque (well above

the cloud point) but turns totally transparent with 91% photo-
dimerization (well below the shifted cloud point). The solution
transparency at intermediate photodimerization degrees also
corroborates well with the transmittance data (Figure 3b), corre-
sponding to the varying extent of polymer chain aggregation.
Moreover, the intrachain photo-cross-linking by coumarin dimer-
ization is a reversible photochemical reaction, as the cleavage of
cyclobutane bridges can occur when coumarin dimers absorbs
UV light at shorter Wavelengthslo (Figure 1). We investigated this
possibility by exposing the aqueous solution of P(DMAEMA, 3;-
co-CMA,,) with a dimerization degree of 94% to UV light
centered at 254 nm. UV—vis spectral measurements indicated
a partial photo-de-cross-linking with the dimerization degree
decreased to 53%, while transmittance measurements with this
photo-de-cross-linked solution showed a decrease of the cloud
point from ~50 to 42 °C (data not shown). Since the sample with
a dimerization degree of 54% initially has a cloud point at ~35 °C
(Figure 3b), this result suggests that the optical tuning is only
partially reversible.

Variable-temperature "H NMR spectra of P(DMAEMA, 3, -co-
CMA,,) in D,O (1.0 mg/mL) of the initial sample and the
sample with a photodimerization degree of 91% were recorded.
In both cases, the polymer was first dissolved in cold D,O
(15 °C) and then heated stepwise with an interval of 2 °C. The
solution was held at a given temperature for S min before the
spectrum was acquired. Figure 4 shows 'H NMR spectra only
at some chosen temperatures (for the sake of clarity). For the
sample without photo-cross-linking (Figure 4a), the resonance
signals of PDMAEMA at ~2.2 ppm (CHj to N), 2.6 ppm (CH,
to N), and 4.0 ppm (CH, to O) begin to decrease in intensity
after 26 °C due to the dehydration and aggregation of polymer
chains. Weak resonance signals of coumarin can be noticed in
the magnified region of 5.5—8 ppm. After intrachain photo-
cross-linking (Figure 4b), the peaks of PDMAEMA display
reduced intensity only after ~46 °C. Likewise, the signals of
coumarin dimers can be seen after magnification. By plotting the
integral of the resonance peak at 2.2 ppm as a function of solution
temperature (Figure 4c), it becomes visible that the sample after
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Figure 3. (a) UV—vis spectra of P(DMAEMA3,-co-CMA,,) in water exposed to UV light for photodimerization of coumarin groups (solution diluted
to 0.5 mg/mL for the taking of spectra); the inset is a plot of photodimerization degree vs irradiation time. (b) Transmittance change as a function of
temperature for P(DMAEMA3,-co-CMA,,) solutions (1.0 mg/mL) with samples photodimerized to different degrees. (c) Increase in the cloud point
temperature vs photodimerization degree (data from Figure 3b). (d) Photographs of polymer solutions at 40 °C with different dimerization degrees

(from left to right: 0, 54, 68, and 91%).

photodimerization is more soluble in water and dehydrates at
significantly higher temperatures. Similar plots were obtained
with other resonance peaks of PDMAEMA. These 'H NMR
results thus confirm that the increase in the cloud point as
revealed by the transmittance measurements (Figure 3) origi-
nates from an increased LCST of the intrachain cross-linked
P(DMAEMA-co-CMA).

To further confirm the phenomenon, we also performed mea-
surements on a second sample, P(DMAEMA,4-co-CMA,),
which has a similar concentration of coumarin groups (~8 mol %)
but a lower molecular weight. The results are shown in Figure 5. With
the same polymer concentration of 1 mg/mL, the transmittance
measurements show the continuous increase of the cloud point
temperature with increasing the photodimerization degree
(Figure Sa). The upward shift reaches 30 °C for the sample with a
dimerization degree of 92%. The effect of the polymer concen-
tration on the largest increase in the cloud point before and after
photodimerization to 92% was also investigated. By controlled
evaporation of water, the polymer solution was concentrated to
2, 3, and 4 mg/mL, and the transmittance measurements were
carried out. The result indicates that the largest increase in the
cloud point temperature is little affected by the polymer con-
centration up to 4 mg/mL.

The large increase in the cloud point temperature (25—
30 °C), which is manifestation of an increased LCST, upon
dimerization of about 8 mol % of coumarin pendent groups of the
polymer cannot be caused by a conformational and/or polarity
change arising from the photochemical reaction. For thermo-
sensitive water-soluble polymers containing photochromic co-
monomer units, if the conformational change arising from a
photochemical reaction (e.g., trans—cis isomerization ) increases
the polarity of the chromophore, a shift of the LCST to higher
temperatures could be observed, but the increase generally is very
small (a few degrees).'’ In the present case, the hydrophobic
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Figure 4. (a, b) Variable-temperature 'H NMR spectra of P-
(DMAEMA 3,-co-CMA},) in D,0 (1.0 mg/mL) before and after,
respectively, photodimerization to a degree of 91%; the magnified
5—8 ppm regions shows resonance signals of coumarin groups and
their dimers. (c) Change in the normalized integral of the peak at ~2.2
ppm (CHj; to N in DMAEMA) as a function of solution temperature.
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Figure S. (a) Transmittance change as a function of temperature for P(DMAEMA |, ,4-co-CMA) solutions (1.0 mg/mL) solutions with samples
photodimerized to different degrees. (b) The largest cloud point temperature increase vs polymer concentration.

coumarin group cannot switch to be hydrophilic upon dimerization.
Actually, with a cyclobutane ring replacing two double bonds
(loss of conjugation) and the resulting symmetrical structure, the
dimer should have lower polarity than the monomeric coumarin.
If this is the case, the dimerization of coumarin should favor the
dehydration and contribute to decrease the LCST. Obviously,
the observed large increase in the LCST points to another
dominant mechanism that favors the solubility.

The photocontrollable intrachain cross-linking, which in-
duces the formation of chain loops, is likely to be the origin. As
the intrachain photodimerization increases, the average number
ofloops formed on each chain increases accordingly. It is easy to
picture that the loops should reduce the interchain entangle-
ment (or linking) which results in a repulsive force.”'* This
retarded chain aggregation could delay their dehydration upon
temperature rise and, consequently, leads to an increase in the
cloud point temperature. The phototunability comes from the
fact that the effect should be sensitive to the number of loops
which is directly determined by the photodimerization degree
of coumarin pendent groups. In principle, with the photodi-
merization degree reaching the maximum level of ~95%
the loops should be very small for the two samples, and the
individual polymer chains become compact _}aarticles, which
may hinder the hydration of chain segments.”'* The contin-
uous, and even more efficient, rise of the cloud point at high
dimerization degrees above 70% (Figure 3c) is quite surprising
to this regard. One possible explanation is that the coumarin
comonomer units were not completely distributed statistically
along the polymer chain under the used copolymerization
conditions,” which would mean that the increase in the number
and the decrease in the size of effective loops were not linearly
proportional to the apparent dimerization degree. In future
studies, in order to thoroughly elucidate the topology effect on
polymer solubility in water, it will be interesting to use more
advanced synthetic methods to prepare samples with well
controlled chain loops."* Nevertheless, it should be noted that
the use of coumarin dimerization to introduce chain loops has
the appealing advantage to be reversible, even though it turned
out to be challenging to fully reverse the photodimerization
reaction and the related properties.'’

To summarize, we demonstrated a new, simple, and efficient
method that allows one to optically tune the LCST of ther-
mosensitive water-soluble polymers based on, we believe, a
topological effect. The method uses a photocontrollable intra-
chain cross-linking reaction to introduce chain loops onto an
initially linear polymer structure. We found that the intrachain

photodimerization of about 8 mol % of coumarin groups in
PDMAEMA could increase the cloud point temperature by
30 °C. This chain topology effect on the cloud point (or LCST)
would be a general effect that can be explored for other water-
soluble polymers displaying a LCST.

B EXPERIMENTAL SECTION

The two samples, P(DMAEMA, 3,-co-CMA,,) and P(DMAEMA -
co-CMA ), were synthesized and characterized according to a literature
method.” Gel permeation chromatography (GPC) measurements
were carried out at 35 °C with the polymer dissolved in THF using a
Waters system equipped with a refractive index detector (RI 410) and a
photodiode array detector (PDA 996), the elution rate being 1.0 mL/
min and polystyrene standards used to calibrate the system. Variable-
temperature "H NMR spectra were recorded on a Varian 600 MHz
spectrometer (INOVA system) in D,O with temperature interval of
2 °C and a thermal equilibrium time of § min at each temperature before
taking the spectrum. The UV light used for the photodimerization of
coumarin groups at >310 nm was generated with a spot curing system
(Novacure) with a 320—500 nm filter, and the intensity was around
50 mW cm?. For the photocleavage of cyclobutane bridges, a UVS-28 EL
Series lamp (254 nm, 8 W) was used at a distance of 5 cm from the
solution. All polymer solutions were cooled by ice and exposed to UV
light for dimerizeation in the cold water. UV—vis spectra were recorded
using a Varian 50 Bio spectrophotometer with a temperature-control-
lable sample holder. Transmittance at 700 nm was measured as a
function of solution temperature, the solution being heated at a rate
of ~0.5 °C/min.
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