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The thermosensitivity of aqueous polymer solutions is the
driving force at work in various soft “intelligent” devices used
in biotechnology and nanotechnoloyjy?oly(N-isopropylacry-
lamide) (PNIPAM) is considered by many as the prototype of
such “smart” polymers. It is highly soluble in cold water, but it
becomes insoluble as its solution temperature exceed€32
the lower critical solution temperature (LCST) or cloud point
(Tcp)2 It is generally accepted that this phase transition is
governed by the cooperative dehydration of PNIPAM chains
and concomitant collapse of individual chains from hydrated
coils into hydrophobic globules, which associate to form larger
mesoglobuled The conformational change of PNIPAM in water

has motivated many fundamental investigations aimed at

understanding the physics of the coil-to-globule transition. In
parallel, a long line of studies has been devoted to cyclic
polymers and the impact of topology on polymer properties in
solution and in the bulk.Recent advances in the synthesis of

cyclic polymers with narrow molecular weight distribution have

stimulated theoretical studies to predict the difference in the
behavior of cyclic chains and their linear counterparts, for

polymers such as poly(styrene), poly(butadiene), poly(ethylene),

poly(tetrahydrofuran), and poly(ethylene oxideyhe impor-
tance of PNIPAM in terms of practical applications and as a
model in polymer physics prompted us to prepare cyclic

PNIPAM and assess the impact of the topology on the phase

transition of PNIPAM aqueous solutions.

We synthesized cyclic PNIPAMs by ring closure @jow-
heterodifunctional telechelic PNIPAM precursors, following the
strategy reported recently for the synthesis of cyclic poly-
(styrene)& based on the copper(l)-catalyzed 1,3-dipolar azide
to alkyne cycloaddition or “click chemistry.In order to obtain
telechelic PNIPAMs suitable for “click” ligation, an azide and
a propargyl group were introduced on the and w-ends of
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Figure 1. *H NMR spectra of I-PNIPAM-12K (bottom) and c-PNIPAM-
12K (top) in CDC}.
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Figure 2. Gel permeation chromatograms of the samples p-PNIPAM-
12K, I-PNIPAM-12K, and c-PNIPAM-12K (eluent DMF, 40 °C,
refractive index detection).
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each PNIPAM chain. This was accomplished in three Steps mers (p_P[\”PAM) carry an azidoethoxye[hy| group on one

(Scheme 1). First, telechelic PNIPAMs were synthesized
by reversible additiorfragmentation chain transfer (RAFT)
polymerization ofN-isopropylacrylamide (NIPAM) using an
azide containing trithiocarbonate, 2-(2-azidoethoxy)ethyl
2-(1-isobutyl)sulfanylthiocarbonylsulfanyl-2-methyl propionate)
(AIP) as chain transfer agent. A low initiator/AIP (1:10)
ratio was selected in order to ensure high terminal functionality
and narrow molecular weight distribution. The precursor poly-
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end and an isobutylsulfanylthiocarbonylsulfanyl group on the
other. The latter was converted to a propargyl group in a
one-pot aminolysis/Michael addition sequefaarried out in
THF, usingn-butylamine as aminolysis agent and propargy!
acrylate as Michael addition agent, yielding the desireazido
w-propargyl telechelic linear precursors (I-PNIPAMs). The
structure of the I-PNIPAM samples was confirmed by analysis
of their IH NMR spectra (Figure 1, bottom), which present
signals at 3.41 ppm due to the resonance of the methylene
protons 3,a to the azido group and at 4.72 and 2.81 ppm
due to the protons 2 and 7 of the propargyl end group, in
addition to the signals characteristic of the NIPAM uniis+
1.0—-2.5 ppm). The high end group functionality of the polymers
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Scheme 1. Synthesis of Cyclic PNIPAR
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aKey: (i) NIPAM, AIBN, dioxane; (ii) propargyl acrylaten-butylamine, THF; (iii) CuSQ, sodium ascorbate, 4.

Table 1. Gel Permeation Chromatography Data, Phase Transition
Temperatures and Enthalpies for Linear and Cyclic PNIPAM

Samples
M2 Tue AHe Tee
sample (kDa) Muw/My2 (°C)  (kJ/mol)  (°C)
I-PNIPAM-6K 6.8 1.10 (59) 40.3 6.06 37.0
c-PNIPAM-6K 6.9 1.11 45.8 3.86 40.4
I-PNIPAM-12K 12.7 1.08 (11%) 36.6 6.40 34.8
c-PNIPAM-12K 12.7 1.11 41.6 4.47 38.1
I-PNPAM-19K 19.2 1.09 (16%) 35.6 6.40 34.1
c-PNIPAM-19K 19.4 1.16 39.6 5.38 36.3

aFrom GPC analysis (eluent: DMP)Degree of polymerization.
¢ Temperature of maximum of the endotherm from microcalorimetric
analysis (heating rate 1.GC/min; concentration 1.0 g/L} Cloud point
temperature from turbidity measurements (heating rate®Q/gnin; con-
centration 1.0 g/L; transition midpoint)
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displays a band at 2113 crhattributed to the azide stretching.
This band was not detected in the spectrum of the cyclized
polymer, bringing further support to the success of the trans-
formation.

The entire synthetic sequence was carried out with p-PNIPAM
samples oM, as high as 19 000 g/mol (Table 1), as determined
by gel permeation chromatography with multiangle laser light
scattering detector (GPC-MALLS). GPC traces of the linear
polymers p-PNIPAM-12K and |-PNIPAM-12K (Figure 2)
almost overlag? while the trace corresponding to the cyclic
polymer (c-PNIPAM-12K) is shifted to longer retention time,
compared to the trace of the linear precursors. g fector, the
ratio of the apparent peak molar masd,) of the cyclic
PNIPAMs with respect to their linear precursors derived from
the GPC curves is 0.820.84, a value comparable to those
reported for cyclic poly(styrene)s and cyclic poly(tetrahydro-
furan)s*11 The g factor reflects the difference in the solution
dimension of cyclic and linear polymer chains of identical
polymerization degree.

Aqueous solutions of c-PNIPAM and their linear precursors
were analyzed by high sensitivity differential scanning micro-
calorimetry (HS-DSC) and turbidimetry. Results obtained in
the case of the samples i, ~12 kDa are presented in Figure
3, and key parameters for all samples are listed in Table 1. For
cyclic/linear pairs of identical molecular weight, we observed
the following: (i) the endotherm is broader for solutions of
c-PNIPAM; (ii) the maximum of the endothermTy() of
c-PNIPAM solutions is shifted to higher temperature-b% °C;

(iii) the enthalpy of the transition per NIPAM unitAH) is
smaller for c-PNIPAM, and the value decreases with decreasing
ring size, whereas in the case of I-PNIPAMd is independent

of chain lengtht? (iv) the transmittance of c-PNIPAM solutions
decreases gradually upon heating, whereas solutions of |-

Figure 3. Temperature dependence of the specific heat capacity (Cp) PNIPAM undergo a sharp decrease in transmittance.

and transmittance (inset) of I-PNIPAM-12K and c-PNIPAM-12K in
water (1.0 g/L) upon heating rates of 1.0 and GC2min, respectively.

The ring topology is expected to affect the phase separation
of PNIPAM solutions as a consequence of (i) the existence of

was ascertained from the area integrations of the relevant signalgepulsive forces between rings due to the topological prohibition

in the spectra.

of intermolecular linking? an effect that will trigger an upward

The I-PNIPAM samples underwent cyclization upon treatment shift of the cloud point temperature; (ii) the absence of end

with Cu(l) in water at 3C°C under highly dilute conditions. In
the 'H NMR spectrum of the cyclization product (c-PNIPAM)

groups believed to affect the heat-induced dehydration and coil-
to-globule collapse of low molecular weight PNIPAM; and (iii)

(Figure 1, top), the resonances of the methylene protons 2 andsteric constraints, which will favor the formation of intrachain
3 appear at 5.25 and 4.60 ppm, respectively. A signal at 7.85hydrogen bonds between NIPAM units at the expense of water/
ppm, attributed to the resonance of the proton 1 of the triazole NIPAM hydrogen bonds. The latter effect becomes more

ring, is direct evidence that the ligation reaction has occuftred.

The FTIR spectrum of I-PNIPAM (Supporting Information)

important as the ring size decreases. It may be reflected by the
observed decrease in the transition enthalpy with decreasing ring
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