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ABSTRACT: Two acid-labile, thermoresponsive poly(methacrylamide)s with the pendant cyclic orthoester
moieties of trans and cis configurations, PtNEM and PcNEM, were synthesized via free radical polymerization
of the corresponding trans and cis isomers of N-(2-ethoxy-1,3-dioxan-5-yl)methacrylamide (NEM). The thermally
induced phase transition/separation behaviors of both polymers as well as the aqueous solution properties below
and above their phase transition temperatures were investigated by means of turbidimetry, DSC, 1H NMR,
microscopy, fluorescence probe, and dynamic light scattering. Both PtNEM and PcNEM showed aggregation
behaviors below their respective LCSTs, and the former formed more hydrophobic microdomains which had
greater capability to solvate pyrene molecules compared with PcNEM. These two polymers exhibited thermally
induced sensitive and reversible phase transitions in aqueous solution. PtNEM showed a little lower cloud point
but much greater phase transition enthalpy compared to PcNEM. The results of DSC, 1H NMR, and microscopy
measurements revealed that PcNEM exhibited a liquid-liquid phase separation while PtNEM likely underwent
a liquid-solid transition. Furthermore, the pH-dependent hydrolyses of both polymers were studied by the 1H
NMR and turbidimetric approaches. The results indicated that both PtNEM and PcNEM showed acid-triggered
hydrolysis behaviors, and the hydrolysis products were affected by the configurations of the pendant cyclic groups.
On the basis of these results, we can conclude that the stereochemical structures of the pendant cyclic orthoester
groups in these poly(methacrylamide)s greatly affect their aqueous solution properties as well as their hydrolysis
behaviors.

Introduction

Stimuli-responsive polymers,1 especially thermoresponsive
polymers which display lower critical solution temperature
(LCST) in aqueous solution, have been extensively studied for
their potential applications in various fields such as catalysis,
drug and gene delivery, separation and purification of biomol-
ecules, cell culture, biosensors, etc.2 Besides the classical
synthetic polymers with LCSTs such as poly(N-substituted
acrylamide)s, poly(N-vinylamide)s, poly(vinyl ether)s, and poly-
(organophosphazene),1 biodegradable, recombinant artificial
elastin-like polypeptides, hyperbranched and dendritic polymers
with LCSTs have also been developed.3 The phase transition
temperature of a thermoresponsive polymer with LCST largely
depends on the hydrophilic/hydrophobic balance in the poly-
mer.1b,4 In general, homopolymers with various amphiphilicities
in the monomer units may show different LCSTs. However, it
is difficult to precisely control the LCST by designing a specific
monomeric structure. Another facile approach for tuning LCST
is the copolymerization of monomers with different hydrophilic/
hydrophobic natures.4b,5 The comonomer structure, composition,
and sequence distribution of the comonomer units in the
copolymer have been confirmed to affect the LCSTs of the
copolymers.6 Recently, much effort has been directed to clarify
the effects of other parameters including molecular weight and
its distribution,7 chain-end group,8 topology or molecular shape,9

additives,10 etc., on the phase transition behaviors of thermo-
responsive polymers. While most of these reports are related
to the constitutional factors that affect LCST, little attention
was paid to the stereochemical effect of molecular parameters
on the phase transition properties of polymers. Aoki et al. found
that a chiral polymer was quite different in thermosensitive
properties compared with the optically inactive one.11 It was

also reported that the chain tacticities of thermoresponsive
polymers affected their thermal behavior in aqueous solution.12

Intelligent polymers capable of responding to both pH and
temperature have been widely investigated because of their great
potentials for biomedical and pharmaceutical uses.13 Most of
these doubly responsive polymers, however, contain titratable
groups such as carboxylic or amino groups.14 Recently, we
reported a new type of acid-labile, thermoresponsive polymers
with pendant cyclic orthoester or acetal groups. The water-
insoluble polymers above their respective LCSTs dissolved
gradually with the hydrolysis of the pendant groups.15 In contrast
to other hydrolyzable thermoresponsive polymers that are
susceptible to hydrolysis under the neutral or basic environ-
ments,16 our polymers are relatively stable in the neutral or basic
media but labile in low-pH solutions. This acid-labile feature
makes these new polymers, especially the orthoester-containing
ones, potential as candidates for the drug delivery systems that
remain stable in blood but are capable of releasing their payload
at mildly acidic sites, such as in tumor tissues or endosomes.17

In the previous paper, the (co)polymers with the pendant
orthoester groups were prepared from the monomer mixtures
of trans (45%) and cis (55%) isomers.15a Fortunately, we
separated the trans and cis isomers of N-(2-ethoxy-1,3-dioxan-
5-yl)methacrylamide (NEM) and prepared their homopolymers
(PtNEM and PcNEM) via radical polymerization (Scheme 1).
We found that the two polymers displayed quite different
thermoresponsive properties as well as hydrolysis behaviors in
the aqueous solutions. In this work, we use different approaches
to study the aqueous solution properties of PtNEM and PcNEM
and report some interesting results, including the aggregation
phenomenon below the LCSTs and the thermally induced phase
transition behaviors. To our best knowledge, this is the first
paper that reports the stereochemical effect of trans and cis
configurations of the pendant groups on the solution properties
of thermoresponsive polymers.
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Experimental Section

Materials. 2-Amino-1,3-propanediol (Hua Qing Run De Co.,
Beijing, China), triethyl orthoformate, and D2O (Acros) were used
as received. 1,4-Dioxane and tetrahydrofuran (THF) were distilled
over sodium prior to use. 2,2′-Azobis(isobutyronitrile) (AIBN) was
recrystallized twice from methanol. CDCl3 (Acros) was treated with
anhydrous Na2CO3 before NMR measurements for detecting the
orthoester-containing samples. Pyrene (Acros) was recrystallized
from ethanol twice. Methacryloyl chloride was synthesized from
methacrylic acid and benzoyl chloride according to a modified
method from the literature.18 N-(1,3-Dihydroxypropan-2-yl)methacry-
lamide was synthesized by the same procedure as reported
previously.15 Other solvents and reagents were purchased from
Beijing Chemical Reagent Co. and used as received.

Synthesis of trans- and cis-NEM. A mixture of trans-NEM and
cis-NEM was prepared according to the previous procedure.15a

Briefly, N-(1,3-dihydroxypropan-2-yl)methacrylamide (5.0 g, 31
mmol), p-toluensulfonic acid monohydrate (59 mg, 3.1 mmol), and
triethyl orthoformate (3.4 mL, 31 mmol) were dissolved in 100
mL of distilled THF, and the reaction mixture was stirred at room
temperature for 4 h. After removing the solvent under reduced
pressure, the residue was prepurified through an Al2O3 column using
ethyl acetate as the eluent. The separation of the cis isomer from
the trans isomer was achieved by repeated chromatography through
an Al2O3 column with hexane/ethyl acetate (5:2 v/v) as the eluent,
followed by recrystallization in hexane/THF (5:1). The resultant
pure cis-NEM and trans-NEM were in the state of white crystals.
trans-NEM: 1H NMR (TMS, CDCl3, ppm, Figure S1): 6.73 (s, 1H,
-NHCO-), 5.75 (s, 1H, CH2dC-), 5.43 (s, 1H, CHO3), 5.36 (s,
1H, CH2dC-), 4.38 (d, 2H, N-CH(CH2)2, axial), 4.0 (m, 1H,
N-CH(CH2)2), 3.63 (d, 2H, N-CH(CH2)2, equatorial), 3.58 (q,
2H, -OCH2CH3), 1.98 (s, 3H, CdC(CH3)), 1.26 (t, 3H,
-OCH2CH3). 13C NMR (CDCl3, ppm, Figure S1): 168.0 (-CdO),
139.8 (CH2dC-), 120.1 (CH2dC-), 107.4 (-CHO3), 62.0
(N-CH(CH2)2), 61.4 (-OCH2CH3), 43.6 (N-CH(CH2)2), 18.5
(CdC(CH3)), 14.8 (-OCH2CH3). FT-IR (KBr, cm-1): 3284, 2977,
2862, 1651, 1612, 1533, 1380, 1212, 1151, 1121. MS: 214 (M -
1)+. Elemental analysis: Calcd C% 55.80, N% 7.96, H% 6.51.
Found C% 55.70, N% 7.99, H% 6.37; mp 74.4-76.5 °C. cis-NEM:
1H NMR (TMS,CDCl3, ppm, Figure S2): 6.62 (s, 1H, -NHCO-),
5.75 (s, 1H, CH2dC-), 5.38 (s, 1H, CH2dC-), 5.26 (s, 1H, CHO3),
4.03 (s, 4H, N-CH(CH2)2), 4.01 (m, 1H, N-CH(CH2)2), 3.78 (q,
2H, -OCH2CH3), 1.99 (s, 3H, CdC(CH3)), 1.28 (t, 3H, -OCH2-
CH3). 13C NMR (CDCl3, ppm, Figure S2): 167.8 (-CdO), 139.3
(CH2dC-), 121.0 (CH2dC-), 112.1 (-CHO3), 67.6 (N-CH-
(CH2)2), 61.8 (-OCH2CH3), 42.6 (N-CH(CH2)2), 18.3 (CdC-
(CH3)), 14.7 (-OCH2CH3). FT-IR (KBr, cm-1): 3306, 2974, 2886,
1656, 1622, 1540, 1153, 1078, 1051, 1016. MS: 214 (M - 1)+.
Elemental analysis: Calcd C% 55.80, N% 7.96, H% 6.51. Found
C% 55.73, N% 8.03, H% 6.41; mp 70.8-71.2 °C.

Polymerization. trans-NEM or cis-NEM and AIBN (1.0 mol
% relative to monomers) were weighted into a polymerization tube,
to which the dried dioxane was added to dissolve the monomer

and initiator. The final concentration of the monomer was ca. 0.10
g/mL. After three cycles of freeze-pump-thaw to thoroughly
remove oxygen, the tube was sealed in vacuo, and the polymeri-
zation was carried out at 60 °C for 24 h. The polymers were
precipitated from diethyl ether twice, collected by filtration, and
dried in vacuo to afford white powders. The molecular weights
and polydispersity indices of the polymers were determined by gel
permeation chromatography (GPC).

GPC Measurement. GPC measurements were performed on an
equipment consisting of a Waters 1525 binary HPLC pump, a
Waters 2414 refractive index detector, and three Waters Styragel
columns (HT2, HT3, and HT4). Temperature of the columns was
set at 35 °C in a thermostat, and THF was used as the eluent with
a flow rate of 1.0 mL/min. The concentration of the injected polymer
solutions was ca. 10 mg/mL. A family of narrow dispersed poly-
styrenes was used as the standards and a Millennium 32 software
was applied to calculate the molecular weight and polydispersity
index.

NMR Spectroscopy. 1H NMR spectra of the monomers and
polymers in CDCl3 were recorded on a Bruker 400 MHz spec-
trometer using tetramethylsilane (TMS) as the internal reference.
1H NMR spectra of the polymers in the deuterated buffers and 13C
NMR spectra of the monomers in CDCl3 were recorded on a Varian
Mercury Plus 300 MHz NMR spectrometer. For the 1H NMR
measurements of varying temperature or time-dependent hydrolysis
in the deuterated buffers, the Varian Mercury Plu 300 MHz NMR
spectrometer was applied with maleic acid as an internal standard.

Transmittance Measurement. The transmittance of the polymer
solutions in 10 mM phosphate buffer (pH 8.4) was measured at
500 nm through a 1 cm quartz cell on a Shimadzu 2101 UV-vis
spectrometer which was equipped with a water-jacketed cell holder
and a circulating water bath (Shimazu TB-85). Polymer-free 10
mM phosphate buffer was used as a reference. The temperatures
of the polymer solutions were manually tuned at a heating or cooling
rate of ca. 1 °C/min and detected by a digital internal temperature
probe. Cloud point (CP) was defined as the inflection point of the
transmittance vs temperature curve which was determined by the
maximum in the first derivative. The phosphate buffer of pH 8.4
was used in order to avoid the hydrolysis of the orthoester groups
during the measurements, except for the pH-dependent hydrolysis
experiments.

Differential Scanning Calorimetry (DSC). DSC measurements
were carried out on TA Instruments DSC Q100. Polymer solutions
in the 10 mM phosphate buffer (10 µL, 4 wt %) were sealed in
aluminum pans in order to avoid water evaporation. An aluminum
pan with the same buffer (10 µL) without polymer was used as the
reference. A scanning rate of 1.0 °C/min was used for both heating
and cooling processes between -5 and 45 °C. The phase transition
temperature (Tmax) was defined as the maximum of the endothermic
peak upon heating up or the exothermic peak upon cooling down.
The transition enthalpy (∆H) was determined from the endothermic
peak area and calibrated with an indium standard.

Fluorescence Measurement. 100 µL of pyrene in THF solution
(1.0 × 10-3 mol/L) was added into a 100 mL volumetric flask,
and the solvent was evaporated under a nitrogen flow. Phosphate
buffer (100 mL, 10 mM) was then added, and the obtained solution
was equilibrated for 2 days at ambient temperature. This stock
solution of pyrene was used to prepare the PtNEM and PcNEM
aqueous solutions with various concentrations at 4 °C. The polymer
solutions were equilibrated for 2 days at 4 °C in a refrigerator prior
to the measurements. The final concentration of pyrene in all of
the polymer solutions was 1.0 × 10-6 mol/L unless otherwise
indicated. A Hitachi F-4500 fluorescence spectrometer was used
for the fluorescence measurements. The excitation and emission
slit widths of the fluorometer were set at 5.0 and 2.5 nm,
respectively. The excitation wavelength was set up at 339 nm, and
the emission spectra were recorded from 360 to 580 nm at a
scanning rate of 240 nm/min. I1/I3 was defined as the intensity ratio
of the first (ca. 375 nm) to the third (ca. 385 nm) bands in the
emission spectrum. Ie/Im was defined as the ratio of the excimer
intensity (480 nm) to the monomer intensity (the averaged value

Scheme 1. Synthetic Routes of trans-NEM, cis-NEM, and Their
Polymersa

a Conditions: (a) methacryloyl chloride, 10% Na2CO3 aqueous
solution, 0-5 °C, 5 h; (b) triethyl orthoformate, TsOH ·H2O, rt, 2 h;
(c) AIBN, 60 °C, 24 h in dioxane.
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of I1 and I3). Because the polymer solutions were turbid at higher
polymer concentrations (below and above their LCSTs), light
scattering of the aggregate particles drastically influenced the
emission spectra, especially for the monomer emission bands. In
order to reduce the magnitude of this influence, the intensities of
the first (I1) and third (I3) bands were subtracted by the intensity at
362 nm for calculating the ratio of I1/I3 or Ie/Im.

pH-Dependent Hydrolysis. For the hydrolyses of PtNEM and
PcNEM monitored by the turbidimetric method, each of the poly-
mers was dissolved in a cold 10 mM pH 8.4 phosphate buffer (1.0
mg/mL). After being maintained at 37 °C for 10 min, the
transmittance of the solution was 0% using the polymer-free
phosphate buffer as the reference (100% transmittance). Then, the
polymer solution was adjusted to pH 4.0 by the addition of 5.0 M
pH 4.0 acetate buffer (0 time point), and the transmittance of the
solution was measured against time at 37 °C. For hydrolyses at
other pH values, different concentrated acetate buffer with various
pHs (4.6, 5.0, 5.4) were used. For the hydrolyses at pD ca. 5.0
monitored by NMR spectrometry, the polymer solutions at pD 8.4
were first maintained at 37 °C for 15 min and the 1H NMR spectra
were measured, which were used as those at the 0 time point. After
the addition of 5.0 M acetate buffer (pD 5.0), the polymer solutions
were mixed quickly and maintained at 37 °C, and the 1H NMR
spectra were recorded at specific time points.

Results and Discussion

The mixture of trans and cis isomers of NEM was prepared
according to the previous procedure; pure trans-NEM and cis-
NEM were obtained after repeating column chromatography.15a

Their configurations were confirmed by single-crystal X-ray
diffraction measurements (Figures S3 and S4). The homopoly-
mers, PtNEM and PcNEM, were then prepared by conventional
free radical polymerization (Figure S5). Both polymers have
similar molecular weights and polydispersities, which make it
proper to compare their aqueous solution properties (Table 1).

Aggregation Behaviors below LCST. Both PtNEM and
PcNEM are water-soluble at low temperature (below 17 °C),
but their solution properties are strongly dependent on the
polymer concentration. Figure 1 shows the plots of transmittance
vs concentration of the polymers in 10 mM phosphate buffer
(pH 8.4) at 10 °C. For PtNEM, the solution was visually clear

below 1.0 mg/mL, beyond which the transmittance of the
solutions decreased gradually with increasing polymer concen-
tration, approaching a value of ca. 2% at 10 mg/mL. In the
case of PcNEM, the solutions remained completely transparent
below 5.0 mg/mL and became a little cloudy at 10 mg/mL.
These observations indicated that some colloidal aggregates were
formed even below the LCSTs of the polymers. These colloidal
solutions were stable without observable precipitates for at least
72 h at 5 °C. The presence of the colloidal aggregates in the
cold polymer solutions was proved by the dynamic light
scattering results (Figure S6). Bimodal size distributions were
clearly observed for both polymer solutions at a low concentra-
tion of 0.10 mg/mL (10 °C). Besides the small particles with
an apparent hydrodynamic radius (Rh) (<10 nm) that should
represent the coiled polymer chains, there were the coexisted
larger aggregates with radii of ca. 60 nm for PcNEM and ca.
50 nm for PtNEM, respectively, indicating that aggregation
occurred even at low concentrations where the polymer solutions
were visually transparent.

The aggregation behaviors of the polymers were further
studied by the fluorescence approach using pyrene (Py) as a
probe. It is well-known that the vibronic band structure of the
emission spectrum of Py is sensitive to the polarity of a
microenvironment in which it is dispersed. The intensity ratio
(I1/I3) of the first (0,0) to the third (0,2) bands decreases as Py
is transferred from a polar into a less polar microdomain.19

Figure 2 shows the emission spectra of pyrene in PtNEM and
PcNEM in 10 mM phosphate buffer solutions at different
polymer concentrations. The spectra were normalized at the first
band. It can be seen that in both polymer solutions the ratio of

Table 1. Characterizations of PtNEM and PcNEM and Their Aqueous Solution Properties

CPb (°C)

Mn
a (×104) Mw

a (×104) PDIa 0.1 wt % 0.5 wt % Tmax
c (°C) ∆Hd (kJ/mol) cace (mg/mL)

PtNEM 3.3 5.5 1.7 18.8 17.8 17.6 (16.3) 6.1 0.15
PcNEM 2.9 5.2 1.8 21.9 20.0 20.8 (19.5) 1.3 0.54
a Determined by GPC with THF as an eluent and monodisperse polystyrenes as the standards. b Defined as the inflection point of the transmittance vs

temperature curve, in pH 8.4 phosphate buffer, heating rate: ca. 1.0 °C/min. c Defined as the maximum of the endothermic or exothermic peak, 4 wt % in
pH 8.4 phosphate buffer, heating/cooling rate: 1.0 °C/min. The values in the parentheses are for the cooling process. d Calorimetric enthalpy in kJ/mol per
repeating units (heating process). e Measured by fluorescence method.

Figure 1. Transmittance values of PtNEM and PcNEM solutions in
10 mM pH 8.4 phosphate buffer at various concentrations. λ ) 500
nm, 10 °C.

Figure 2. Emission spectra of pyrene in the PtNEM (A) and PcNEM
(B) solutions (10 mM pH 8.4 phosphate buffer) at various polymer
concentrations (mg/mL). λex ) 339 nm, 10 °C.
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I1/I3 remained almost constant at lower polymer concentrations
and decreased gradually with further increasing the concentra-
tion, indicating that Py was partitioned into a less polar
environment. The critical aggregation concentrations (cac),
estimated from the plots of I1/I3 ratio vs polymer concentration,
were 0.15 mg/mL for PtNEM and 0.54 mg/mL for PcNEM
(Table 1 and Figure 3A). For PtNEM, the ratio of I1/I3 reached
a value of 1.04 at the concentration of 2.5 mg/mL, beyond which
leveled off. This value of I1/I3 is close to that for Py solubilized
in 1-butanol19a or in SDS aqueous solution.20 In the case of
PcNEM, the ratio of I1/I3 declined only to 1.53 even at a higher
polymer concentration, 10 mg/mL. These results indicate that
the microdomains formed by the aggregation of PcNEM are
much more polar than that of PtNEM.

From Figure 2, it can also be seen that a broad featureless
peak centered at ca. 475 nm, characteristic of the excimer
emission of Py, was observed at higher polymer concentrations.
The relative intensity of the excimer to monomer emission,
depicted as Ie/Im, was dependent upon the polymer concentration
(Figure 3B). For PtNEM, in the range of low concentrations
(e0.01 mg/mL), the excimer emission was very weak. As the
polymer concentration was raised, the value of Ie/Im increased
up to a maximum somewhat above the cac, followed by a
monotonic decrease in Ie/Im with further increasing the polymer
concentration. A similar trend for PcNEM was observed but
with the lower values of Ie/Im compared with that of PtNEM.
These results can be attributed to the distribution of Py
molecules between the aggregated microdomains and the bulk
water phase. At very low polymer concentrations, there was
little microdomain that can solubilize Py and most of the Py
molecules were partitioned in the bulk water; as a result, no or
weak excimer emission can be observed. With increasing the
polymer concentration, the amount of the less polar micro-
domains that can trap Py molecules increased, resulting in high
local Py concentration and the subsequent strong excimer
emission. The largest value of Ie/Im for an individual polymer
was obtained at a specific concentration where all of the Py
molecules were partitioned into the microdomains. Beyond this
value, further increase in the polymer concentration would dilute
Py molecules in the microdomains, thus decreasing the prob-

ability of excimer formation. A similar phenomenon was also
reported for Py in the aqueous solutions of some amphiphilic
copolymers21 and can be well explained by the model for Py in
the micellar solutions of small molecule surfactants as proposed
by Tilton et al.22 By comparing the aforementioned fluorescence
results, we can conclude that PtNEM shows a higher tendency
to form more hydrophobic microdomains which possess greater
capability to solvate Py molecules compared to its counterpart,
PcNEM.

In order to better understand the excimer formation mecha-
nism, the excitation spectra of Py in PtNEM and PcNEM
solutions were recorded by monitoring the monomer (390 nm)
and the excimer (480 nm) emission bands, respectively (Figures
S7 and S8). For either of the polymers at the lower concentra-
tions, the excitation spectrum of the excimer was red-shifted
by ca. 2.5 nm compared to that of the monomer, indicating that
the excimer originated from the preformed pyrene dimers or
higher aggregates that existed prior to excitation, i.e., static
excimer.23 However, the extent of the red shift became smaller
at higher polymer concentrations. For PtNEM at 5.0 mg/mL,
the excitation spectra of both monomer and excimer were almost
identical. It may indicate that the dynamic excimers formed via
the classic Birks mechanism, i.e., from an excited Py and a
second Py in its ground state in a diffusion-controlled way,
dominated the excimer emission.19b These results are rational-
ized in fact that at the higher polymer concentrations the Py
molecules trapped in the microdomains were apart too “far” to
form ground-state dimers or aggregates but close enough to
produce the dynamic excimers.

Thermally Induced Phase Transitions. As reported previ-
ously for PNEM prepared from the mixture of trans and cis
isomers,15a both PtNEM and PcNEM showed the thermally
induced phase transition properties which were first evaluated
by the turbidimetric method. Figure 4A shows the transmittance
vs temperature plots of PtNEM and PcNEM in 10 mM pH 8.4
phosphate buffer (1.0 mg/mL) during a heating and a cooling

Figure 3. Dependence of I1/I3 (A) or Ie/Im (B) ratio of pyrene on the
polymer concentration of PtNEM and PcNEM in 10 mM pH 8.4
phosphate buffer at 10 °C. Figure 4. (A) Transmittance vs temperature plots of PtNEM (square)

and PcNEM (circle) in 10 mM pH 8.4 phosphate buffer (1.0 mg/mL)
in a heating and cooling cycle. (B) Dependence of the cloud points of
PtNEM and PcNEM aqueous solutions at various concentrations. λ )
500 nm; heating/cooling rate: ca. 1.0 °C/min.
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process. It can be seen that both polymer solutions exhibited
the highly sensitive and reversible phase transitions at 18.8 °C
for PtNEM and 21.9 °C for PcNEM, respectively. Upon cooling,
only little hysteresis (0.9 °C) was observed for PtNEM. Further
experiments revealed that the thermally induced phase transitions
of the polymer solutions were reproducible, at least for the first
three heating and cooling cycles. Compared with the previously
reported CP (22.5 °C) of PNEM from trans (45%) and cis (55%)
isomers, the CPs of both PtNEM and PcNEM were little bit
lower.15a Considering the relatively higher molecular weight of
the present polymers, this is reasonable. Figure 4B shows the
concentration dependency of the cloud points (CPs) of PtNEM
and PcNEM aqueous solutions. It is seen that both polymers
demonstrated the same trends in the polymer concentration range
of 0.05-10 mg/mL. The CPs initially decreased significantly
with increasing the concentration and then became constant
above a concentration of 2.5 mg/mL for PtNEM and 5.0 mg/
mL for PcNEM. Similar observations were reported for other
thermosensitive polymers, which can be attributed to the fact
that the high polymer concentrations would macroscopically
favor the flocculation of the primary aggregates.24

To obtain a better insight of the phase transition behaviors
of PtNEM and PcNEM in the aqueous solutions, DSC, 1H NMR,
and fluorescence measurements were performed. Figure 5 shows
the DSC thermograms of the polymer solutions at a 4 wt %
concentration in one heating-cooling cycle. Upon heating,
PtNEM and PcNEM showed the endothermic peaks with the
maxima (Tmax) at 17.6 and 20.8 °C, respectively, which were
consistent with their CPs at higher polymer concentrations
(Table 1). In the cooling process, the exothermic peaks were
observed for both the polymers with the transition temperatures
of ca. 1.3 °C lower than those in the heating process, indicating
a clear hysteresis for the polymers. A similar phenomenon was
also reported for poly(N-isopropylacrylamide) (PNIPAM), which
was attributed to the formation of intra- and interchain hydrogen
bonds between the amide groups (〉CdO · · ·H-N〈) as well as
the chain entanglement in the polymer aggregates.25

Furthermore, there was a marked difference between the
transition enthalpies (∆H) of PtNEM and PcNEM. In the heating
process, ∆H of PtNEM aqueous solution was 6.1 kJ/mol per
repeating units, comparable to that of PNIPAM (ca. 5-8 kJ/
mol) with a typical coil-globule phase transition.2f,25b However,
PcNEM had a much smaller ∆H (1.3 kJ/mol), suggesting the
incomplete dehydration and more solvated polymer chains even
above its CP. This difference in the hydration states of the
polymers above their CPs was also demonstrated by their
temperature-dependent 1H NMR spectra (Figure 6). Below their
CPs the polymer chains were well solvated and the proton
signals of the polymers were clearly observed. For PtNEM, the
signal intensities were drastically reduced around its CP with
increasing the temperature. At 30 °C, ca. 12 °C above its CP,
the peaks almost disappeared. In contrast, although the signal

intensities of PcNEM decreased noticeably with the increase
in temperature, the peaks were clearly observable even at 33
°C, a temperature of ca. 11 °C above its CP. On the basis of
the DSC and 1H NMR results, it can be deduced that PcNEM
underwent a liquid-liquid phase separation accompanied by
the formation of coacervate droplets while PtNEM likely
exhibited a liquid-solid phase transition in the heating
process.6a,24b This speculation was supported by the microscopic
observations of the polymer solutions (Figure S10). Above their
CPs, clear coacervate droplets were formed in the PcNEM
aqueous solution while solidlike precipitates were observed for
PtNEM. This drastic difference in dehydration behaviors of the
polymers above their CPs could be ascribed to the fact that the
trans configuration of the pendant cyclic groups enabled PtNEM
chains to pack densely, thus leading to the more efficient
dehydration and a larger ∆H. In addition, the lower CP of
PtNEM might also be accounted for by the ease of densely
packing of the polymer chains. Further experiments revealed
that molecular weights of the polymers show a little effect on
their LCSTs but did not affect their transition enthalpies very
much (Table 1 and Table S1).

Figure 7 shows the temperature dependence of the I1/I3 ratio
of Py in the PtNEM and PcNEM aqueous solutions. At very
low concentration (1.0 µg/mL), the ratio was ca. 1.8 in both
polymer solutions and did not change much within the tested
temperature. This value is identical with that measured in water,
implying that Py resided mostly in the bulk water. At higher
polymer concentrations, different fluorescence results were
obtained. For PtNEM below its cac, the ratio decreased abruptly
around its LCST with the temperature increase, indicating the
transfer of Py into the collapsed polymer-rich phase. This
decrease in I1/I3 ratio was consistent with that for PNIPAM in

Figure 5. DSC thermograms of PtNEM (solid line) and PcNEM (dashed
line) in 10 mM pH 8.4 phosphate buffer (40 mg/mL) during a heating
and cooling cycle with a heating/cooling rate of 1.0 °C/min.

Figure 6. Temperature-dependent 1H NMR spectra of PtNEM and
PcNEM in the deuterated phosphate buffer (10 mM, pD 8.4).
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water.8a,26 By contrast, at concentrations above the cac, the I1/
I3 ratio showed a sharp increase as the temperature was raised
through the LCST, demonstrating that the polarity of the
microenvironments sensed by Py increased. A similar phenom-
enon was also reported for some hydrophobically modified
PNIPAM derivatives.8a,26a,27 As aforementioned, although Pt-
NEM seems not a typical amphiphilic polymer, it did form some
kind of aggregates above its cac, and there were some
hydrophobic microdomains that can solvate Py below its LCST.
Upon heating through the LCST, dehydration of the polymer
chains may cause the structural deformation of the original
microdomains, resulting in the newly formed polymer-rich
aggregates that can still solvate Py molecules but were more
polar in nature. In the case of PcNEM above its cac, the I1/I3

ratio also demonstrated an abrupt increase at its LCST. However,
no clear change in I1/I3 was observed below the cac within the
measured temperature range. In addition, the I1/I3 ratios in
PcNEM solution were larger than those in PtNEM above their
respective LCSTs, which suggests that the former was less
dehydrated than the latter above their respective LCSTs. This
result is well agreed with those obtained from the 1H NMR
and DSC measurements.

The influence of temperature on the excimer formation of
Py in the polymer solutions was also studied. Figure 8 shows
the changes in Ie/Im as a function of temperature. In aqueous
solutions of both PtNEM and PcNEM, Py excimers were formed
at appropriate polymer concentrations, and the values of Ie/Im

gradually decreased with increasing the temperature until their
respective LCSTs. This can be ascribed to the thermally induced
nonradiative decaying of the excimers. In the case of PtNEM,
Ie/Im showed an abrupt decrease as the temperature was raised
through the LCST, beyond which no clear excimer emission
was observed. This observation is consistent with the temper-
ature-dependent fluorescence behaviors of the Py-modified
PNIPAM in aqueous solution26b,28 and can be attributed to the
redistribution of Py molecules from the original microdomains
(below the LCST) to the newly formed polymer-rich aggregates
(above the LCST). This assumption was also supported by the

temperature-dependent emission spectra of Py in the polymer
solutions (Figure S11). The Py monomer emission showed an
abrupt increase at the LCST while the excimer emission sharply
decreased, indicating a drastic change of Py molecules from an
aggregated state to a diluted and separated distribution.

pH-Dependent Hydrolysis. As previously reported, the
unique feature of the present thermoresponsive polymers is their
acid sensitivity.15a The acid-catalyzed hydrolyses of PtNEM and
PcNEM in the deuterated acetate buffers (pD 5.0) were first
evaluated by 1H NMR measurements (Figure 9). It can be seen
that at the starting point no or only very weak proton peaks
were observed. The polymers were gradually dissolved with
prolonging the hydrolysis time and became completely soluble
at ca. 140 min. PtNEM hydrolyzed almost completely within
260 min. The hydrolysis of PcNEM was slower; the proton
signals (peak g) assigned to the cyclic orthoester group was
still observed after 300 min. Furthermore, the hydrolysis
products of the two polymers were different. There are two types
of units in the completely hydrolyzed polymer chains: one with
two hydroxyl groups (unit I) and the other one with a hydroxyl
group and a formate group (unit II in Scheme 2). By comparing
the intensities of peaks d′ and d′′ , it can be seen that the contents
of the two units were almost equal for the hydrolyzed PtNEM
whereas PcNEM produced much more units with two hydroxyl
groups (unit I), which can be attributed to the difference in the
configurations of the pendant cyclic groups. As shown in
Scheme 3, hydrolysis of the cyclic orthoester is believed to
proceed mainly through two competing paths: the endocyclic
ring cleavage (path A) and the breaking of the exocyclic ethoxy
group (path B).29 Path A produces the hydrolysis products with
both unit I and unit II while in the path B only unit II can be
obtained. Our present 1H NMR results demonstrated that path
A dominated the hydrolysis mechanism of PcNEM while the
hydrolysis of PtNEM, in some extent, took place through path
B. Dory et al. reported that the hydrolysis processes of cyclic
orthoesters were affected by the stereoelectronic effects and the
steric factors.29a The conformational structures of the pendant
cyclic orthoester moieties in the polymers are expected to
influence the hydrolysis rate as well as the hydrolysis products.

Figure 7. Temperature-dependent changes in I1/I3 ratio of pyrene in
PtNEM (A) and PcNEM (B) aqueous solutions (10 mM pH 8.4
phosphate buffer) at various polymer concentrations (mg/mL).

Figure 8. Temperature-dependent changes in Ie/Im ratio of pyrene in
PtNEM (A) and PcNEM (B) aqueous solutions (10 mM pH 8.4
phosphate buffer) at various polymer concentrations (mg/mL).
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We attempted to clarify the predominant conformations of the
orthoester moieties by NOESY of 1H NMR but did not obtain
clear and convinced results (data not shown).

The pH-dependent hydrolyses of PtNEM and PcNEM were
further demonstrated by monitoring the changes in the transmit-
tance of their aqueous solutions with different pH values at 37
°C (Figure 10). It can be seen that the turbid polymer solutions

became clear at specific times, indicating that the polymers were
dissolved in water due to the partial hydrolysis of the pendant
orthoester groups. The time for the polymer solutions to become
transparent (95% transmittance) was reduced with the decrease
in pH, indicating that the polymers were sensitive to an acidic
environment. At the same pH, the time for PcNEM solution to
become transparent is shorter than that for PtNEM, which can
be attributed to the more polar character of PcNEM above its
LCST as well as the more hydroxyl groups in the partially
hydrolyzed polymer chains.

Conclusion

We demonstrate that the trans and cis configurations of the
pendant cyclic groups have significant effects on the aqueous
solution properties of PtNEM and PcNEM as well as their
hydrolysis behavior. Both polymers show reversible and sensi-
tive thermoresponsive behaviors at certain temperatures. PcNEM
shows a higher CP with a smaller transition enthalpy compared
to PtNEM. It is confirmed that PcNEM exhibits a liquid-liquid
phase separation while PtNEM displays a liquid-solid phase
transition around their respective CPs. These two polymers can
form some kind of aggregates even below their respective CPs.
PtNEM tends to form more hydrophobic microdomains with a
lower cac. Above the LCSTs, the polymer-rich phase of PcNEM
is more polar than that of PtNEM. In addition, the two polymers
show the pH-dependent hydrolysis behaviors, and their CPs can
be tuned by controlling the hydrolysis under mildly acidic
conditions. We expect that PtNEM and PcNEM and their related
copolymers possess great potential for tumor tissue and/or
intracellular drug delivery. For example, block copolymers
consisting PEG segment and PtNEM block may form micellar
structures at 37 °C which can be used as hydrophobic drug
carriers.
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