1182 Macromolecule006,39, 1182-1188

A Novel Application of Hybrid Two-Dimensional Correlation Infrared
Spectroscopy: Exploration of the Reversibility of the Pressure- and
Temperature-Induced Phase Separation of
Poly(N-isopropylacrylamide) and Polifisopropylmethacrylamide) in
Aqueous Solution

Yuging Wu,*-" Filip Meersman,* and Yukihiro Ozaki $

Key Laboratory for Supramolecular Structure and Materials of Ministry of Education, Jilinéisity,
No. 2699 Qianjin Street, Changchun 130012, P. R. China; Department of Chemistry, Katholieke
Universiteit Lewen, Celestijnenlaan 200 F, B-3001 Leun, Belgium; and Department of Chemistry
and Research Center for Eimonment Friendly Polymers, School of Science and Technology,
Kwansei-Gakuin Uniersity, Gakuen, Sanda, Hyogo 669-1337, Japan

Receied October 7, 2005; Résed Manuscript Recegéd December 9, 2005

ABSTRACT: We have demonstrated a novel application of hybrid two-dimensional (2D) correlation spectroscopy
in exploring the reversibility of phase separation (or transitions). Pressure-induced phase separation and temperature-
induced phase transitions have been studied for pelsgdpropylacrylamide) (PNiPA) and polyisopropyl-
methacrylamide) (PNiPMA) in agueous solutions using Fourier transform infrared (IR) and hybrid 2D correlation
spectroscopy. Here we show that pressure-dependent sasapiple (SS) hybrid 2D correlation IR spectroscopy
reveals for PNiPA a reversible phase separation with a differential rate of concentration change and separation
pressure and a reversible phase separation with similar dynamics for PNiPMA, but involving irreversible hydrogen/
deuterium exchange. Subtle differences in concentration dynamics have been revealed clearly by the hybrid SS
2D IR correlation analysis; these include the minor irreversibility of amide | in PNiPA, resulting from the loss

of a very few coil populations, and in PNiPMA, resulting from the irreversible H/D exchange. Such events are
not apparent from the transition plots constructed on the basis of one-dimensional data analysis.

Introduction et allé reported an IR study on the pressure-induced phase
separation and hydration variations of PNiPA in aqueous
| solution. The pressure-dependent IR spectra of PNiPA demon-

polymers to understand the fundamental physics of the ponmerSt_rated significantly different spectral changes in comparison
coil-to-globule collapsé.Because of their high solubility in ~ With the temperature-dependent spectradeersman et al.

water, their application in drug delivery and bioseparation has Showed that although both pressure and temperature induce a
also been reportett# These polymers show a sharp transition Phase separation, the underlying mechanisms are fundamentally
in their aggregation state upon a change in temperature, anddifferent® High pressure was found to enhance the hydration
both their macroscopic thermodynamic properties and molecular ©f the hydrophilic amide group, whereas increasing temperature
interactions have been investigated extensively using a wide above the lower critical solution temperature causes the well-
variety of technique&:” Infrared (IR) studies on the thermally known dehydration of the hydrophilic and hydrophobic moieties,
induced coit-globule transition of PNiPA solutions have been Which drives the coil-to-globule transition and subsequent
carried out by several research gro8p%.IR spectroscopy has ~ aggregation.
been shown to be a suitable method for observing changes not The thermally induced cotglobule transition of PNiPA and
only in the hydration of the polymer chain of PNiPA but also PNiPMA is usually reversible® However, the reversible
in the interactions and microenvironments of the amide and kinetics of the phase transition of PNiPA and PNiPMA induced
isopropyl groups in the polymer. Maeda efdlave reported by temperature, and especially the phase separation induced by
hydration changes of PNiPA during ceiglobule transition by pressure, have not been investigated extensively at the micro-
using transmission Fourier transform IR (FT-IR) spectroscopy; structure level. Here we investigate their reversibility using IR
Katsumoto et at! investigated the conformational Change of spectroscopy and hybr|d two-dimensional (2D) correlation
PNiPA during the COH‘gIObUle transition using attenuated total Spectroscopy_ Hybnd 2D correlation Spectroscopy was proposed
reflection IR spectroscopy and density functional theory calcula- jn 2002, and it deals with the 2D correlation analysis between
tions. two separately obtained data matriééJ.hree possible types

Although many investigations have focused on the kinetics of hybrid 2D correlations has been mentioned: In the first type,
of pressure-induced phase separation of polymers in soléfidfis, 2D correlation spectra are calculated by using different sets of
reports specifically on these polymers are scatddeersman  gpectral data of one sample obtained under two unrelated

perturbationd/ 18 such as temperature and pressure. In the
T Jilin University. second type, 2D correlation spectra are constructed by using

Katholieke Universiteit Leuven. spectral variations measured under conjunct or related perturba-
§ Kwansei-Gakuin University.

* To whom correspondence should be addressed:+Bér431-5168730;  tions. The third type treats 2D correlation spectra generated by
Fax +86-431-5193421; e-mail yqwu@jlu.edu.cn. using two independent spectral data sets collected under the

Poly(N-isopropylacrylamide) (PNiPA) and pol{isopropy-
Imethacrylamide) (PNiPMA) are normally used as mode
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same perturbation but different conditiorisJsing this approach ~ Products Ltd., UK). Barium sulfate was used as an internal pressure
allows direct exploration of the dynamic correlation between standard. In the case of PNiPMA, pressure was varied at an
two different perturbations or two processes [samjsiample approximate rate of 200 and 300 MPa/h for compression and
(SS) hybrid 2D correlation spectrum] or structural correlation decompression, respectively. For PNiPA, the respective values are
induced by two different perturbations [variableariable (VV) 300 and 400 MPa/h. All pressure experiments were performed at

) . - . room temperature.
hybrid 2D correlation spectrum]. By using SS hybrid 2D )
c?)/rrelation, furthermore,pcan pc])tenzally e%(plore %/he latent IR spectra were recorded with a Bruker IFS66 FTIR spectrometer

equipped with a liquid nitrogen cooled MCT detector. The sample

correlation between different perturbations or processes, and thecompartment was continuously purged with dry air. After registra-

relationship of process dynamics can be studied by examining jon with a resolution of 2 crt, 250 interferograms were coadded.
the similarity or subtle difference of their trace patterns along  paia Analysis and Calculation of 2D Correlation Spectra.
the spectral variable. However, since soft modeling techniques an |R spectrum of water vapor was subtracted from all spectra
relying heavily on inferences are mostly effectively utilized in  pefore smoothing. The data manipulation, subtraction, truncation,
conjunction with concrete scientific reasoning and physical and baseline corrections of IR spectra were performed using the
reality, overinterpretation of correlation results without sound GRAMS program package (Galactic Inc. Corp.). The spectral
justification should be carefully avoidesd. smoothing was made using the RAZOR program (Spectrum Square
It is well-known that a conventional synchronous 2D cor- Associates, Inc., Ithaca, NY), also running under the GRAMS
relation spectrum always shows a symmetric pattern along theSCftware. The smoothing was carried out by the method of
diagonal line, in the cases of both VV 2D?2 and SS 28324 maximum entropy using a Lorentzian line shape of 20 tifull

correlation spectra. In contrast, a hetero-2D correlation width at half-height.
P X ' Software for the SS hybrid 2D correlation analysis was developed

5—28 i 7,18 i
s_pectrurﬁ and a hybrid 2[_3 correlation spectrum do not by one of the authors (Y. Wu) based on Matlab 6.0 (Math Works
yield a completely symmetric synchronous spectrum because|n. - Natick, MA). The procedure for its use has been described
of the dissimilarity involved in the two spectral data sets. g|sewherd?.18

Therefore, it is possible to explore the similarity and/or
difference between two systems or processes by use of hybridResults and Discussion
2D correlation spectroscopy. In exploring the reversibility of
polymer process, an asymmetry along the diagonal line in the
SS hybrid 2D cross product would indicate a dissimilarity in
any of the following aspects: (i) recovery degree of the
concentration of the original components, (ii) transitional
temperature or pressure, or (iii) the rate of concentration change
during the phase transition.

Here we demonstrate the potential of SS hybrid 2D correlation
IR spectroscopy in analyzing the reversibility of the phase
separation and coilglobule transition in polymers induced by
pressure and temperature. Instead of generating hybrid 2D map

with two spectral data sets measured under two indeDendem‘oond,29 decreases with increasing pressure. At the same time,

perturbations, we created hybrid 2D correlation maps by USING 1o new components with vibrational bands at 1650 and 1600
two spectral data sets measured at same perturbation in two

X . : . m~1 appear. The band at1650 cnt! was assigned to the
opposite processes, heating and cooling or compression ancs

decompression, which can be regarded as example of case Il ibrational mode of free €0 in PNIPA by Katsumoto et al.,
in hybrid 2D correlatio®’ or one of useful variants of the based on its low sensitivity to the hydratighand the band at

. - around 1600 cm' has been suggested to result from the strongly
heterocorrel_atlon methodsThe general u_sefulness of SS h_ybnd intrachain hydrogen-bonded species 6£GQ++-D—N between
2D correlation spectroscopy in exploring the reversibility of

has b d b Nzina th Igﬁlymers in the globule sta¥eor doubly hydrogen-bonded
Processes has been assessed by analyzing th€ Pressure- ady, ) with watet® Figure 1b depicts the pressure-dependent
temperature-induced phase separation or transitions in polymers

IR spectra of PNiPA measured in the decompression process.
We note that the spectra show an intensity decrease at 1650
and 1600 cm! and an intensity increase at 1625 ciynwhich
Materials. Poly(N-isopropylacrylamide) (PNiPA) and poly¢ are opposite to the effects induced by the compression.
isopropylmethacrylamide) (PNiPMA) were obtained by free-radical Figure 2 shows a synchronous SS hybrid 2D correlation

polymerization of the corresponding monomers in dimethylforma- spectrum constructed from the IR spectra of PNiPA measured

midel® Azobis(isobutyronitrile) was used as an initiating agent. . . . .
The monomers were polymerized o h at 70°C under nitrogen. 1" the compressionxtaxis) and decompression-gxis) pro-

Finally, they were precipitated from the reaction mixture by diethyl Cesses. In the present case, SS hybrid 2D correlation spectros-
ether and then purified on a NAP-25 column by eluting with water. COpY is the pressurepressure correlation spectroscopy. Usually,
The polymer was dried under vacuum to constant weight at room a strong correlation is observed in a SS 2D correlation spectrum
temperature. between two groups of samples that have high concentrations
FTIR Spectroscopy.For the IR spectral measurements, PNiPA  of the same specié3The strong positive correlation in the low-
and PNiPMA were dissolved in deuterated water (Cambridge pressure regiorp(< 182 MPa) indicates the existence of a single
Isotopes Inc., Andover, MA) at a concentration of 50 mg/mL and component (which shows an absorption band at 1625'at

left ovz_eglnight to ach_iﬁ:/e colmplete dleu_teration of all s(;nl\_/ent high concentration, suggesting the recovery of the coil structure
accessible protons. The polymer solution was injected in @ jr% e jecompression process.

temperature cell (Graseby Specac, UK) with gakindows . .
separated by a 56m Teflon spacer, creating an airtight chamber. ~_However, a slight asymmetry of the two sides along the
The cell was then placed into a computer-controlled heating jacket diagonal line in the low-pressure regign £ 182 MPa) of the
(Graseby Specac, UK). The heating/cooling rate was’G/gnin. SS hybrid 2D correlation spectrum can be observed. This
High pressures were obtained with a diamond anvil cell (Diacell asymmetry reveals that the concentration of the coil species&rﬂﬁa\)f

Reversibility of Pressure-Induced Phase Transition of
PNiPA. Figure la shows the pressure dependence of the
carbonyl vibrational band of PNIiPA in J® solution. In a
previous study, we showed that although it is a fundamentally
different mechanism, pressure can induce a phase separation
similar to that induced by temperatuifeThe main spectral
changes that occur with pressure are varied and can be
summarized as follows: a strong band at 1625 §mwhich is
generally attributed to the vibrational mode of the carbonyl
roup that forms either an intermolecular=O-:-D—0O—D
ydrogen bont8 or an intramolecular €0---D—N hydrogen

Experimental Section
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Figure 1. FT-IR absorption spectraof PNiPA in,D solution as a function of pressure: compression (a) and decompression (b). The pressure was
varied between 10 and 1084 MPa with an interval of about 100 MPa.
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Figure 2. A synchronous SS hybrid 2D correlation IR spectrum of 0 100 200 300 400 500 600 700 600 500 1000
PNiPA constructed from the two IR spectra data sets shown in Figure Pressure/MPa

1.

be slightly lower after the compressiodecompression cycle

in comparison with that in the initial state. An asymmetry along
the diagonal line in the intermediate pressure region (482

< 600 MPa) of the SS hybrid 2D correlation spectrum strongly
suggests the existence of differences in concentration kinetics
between the compression and decompression processes. Thus,
differences may exist either in the separation pressure or in the
rate of concentration change (as defined by the slope of the
slice spectra in the intermediate pressure region) induced by
pressure during the phase separations or remixing. However,
generally, the asymmetry in all regions of pressure in Figure 2
is not very significant; therefore, it does not impede the general
reversibility of PNiPA induced by decompression. Thus, pres-
sure-dependent hybrid SS 2D correlation IR spectroscopy reveals

Arbitrary Intensity

. R . ) ) B .3 1 1 1 1 L L
a reversible phase separation with slight differences in the rate 0 100 200 300 400 500 G600 700 80D 900 1000

of concentration change and transition pressure of PNiPA. Pressure/MPa

The differences in concentration dynamics between the Figure 3. Slice spectra extracted along the two axes from the SS hybrid
compression and decompression processes are illustrated morgP correlation IR spectrum in Figure 2: (a) compression process (
clearly in the slice spectra shown in Figure 3a,b, which are axis); (b) decompression processaxis).
extracted from the SS hybrid 2D correlation spectrum in Figure The slice spectra in Figure 3a for the pressure increase show a
2 along thex-axis (compression) and tlyeaxis (decompression).  turn at a pressure of 238 MPa and a midpoint around 300 '%IFI)D%/
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g 0.30 4. The used spectral region is 1660660 cnt™.
S 025
5 o020 in the case of PNiIPMA indicates that in this polymer not all
2 015 W 1c0mea protons have been exchanged.
< 010 An enhanced H/D exchange can be observed clearly in the
0.05 compression process of PNiPMA. As shown in the IR spectra
0.00 displayed in the upper part of Figure 4a, the amide Il band (1545

= Ao i T cm 1) disappears at a pressure of 265 MPa, indicating that
Wavenumberﬁcm ) ) complete deuteration of PNiPMA occurs in® solution under
Figure 4. Pressure-dependent IR spectra of PNiPMA in the region of pressure. The slow kinetics of H/D exchange in PNiPA was
1660-1400 cnT®: (a) compression and (b) decompression processes. .
The pressure was varied between 0.1 and 1008 MPa with an intervalOPS€rved many years ago by Scarpa et al. as a result of locking
of about 100 MPa. of the exchangeable hydrogens in-N---O=C bond and a
change of water in the neighborhood of the pendant residues
of the polymer?® And the methylation appears in PNiPMA may
As revealed previously by light microscopy, at 168 MPa a phase accentuate this and suggest a stronger screening of the amide
separation, corresponding to the lower critical solution pressuregroups from the solvent in these random coil molecules. This
of PNiPA, is observed® The reason for this finding has been adds further support to the idea that under pressure the polymer
explained previously and can be summarized as follows: the chain becomes increasingly solvatéPressures higher than
initial phase separation involves only a fraction of the polymer 265 MPa induce a downward shift of the amideband, as
chains, a fraction that is too small to be detected by FT-IR shown in the IR spectra at the bottom part of Figure 4a.
spectroscopy. As the pressure further increases, more chain#\nalogous to the band assignments and the corresponding
will undergo phase separation, and the concentration of the pressure-induced structural variations of PNiPAhis shift can
polymer in the polymer-rich phase will start to increds& also be attributed to the formation of the stronger double
producing significant structural variation in IR spectra. There- hydrogen bond between the side=O groups of PNiPMA with
fore, the illustration in the slice spectra of Figure 3b shows a water, i.e., to the stronger hydration of PNiPMAWe note
hysteresis for PNiPA in decompression. A significant turn is that an opposite upward shift of the amidebland can be
observed at a pressure of 182 MPa in Figure 3b with a pressureobserved in the IR spectra measured in the decompression
decrease, which is slightly lower than the transition pressure in process (Figure 4b), indicating a loss of the additional hydrogen
the compression process. Meanwhile, the rate of concentrationbonding between €0 and water during decompression; i.e.,
change, as indicated by the slopes/d®) of the correlation partial dehydration occurs with the pressure decrease. However,
lines during the phase transition does not show much differencethe IR spectra of PNiPMA in Figure 4b do not show an
between parts a and b of Figure 3. This observation suggestsappearance of the amide Il band at all, which reveals that the
that very similar dynamics of phase separation are observedpressure-enhanced H/D exchange of PNiPMA is irreversible,
for PNiPA between compression and decompression. as expected.

Reversibility of Pressure-Induced Phase Separation of A synchronous SS hybrid 2D IR correlation spectrum
PNiPMA Involving Enhanced H/D Exchange. Figure 4a constructed from the IR spectral data sets in amide | region
shows pressure-dependent IR spectra of PNiPMA as a function(1660-1560 cnt?) of PNiPMA measured in the compression
of increasing pressure. PNiPMA differs from PNiPA by the and decompression processes is shown in Figure 5. As with
presence of a methyl group attached todhearbon of the vinyl the hybrid 2D correlation spectrum in Figure 2, strong correla-
backboné. The substitution of the methyl group for the tions are observed in the low-pressure regipn<(327 MPa),
hydrogen atom in the polymer chain of PNiPMA decreases the indicating a population gain of the original coil species in the
electron density on the=€0 bond in comparison with those of decompression process. However, a greater asymmetry along
PNiPA® and, therefore, results in the low-frequency shift of the the diagonal line is observed in this low-pressure region in
amide | band to 1609 cm in PNiPMA. Therefore, the comparison with that of PNiPA. This high asymmetry is mainly
prominent IR bands in Figure 4a can be attributed to the amide attributable to the complete but irreversible H/D exchange of
| band (1609 cm?), amide Il band (1541 cri), and the PNiPMA induced by the pressure increase. Note, however, that
deuterated amide Il band, amidé (1465 cnTl). Note that the the spectral region which we employed to construct SS 2D
amide Il band is absent in the spectra of PNiPA. Its presence correlation spectra is only limited in the amide | (6rdegion CDV
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decompression-induced phase transition of PNiPMA shows only
a small hysteresis of transition pressure (327 MPa vs 348 MPa).
This difference is not significant. Taken together with the minor
asymmetry along the diagonal line, this observation indicates
the reversibility of the phase separation with similar dynamics
in both directions.

Reversibility of Temperature-Induced Phase Transition
of PNiIPMA.. Figure 7a shows the temperature-induced spectral
changes in the carbonyl group-stretching region of PNiPMA.
A significant band shift of the amidé band from 1609 to 1628
cm™1 is observed with the increase in temperature. As in the
case of PNiPA;11the band shift of amide bbserved here can
be assigned to the loss of coil structure (1609 ¥mand the
gain of a globule structure (1628 ci). The reversible band
shift from 1628 to 1609 cm' observed in Figure 7b for the
00 200 300 40 610 B0 700 B0 900 1000 cooling process indicates the reversal of the thermally induced

Pressure/MPa coil—globule transition.

Figure 8 shows a synchronous SS hybrid 2D correlation
spectrum constructed from the temperature-dependent IR spectra
of PNiPMA in the heating and cooling processes. The temper-
ature ranges for both processes are between 25 af@ @bth
an interval of 1°C. Strong positive correlations are found at
sample coordinatesT (< 41 °C andT > 55 °C), while strong
negative peaks are seen at the two corners (2306&nd 65,

25 °C). The strong positive correlation values in the low-
temperature regionl(< 41 °C) indicate the strong correlation

of the same amide tomponent in the temperature-dependent
IR spectra, which illustrates the high recovery of the coil species
during cooling. However, the asymmetry along the diagonal line
in the middle-temperature region (44 T < 55 °C) reveals
that differences in the concentrational dynamics exist between
the heating and cooling processes.

. s . . . . . . . The concentrational dynamics are revealed more clearly by
1o 20 300 ‘D%re:suli'ref;lulia 70 80 900 1000 the slice spectra in Figure 9a (along the axes of heating) and
Figure 6. Slice spectra extracted along the two axes from the SS hybrid Figure 9b (along the_ axes of COOl.Ir.]g)' The wransition onset
2D correlation IR spectrum in Figure 5: (a) compression process ( temperatur_e of the cngIobuIe transmon'O can be observgd
axis); (b) decompression processais). at 45°C (Figure 9a), and its value is close to that determined
by turbidity measuremenfs.For the reverse process, the
correspondingT can be observed at 41C (Figure 9b).
(1660-1560 cntl). This limitation suggests that even minor Differentiation in the concentration changing rates is also
irreversibility of amide | due to H/D exchange, which is not revealed by the slopes I({dT) of the slice spectra in the
easily distinguished in original one-dimensional (1D) spectra, intermediate temperature regions of Figure 9. The hysteresis of
can be revealed clearly by hybrid 2D correlation analysis. In transition temperature can be attributed to the fact that the
this case, hybrid 2D correlation spectroscopy does show its globule—coil transition is a more time-consuming process than
power in revealing a subtle reversible of phase separation in athe coil-globule transition because of the slow expansion of
polymer, which can be further applied to the studies of the polymer chain in the knotted globule st&tdt has been
aggregation-dissociation and foldingrefolding of proteins. In proposed that knots may be formed in the globule state;
addition, it is interesting to observe that the asymmetry of the therefore, this process could cause very slow chain expansion
SS hybrid 2D correlation spectrum along the diagonal line in during the globule-coil transition3® Although knots are con-
the intermediate pressure region is less pronounced than thasidered to be formed in isolated polymer chains,(ueder dilute
seen in Figure 2 for PNiPA, indicating very similar transition conditions)3 it is also possible that even in more concentrated
dynamics between the compression and decompression prosituations entanglement between chains can occur. Different
cesses of PNiPMA. changing rates in the sloped /@) observed in the slice spectra
Slice spectra along the two axes give a clearer demonstrationin the intermediate-temperature region between parts a and b
of the Concentration_changing dynamics in the two processes_of Figure 9 indicate different Changing rates of the concentration
The slice spectra in Figure 6a for the compression show two during the transition. The steeper changing rate in Figure 9a
significant turns at pressures of 265 and 348 MPa, respectively.compared to that in Figure 9b indicates a faster transition process
The former value corresponds to the pressure of completein heating than in cooling.
deuteration of PNiPMA in the D solution, while the latter Although not much hysteresis was observed between the
corresponds to the phase separation (or transition) of PNiPMA compression and decompression processes of PNiPMA due to
induced by pressufeOn the other hand, only one significant the attached methyl group in the main chain, it is possible that
turn is observed at a pressure of 327 MPa in the slice spectrathe knotted globule state or entanglement may occur in the
of Figure 6b for the decompression process, which may temperature-induced transition. Thus, the effects of pressure and
correspond to the significant dehydration of PNiIiPMA. The temperature on the PNiPMA solution may differ. Ongoie%\/

Arbitrary Intensity
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Figure 7. Temperature-dependent IR spectra of PNiPMA in the region of +2600 cntt: (a) heating and (b) cooling. The temperature was
changed between 25 and 86 with an interval of 2°C.
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Figure 8. A synchronous SS hybrid 2D correlation IR spectrum of %5 30 35 40 45 EEI 55 £0 65
PNiPMA constructed from the two IR spectra data sets partially shown Temperature/°C
in Figure 7. The temperature was changed between 25 ani€ 656

increments of 1°C.

efforts will address comparisons of pressure- and temperature-
induced structural variations of PNiPMA.

Conclusions

The present study has demonstrated a novel application of
SS hybrid 2D spectroscopy in exploring the reversibility of the
temperature- or pressure-induced phase separation and transition
of PNIPA and PNiPMA in aqueous solution. The synchronous
SS hybrid 2D correlation spectrum constructed from the
pressure-dependent IR spectra of PNiPA measured in the
compression and decompression processes indicates an almost
full recovery of the coil structure with differences in the rate of
concentration change and separation pressure. On the other hand, ok il ) . ) . ) .
there was a high asymmetry in the lower-pressure region ( 2% 0 B Ttﬂm per:sture ;-% 60

327 MPa) of the SS hybrid 2D correlation spectra constructed

from the pressure-dependent IR spectra of PNiPMA in the two Figure 9. Slice spectra extracted along the two axes from the SS hybrid
D correlation IR spectrum shown in Figure 8: (a) heating process

opposite pressure-induced processes. This high asymmetry(zx_axis), (b) cooling processHaxis)

illustrates a recovery of the original coil structure with similar ’ '

concentration dynamics, even involving an irreversible deu- In addition, there was a high symmetry at the lower
teration of PNiPMA. temperature T < 41 °C) and a high asymmetry along “&?DV

Arbitrary Intensity
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diagonal line in the intermediate-temperature region{34.°C) (7) Kunugi, S.; Takano, K.; Tanaka, NMacromoleculed997, 30, 4499.
of the temperature-dependent SS hybrid 2D correlation spectrum (8) Maeda, Y.; Higuchi, T.; lkeda, Langmuir200 16, 7503.

constructed from the IR spectra of PNiPMA in the heating and © Zpgégoé’&A'g;O%hu’ X. X.; Lafleur, MJ. Polym. Sci., Polym. Phys. Ed.

cooling processes. This shift with temperature from symmetry (10) Maeda, Y.; Nakamura, T.; Ikeda,Macromolecule001, 34, 1391.

to asymmetry illustrates a completely reversed -eglbbule (an fgésgggoy Y.; Tanaka, T.; Sato, H.; Ozaki,JYPhys. Chem. 2002

transition with different transition dynamics. It should bc_a_ 12) Lal, J.: Bansil, RMacromoleculed.991, 24, 290.

emphasized that such events are not apparent frqm the transition13) zhuang, W.; Kiran, EPolymer1998 39, 2903.

plots constructed on the basis of 1D data analysis. In this way, (14) Kojima, J.; Takenaka, M.; Nakayama, Y.; HashimotoM&cromol-
i i ial i ecules1999 32, 1809.

SS lhy_bnd 2D co_rgﬁ_ltatlo? tshpectr:oscopy holc:_s great Fotentt_lal N (15) Liu, K.: Kiran, E. Macromolecule001, 34, 3060.

exploring reversibility of the phase separation (or transition), (16) meersman, F.; Wang, J.; Wu, Y.; HeremansMacromoleculesin

in both component recovery and concentration dynamics of press.

polymers. This approach can be further applied to investigations(f) Wu, Y.; Jiang, J.-H.; Ozaki, YJ. Phys. Chem. 2002, 106, 2422.

of protein aggregationdissociation or foldingrefolding. 8) l’g‘; ;(7'623(“&‘”' B.; Zhao, J-G.; Ozaki, \1. Phys. Chem. 2003

. (19) Noda, I.Bull. Am. Phys. Socl986 31, 520.
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