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ABSTRACT: Using a combination of static and dynamic laser scattering, we examined the association and
dissociation of linear poly{-isopropylacrylamide) (PNIPAM) chains in dilute aqueous solutions. There exists a
hysteresis in the temperature dependence of the average hydrodynamic &djlisi¢erage radius of gyration

(IRyD), and apparent weight-average molar méés {,) in one heating-and-cooling cycle. In the heating process,

the chains first undergo intrachain contraction before interchain association to form stable aggregates at temperatures
much higher than the lower critical solution temperature (LCS82 °C) of PNIPAM in water. In the cooling

process before the solution temperature approaches the Mg, remains a constant and bdiR,Cand R,
increase, but the ratio dR,[IlR,Cdecreases. In other words, the aggregates undergo an unevenly swelling; namely,
the periphery swells more than the center, and there is no chain dissociation. FTIR spectra reveal that as the
temperature increases, the adsorption peak area related to the hydrogen b6rdingH—O—H decreases, but

the adsorption peak related to the hydrogen bon@i¥gO---H—NCappears when the temperature is higher than

the LCST, reflecting the dehydration and the formation of some additional intersegment hydrogen bonds in the
collapsed state during the heating. Therefore, the chain contraction is entropy-driven, and the hysteresis can be
attributed to these additional hydrogen bonds that act as the “cross-linking” points to make the chain aggregates
behave like a “gel”. The chain dissociation only occurs when the temperature is much lower than the LCST, at
which water becomes a very good solvent for PNIPAM.

in an intensity increase of the IR band at 1650 &rassigned

to the hydrogen bondingC=O---H—NDI but an intensity
decrease of the IR band assigned to the hydrogen bon@#g
O--*H—0O—H[(1625 cnTl). On the other hand, for thermally
sensitive polymers that are not able to form intrachain hydrogen
bonding, such as pol)N-diethylacrylamide) (PDEA), increas-

ing the temperature over the phase transition temperature can
lead to an intensity increase of the IR band at 1635%¢mvhich

is assigned to free carbonyl groups, but an intensity decreases
of the IR bands at 1619 and 1599 thwhich are respectively
assigned to the carbonyl group attached with one and two water
molecules. However, there is no experimental correlation
between the formation aC=0---H—N[Aat higher temperatures
and the observed hysteresis in the cooling process.

In the present study, we prepared relatively narrowly dis-
tributed PNIPAM chains by using the method developed
I- beforé® and investigated the temperature-induced in-situ as-
sociation and dissociation of such PNIPAM chains in water by
using FTIR and LLS. Note that a combination of these two
methods enables us to examine the conformation and interaction
of the PNIPAM chains during the microphase transition without
any added probe. Our LLS and FTIR results confirmed the
existence of a hysteresis in one heating-and-cooling cycle, which
is attributed to the formation of some additional hydrogen bonds
between the groug€=0 and H-N[bnly in the collapsed state.
These intersegmental hydrogen bonds act as “the cross-linking”
points among different chains so that each chain aggregate swells
like a gel and the chain dissociation is delayed, which results
d’n the observed hysteresis.

Introduction

“Smart” polymers have some environmental responding
properties so that they can swell or shrink corresponding to a
small variation of temperature, PH, and ionic strenigtiheir
potential applications in drug delivery, separation, and bioswitch
have been widely suggestédPoly(N-isopropylacrylamide)
(PNIPAM) is a typical example of such “smart” polymers, which
can undergo the coil-to-globule transition in water at its low
critical solution temperature (LCS¥ 32°C).#~® Note that such
a transition of individual chains is rarely observed only for
ultralong chains in extremely dilute solutioh@ne often faces
a competition between intrachain contraction and interchain
association, usually leading to macroscopic precipitation. Re-
cently, some studies dealt with metastable aggregates (mesoglo
bules) made of a limited number of chains as well as the chain
dissolution of these mesoglobules.

Wu and Wang observed a hysteresis in the cycle of the coi
to-globule-to-coil transition of individual long PNIPAM chain
in extremely dilute agueous solution. They attributed (or, more
precisely, speculated) it to the formation of some additional
hydrogen bonds in the collapsed st&t®ing et al'! examined
the association and dissolution of PNIPAM chains in water by
using ultrasensitive differential scanning calorimetry (US-DSC)
and found a hysteresis in one associatidissociation cycle.
They also related it to some additional hydrogen bonds formed
in the collapsed state. Maeda et ¥ 15 found that, for those
thermally sensitive polymers with a dissociable protein-like
internal hydrogen bondingC=0---H—N[] increasing the solu-
tion temperature over the phase transition temperature resulte
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Sample Preparation.N-Isopropylacrylamide (NIPAM) mono-
mer from Aldrich was purified by a three-time recrystallization in
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Figure 1. Typical normalized intensityintensity time correlation ~ Figure 2. Temperature dependence of average hydrodynamic radius
function G®(7)) of PNIPAM chains in a dilute aqueous solution (2.3 (Rl and radius of gyration(Ry(} of PNIPAM chain aggregates in
x 104 g/mL) at @ = 15 and T = 25 °C. The inset shows its  ©ne heating-and-cooling cycle.
corresponding intensity distribution of hydrodynamic radi€@&)

calculated from the Laplace inversion Gf9(z). L3

Ao )
a mixture of benzena/hexane. Azobis(isobutyronitrile) (AIBN) & 1.0 cooling
was also recrystallized three times in methanol. In the synthesis of n, hea!.ing\
poly(N-isopropylacrylamide) (PNIPAM), 18.0 g of NIPAM was &
dissolved in 150 mL of benzene with 1 mol % of AIBN added as 0.5
initiator. The solution mixture was degassed by three cycles of e
freezing and thawing. The polymerization was carried out in an T 20 cooling
oil bath at 56°C for 30 h under stirring and a positive nitrogen E)
pressure. After the polymerization, benzene was removed by E 1.0 / )
evaporation. The resulting crude polymer was further dried and = heating
then dissolved in acetone (500 mL). Hexane was added dropwise = 00

until the solution mixture slightly turned cloudy. The temperature 35 30 35 40

was slightly raised to dissolve the PNIPAM chains and then slightly .

lowered to allow a very small fraction of longer PNIPAM chains T/C

to precipitate. The PNIPAM chains used in the present work were Figure 3. Temperature dependence of the ratio of average radius of

from the twelfth fractionation. gyration to average hydrodynamic radilB[R,[} and weight-average
Laser Light Scattering. A commercial LLS spectrometer (ALV/ gﬂﬁ;gmgislemw of PNIPAM chain aggregates in one heating-and-

SP-125) equipped with an ALV-5000 multitau digital time correlator ’

and a CW He-Ne laser (Uniphase, 22 mW at= 632.8 nm) was .
used. In static LLS, the angular dependence’1B0) of the nm, and the apparent molecular weight-average molar mass

excess absolute time-averaged scattered intensity, i.e., the RayleighMw.app Of it is 1.3 x 10°g/mol, where the subscript “app” is
ratio Ru(q), of a very dilute dispersiom¢10-# g/mL) can lead to due to the uncorrected concentration effect, which should be
the weight-averaged molar mads, and thez-averaged root-mean- ~ small for such a dilute solution.
square radius of gyratiofRy[J*2 (or written as[Ry) of scattering Figures 2 and 3 shows the temperature dependence of the
objects!” whereq is the scattering vector. In dynamic LLS, the average hydrodynamic radiusRl), the average radius of
Laplace inversion of each measured intensittensity time gyration (Ry), their ratio, and the apparent weight-average
correlation functiorG®A(t,q) can result in a line-width distribution  mojar mass Nlw.app in One heating-and-cooling cycle. It is
G(I).*"* For a pure diffusive reIaxanrI; can be related to the  generally known or believed that water molecules exist in two
t_r?gs(l)?tz'ioﬂa(lj%gﬁg’;éﬁgﬁ:g@ E;’ng _DDWai;[hqu 'Iq z%%c different forms in water-soluble polymer solutions, namely, the
yeroty = kaT/(6myD) o o anay Eound and free waté:?> The former is related to the chain

being the Boltzmann constant, the absolute temperature, and solven . . -
viscosity, respectivel§s.19 ydration and affects its conformation. Before the temperature

Fourier Transform Infrared Spectroscopy. FTIR spectrawere ~ 'éaches the LCST of PNIPAM in the heating, baiyJand
measured on a Nicolet Magna 750 IR spectrometer with a resolution lRiCJdecrease due to possible dehydration of the PNIPAM
of 4 cnTL In a typical experiment, &L of PNIPAM in D,O chains, showing the coil-to-globule transition of individual
solution (0.012 g/mL) was added to a cell between two KRS-5 chains becauskl,, app remains a constant. In this temperature
crystals (diameter 32 mm, thickness 3.5 mm) with a space of 20 range,[RyCdecreases faster th@R,Cbecause they are defined
um. The IR cell was attached to a metal holder and heated by ain different ways; namelylRyCreflects the density distribution
heat. tape. An e|e(_:tl’0niC thermometer with a preCiSiOIﬂ:Ofl °C of the chain in real phys|ca| space, Whi]Eﬂ]|s the radius of
continuously monitored the temperature of the cell holder. a hard sphere with the same translational diffusion coefficient
under the same condition. The slow decreaséRaflcan be
attributed to the decrease of the chain draining when it becomes

Figure 1 shows a typical intensityntensity time correlation more compact. A further increase of the temperature leads to
function G?(7)) of the PNIPAM chains in dilute aqueous  the increase ol app i.€., the chain association. Note that both
solution (2.3x 107* g/mL) atd = 15° andT = 25 °C. The [RyCandR,Cincrease, and each of them approaches a constant
inset shows its corresponding hydrodynamic radius distribution at high temperatures, indicating that stable aggregates are
(f(R)) calculated fromG®(z) by using a Laplace inversion  formed?2324 The solution remained clear, and no macroscopic
program (CONTIN) in the correlator. The relative width of the precipitation was observed for a long time.
line-width distribution, defined asuf/(T@ = [AG)([ — On the other hand, the cooling leads to a more complicated
TP dI'/r'id), is ~0.1, leading to an estimate of the polydis- process. In the initial stage of the cooling, there are no change
persity index /M, ~ 1.4)2° On the basis of Figure 1, we  in My app RgL) and R, which is expected because water is a
determined that the average hydrodynamic radiBgl) is 31 nonsolvent at higher temperatures. As the solution tempere:tBrs

Results and Discussion
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Figure 4. Typical normalized intensityintensity time correlation Figure 5. Temperature dependence of Fourier transform infrared
function G(z)) of PNIPAM chains in dilute aqueous solution (%3 spectroscopy (FTIR) of PNIPAM chains in a dilute aqueous solution

10* g/mL) at® = 15° after the solution was cooled from 40 to 30.4 (1.2 x 102 g/mL).
°C. The inset shows its corresponding intensity distribution of
hydrodynamic radiusf(R,)) calculated from the Laplace inversion of

Gi(r) by using a CONTIN program in the correlator. it is unlikely because the scattering cell was closed during the
) ) heating and cooling cycle) or a very small number of highly

decreases and approaches the LCBflapp still remains a  gyollen large chain aggregates (more precisely, loose chain
constant, butRy[and [R,[start to sharply increase, revealing  entanglements) which cannot be dissolved even when water
the swelling of the chain aggregates, but no chain dissociation. hecomes a good solvent. To test it, we put the sample cell at 4
The swelling instead of the dissociation shows that some °c for 24 h and measured it again at 5. We found that the

interchain interaction must be formed in the collapsed state atgjow mode was gone. Therefore, Figure 4 reveals that the
higher temperatures. Here, the hysteresis is more obvious thanpterchain interaction formed in the collapsed state is quite strong
that in the single-chain foldin. Further decrease of the solution  and can only be removed when water becomes an extremely

temperature leads to the dissolution of most of the aggregatesyood solvent. This is different from the intrachain association
and the hysteresis disappears. We will come back to this point (folding) of individual chaing®

later. Previously, the clear hysteresis in the heating and cooling
The conformation change and the chain association/dissocia-cycle was also observed in the swelling of PNIPAM brustes.
tion of polymer chains can be better viewed in terms of the It was attributed to the formation of some additional intra- and
ratio of [RyIR:LJ As shown in Figure 3, during the heating interchain hydrogen bonds in the collapsed state without any
process before the solution temperature reaet®s °C, both evidence. It has been believed that some of these hydrogen
[RylI[R:Jand M,, remain constants. A combination of Figures bonds could persist in the cooling, especially when the tem-
2 and 3 clearly reveals that the chains undergo intrachain perature is not far away from the phase transition temperature.
contraction, presumably due to the dehydration, but the coil To confirm this speculation, we measured the temperature
conformation remains. Further increase of the temperature independence of the FTIR spectra of PNIPAM chains by following
the range~30—31.5°C leads to a dramatic decreaseBj[] a previous procedut&* and compare them with our LLS
(RyCfrom ~1.35 to~0.5, but no significant change of,,. It results. Here BO instead of HO was used so that the
reveals that the collapse of individual chains results in a compactoverlapping of the amide | band of PNIPAM moiety with the
“core” and a relatively loose periphery made of many small O—H bending band of water around 1640 ¢hecan be masked.

intrachain loops. The increase Wy in the range~32—36 °C Another reason is that O can form a stronger hydrogen bond
clearly reveals interchain association. It should be noted that in than HO even though their bond lengths are sim#tr.

this rangeRyIR,Lincreases from-0.5 to~0.8, indicating that Figure 5 shows the FTIR spectra of PNIPAM in the range
interchain association results in more uniform aggreg&es 1680-1560 cnt! at different temperatures. The shoulder at
the other hand, the collapse of small loops in the periphery also 1650 cni is attributed to the hydrogen bonding&0:+-H—
leads to a more uniform structure. The plateaus of bagrand ND), while the band centered at 1625 cthis related to the

[Ry[R[at higher temperatures indicate that interchain associa- hydrogen bonding [L=0---D—0-D).12"14 As the solution
tion stops. As expected, in the initial cooling stage, there is temperature increases, the decrease of the weighting of the band
nearly no change ifiRy[/(R:[] As the temperature approaches at 1625 cm! reveals the dehydration, and at the same time,
~34°C, [RylI[R,[starts to decrease, bMk, remains a constant.  the increase of the shoulder weight at 1650 &rshows that

A combination of Figures 2 and 3 reveals that in this temperature the formation of some hydrogen bonds betw&grH and G=
range there is no dissolution, but the swelling of the aggregatescr] Obviously, the dehydration leads to intrachain contraction.
is not uniform; namely, the periphery swells first, and the The overlapping of the chain segments facilitates the formation
aggregates become the “cerghell” particles again. At-31 of the hydrogen bonding betweé—H and G=CL Note that

°C, the decrease ofl,, reveals the beginning of chain dissolu-  the formation of the hydrogen bori@=0---H—NCis entropi-
tion, and at the same tim&Ry[[R[starts to increase, reflecting  cally favored in comparison with the formation @=0-++-D—

the swelling of the core and the aggregates become moreQ—D because the releasing of@ leads to higher translational
uniform. entropy_

Note that in Figures 2 and 3 there are no data at lower Assuming that eachC=0---D—0O—D bond and eachiC=
temperatures in the cooling process. This is because furtherO--+H—NO bond contribute a similar intensity in IR, we
decrease of the solution temperature leads to an additional slowestimated the degree of dehydration and the molar fraction of
mode in the measured time correlation function, as shown in intra- and interchain hydrogen bonds from the ratio of the peak
Figure 4, where#® = 15° andT = 30.4°C. Such a slow mode  areas fo = A(1650)/[A(1650) + A(1625)]), where the two
cannot be completely removed even when the solution was Gaussian peaks were obtained by using a nonlinear fitting of
cooled to 25°C. There are two possibilities: dust particles (but the overlapped amidkregion in the spectrum. Figure 6 shO\eﬁ)V
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Figure 6. Temperature dependence of the area rdtic« A(1650)/
[A(1650)+ A(1625)]) of the peaks centered at 1650 and 1625'cm
which reflects the molar ratio of intra- and interchain hydrogen bonds
([C=0---H—ND formed in the collapsed state during the heating, and
the area of the peak centered at 1625 trwhich reflects the degree
of dehydration, during one heating-and-cooling cycle.
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in water during one heating-and-cooling cycle.
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that the temperature dependencefgpfand A(1625) in one
heating-and-cooling cyclefa is close to zero, and\(1625)
slightly decreases in the heating process when the solution
temperature is lower than the LCST of PNIPAM. They clearly
reveal that intra- and interchain hydrogen bon@sO---H—

ND are formed only when the PNIPAM chains start to collapse

because in the collapsed state, intrachain and interchain overlap-

ping of different segments is enhanced. On the other hiand,
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Conclusion

The hysteresis observed in the association and dissolution of
thermally sensitive polymer, poljisopropylacrylamide)
(PNIPAM), during one heating-and-cooling cycle was studied
by a combination of LLS and FTIR. Our results showed that
the [C=0O groups in PNIPAM are bound to water via the
hydrogen bonding at lower temperatures, and there is nearly
no intrachain hydrogen bonding betwd@+O and H-N[I The
heating from the room temperature to the LCST3R °C) only
leads to a slight dehydration. The dehydration really starts when
the solution temperature is higher than the LCST. During the
dehydration, some of th&€=O groups start to form inter- and
intrachain hydrogen bonding with the-HNCIgroups. Some of
these hydrogen bonds remain during the cooling even when the
temperature is below the LCST. These remaining hydrogen
bonds act as the “cross-linking” points inside the swollen chain
aggregates. This is why the chain aggregates swell, but not
dissociate, even when the solution temperature is lower than,
but not far away from, the LCST. The incompletely removal
of those interchain hydrogen bonds formed in the collapsed state
during the dehydration is the exact reason behind the observed
hysteresis. We have confirmed the previous speculation about
the hysteresis observed in the coil-to-globule transition of
individual PNIPAM chains. Note that at sufficiently lower
temperatures the hysteresis can be completely removed. Dif-
ferent heating-cooling cycles led to the same results. Such a
hysteresis should be general phenomena for water-soluble
polymer chains that can form intersegmental hydrogen bonds.
It would be very interesting to see whether there also exists
such a hysteresis for other thermally sensitive polymer chains
without any possible interchain hydrogen bonding.
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