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Origin of hysteresis observed in association and dissociation of
polymer chains in water
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By choosing poly(N,N-diethylacrylamide) which lacks the possibility to form intra- or inter-chain
hydrogen bonds, we studied its chain association and dissociation in water by using laser light
scattering (LLS), ultrasensitive differential scanning calorimetry (US-DSC) and Fourier transform
infrared spectroscopy (FTIR). As the solution temperature increases, the average hydrodynamic
radius ((Rp)) and average radius of gyration ((R,)) decrease, indicating the intrachain shrinking.
When the temperature is higher than its lower critical solution temperature (LCST, ~ 30 °C),

the apparent weight-average molar mass (M, opp) increases, reflecting the interchain association.
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At the same time, FTIR study reveals that as the temperature increases, the area ratio of two
absorption peaks, respectively, associated to one hydrogen bonded carbonyl >C=—0---H-O-H
and free carbonyl > C=—0 groups increases, while that related to two hydrated hydrogen bonded

carbonyl groups decreases, indicating heating-induced dehydration. In the reversible cooling
process, (Ry), (Rg), My .app and area ratios of the absorption peak are similar to those in the
heating process for each given temperature, indicating that there is no hysteresis in the interchain
association and dissociation. This present study confirms that the hysteresis previously observed
for a sister polymer, poly(N-isopropylacrylamide), is due to the formation of some additional
hydrogen bonds in its collapsed state at temperatures higher than the LCST.

Introduction

The chain association and entanglement are important for
understanding the structure—property relationships of polymer
materials. Protein aggregation or association is also related to
its function. There is increasing evidence that some diseases
originate from protein association.' One noticeable event in
macromolecular folding and association is the existence of a
so-called hysteresis. Such a phenomenon has been observed in
the re-naturation of some proteins.*” Once a protein is
denatured, it is normally difficult to reversibly fold to its
original state, even under the same conditions. Hysteresis in
polymer phase transitions has been studied for many years.® !’
It has been observed in the sol-gel transition of the poly-
saccharide carrageenan,® the swelling/deswelling of polystyrene
gels,? and phase transition of poly(lactic acid-co-glycolic acid)-
g-poly(ethylene glycol) copolymer in aqueous solutions.'® We
have investigated the hysteresis in the coil-to-globule-
to-coil transition and association-and-dissociation of poly-
(N-isopropylacrylamide) (PNIPAM) chains in water, which
was attributed to some additional hydrogen bonds formed in
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the collapsed state.'"? Later, we confirmed that such a
hysteresis is indeed related to additional intrachain or inter-
chain hydrogen bonds between carbonyl and amide groups,
i.e., >C=0---H-N<, by using an ultrasensitive differential
scanning calorimeter (US-DSC).'* In parallel, Maeda et al.'*
investigated the phase transition of PNIPAM and poly-
(N-n-propylacrylamide) chains by use of FTIR. Their studies
also demonstrated the formation of some intrachain and
interchain hydrogen bonds. Van Mele et al.'>"7 studied the
demixing and remixing of PNIPAM solution in water by
modulated temperature differential scanning calorimetry and
high-resolution ultrasonic spectroscopy. They showed that
PNIPAM chains can recover the original conformation after
a long time. However, it is not clear yet what exact role these
additional hydrogen bonds play in the conformational
changes and phase transitions of polymer chains in solution.

Poly(NV,N-diethylacrylamide) (PDEAM) with a LCST of
~30 °C has a similar structure to PNIPAM, but PDEAM
chains are not able to form any hydrogen bonds by
themselves.'* 2’ Maeda er al?? used FTIR to study the
dehydration of PDEAM as a function of temperature, but paid
no attention to the hysteresis. Recently, we found that no
hysteresis occurs in the coil-to-globule-to-coil transition of
PDEAM individual chains.?’ In the present study, we prepared
relatively narrowly distributed PDEAM chains. By using a
combination of LLS, US-DSC and FTIR, we studied the phase
transition of PDEAM in both the heating and cooling processes.
In comparison with the previous results on PNIPAM chains,
we attempt to elucidate the mechanism behind the hysteresis
occurring in the interchain association and dissociation processes.
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Experimental
Sample preparation

We prepared N,N-diethylacrylamide (DEA) by reacting
acryloyl chloride with an excess of diethylamine in methylene
chloride at 0 °C. The details can be found elsewhere.? The salt
was removed by filtration and solvent was evaporated. The
product was purified by three-time vacuum distillation,
yielding a clear liquid that was kept in a freezer before use.
The purified monomer, with 0.2 mol% azobisisobutyronitrile
as initiator, was charged into a one-neck flask and then
degassed by five cycles of freezing—pumping—thawing. The
bulk polymerization was carried out at 25 °C for 30 days to
yield a transparent solid. The resultant poly(N,N-diethylacryl-
amide) (PDEAM) was successively fractionated in a mixture
of acetone and n-hexane (~1:2). In each cycle, the fraction
with the highest molar mass was used for the next run. In this
way, we successfully obtained a narrowly distributed PDEAM
sample (My/M, = 1.06 and M,, = 1.7 x 10" g mol™").

Laser light scattering (LLS)

A commercial LLS spectrometer (ALV/DLS/SLS-5022F)
equipped with a multi-t digital time correlation (ALV5000)
and a cylindrical 22-mW He-Ne laser (4, = 632 nm,
UNIPHASE) as the light source was used. In static LLS, we
were able to obtain both apparent weight-average molar mass
(M) and the z-averaged root-mean-square radius of gyration
((RS)-'?) (or written as (Ry)) of polymer chains in a dilute
solution from the angular dependence (15-150°) of the excess
absolute time-averaged scattered intensity, i.e., the Rayleigh
ratio Ry.(¢) by eqn (1):%°

KC 1 1
o 1 4= (R? 2) +24,C 1
Ry (q) Mwﬁapp< 3< g>¢] ? M

where K is a constant and g = (4mn/lo)sin(0/2) with n, Ao,
0 and A4, being the solvent refractive index, the wavelength of
light in vacuum, the scattering angle and the second virial
coefficient respectively. In the present study, the polymer
concentration and A, are so small that the 24,C term can be
neglected.?’

In dynamic LLS,***' the Laplace inversion of each
measured intensity—intensity time correlation function
GP(q,7) in the self-beating mode can lead to a line-width
distribution G(I'), where ¢ is the scattering vector. For dilute
solutions, I' is related to the translational diffusion coefficient
D by (F/qQ)C_,o,q_,U — D, so that G(I') can be converted into a
transitional diffusion coefficient distribution G(D) or further a
hydrodynamic radius distribution f{(Ry) via the Stokes—
Einstein equation, R, = (kgT/6mny)/D, where kg, T and 1
are the Boltzmann constant, the absolute temperature and the
solvent viscosity, respectively.*>** In the current study, the
PDEAM concentration used was 1.0 x 107* g mL ™.

Ultra-sensitive differential scanning calorimeter (US-DSC)

US-DSC measurements were conducted on a VP-DSC micro-
calorimeter from Microcal under an external pressure of
200 kPa with deionized water as the reference. The measured
PDEAM solution and the reference solution were degassed at

25.0 °C for 30 min and equilibrated at 10 °C for 120 min before
heating. In the cooling process, they were equilibrated at 70 °C
for 120 min to eliminate the effect of thermal history. The
concentration of PDEAM was 1.0 mg mL~'. Data analysis
was done with Microcal software. The phase transition
temperature (7,,) was taken as that corresponding to the
maximum excess specific heat capacity during the transition.
The enthalpy change (AH) during the transition was calculated
from the area under each peak.

FTIR measurements

A commercial Nicolet Magna 750 FTIR spectrometer with a
4 cm ™' resolution was used. In a typical experiment, 10 pL of
PDEAM in D,O solution (2.0 wt%) was added to a cell
between two KRS-5 crystals (diameter 32 mm, thickness
3.5 mm) with a space of 20 um. Here, we used D,O instead
of H,O for FTIR experiments because the bending mode of
D,O moves to 1200 cm™!, preventing its band overlapping
with the amide I band. The IR cell was thermally controlled.
An electronic thermometer with a precision of £0.1 °C was
used to continuously monitor the cell temperature.

Results and discussion

Fig. 1 shows the temperature dependence of (R,) and (R;) of
PDEAM chains in one heating-and-cooling cycle, where
each data point was obtained after the system reached the
equilibrium; that is, there were no further changes in (R,) or
(Rn). As the temperature increases, both (R,) and (Rp)
decrease before the temperature reaches 29.6 °C, whereas the
apparent molar mass (M, ,pp) remains constant, as shown in
Fig. 2, indicating the intrachain contraction of individual
PDEAM chains. In the range 29.6-30.9 °C, M\, opp sharply
increases, accompanied by moderate increases of (R,) and
(Ry), clearly signalling the interchain association. When the
temperature is higher than 30.9 °C, both (R,) and (Ry,) slightly
decrease with the temperature but M, ., levels off, suggesting
that the intrachain contraction is still undergoing inside each
aggregate even after the interchain association ceases. Finally,
(Ry) and (Ry) level off at 29 nm and 38 nm, respectively.
Note that the multi-chain aggregates are even smaller than
individual initial chains in their expanded coil state, revealing
that the intrachain contraction dominates the interchain
association. In the cooling process, as the temperature
decreases to LCST, both (R,) and (Ry,) increase, but My ,pp
sharply decreases, indicating the swelling and quick dissociation
of the aggregates into individual chains. It is important to
note that the absence of hysteresis implies a much weaker
segment—segment interaction in PDEAM than in PNIPAM.
Fig. 2 shows the temperature dependence of (Ry)/(Rp) for
PDEAM chains in water. It is known that (Rg)/(Rn) reflects
the conformation of a polymer chain or the density distri-
bution in space. For a uniform non-draining sphere, hyper-
branched cluster or random coil, (Ry)/(Rn) ~ 0.774, 1.0-1.2,
and 1.5-1.8, respectively.** 37 Here, (Rg)/(Ry) ~ 1.6 when the
temperature is lower than the LCST in either the heating or
cooling process, indicating that PDEAM chains are extended
random coils. In the heating process, as the temperature
increases from 28.3 °C to 30.9 °C, (R,)/(Rn) decreases from
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Fig. 1 Temperature dependence of average hydrodynamic radius
({(Rn)) and average radius of gyration ((R,)) of PDEAM chains in
water in one heating-and-cooling cycle.
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Fig. 2 Temperature dependence of the ratio of average radius of
gyration to average hydrodynamic radius ((Rg)/(Rn)) and apparent
weight-average molar mass (M ,pp) of PDEAM chains in water in
one heating-and-cooling cycle.

~1.6 to ~0.76, revealing that the random-coil-like chains
collapse and associate to form interchain aggregates with a
relatively uniform density.'? In contrast, as the solution is
cooled from 30.9 °C to 28.3 °C, (R,)/{Rn) changes back from
~0.76 to ~1.6 due to chain swelling and dissociation from
interchain aggregates. On the other hand, it is known that
PNIPAM in water has a hysteresis in its conformational
change and in its interchain association/dissociation, attri-
butable to the formation of additional hydrogen bonds
in their collapsed state.'>!'*3%3 The investigation on the
association/dissociation of PNIPAM chains in water by FTIR
reveals that some of the additional hydrogen bonds formed at
higher temperatures remain during the cooling process even at
a temperature below the LCST.'> A comparison between
PNIPAM and PDEAM indicates that the hysteresis originates

from some additional hydrogen bonds formed in their
collapsed state at temperatures higher than the LCST.

To further elucidate the origin of the hysteresis observed for
PNIPAM in water, we also examined the association and
dissociation kinetics of PDEAM in water after a temperature
jump, which can reveal more details of the intrachain contrac-
tion and interchain association. Fig. 3 shows the time
dependence of apparent weight-average molar mass (M app)
and average hydrodynamic radius ((Ry,)) after a temperature
jump from 18.0 °C to 30.7 °C. All the data were obtained as
soon as the sample cell was placed in the scattering cell with
the final temperature. Note that the final temperature (30.7 °C)
is only slightly higher than the LCST (~30 °C), which leads to
a slow association. The changes of M, ., and (Ry) can be
divided into three regions. In Region I (0-9.4 min), My ,pp
increases but (Ry) decreases, indicating that both intrachain
contraction and interchain association occur. In Region II
(9.4-56.6 min), the interchain association is dominant so that
both M, ,,, and (Ry) increase. In Region III (>56.6 min),
both My, .pp and (Ry) level off, indicating that the intrachain
contraction and interchain association cease.

Fig. 4 shows the time dependence of My, ., and (R,) when
the solution is quenched from 40.0 °C to 29.6 °C. In the first
15 min, My ,p, decreases but (Rp) increases, indicating
the chain swelling and the dissociation of the interchain
aggregates. Afterwards, both My, ., and (Ry,) slightly change,
indicating that all the aggregates have dissociated into indivi-
dual chains. In other words, each PDEAM aggregate directly
and quickly dissociates back into individual chains when the
solution is cooled to a temperature below the LCST. This is
different from the dissociation of PNIPAM aggregates in
which some aggregates are not able to completely dissociated
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Fig. 3 Time dependence of apparent weight-average molar mass

(M, app) and average hydrodynamic radius ((Rp)) of PDEAM chains
in water after a temperature jump from 18.0 °C to 30.7 °C.
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Fig. 4 Time dependence of apparent weight-average molar mass
(M app) and average hydrodynamic radius ({Ry)) of PDEAM chains
in water after the solution is quenched from 40.0 °C to 29.6 °C.

back into individual chains even when the solution tempera-
ture is kept at 25 °C for a long time. Namely, some of
additional hydrogen bonds formed in the collapsed state
cannot be removed so that they make each PNIPAM
aggregate behave like a “microgel”.'? Actually, it takes a long
time for PNIPAM to recover its original conformation.'”
Clearly, the dissociation of chain aggregates does not exhibit
a hysteresis when no additional hydrogen bonds form in the
collapsed state. To further confirm such a hydrogen-bonding
origin, we also investigated the thermally induced association
and dissociation of PDEAM in water by using US-DSC
and FTIR.

Fig. 5 shows the temperature dependence of the specific heat
capacity (Cp) of PDEAM solution at different heating rates.
The thermograms are endothermic and asymmetric with
a sharp increase and a gradual decrease of heat capacity
at a temperature below and above the phase transition
temperature (7},), respectively. In comparison with PNIPAM
chains,'”> PDEAM chains exhibit a much broader phase
transition, and the heat capacity at 7, for PDEAM is about
5 times lower than that for PNIPAM. Actually, such a broad
transition peak was observed before in poly(N-vinylcaprolactam)
which cannot form additional hydrogen bonds.*’ Therefore,
the absence of additional hydrogen bonds is responsible
for the broad transition. Fig. 5 also shows that T, increases
with the heating rate. As stated before,"! this is because the
chain contraction and association cannot follow the temperature
change. In other words, the phase transition occurring at a
certain heating rate is not in thermodynamic equilibrium.
Particularly, a bimodal transition is observed when the heating
rate is lower than 0.83 °C min~'. As the LLS studies above
revealed, only intrachain contraction occurs at a temperature
below the phase transition temperature, whereas both
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Fig. 5 Temperature dependence of specific heat capacity (C,) of
PDEAM chains at different heating rates.

interchain association and intrachain contraction happen at
a temperature above the phase transition temperature. The
bimodal transition reflects the intrachain contraction and
interchain association which do not occur simultaneously.
Actually, as the heating rate increases over 0.83 °C min',
the bimodal transition gradually turns into a unimodal one
with T}, shifting to a higher temperature. This is because
PDEAM chains do not have time to contract at a lower
temperature in a quick heating, and the intrachain contraction
and interchain association almost simultaneously happen at a
higher temperature. Note that such a transition was not
observed for PNIPAM chains in the heating process.'>** This
is probably because the additional hydrogen bonding in
PNIPAM leads the intrachain contraction and interchain
association to happen at a similar rate.

Fig. 6 shows the temperature dependence of the specific heat
capacity (C,) of PDEAM solution at different cooling rates.
Clearly, T, decreases with the cooling rate, indicating the
dissolution of the collapsed PDEAM chains also cannot
follow the temperature change. A bimodal transition is
observed in the cooling process. As we know, PNIPAM chains
exhibit a bimodal transition in the cooling process since the
dissolution of PNIPAM aggregates involves the disruption of
additional hydrogen bonds and the dissolution of the
collapsed chains.'* Considering that no additional hydrogen
bonds form in PDEAM chains, the reason for the bimodal
transition of PDEAM chains should be different. As discussed
above, the intrachain contraction and interchain association
of PDEAM chains usually do not occur simultaneously,
indicating the difference between the intrachain and interchain
interaction. In the cooling process, the dissociation of the
chain aggregates and swelling of the chains depend upon the
destruction of the interchain and intrachain interaction,
respectively. Their difference leads the two processes to
separate. That is why we can observe a biomodal transition
in PDEAM chains.

Fig. 7 shows the scanning rate dependence of transition
temperature (7;,) of PDEAM chains. T}, linearly increases with
the heating rate, indicating that the intrachain contraction and
interchain association are dependent on the heating rate
because they cannot follow the temperature change. In
contrast, the decrease of T}, with cooling rate indicates the
dissociation of the collapsed PDEAM chains also cannot
follow the temperature change. 7}, is around 29.6 °C in
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Fig. 6 Temperature dependence of the specific heat capacity (C,) of

PDEAM chains at different cooling rates.

either heating or cooling process when the scanning rate is
lower than 0.13 °C min~', clearly indicating no hysteresis
in the association and dissociation of PDEAM chains.
When the scanning rate is higher than 0.13 °C min~!, a
difference between T}, values in heating and cooling process
can be observed, which increases with the scanning rate.
As discussed above, the phase transition occurring at a certain
heating rate is far from the thermodynamic equilibrium.
Such a difference at high scanning rate is the result of kinetic
effect.

Fig. 7 also shows that the enthalpy change (AH) increases
with the heating rate. A similar behaviour has been reported
about PNIPAM chains before.!**!** Qur LLS studies on
PDEAM chains reveal that a fast heating leads to smaller
aggregates or more intrachain contraction. Since intrachain
contraction involves a larger change in the chain conformation
and the chain collapse induces more stress inside, the energy
required for the intrachain contraction is higher than that for
interchain interaction. That is why a fast heating leads to a
larger AH. In the cooling process, the aggregates are dissolved
gradually from the outer layer to the core with the destruction
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Fig. 7 Scanning rate dependence of transition temperature (7},) and
enthalpy change (AH) of PDEAM chains.

of the interchain and intrachain interactions. AH associated
with the dissolution is mainly controlled by the cooperative
diffusion of the chains in water. Therefore, the AH value is
nearly independent of the cooling rate. A similar phenomenon
has also been observed in the dissociation of PNIPAM
aggregates and the denaturation of some proteins.'>* Fig. 7
shows that AH values in heating and cooling process at a
scanning rate below 0.13 °C min~" are almost equal. Actually,
the extrapolation of AH or T}, to zero scanning rate yields the
enthalpy change (AH,) and phase transition temperature (7} )
in equilibrium state. Clearly, both heating and cooling lead to
the same AH, and T,,. In contrast, AH, and T,, for
PNIPAM chains in heating process are different from those
in cooling process due to the additional hydrogen bonds."
The facts further indicate that the hysteresis arises from the
additional hydrogen bonds.

Fig. 8 shows FTIR spectra of PDEAM in D-0O in the range
of 1660-1560 cm™' at different temperatures. A multi-peak
fitting leads to the division of the amide I band into three
peaks, centered at 1638, 1619 and 1599 cm ™', respectively. As
reported before,?”” the band at 1619 and 1599 cm™! are
associated with the carbonyl >C=O groups coupled with
one and two water molecules. The band at 1638 cm™! is
assigned to free carbonyl >C=—O groups without hydrogen
bonding because it is close to 1637 cm™! observed for solid
PDEAM. Furthermore, Fig. 9 shows that the curves at 28 °C
in the heating and cooling processes are nearly identical,
quite different from those at 46 °C, revealing that the
carbonyl >C=—0 group is coupled with water molecules via
some hydrogen bonds when the solution temperature is
lower than the LCST. Assuming that each hydrogen bond
contributes a similar intensity in the spectrum, we can estimate
the degree of dehydration and the fractions of intra- and
inter-chain hydrogen bonds from the area ratio of peaks
obtained from a multi-peak fitting.

Ja(
/S
A7y

650 1620 1590
-
vicm

Fig. 8 FTIR spectra of 2.0 wt% PDEAM chains in D,O with the
baseline of amide I band subtracted at 28 °C and 46 °C in heating
process, respectively.
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Fig. 9 FTIR spectra of 2.0 wt% PDEAM chains in D,O with the
baseline of amide I band subtracted at 28 °C in heating process, 46 °C
and 28 °C in cooling process, respectively.
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Fig. 10 Temperature dependence of relative areas of the three peaks
in the amide I band of PDEAM chains in D,0O, where open and filled
symbols represent data obtained in the heating and cooling processes,
respectively.

Fig. 10 shows the temperature dependence of the area ratio
(Rpeak) of three different hydrogen bonds in one heating-and-
cooling cycle. As the temperature increases, the area ratio for
the peak at 1638 cm ™! (Rpeak,1638) increases when 7' > LCST
and reaches a plateau, indicating that free carbonyl >C=0
groups weighs more and the dehydration occurs. On the other
hand, the area ratio for the peak at 1599 cm ™! (Rpeak,1599)
decreases during the heating, presumably due to a partial
dehydration. In addition, the increase of the area ratio for
the peak at 1619 cm™! (Rpeak,1619) With the temperature
suggests that the carbonyl >C=—O group coupled with two
water molecules are easier to undergo the dehydration than
those coupled with only one water molecule. This is consistent
with our LLS results. It is known that for PNIPAM, the
hydrogen bonds (>C=—O---H-N) cannot be completely
removed, even at temperatures lower than its LCST.!? For
PDEAM, no intra- or interchain hydrogen bond can be formed
even at the collapsed state so that the carbonyl >C=—0 groups
only form hydrogen bonds with water molecules at tempera-
tures lower than its LCST, resulting in no hysteresis.

Conclusions

By choosing poly(N,N-diethylacrylamide) (PDEAM), without
any possibility to form intra- and inter-chain hydrogen bonds,

we studied its thermally induced chain association and
dissociation in water. The Fourier transform infrared spectro-
scopy (FTIR) study reveals that each carbonyl >C=0 group
on PDEAM can associate with one or two water molecules via
hydrogen bonding, depending on whether the solution
temperature is higher or lower than its lower critical solution
temperature (LCST, ~30 °C). The laser light scattering (LLS)
study shows no hysteresis between the association and
dissociation of PDEAM chains in water during one heating-
and-cooling cycle. Besides, the association and dissociation of
PDEAM in water are either intrachain dominant or interchain
dominant, depending on whether the solution temperature is
lower or higher than LCST. The US-DSC study shows that
phase transition temperature and the enthalpy change in
heating and cooling process are almost equal at a low scanning
rate. The current study confirms that the hysteresis previously
observed for a sister polymer, poly(N-isopropylacrylamide)
(PNIPAM), is due to the formation of additional intra- and
inter-chain hydrogen bonds in the collapsed state at tempera-
tures higher than its LCST.
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