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ABSTRACT: Our previous studies of the captioned transition have shown that thermally sensitive poly(N-
isopropylacrylamide) (PNIPAM) in water can form stable individual single-chain globules, but not for polystyrene
(PS) in cyclohexane. In the current study, using poly(N,N-diethylacrylamide) (PDEAM) (M,, = 1.7 x 107 g/mol
and M,/M, = 1.06) with no hydrogen donator site, we intend to find whether the intrachain hydrogen bonding
plays a role in stabilizing individual collapsed PNIPAM single-chain globules. We found that PDEAM can also
form stable single-chain globules in water even though the transition is less sharp. The resultant individual PDEAM
single-chain globules are less compact, reflecting in a lower chain density and a higher ratio of the radius of
gyration to hydrodynamic radius, presumably due to the lack of intrachain hydrogen bonding. Our result also
shows that, unlike PNIPAM, there is no hysteresis in the transition, indirectly supporting our previous assumption
that the hysteresis observed for PNIPAM is due to the formation of some intrachain additional hydrogen bonds
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formed in the collapsed state.

Introduction

Since Stockmayer predicted the collapse of a linear polymer
chain from an expanded coil to a rather dense globule,' the coil-
to-globule transition as a fundamental problem has been
extensively studied® ! because it was thought to be potentially
or maybe remotely related to many phenomena, such as the
protein folding'? and the DNA packing.'® Later on, it has been
gradually realized that the folding and packing biopolymers
involve some active process and are helped by other proteins,
much more complicate. In most of previous studies of the coil-
to-globule transition, polystyrene (PS) or poly(methyl meth-
acrylate) (PMMA) in different organic solvents was used.
However, the interchain aggregation always spoils the observa-
tion of the coil-to-globule transition of individual chains.'*~"”
In other words, there were only some limited success in the
observation of single-chain globules formed in a kinetic process,
but no one, to our knowledge, has made individual PS or PMMA
chains to reach their thermodynamically stable single-chain
globular state; i.e., no data have been reported to show that
single-chain PS or PMMA globules are stable over a reasonable
time period.

In the middle 1990s, we had, for the first time, made that
individual poly(N-isopropylacrylamide) (PNIPAM) chains with
a lower critical solution temperature (LCST ~ 32 °C) collapse
into stable single-chain globules in a dilute aqueous solution
upon heating.'® Further, we systematically studied such a coil-
to-globule transition and its reverse globule-to-coil process.'® >
Recently, we investigated the coil-to-globule transition of some
hydrophilically or hydrophobically modified PNIPAM
chains.>~?° Tt was reported that the intrachain hydrogen bonding
in the core—shell microgel systems could led to a marked
depression of the phase transition temperature.*®=>?
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However, we always question whether the formation of stable
single-chain globules is somehow related to or affected by the
intrachain hydrogen bonding because PNIPAM has [C=O and
H-NUmotifs. In order to answer this question, we have to find
another water-soluble polymer without any intrachain hydrogen
bonding site. Our own experience tells us that the most difficult
part is not to find such a polymer, but to prepare narrowly
distributed ultralong polymer chains with their molar mass high
than 1.0 x 107 g/mol and polydispersity index (M/M,) less
than 1.10. It is even better if such a polymer is also thermally
sensitive with a convenient LCST, similar to PNIPAM.

There are several choices related to N-subsituted polyacry-
lamides with different LCSTs. Among them, poly(N,N-diethy-
lacrylamide) (PDEAM) is particularly interesting because it has
a monomer molar mass and a LCST similar to PNTPAM. 3%
The following chemical structures comparatively show that
PDEAM has no hydrogen donator site H—N[for the intrachain
hydrogen bonding.

e
™

Poly(N,N-diethylacrylamide)

+CH2—(|‘,H1R
C=0

|
NH

Poly(N-isopropylacrylamide

(PDEAM) (PNIPAM)

The objectives of the current study are to find whether the
intrachain hydrogen boding plays a role in stabilizing individual
collapsed single-chain globules, in the formation of the molten
globular state during the coil-to-globule transition, and in the
hysteresis of the globule-to-coil transition.

Experimental Section

Sample Preparation. The synthetic detail and purification of
monomer N,N-diethylacrylamide (DEAM) can be found else-
where.?” PDEAM was prepared via free radical polymerization in
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Figure 1. Temperature dependence of second virial coefficient (A,)
for poly(N,N-diethylacrylamide) (PDEAM) in water.

bulk at 25 °C for 30 days with azobis(isobutyronitrile) as an initiator.
The resultant poly(V,N-diethylacrylamide) (PDEAM) was succes-
sively fractionated in an acetone/n-hexane (~1:2) mixture. In each
cycle, the fraction with the highest molar mass was used for the
next run. In this way, we successfully obtained a fractionation of
narrowly distributed PDEAM chains with M,/M, = 1.06 and M,,
=1.7 x 107 g/mol. With this sample, we prepared an aqueous stock
solution of 1.0 x 1073 g/mL and let the solution stand at the room
temperature for 1 week to ensure a complete dissolution. The
solution was further diluted to 1.2 x 107¢ g/mL and then clarified
with a 0.45 um Millipore Millex-LCR filter to remove dust prior
to our LLS experiments.

Laser Light Scattering. In static LLS,” the weight-average
molar mass (M) and the z-average root-mean-square radius of
gyration ([R,2[Y? or written as [R,0) of polymer chains in an dilute
solution can be determined from the angular dependence of the
excess absolute time-averaged scattering intensity, known as the
Rayleigh radio Ryy(q), on the basis of

39

KC 1 145252
= Mw(l + 3G ) +24,C )

where K = 4 72n*(dn/dC)*/(Nado*) and g = (47tn/Ae) sin(6/2), with
n, dn/dc, Na, Ao, and 0 the solvent refractive index, the specific
refractive index increment, the Avogadro’s number, the wavelength
of light in vacuum, and the scattering angle, respectively. The
extrapolations of both C — 0 and ¢ — 0 lead to M,,. The plots of
[KC/Ryy(q)]c—o vs ¢* and [KC/Rw(q)],—o0 Vs C lead to [R,*Chnd A,,
respectively. In an extremely dilute solution, the 2A,C term can be
ignored. For small scattering objects, the Zimm plot on the basis
of eq 1 is usually used, which incorporates the extrapolations of C
— 0 and ¢ — 0 in a single grid. For long polymer chains, the Berry
plot is normally used as follows:

172 172
(Rf(cq)) = (A%) (1 + ém;mf) 2)

w

Indynamic LLS,* the cumlant analysis of the measured intensity—intensity
time correlation function G2(7) of narrowly dispersed polymer chains
in a dilute solution is sufficient for an accurate determination of the
average line width (II'D). For a diffusive relaxation, (I'tan be further
related to the average translational diffusive coefficient (D) using
(DO= (I'y?),—~o or the average hydrodynamic radius ([R,[) using
(R kgT/(67n DL with kg, 17, and T being the Boltzmann constant,
the solvent viscosity, and the absolute solution temperature, respec-
tively. The hydrodynamic radius distribution f(R,) can also be
calculated for the Laplace inversion of G*(7) by using the CONTIN
program. It is should be state once more that the solution was so dilute
that the extrapolation of C — 0 was not necessary. The long-term
temperature fluctuation inside the scattering cell is less than =+
0.02 °C.

Results and Discussion

Figure 1 shows that the second virial coefficient A, of
PDEAM in water decreases as the solution temperature in-
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Figure 2. Scattering vector dependence of Rayleigh ratio (KC/R\(q))
of poly(N,N-diethylacrylamide) (PDEAM) in water, where the con-
centration is ~1.2 x 107° g/mL.
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Figure 3. Temperature and aging time dependence of hydrodynamic
radius distributions (f (Ry)) of poly(N,N-diethylacrylamide) (PDEAM)
chains in water.

creases, a characteristic of some aqueous polymer solutions
because of the negative entropy change. The interpolation of
A; — 0 leads to the Flory ®-temperature (28.5 °C) that is
slightly lower than 30.5 °C for PNIPAM in water. Therefore,
PDEAM is slightly more hydrophobic than PNIPAM for a given
solution temperature. Note that this is the first serious measure-
ment of the Flory ©-temperature for PDEAM in water. Figure
1 establishes a starting point for the current study because we
are more interested in how PDEAM behaves in water under
the poor solvent condition, i.e., T > ©.

Figure 2 shows that the extrapolation of KC/R,\(q) to g — 0
at two different solution temperatures, much lower and higher
than the I'-temperature, leads to an identical intercept but very
different slopes. On the basis of eq 1, this indicates that there
is no change in M,, even though [R,[significantly decreases.
In other words, the observed chain contraction is a pure
intrachain process. It should be emphasized that in the globule
state the average scattered light intensity (0) remains a constant
over a long time, indicating that individual single-chain globules
are stable and there is no interchain association because [llis
proportional to My, (= Y n;M7?) that is extremely sensitive to a
trace amount of interchain association according to eq 1.

Figure 3 shows typical hydrodynamic radius distribution f (Ry)
of PDEAM in water at different solution temperatures and after
different aging times. As the temperature increases, the decrease
of [Ry[klearly shows the chain contraction. It should be stated
that even at the globular state f (Ry) is independent of the aging
time, further indicating that individual collapsed single-chain
globules are stable. A combination of Figures 2 and 3 clearly
shows that the individual PDEAM chains can also collapse into
stable single-chain globules without our previously speculated
help of intrachain hydrogen bonding. In comparison with
polystyrene or PMMA in organic solvents, the stronger intra-
chain hydrophobic interaction in water seems to be the main
force to drive individual PNIPAM or PDEAM chains into a
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Figure 4. Temperature dependence of average radius of gyration ([R,D)
and hydrodynamic radius ([R,0) of poly(V,N-diethylacrylamide) (PDEAM)
chains in water in one heating-and-cooling cycle.
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Figure 5. Temperature dependence of ratio of average radius of gyration
to average hydrodynamic radius ([R,[[R,0) of poly(N,N-diethylacry-
lamide) (PDEAM) chains in water in one heating-and-cooling cycle.

collapsed state. Moreover, the amphiphilic nature of NIPAM
and DEAM monomers and a delicate balance between the
hydrophobic backbone and hydrophilic motif might also play a
role in the stabilization of individual single-chain globules in
water.

Figure 4 summarizes the temperature dependence of [R,[hnd
[RyUin one heating-and-cooling cycle, where each data point
was obtained at least 2 h after the solution reached each desired
temperature. Our measurements show that [R,[and [R,[become
stable as soon as the solution temperature reaches its equilibrium.
The contraction of individual coiled chains in the heating process
and the swelling of individual single-chain globules in the
cooling processes can be attributed to the negative entropy
change in the dissolution of PDEAM in water. The solution
has a lower critical solution temperature (LCST ~ 30 °C). As
shown in Figure 4, both [R,[and [R,[Jin the heating process
gradually decrease in the range 18—28.5 °C but drop in the
narrow range 28.5—32.5 °C. After 32.5 °C, they change a little
and approach a constant at ~37 °C, indicating the formation of
individual stable single-chain globules. Also note that [R,[]
decreases much faster than [R,[Jin the temperature range
28.5—32.5 °C. It is known that [R,[and [RyOare critically
dependent on how a chain is distributed in real space, whereas
[Rn[is also influenced by the hydrodynamic draining. Such a
difference can be better viewed in terms of the ratio [Ry[/[R,[]
as shown in Figure 5.

In the heating process, [R [/[R,[remains a constant (~1.60)
when 7 < 26 °C in spite that both [R,[and [R,[decrease, as
shown in Figure 4, indicating that individual PDEAM chains
have kept an expanded conformation. As the temperature
increases in the range 26—28.5 °C, [R,[/[RyUslightly changes
from ~1.60 to ~1.51, very close to 1.504 predicted for a random
coil in the O state. Further increase of the solution temperature
in the range 28.5—32.5 °C leads to a drop of [R,[/[R,[from
~1.51 to ~0.92, clearly revealing the contraction of individual
chains in the poor solvent. The minimum of [R,[/[R,[I~ 0.92
at 32.5 °C should be noted. In previous studies of PNIPAM,?!
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we repeatedly observed such a minimum for the temperature
dependence of [R,[/[R,[]which was attributed to the formation
of the “molten” globular state; namely, the contraction of a linear
polymer chain eventually results in many small loops on its
periphery. It is these small loops that lead to a higher [R,[but
have less effect on [R,[]At high temperatures, these small loops
finally collapse so that [RyCfurther decreases, but not [R,LIThis
explains why [R,[/[R,[]finally increases and approaches a
constant after passing the minimum point.

It is important to note that for PDEAM [R,U[R;[Ifinally
reaches ~1.0, higher than 0.774 predicted for a uniform
nondraining sphere. This means that individual PDEAM single-
chain globules are not hard sphere, but still partially draining,
less compact than those PNIPAM single-chain globules because
its [Ry[J[R,Oreaches ~0.78 at high temperatures.”’ We can
attribute such a difference to the lacking of intrachain hydro-
gen bonding in PDEAM. It has been known that the hydrogen
bonding involving the [C=O0 and H—NDOmotifs on a protein
backbone result in a large number of native contacts in a folded
chain. It is these intrachain hydrogen bonds that determine how
compact a folded protein chain is.*'™** Also note that the
contraction of individual PNIPAM chains favors the formation
of more intrachain hydrogen bonds, leading to further chain
contraction and a more compact conformation, a self-promoting
process.*

In Figures 4 and 5, the heating and cooling curves nearly
superpose with each other, indicating that in the temperature
range studied, there is no hysteresis in one heating-and-cooling
cycle; i.e., the coil-to-globule transition is completely reversible.
In contrast, there is a clear hysteresis in our previous studies of
the coil-to-globule-to-coil transition of PINIPAM chains in
water. We attributed it to the formation of additional intrachain
hydrogen bonds in the collapsed state.?' The current experiment
confirms our previous speculation.

Using the modified Flory theory, one can formulate the chain
contraction is formulated in the terms of the expansion factor
(oo = [RF/RE) as*

71— o) 1 In(1 — ¢)

3 = 2(@/7)(;5 + 5 +1 3)
where ¢ = ¢o/a® with ¢y the fraction of space occupied by an
idea chain with a radius of gyration R; r is the number of
residues that can be one monomer or a number of connected
monomers; and [Rl4 and [R[$ are the radius of gyration or the
hydrodynamic radius at 7" and ©, respectively. ¢ < 1 so that a
> o' if r — 00, ¢po — (19/27)2r~ 12, In a good solvent, a. > 1
and ¢ # 1. After expanding In(1 — ¢), we rewrite eq 3 in a
useful and familiar form as*

a’(1 — o) + 0.102 + ... = 0.180a’* (M, /M )" (4)

where 7 [= (T — ©)/0O] is the reduced temperature; we have
replaced r by the ratio of masses of polymer and “residues”,
My/M,.

Figure 6 shows a comparison of the temperature dependence
of the static expansion factor o, of PDEAM and PNIPAM.
When 7 < © (good solvent), the experimental results of both
PDEAM and PNIPAM are well represented by the lines with r
= 1.3 x 10° and r ~ 1.0 x 10°, respectively. A similar result
was also obtained for polystyrene in cylcohexane.***’ The
theory works fairly well in good solvent wherein ¢y is expected
to be a weak function of 7. In contrast, when 7 > © (poor
solvent), the measured o drops much faster than those lines
predicted for either PDEAM or PNIPAM. To our knowledge,
there is no explanation for such a discrepancy. Originally, we
thought that this might be attributed to the formation of some
additional intrachain hydrogen bonds; namely, the chain con-
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Figure 6. Temperature dependence of static expansion factor o, (R[4
[R.,[d) of poly(N,N-diethylacrylamide) (PDEAM) in water. The lines
represent the calculations on the basis of eq 3 with three different r
values. For comparison, previous PNIPAM data are also plotted.

traction would lead to a self-promoting process, resulting in a
more sharp decrease of o, However, the current result
invalidates such a proposal because PDEAM is not able to form
any intrachain hydrogen bonds. There are two more possibilities:
(1) the exiting theory for polymer chains in good solvents has
to be modified to describe polymer chain conformations in poor
solvents, or (2) we has to consider water as a strange solvent
because water molecules are able to associate/disassociate with
a polymer chain and form some clusters by themselves. At
higher temperatures (small 7), o, approaches a plateau predicted
in eq 3; namely, o — 0.20 for PDEAM and o, — 0.14 for
PNIPAM. The different plateau values further indicate that
individual single-chain PDEAM globules are less compact than
those made of PNIPAM.

Considering a remarkable similarity between the coil—helix
and the current coil-to-globule transitions, it has been suggested
that the steepness of the sigmoidal curves might be caused by
cooperativity.*® Namely, there might be an activating step that
involves a constraint. It is this constraint that causes a specific
local change of a randomly formed segment to a conformation
that is compatible to the constraint. Instead of a random process,
once such a conformer is created, it will induce a neighboring
segment to change into the required compatible conformation.
Therefore, there is no need for hydrogen bonding or another
type of associative equilibrium since the cooperativity is
enhanced if the neighboring conformation remained fixed in the
constraint compatible state. Clearly, this effect is seen in the
comparison of PINIPAM and PEDEAM. This activated coop-
erative mechanism is a more convincing approach than any
mean-field theory. The real theory for the coil-to-globule
transition should be much more complicated than the existing
ones because the constraint does not remain a constant but
increases as the coil shrinks to a more ordered state.

Birstshtein and Proyamistyn*’suggested that o is related to
the reduced temperature 7 and the molar mass of a polymer
chain (M) as

a—o + - 1) =BM"” 5)

where B and C are two constants, independent of M and T for
a given polymer solution. The plot of (ot — o3)/(a™> — 1) vs
TM'"?/(a3 — 1) should be a straight line whose slope and
intercept lead to B and C, respectively. In Figure 7, the solid
and dotted lines represent the best fitting of B = 1.71 x 1072
and C=1.01 x 1072and B =2.11 x 1072 and C = 5.45 x
1072, respectively, for [R,[4/[R,[$ and [Ry[#/[Ry[é. Equation 5
shows that the free energy change associated with the coil-to-
globule transition contains two parts: o. — o is related to the
deformation of a Gaussian chain from its unperturbed sate, while
C(a™3 — 1) is related to the total volume of the chain. The
balance between them, i.e., . — o3 = C(1 — a3), is defined
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as the crossover point in the coil-to-globule transition. Equation
5 is useful for a phenomenological analysis of transition curves.
It predicts an asymptotic behavior at large TM"? as o3TM'? ~
C/B.

Figure 8 shows a plot of the scaled expansion factor a’zM/?
as a function of M2, Such a plot was previously reported for
polystyrene and PMMA in various solvents™'' and also for
PNIPAM in water.'®'® The theory predicts that a37M"2 should
level to two asymptotic values of C/B = 0.59 and 2.59,
respectively, for [R,[#[R,[$ and [Ry[#/[R,L. Two asymptotic
values of 03tM"? from the current study are 1.2 and 4.1,
respectively, for [Ro[#/[R,[ and [Ry[#/[R,Lé. Note that for stable
single-chain PNIPAM globules the corresponding values of C/B
are 0.22 and 0.91, respectively, It further indicates that stable
single-chain PDEAM globules are less compact, presumably
due to the lack of the intrachain hydrogen bonding. Finally, it
is also worth noting that such a crossover point is between ©
and the temperature at which [R,[Japproaches a constant.

Conclusion

Individual poly(N,N-diethylacrylamide) (PDEAM) chains can
undergo a reversible coil-to-globule-to-coil transition in an
extremely dilute aqueous solution even without any intrachain
hydrogen bonds, which answers our previous question whether
the intrachain hydrogen bonding plays a role in the formation
of stable single-chain poly(N-isopropylacrylamide) (PNIPAM)
globules. On the other hand, no formation of intrachain hydrogen
bonds leads to less compact chain segments inside each single-
chain PDEAM globule. The lack of intrachain hydrogen bonding
affects the transition, especially the unfolding process. Unlike
PNIPAM, there is no hysteresis in one coil-to-globule-to-coil
transition of PDEAM chains in water. The current results
confirm that the previous speculation that the hysteresis observed
in the coil-to-globule-to-coil transition of PNIPAM chains in
water is related to the formation of some additional hydrogen
bonds in the collapsed state.
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