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ABSTRACT: Internal motions of narrowly poly(N-isopropylacrylamide) (PNIPAM) linear chains and
spherical microgels in a very dilute aqueous solution and dispersion were studied under the Θ and poor
solvent conditions by dynamic laser light scattering (LLS) over awide range of scattering angles. As expected,
only one narrowpeak related to the translational diffusionwas observed in the line-width distributionG(Γ) of
both linear chains and spherical microgels when x<1, where x= (qRg)

2 with q and Rg the scattering vector
and the radius of gyration, respectively. As x increases to approach 1, we start to see a second peak related to
fast internal motions of linear chains, whose average line width is related to some of the internal motions
(normal modes) predicted in the nondraining bead-and-spring model. However, for swollen microgels, the
second peak related to the internal motions only appears when x is much higher (1/q∼ 50 nm), indicating that
thermal energy is not able to excite the entire microgel but only a small portion of the gel network. As the
solvent quality changes from good to poor, the shrinking of a linear chain or subchains in the gel network
gradually suppresses the internalmotions, presumably due to stronger intersegment interaction. Surprisingly,
we found that the relative contribution of the second peakmakes a turning near theΘ temperature, leading to
a new way to estimate the Θ condition of a given polymer solution.

Introduction

Asa fundamental problem in polymer physics, the dynamics of
flexible polymer chains in dilute solution has been intensely
studied for years.1-6When a polymer chain is sufficiently flexible
(“soft”) to experience a large-scale configuration change, thermal
motions of the chain segments will drive its configuration toward
the most probable distribution. Such an intramolecular relaxa-
tion is named internal motion, as contrasted with the diffusive
relaxation of its gravity center, which is also agitated by thermal
energy.

In both the free-draining and the nondraining models, internal
motions of a polymer chain is resolved into a series of normal
modeswithdifferent frequencies.These internalmotions together
with the translational diffusion contribute to the spectrum of the
scattered light. Their amplitudes have been theoretically evalu-
ated on the basis of dynamical models with and without con-
sidering the hydrodynamic interaction. To study sucha spectrum,
dynamic laser light scattering (LLS) is a powerful technique to
detect not only the translational diffusion of the center ofmass of
individual polymer chains in solution but also their internal
dynamics, provided that their average radius of gyration (Rg) is
comparable or larger than the reciprocal of the scattering vector
(q) or in other words, is not much smaller than the wavelength of
the laser light used, whereRg (=ÆRg

2æz1/2) is the root-mean square
z-average radius of gyration, q= (4πn/λ0) sin(θ/2) is the scatter-
ing vector with n, λ0, and θ is the solvent refractive index, the
wavelength in vacuum and scattering angle, respectively.

The Rouse-Zimm model was previously introduced to the
dynamic LLS analysis by Pecora,3 deGennes,4 and Dubois-
Violette7 on the basis of the concept of dynamic structure factor
S(q,t). When qRg, 1, the relaxation induced by the translational

diffusion dominates S(q,t). Therefore, S(q,t) takes a form of
single exponential decay if polymer chains are monodisperse. On
the other hand, when qRg > 1, S(q,t) becomes a sum of multi-
exponential terms due to the contributions from the internal
motions.8-10 A combination of the line-width distributions G(Γ)
of narrowly distributed flexible long polymer chains, respectively,
measured at a small and a high angle allows us to experimentally
separate the translational and internal motions.11

More quantitatively, when a coherent and monochromatic
laser beam hits a dilute solution of linear flexible polymer chains
without any adsorption, the scattered light has a spectral dis-
tribution, S(q,ω), due to the translational diffusion and internal
motions as follows.12

Sðq,ωÞ ¼ ð1=2πÞ
Z

e- iωte- q2DjtjSðq, tÞ dt ð1Þ

whereω is the angular frequency difference between the scattered
and the incident light; D is the translational diffusion coefficient
of individual chains; and S(q,t) is generally expressed as

Sðq, tÞ ¼ Æð1=N2Þ
XN
l¼ 0

XN
m¼ 0

e- iq 3 ½rlð0Þ- rmðtÞ�æ ð2Þ

which is due to the interference of the scattered light fromdifferent
segments within a long polymer chain made of N such segments,
where rl(0) is the position of the lth segment at time 0 and rm(t) is
the position of themth segment at time t. The reference point is the
center ofmass of the chain. Therefore, all the spatial and temporal
information related to intrachain, or called internal motions, is
corporated. Note that in a sufficiently diluted polymer solution,
we can practically ignore the interchain interference. Using the
Oseen-Kirkwood-Riseman hydrodynamic interaction and the*The Hong Kong address should be used for all correspondences.
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bead-and-spring model for a linear flexible polymer chain, the
ensemble average in S(q,ω) is formulated as,13

Sðq,ωÞ ¼ P0ðxÞLðw, q2DÞþ
XN
R¼ 1

P1ðx,RÞLðω, q2DþΓRÞ

þ
XN
R¼ 1

XN
β¼ 1

P2ðx,R, βÞLðω, q2DþΓR þΓβÞ

þ
XN
R¼ 1

XN
β¼ 1

XN
γ¼ 1

P3ðx,R, β, γÞLðω, q2DþΓR þΓβ þΓγÞþ :::

ð3Þ
whereL(ω,Γ) is aω-normalizedLorentzian distribution, centered
at the frequency (ωo) of the incident light, withΓ the line-width at
the half-height; and Pn (n = 0, 1, ...), the contribution of each
Lorentzian to the line-width distribution G(Γ). P0(x), the zeroth-
order contribution, is related to the translational diffusion;P1(x,R),
the first-order contribution of theRth internalmode;P1(x,R,β), the
second-order contribution of the Rth and βth internal modes;
and so on. At a sufficiently low scattering angle, i.e., x , 1, the
observation length (1/q) is much larger than the chain size so
that each chain can be viewed as a point without any internal
structure; namely, Pn (n g 1) diminishes and S(q,ω) only
contains the first term. As x increases, 1/q gradually decreases
so that the light begins to probe a portion of the chain,Pn(ng 1)
starts to contribute toS(q,ω) and the higher-order terms become
more and more important. It has been numerically shown
that P2(x,1,1) contributes the most to S(q,ω) among all the
Lorentzian terms related to the internal motions.13

Nowadays, we normally directly measure the intensity-inten-
sity time correlation functionG(2)(q,t) of the scattered light in self-
beating mode in real time in a modern LLS spectrometer, which
can further lead to the dynamic structural factor S(q,t), the
Fourier transform of S(q,ω). Note that the highest reachable
scattering angle in LLS spectrometers is practically limited to
160�. In previous research, experimental data has been accumu-
lated mainly for polystyrene (PS), which has long been regarded
as the best model polymer of linear flexible chains in both good
andΘ solvents.14-19 The first cumulant [Ω(q)] obtained from the
measured time correlation functions was found to be q2- and q3-
dependent, respectively, for qRg , 1 and qRg > 1, which is in
agreement with what is described in a non-free-draining model.
At the same time, the characteristic relaxation timeof the first and
second modes, the plateau value of the reduced first cumulant,
was measured for different PS solutions. Some of these experi-
mental results are different from previous theoretical predictions,
which are understandable because the theoretical model is over-
simplified. The discrepancy led to a revision of classical theory
and the birth of some new models.20,21

In particular, we should mention a previous comparative
study of the internal motions of poly(N-isopropylacrylamide)
(PNIPAM) linear chains and spherical microgels under a good
solvent condition.22 Note that PNIPAM is an extensively
studied thermally sensitive polymer and individual linear PNI-
PAM chains free in a dilute solution or subchains in a PNIPAM
gel network can undergo a coil-to-globule transition around
32 �C.23,24 Such a transition leads to the so-called volume
“phase” transition, or more precisely, a sharp volume decrease
(shrink) of a swollen gel network as the solution temperature
increases across ∼31-33 �C at which the solvent quality of
water changes from good to poor. In the current study, we
focused on the internal motions of narrowly distributed PNI-
PAM linear chains and spherical microgels during such a coil-
to-globule transition. The objectives are (1) to find how the

internal motions are suppressed when the chain or subchains are
shrinking and (2) to find any difference between individual
linear chains and a gel network.

Experimental Section

Sample Preparation. The high molar mass poly(N-iso-
propylacrylamide) (PNIPAM) linear chains were made by a
fractionation/filtration method.25 The monodisperse PNIPAM
microgel particles were synthesized by emulsion polymerization.
The synthesis details can be found elsewhere.26 Both PNIPAM
linear chains (Mw=2.6 � 107 g/mol) and spherical microgels
(Mw=3.4 � 108 g/mol) are narrowly distributed with a poly-
dispersity index of 1.04 and 1.02, respectively. Each solution/
dispersion was clarified by a filter (0.45 μm; Millipore).

Laser Light Scattering (LLS). A modified commercial LLS
spectrometer (ALV/DLS/SLS- 5022F) equipped with a multi-τ
digital time correlator (ALV5000) and a cylindrical 22 mW
UNIPHASEHe-Ne laser (λ0=632 nm)was used. The incident
beam was vertically polarized with respect to the scattering
plane. The details of the LLS instrumentation and theory can
be found elsewhere.27 Briefly, in static LLS, the excess absolute
time-averaged scattered light intensity, known as the excess
Rayleigh ratio Rvv(θ), at a given polymer concentration (C)
and a given scattering angle (θ) is related to the weight-average
molar mass (Mw), the square average radius of gyration (ÆRg

2æ);
and the second virial coefficient (A2) as

KC

RvvðθÞ
� �

� 1

Mw
1þ 1

3
ÆRg

2æq2
� �

þ 2A2C ð4Þ

where K=4π2n2(dn/dC)2/(NAλ0
4) with NA and dn/dC, the

Avogadro number and the specific refractive index incre-
ment, respectively. For PNIPAM in water at 25 �C, dn/dC =
0.147 mL/g.

In dynamic LLS, each measured G(2)(q,t) is related to the
normalized electric field-field time correlation function g(1)(q,t)
byG(2)(q,t)=A[1þ b|g(1)(q,t)|2], whereA is a baseline; 0e be 1,
a spatial coherent constant depending on the instrumental
detection optics. The value of b actually reflects the signal-to-
noise ratio of a dynamic light-scattering experiment. It has been
shown that |g(1)(q,t)| is proportional to S(q,t) and related to the
characteristic line-width distribution G(Γ) by28

gð1Þðq, tÞ ¼
Z ¥

0

GðΓÞe-Γt dΓ ð5Þ

The Laplace inversion of each measured g(1)(q,t) leads to one
G(Γ) on the basis of eq 5. In this study, the CONTIN algorithm
in the digital time correlator was used,29 in which a probability
factor of 50%was applied to regularize all of our fitting and the
zero-order regularization was enforced to minimum the peak
area under the line-width distribution. For a pure diffusive
relaxation, such as for narrowly distributed polymer chains or
spherical colloidal particles in a dilute solution or dispersion at
x , 1, G(Γ) can be converted into a translational diffusion
coefficient distributionG(D) byD= Γ/q2 or further to a hydro-
dynamic radius distribution f(Rh) by using the Stokes-Einstein
equation.30 As the scattering angle increases, 1/q becomes
comparable to the size of a flexible and soft scattering object
so that one has to consider the internal motions because their
contributions to G(Γ) become more and more important.

Results and Discussion

Figure 1 shows that the extrapolation of the time-average
scattered light intensity at different solution temperatures to the
zero angle leads to an identical value; i.e., there is no change in the
weight-average molar mass, but the scattered light intensity
becomes much less dependent on the scattering angle as the
solution temperature increases. On the basis of eq 4, Figure 1



10066 Macromolecules, Vol. 43, No. 23, 2010 Dai and Wu

clearly reveals the collapse of individual chains as the solution
temperature increases with no interchain association. Otherwise,
we would see an increase of the scattered light intensity at q= 0
because the scattered light intensity is proportional to the square
of the mass of a scattering object. Figure 1 lays a solid ground for
us to study internal motions of individual chains at different
solution temperatures, especially under the Θ and poor solvent
conditions. It should be noted that on the basis of eq 4, for a given
temperature, the scattering intensity decreases as the scattering
angle increases; while for a given scattering angle, the scattering
intensity increases as the temperature increases (the chain shrinks),
as shown in the Supporting Information (Figures 1s and 2s).

Figure 2 summarizes how the average sizes of individual
polymer chains vary with the solution temperature, where the
dash line marks theΘ temperature and the poor solvent region is
on its right side. A comparison of the chain sizes under the good
(lower temperatures) and the poor (higher temperatures) solvent
conditions reveals that individual chains do not shrink too much
up to theΘ temperature and the collapse of individual PNIPAM
chains occur within a very narrow temperature window after
passing the Θ point. Figure 2 enables us to calculate our
experimentally reachable range of x=(qRg)

2 at each solution
temperature.

Figure 3 shows how the internal motions vary with the relative
observation length scale (x) at 31.0 �C at which the chains are not
fully collapsed yet, where the line-width (Γ) is scaledwith both the
translational diffusion coefficient (D) and scattering vector (q) so
that the relaxation (line-width) related to the translational diffu-
sion becomes unity. It is worth-noting that here 1/q is compared
with Rg. For x < 1, i.e., 1/q > Rg, each chain behaves just like
a structure-less point so that we only see one peak with no

interference from the internal motions. When x g 1, a second
peak related to the internal motions appears in themeasured line-
width distribution, which relaxes 10-20 times faster than the
translational diffusion.

An attentive reader might notice that the average position of
the internal motions moves to the left (slow down) as x increases.
The existing theories state that at x>1, S(q,t) of a flexible chain
under both the free-draining32 and nondraining13 limit is domi-
nated by the first five relaxation processes; namely, pure transla-
tional diffusion plus four principle internal motions. At x>1,
eq 3 in the time domain can be rewritten as

Sðq, tÞ ¼
X¥
n¼ 0

Pne
-Γnt ð6Þ

The numerical values of Pn in the range 1e x e10 have been
calculated.13 Using the Zimm model,2 we have

Γn ¼ 0:293RTλn0

η0M ½η�
where [η] and λn

0
are the intrinsic viscosity and the eigenvalues,

respectively.33 Normalized by Dq2 and converting q to x, we can
rewrite it as

Γn=ðDq2Þ ¼ 0:293λn0Rg
2RT

xM½η�Dη0
ð7Þ

In the Stokes-Einstein equation,RT/(Dη0)=6πRhNA . There-
fore, eq 7 can further rewritten as

Γn=ðDq2Þ ¼ 5:52λn0Rg
2Rh

xM½η� ¼ 5:52λn0ðRg=RhÞ2
x

Rh
3

M½η� ð8Þ

where Rg/Rh measures the chain conformation; and M[η] is
proportional to the hydrodynamic volume of a flexible chain
and widely used in GPC for the universal calibration. Therefore,
both Rg/Rh and Rh

3/(M[η]) are constants, independent of poly-
mer and solvent for a given solution condition. Equation 8 reveals
that Γn/(Dq2) decreases as x increases for a given solution
temperature, which explains the shift of the average position of
the second peak.

Figure 4 shows how the Dq2-scaled line-width distribution
changes with the solution temperature for a given scattering
angle. Note that here it is the change of ÆRgæ that varies x; and
1/q ∼ 54 nm. The peak related to the internal motions becomes
smaller and smaller as the solution temperature increases. Also

Figure 1. Scattering-vector (angular) dependent time-average scattered
light intensity (Rayleigh ratio) of poly(N-isopropylacrylamide) linear
chains in water at three different temperatures.

Figure 2. Solution-temperature dependent average radius of gyration
and hydrodynamic radius of poly(N-isopropylacrylamide) linear chains
in water.

Figure 3. x -dependent Dq2-scaled line-width distributions G[Γ/(Dq2)]
of poly(N-isopropylacrylamide) linear chains in water, where the peak
related to internal motions is enlarged by a factor of 100 times for a
better view.
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note that as the solution temperature increases beyond the Θ
temperature (∼30.5 �C), each chain in water dramatically shrinks
and x decreases from 21.5 to 0.37 within the range 30.5-33.0 �C.
In their fully collapsed state (T∼ 33.0 �C, ÆRgæ∼27 nmandx<1),
there is only one diffusive relation and no internal motions
appear. Equation 8 shows that for a given q, Γn/(Dq2) is propor-
tional to 1/Rh

2 because Rh
3/(M[η])=9.56 � 10-26 and 6.94�

10-25 for a for a coiled chain and a hard sphere, respectively,
which is a weak function of the chain conformation. This is why
the peak related to internal motions in Figure 4 shifts to the right.
On the other hand, the decrease of the peak area (the contribution
of the internal motions to the line-width distribution) reflects the
suppression of internal motions as each chain shrinks. To our
knowledge, there has been no theory about such a decrease yet,
but it is physically reasonable; namely, as the chain collapses, it
becomes more andmore difficult for the thermal energy (kBT ) to
excite its internal motions.

Figure 5 shows that the average chain density increases from
3 � 10-3 to 1.9 � 10-1 g/cm3 as individual PNIPAM chains
collapse from a random-coil to a uniform globule conformation,
where ÆFæchain is defined as Mw/(4NAπÆRhæ3/3). Note that even
in its fully collapsed state, each chain, on average, still contains
about 80% of water inside its hydrodynamic volume, not as dry
as we normally thought. On the other hand, we can further
calculate the temperature and angular dependence of the relative
intensity-weighting of the internal motions [AI/(AI þ AD)] from
the area ratio of the two peaks in Figures 3 and 4, as shown in
Figure 6.

In the good solvent region,AI/(AI þ AD) essentially remains a
constant for each given scattering angle, revealing that the slight
shrinking of individual chains in this region has no effect on its
internal motions because each chain still remains a random-
coil conformation. When the solvent quality becomes poorer,
AI/(AI þ AD) dramatically drops and the internal motions
disappear at temperatures higher than∼32 �C at which the chain
is collapsed. Surprisingly, at different scatteringangles,AI/(AIþAD)
always turns near the Θ temperature. Again, there is no theory to
predict such a turning point, but it is physically reasonable. Namely,
polymer chains are agitated by the thermal energy, to undergo the
internal motions they have to overcome the entropic force in a good
solvent because of the chain swelling and the segment-segment
interaction (enthalpy) in a poor solvent. At its “ideal” state, the
entropic cost is balanced by the enthalpy interaction.

Figure 7 shows a combination of results in Figures 5 and 6;
namely, how AI/(AI þ AD) decreases while individual chain
undergoes the coil-to-globule transition to increase the average
chain density at different scattering angles. For each given chain

density, AI/(AI þ AD) increases with the scattering angle. This is
because at a smaller 1/q, one probes more internal motions inside
each coiled chain, especially when it is in its highly swollen state at
lower temperatures. Note that ÆFæchain can be read as the average
local polymer concentration inside the hydrodynamic volume of
each polymer chain. Therefore, Figure 7 actually reveals how the

Figure 4. Solution-temperature dependent line-width distributions
G[Γ/(Dq2)] of poly(N-isopropylacrylamide) linear chains in water,
where the peak related to internal motions is enlarged by a factor of
50 times for a better view.

Figure 5. Solution-temperature dependent average chain density
(ÆFæchain), defined in terms of its hydrodynamic volume, of poly-
(N-isopropylacrylamide) in water, where the arrow points to the
polymer density at Θ temperature.

Figure 6. Solution-temperature dependent area ratio AI/(AI þ AD) of
two peaks, respectively, related to internal motions and diffusion of
poly(N-isopropylacrylamide) linear chains in water at different scatter-
ing angles, where the dashed line marks the point at which internal
motions become the strongest.

Figure 7. Average chain-density dependent area ratio AI/(AI þ AD) of
two peaks, respectively, related to internal motions and diffusion of
poly(N-isopropylacrylamide) linear chains in water at different scatter-
ing angles, where the arrow points to the density at which internal
motions are completely suppressed.
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chain crowding suppresses the internal motions of individual
chains, reflecting in the fact thatAI/(AIþAD) decreases as ÆFæchain
increases and finally approaches zero at ÆFæchain∼ 1.2� 10-1 g/cm3

that is ∼135 times higher than its overlapping concentration in
water at 25.0 �C.

In order to further illustrate why the internal motions of linear
PNIPAM chains disappear at higher temperatures, we plot the
temperature dependence of the ratio of the average radius of
gyration to the average hydrodynamic radius, as shown in Figure 8.
ÆRgæ/ÆRhæ is a parameter that describes the chain conformation. For
linear flexible chains in good solvent and hard spheres with a
uniform density, both theoretical and experimental studies have
showed that ÆRgæ/ÆRhæ ∼ 1.5 and ∼0.77, respectively.23

As expected, the change of ÆRgæ/ÆRhæwould follow the dash line
in Figure 8 and approach 0.77 when the chain is fully collapsed.
However, we have consistently observed a dip (minimum) of
ÆRgæ/ÆRhæ before the chain reaches its globular state. Such a dip is
related to the so-calledmolten globular state inwhichmany small
loops are formed on the periphery of a shrunk chain,31 as
schematically shown in Figure 8. These small loops lead to a
larger hydrodynamic size but have little effect on the radius of
gyration because of their insignificant masses, so that ÆRgæ/ÆRhæ<
0.774predicted for a uniformnondraining sphere.A combination
of Figures 6 and 8 clearly reveal that the internal motions are still
visible when ÆRgæ/ÆRhæ is still in the dip but disappears after it
reaches the plateau, supporting our previously proposed concept
of the molten globular state.

Further, we conducted a parallel study of PNIPAM spherical
microgels. Figure 9 shows how they shrink with an increasing
temperature. A comparison of Figures 2 and 9 shows that the
microgels collapse much less than the chains, presumably due to
the cross-linking that already prevents the swollen of the gel
network at lower temperatures. In contrast to linear chains where
internal motions were observed at x∼ 1, the second peak related
with the internal motions of the microgels is much weak and
appears only when xg 8 at 25.0 �C; namely, we can only observe
their internal motions when 1/q ∼ 50 nm e ÆRgæ/3, instead of at
1/q∼ ÆRgæ, implying that the thermal energy can excite the entire
linear chain with its longest normal mode, but only a small
portion of a gel network with a dimension of ∼50 nm.

Figure 10 shows that at 31.5 �C, we start to see the internal
motions at a smaller x (∼5-6), which implies that the thermal
energy excites a larger portion of the gel network to undergo the
internalmotions and themicrogel becomes softer. If imaging that
the gel network is made of small uniform meshes with a dimen-
sion of ∼10 nm on the basis of the cross-linking density, we are
able to estimate that the internal motions only involve about

∼102 of such meshes from the minimum 1/q. Note that such
measured internal motions are slower than the relaxation of the
subchains (“blobs”) of a macroscopic gel network with a similar
cross-linking density, but faster than the translational diffusion of
individual microgels in dispersion.

Figure 11 reveals that AI/(AI þ AD) initially increases as the
microgels shrink in the good solvent region, reflecting the increase
of the average chain density with the temperature. Further
increase of the temperature leads to a more and quick collapse
of the microgels as well as a sharp decrease of AI/(AI þ AD),
starting at 32.5 �C that is two degrees higher than the
Θ temperature of PNIPAM linear chains in water. At 37 �C,
the microgel approaches their fully collapsed state and AI/(AI þ
AD) becomes zero, indicating complete suppression of the inter-
nal motions. The increase of AI/(AI þ AD) can be attributed to a
gradual decrease of the entropic elasticity (elastic module) of the
gel network because themicrogel becomes “softer” when it swells
less as the dispersion approaches its Θ temperature.

Following our previous argument that a polymer chain should
be mostly deformable at its ideal state; namely, the interaction
among its segments is balanced by that between solvent and
segment, we can mark this turning point of AI/(AI þ AD) as the
Θ temperature of the PNIPAM microgels in water. It has been
known that the volume phase transition of a gel network,
depending on whether it has a lower or upper critical solution
temperature (LCST or UCST), shifts to a higher or lower
temperature as the cross-linking density increases, i.e., the aver-
age length of the subchains between two neighboring cross-
linking points decreases.34 For a PNIPAM gel network in water
with aLCST, the shift of itsΘ temperature from30.5 to 32.5 �C is

Figure 8. Solution-temperature dependent ratio of average radius of
gyration and hydrodynamic radius of poly(N-isopropylacrylamide)
linear chains in water, where the dashed line marks the Θ temperature
and the arrow points to the molten globule state, which is schematically
shown on the left.

Figure 9. Dispersion-temperature-dependent average hydrodynamic
radius of poly(N-isopropylacrylamide) spherical microgels water.

Figure 10. x-dependent q2-scaled line-width distributions G[Γ/(Dq2)]
of poly(N-isopropylacrylamide) microgels in water, where the peak
related to internal motions is enlarged by a factor of 2000 for a better
view.
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reasonable.24 To further test the validity of using the temperature
dependent area ratio of the two peaks in the measured line-width
distribution to estimate the Θ condition, we also studied a well
accepted system, polystyrene in cyclohexane, and found that the
area ratio makes the turning point at ∼35.0 �C (not shown),
slightly higher than∼34.5 �C that is the widely accepted value in
literature. Such a small difference might be attributed to the
difference between the ideal state of a single chain and ideal state
of polymer solution.

For a single chain in a solution, its unperturbed “ideal” state
reflects the condition at which the entropic cost due to the chain
swelling caused by the excluded volume balances the seg-
ment-segment or segment-solvent interaction;while for a dilute
polymer solution, the existence of more than one chains in
solution leads to additional interchain interaction that only
vanishes at infinite dilution. Practically, we normally determine
the Θ-condition of a polymer solution from A2 = 0, not the
unperturbed state of a single chain.

It should be noted that the Θ conditions (temperature or
solvent composition) of many polymer solutions were previously
determined and tabled in polymer handbooks by using static and
interchain interaction-related properties measured by various
methods, including static LLS, osmotic pressure and viscosity.
However, some of these Θ conditions measured by different
methods or reported by different groups significantly vary in a
wide range even for an identical polymer/solvent system.35 For
example, for poly(ethylene oxide) in water and poly(methyl
methacrylate) in acetonitrile, the Θ temperature, respectively,
varies from 80 to 113 �C and from 32 to 45 �C and is not
correlated to the chain length as predicted. The uncertainty is
partially due to natures of these experimental methods. There is
also some uncertainty of using our observed turning point as the
Θ temperatureof a single chain in solutionbut it is estimated tobe
nomore than(0.5 �C.More importantly, such a turning point in
the relative intensity contribution of the internal motions is an
intrachain and dynamicproperty and closer to the definition of the
unperturbed state of a single chain in solution. More theoretical
studies are needed to quantitatively understand this turning
point.

Conclusion

A comparison of internal motions of poly(N-isopropylacryl-
amide) linear chains and spherical microgels in the Θ and poor

solvents reveals that the thermal energy (kBT) is able to excite the
entire linear chain to undergo the longest normal mode, but only a
portionof themicrogel networkwithadimensionof∼50nm,on the
basis of the lowest scattering vector (q) atwhich the internalmotions
appear in the characteristic line-width distribution measured in
dynamic laser light scattering. Namely, the internal motions of
linear chains and spherical microgels at the room temperature are
detectable only when x g 1 and 8, respectively, where x = (qRg)

2

withRg the radius of gyration.We also found that the contribution
of internal motions makes a turning point around Θ temperature,
presumably because the chain becomes the most deformable (the
softest) when the interaction among chain segments and among
solvent molecules and segments are balanced. Such a finding leads
to a convenient way to estimate theΘ condition of a given polymer
solution. Further, our results reveal that the internal motions are
gradually suppressed during the coil-to-globule transition of indi-
vidual linear chains or subchains inside the microgel network when
the solvent quality changes from good to poor, implying that the
internal motions should be suppressed when the chains are over-
lapped in the semi- and concentrated regions.
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