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ABSTRACT: A microscopic understanding of the internal
structure and dynamics of poly(N-isopropylacrylamide) (PNIPAM) chains, in microgel colloids, is developed using deuterium
NMR (2H NMR) to study deuterated PNIPAM suspensions as
functions of temperature and pressure for four cross-linker molar
fractions (f). The PNIPAM polymers were labeled with deuterons
at the backbone (d3-PNIPAM) or on side chains (d7-PNIPAM).
2
H NMR spectra of the d3-PNIPAM suspensions for all cross-linker
molar fractions indicated freely moving chains at low temperature
and a nearly immobilized fraction above ∼35 °C. Polymer
segments in the collapsed phase of the d3-PNIPAM suspension
were more mobile than those in the dry powder. This is direct
microscopic evidence that the polymer remains signiﬁcantly hydrated in the collapsed phase, consistent with strong, indirect
evidence from recent light scattering and rheology measurements from our laboratory. However, the observation of a small fraction
of immobilized segments in the swollen phase for higher cross-linker molar fraction suggests that, particularly for high levels of crosslinking, some polymer is nonhydrated even in the swollen phase. Finally, variable-pressure NMR (up to 90 MPa) showed a slight
increase in transition temperature with pressure for lower cross-linker molar fractions and a larger increase in transition temperature
with pressure for higher cross-linker molar fractions. This is consistent with a previously reported dependence of collapse transition
enthalpy on cross-linker molar fraction.

■

INTRODUCTION
Microgel colloidal suspensions, such as poly(N-isopropylacrylamide) (or PNIPAM) in water, exhibit a duality between
colloidal and polymeric behavior.1 They have internal crosslinks such that each polymer molecule is a mesoscopic particle
and yet the particle properties are profoundly polymer-like,
depending sensitively on diﬀerent external parameters: pH,2
temperature,3 pressure,4,5 and electric ﬁeld.6 The macroscopic
collective behavior of microgel suspensions has been studied
extensively, primarily from a colloidal perspective. Studies have
explored rheological properties,3 as well as crystallization,7,8
melting,7 and the glass transition.9 Dynamic light scattering
(DLS) has been used to obtain pressure−temperature phase
diagrams for suspensions of PNIPAM prepared with diﬀerent
number-average molecular weights (Mn).10
Our previous work11 was a quantitative examination of both
dynamic light scattering (DLS) properties and rheology of
microgels as a function of cross-linker molar fraction. In that
work, we found, from rheology, that the polymer volume
fraction in the particle at collapse was nearly independent of
cross-linker molar fraction. Using DLS, we measured the
temperature dependence of the particle mean hydrodynamic
radius (RH), which is the radius obtained by applying the
Stokes equation to diﬀusion observations.12 By ﬁtting the
© 2021 American Chemical Society

temperature dependence of RH to a semiphenomenological
Flory−Rehner theory, we found that the parameter, A,
associated with the second virial coeﬃcient is negative at all
cross-linker molar fractions f (consistent with attractive
interactions in the collapsed state) but somewhat more
negative at intermediate values of f.
The importance of gaining a more detailed understanding of
microgel internal structure and departures from homogeneity
has been noted by Scheﬀold.13 Internal microscopic (polymer)
properties have been studied before, although indirectly, via
the eﬀect of particle softness on interparticle interactions and
correlations. For example, studies as a function of the cross-link
density include static and dynamic light scattering,14 smallangle neutron scattering (SANS),15 and rheology,11,16 in all
cases primarily probing interparticle correlations. Network
diﬀusion coeﬃcients were obtained by neutron spin echo
spectroscopy for low and intermediate cross-link densities.17
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A few studies have begun to examine the internal polymerlike particle properties directly. Small-angle neutron scattering
has been used to investigate conditions under which deswelling
is nonuniform.18 Relaxation times measured using 1H solution
NMR have provided some insight into internal polymer
dynamics across the volume phase transition.19 Witte et al.20
examine the internal structure and dynamics of PNIPAM by
several experimental techniques and ﬁnd that two diﬀerent
methods of cross-linking give rise to microgel particles with
diﬀerent internal stiﬀness in the swollen state (but not in the
collapsed state), with the microgel having lower Young’s
modulus in the swollen state showing more rapid network
dynamics. Increasing osmotic stress21 or hydrostatic pressure5
aﬀects the microgel internal structure (e.g., decreasing both the
hydrodynamic radius and the polymer mesh size).
Solvent dynamics inside microgel particles, studied by 1H
NMR,22,23 ﬁnd signiﬁcantly higher relaxation rates of the water
in the collapsed state as compared with the swollen state.
Kyrey et al.24 report too that the immobile fraction decreases
substantially with humidifying the dried samples. Futscher et
al.,25 probing polymer conformation and hydrogen bonding via
Fourier transform infrared (FTIR), report a near-discontinuous shift at the volume phase transition.
A recent small-angle neutron scattering (SANS) study
examined the modiﬁcation of microgel compression when
the microgel is hollow.26 The scaling behavior of SANS
scattering curves seems to indicate distinct regimes for surface,
shell, and core of the microgel.27 Time-resolved X-ray
scattering studies have examined the nature of the collapse
transition,28 and recent microscopy and Raman spectroscopy
studies suggest it might be a two-step process.29 The goal of
the current work is to use deuterium (2H) NMR to directly
obtain information about the polymer segment dynamics of
microgels with the cross-linker molar fraction varied by an
order of magnitude.
2
H NMR has been used to elucidate structure in other soft
matter systems, e.g., bilayer-forming deuterated phospholipid.30−32 In that particular body of work, it has been noted that
pressure can not only change temperature-dependent phase
transition points30 but also alter the phase behavior and
introduce new structures (such as an interdigitated lamellar
phase).31,32 Examining 2H NMR spectra as a function of
pressure can therefore yield qualitative surprises: so far, in
microgels, hydrostatic pressure has been seen to reduce particle
size.5
In this work, we report a detailed 2H NMR study at ambient
pressure for four diﬀerent cross-linker molar fractions, ranging
from low (f = 0.011) to high (f = 0.127). At ambient pressure,
we characterize the material using the 2H NMR spectra and
quantify these spectra using the spectral areas and the ﬁrst
moments of the spectra. We then examine pressure-induced
changes to the phase diagram, from ambient pressures to
approximately 100 MPa, again for the four cross-linker molar
fractions.

■
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Figure 1. Structures of (a) the d7-NIPAM monomer used to make
side-chain-deuterated PNIPAM, (b) the d3-NIPAM monomer used to
make backbone-deuterated PNIPAM, and (c) a short portion of the
PNIPAM polymer.
work, is deuterated on the polymer side chains for the d7 case or along
the polymer backbone for the d3 case. Other reagents used in the
PNIPAM synthesis were the cross-linker, N,N′-methylenebis(acrylamide) (BIS) at a purity of 99%, the initiator, potassium
persulfate (KPS) at a purity of ≥98%, and the surfactant, sodium
dodecyl sulfate (SDS) at a purity of ≥98.5%. BIS, KPS, and SDS were
all obtained from Sigma-Aldrich Inc. (Oakville, ON, Canada).
Appropriate amounts11 of the deuterated NIPAM and BIS were
dissolved in water and then combined with an aqueous solution of
SDS in a 250 mL round-bottom ﬂask. This mixture was then degassed
using a gentle nitrogen stream with stirring and heated to 70 °C. To
initiate polymerization, an aqueous solution of KPS was slowly added
to the mixture. After addition of all reagents, the concentration of SDS
in the synthesis ﬂask was 0.8 mM. After 6 h of stirring under a
nitrogen atmosphere, the reaction was stopped by removing the
source of heat. As the mixture cooled overnight, stirring continued to
prevent particles from being trapped in the high-temperature
collapsed state. This suspension was then centrifuged at 35 °C, a
temperature at which the particles were expected to be in the
collapsed state, and the supernatant was removed. The resulting
microgel pellet was diluted in deionized water and redispersed over a
period of about 2 h using alternating applications of vortexing and
ultrasonication at a temperature of 30 °C. Following dispersion, the
suspension was dialyzed against deionized water for 1 week after
which a small fraction was diluted and characterized by dynamic light
scattering. The microgel was then freeze-dried and stored until use.
The relative amounts of polymer and cross-linker in a sample of
PNIPAM can be characterized by the ratio of the cross-linker and
deuterated monomer masses, mBIS/mNIPAM, or by the cross-linker
mole fraction f where
f −1 = 1 +

MWBIS
mBIS
MWd − NIPAM mNIPAM

(1)

MWBIS = 154.17 g/mol, and MWd‑NIPAM is 120 g/mol for d7-NIPAM
or 116 g/mol for d3-NIPAM. Side-chain-deuterated microgel, d7PNIPAM, was prepared with mBIS/mNIPAM = 7.5 wt %, which
corresponds to f = 0.053. Backbone-deuterated samples, d3-PNIPAM,
were prepared with mBIS/mNIPAM ratios of 1.5, 7.5, 13.6, and 19.5 wt
%. These correspond to cross-linker molar fractions of f = 0.011,
0.053, 0.092, and 0.127, respectively.
Molecular weights were not measured, but in the absence of other
complications such as the degree of cross-linking, there is a relation
between hydrodynamic radius and molecular weight (MW ∝ RH3).
On the other hand, Lopez and Richtering33 have shown, by reviewing
data from diﬀerent syntheses done by diﬀerent groups, that regardless
of the actual particle size or molecular weight, the ratio of swollen
particle size to collapsed particle size is a simple function of cross-link
density, RH(swollen)/RH(collapsed) ∝ f−2. Therefore, we do not
expect that the details of molecular weight are relevant to the
properties we are examining in this work.

EXPERIMENTAL SECTION

Deuterated Microgel Synthesis. The protocol used to
synthesize deuterated PNIPAM samples used in this work has been
described in detail previously.11 The NIPAM monomers used in the
synthesis were either d7-NIPAM, shown in Figure 1a, or d3-NIPAM,
shown in Figure 1b. Both forms of the NIPAM monomer were
obtained from Polymer Source Inc. (Dorval, QC, Canada). Figure 1c
shows a short portion of the PNIPAM polymer, which, for the current
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Dynamic Light Scattering. Dynamic light scattering (DLS) was
used to measure the temperature dependence of hydrodynamic radii
(RH) for microgel particles of d3-PNIPAM and d7-PNIPAM, both
synthesized with cross-linker molar fractions of f = 0.053. DLS
experiments were carried out using a Zetasizer Nano ZS instrument
(Malvern Instruments, Montreal, QC, Canada), as described
previously.11 For these experiments, the microgel samples were
suspended at 0.04 wt % in deionized water. For each measurement,
the distributions of radii were conﬁrmed to be unimodal.
2
H NMR Spectroscopy. 2H NMR spectra were acquired using
two locally assembled spectrometers. Ambient pressure spectra were
obtained using a 9.4 T superconducting magnet (Magnex Scientiﬁc
Inc., Abingdon, U.K.) at a 2H frequency of 61.4 MHz. Variablepressure spectra were obtained using a 3.5 T superconducting magnet
(Nalorac Cryogenics, Martinez, CA) at a 2H frequency of 23.2 MHz
using a locally constructed variable-pressure probe with a beryllium
copper pressure cell.30 For NMR experiments, deuterated microgel
samples were suspended in deuterium-depleted water using
mechanical mixing to obtain homogeneity. There was no adjustment
of pH. All PNIPAM microgel suspensions used for NMR experiments
were prepared at a concentration of 20 wt % with the exception of one
dilute sample (5 wt %) prepared to test for the possibility of motional
narrowing due to reorientation of whole microgel particles. Sample
temperatures were regulated to ±0.1 °C using a proportional−
integral−diﬀerential controller (model 325, Lake Shore Cryotronics
Inc., Westerville, OH). For ambient pressure experiments, suspensions with a volume of about 200 μL were sealed in a 400 μL glass
tube before being transferred to the NMR probe. For variablepressure experiments, ∼250 μL suspensions were sealed into
deformable capsules formed using polyethylene food wrap pouches
tightly sealed with dental ﬂoss ties. These were placed in a Teﬂon coil
holder within the probe pressure cell.30 The cell on the variablepressure probe was pressurized using hydraulic oil and a hand pump
as described elsewhere.30
For 2H NMR experiments on deuterated soft materials, it is
typically necessary to use a quadrupole echo sequence to shift the data
acquisition period away from the preampliﬁer dead time, between 10
and 20 μs, following the high-power π/2 pulse used to rotate the
sample magnetization away from the static magnetic ﬁeld direction.34
For these experiments, free induction decays used to generate spectra
were obtained by averaging between 1000 and 250 000 transients,
which were accumulated using quadrupole echo pulse sequences with
π/2 pulses having lengths of 3−4 μs and separated by intervals of 30
μs. For ambient pressure experiments, transients were digitized with a
dwell time of 1 μs and then processed35 to give eﬀective dwell times
of either 4 or 2 μs depending on the required spectral width. For
variable-pressure experiments, the processing was the same except
that the signal was only digitized with a dwell time of 2 μs.
For a carbon−deuterium (CD) bond undergoing axially symmetric
reorientation about a speciﬁc axis, and provided that the reorientation
time scale is short compared to the ∼10−5 s time scale characteristic of
the 2H NMR quadrupole echo experiment, the spectrum is a doublet
with a quadrupole splitting given by36
Δνq =

2
3 e qQ
3 cos2 θ − 1
(3 cos2 β − 1)
4 h
2
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Mn =

∫0 ωnS(ω) dω
∞

∫0 S(ω) dω

(3)

where S(ω) is the spectral intensity as a function of angular frequency
and the units of the spectral moments are powers of angular frequency
units. Deﬁning moments in this way allows for the calculation of odd
spectral moments. The ﬁrst spectral moment, M1, is proportional to
the average quadrupole splitting in a spectrum.
The quadrupole interaction is orientation-dependent, and the
extent to which the deuteron magnetization is refocused in the
quadrupole echo is aﬀected by CD bond reorientational motions that
alter the deuteron quadrupole interactions between the initial π/2
pulse and the formation of the echo, an interval of 60 μs for the
spectra obtained here. The decay of the quadrupole echo is
characterized by the echo decay rate R = T2e−1, where T2e is identiﬁed
as the quadrupole echo decay time. For a motion with correlation
time τc that modulates part of the quadrupole interaction, ΔM2 is
identiﬁed as the change in the deuteron spectral second moment due
to averaging of the quadrupole interaction by that motion.37,38 For
fast motions, satisfying the condition τc ≪ (ΔM2)−1/2, the
contribution to the echo decay rate is proportional to τc, while
motions for which τc ≫ (ΔM2)−1/2 result in a contribution to the
echo decay rate that is inversely proportional to τc and are identiﬁed
as slow.37−39
For a quadrupole echo sequence with π/2 pulses separated by an
interval τ, the echo is formed at time 2τ following the initial pulse. If
the sample contains populations of deuterons subject to diﬀerent CD
bond reorientational motions and thus having diﬀerent quadrupole
echo decay rates, the amplitude of the echo will be
A(2τ ) = A 0 ∑ fi e−2τR i
i

(4)

where A0 would be the amplitude of the echo for τ = 0 and f i is the
fraction of the deuterons subject to the echo decay rate Ri.40
Expansion and resummation of the exponential in eq 4 show that, for
short τ, the amplitude of the echo decays with an average rate R =
∑i f iRi.
Echo decay rates were measured for a 20 wt % suspension of d3PNIPAM, prepared with a cross-linker molar fraction f = 0.053, at T =
25 and 55 °C, and for a 5 wt % suspension of d7-PNIPAM, prepared
with the same cross-linker molar fraction, at 5° intervals between T =
25 and 60 °C. For each measurement, echo amplitudes were
measured for a series of π/2 pulse separations τ. The echo amplitudes
were plotted as ln[A(2τ)/A(2τmin)] versus 2τ, where A(2τmin) is the
amplitude of the echo obtained for the shortest pulse separation. The
initial slope of each plot gave the average echo decay rate R = T2e−1. If
the range of deuteron echo decay rates, Ri, is small, the echo decay is
expected to be exponential so that the resulting plot will be linear. If
the width of the Ri distribution is large, echo decay is expected to be
nonexponential, with the decay at large values of τ being dominated
by a signal from deuterons with smaller echo decay rates. In this case,
the initial decay will still reﬂect the average decay rate for the
deuterons contributing to the signal at short τ.

■

(2)

RESULTS AND DISCUSSION
H NMR Spectra of Dry d7-PNIPAM and d3-PNIPAM
Powders. Figure 2 shows 2H NMR spectra of dry d3-PNIPAM
and d7-PNIPAM powders, prepared with a cross-linker molar
fraction f = 0.053, at 25 °C. These spectra are Pake doublets
characteristic of randomly ordered quadrupole interaction
symmetry axes. In the case of the d3-PNIPAM dry powder
spectrum, the deuterons are on the polymer backbone and the
symmetry axes are the static CD bonds. The splitting of the
prominent 90° edges in the Pake doublet is ΔνQ ≈ 127 kHz,
which is characteristic of the full quadrupole interaction for a
CD bond. The narrower feature in the center of the spectrum,
with spectral edges at ±6 kHz, may reﬂect more mobile
2

In eq 2, e qQ/h ≈ 167 kHz is the quadrupole coupling constant for a
deuteron in a CD bond, β is the angle between the applied magnetic
ﬁeld and the symmetry axis for bond reorientation, and θ is the
instantaneous angle between the CD bond and the symmetry axis.
The average in eq 2 is over CD bond orientations sampled over the
time scale characteristic of the 2H NMR experiment. For a random
distribution of symmetry axis orientations, the superposition of
doublets gives rise to a Pake double spectrum with prominent edges at
the splitting corresponding to β = 90°.
The shape of an NMR line can be characterized by spectral
moments. 2H NMR spectra are symmetric, and it is convenient to
deﬁne moments with respect to the spectral center so that the nth
spectral moment is
2
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quadrupole echo sequence is thus expected to be negligible for
the dry PNIPAM powders. This negligible signal attenuation is
consistent with the observation that, when corrected for
number of scans and the amount of deuterium in each sample,
the spectral area for the dry d7-PNIPAM spectrum is only
∼40% higher than for the dry d3-PNIPAM spectrum despite
motional narrowing due to fast methyl group reorientation in
the d7-PNIPAM spectrum. The above observation is important
because, based on these considerations, immobilized segments
in hydrated suspensions of deuterated PNIPAM can be
expected to give rise to observable spectral features.
2
H NMR Spectra of d3-PNIPAM and d7-PNIPAM
Suspensions Prepared with f = 0.053. Samples of d3PNIPAM and d7-PNIPAM, both synthesized with a crosslinker molar fraction f = 0.053, were suspended in deuterium-

Figure 2. 2H NMR spectra of (a) dry d3-PNIPAM powder and (b)
dry d7-PNIPAM powder prepared with a cross-linker molar fraction f
= 0.053 at 25 °C. The dashed lines are guides to the 90° edges of the
Pake doublet powder patterns resulting from immobile methyl axes in
dry d7-PNIPAM powder or immobile carbon−deuterium bonds in dry
d3-PNIPAM powder.

segments in a region of the sample containing a small amount
of residual water. The sharp narrow features in the centers of
both spectra likely reﬂect the natural abundance deuterons in
the adsorbed atmospheric moisture.
The spectrum for the d7-PNIPAM dry powder is dominated
by the six methyl deuterons. The methyl CD bonds are
oriented at ∼110.9° to the methyl axis, and fast rotation about
the static methyl axis reduces the quadrupole splittings for
these deuterons by a factor of ∼1/3. The quadrupole coupling
constant for an amide deuteron is ∼20% higher than for a
deuteron on a CD bond,41 so the splitting for a static amide
deuteron should be slightly more than 3 times that of
deuterons reorienting around a static methyl axis. Because of
this and because the amide deuterons account for only 1/7 of
the deuterons in the sample, any signal from static amide
deuterons is expected to be much smaller than that from the
methyl deuterons. In Figure 2, spectrum b, there is a very low
level of spectral intensity that extends to ±63 kHz and this
presumably arises from static amide deuterons. Noise in that
weak spectral component, however, precludes a quantitative
comparison of its spectral area with that of the dominant
methyl deuteron spectral component. We are thus unable to
conclude whether the nonmethyl component accounts for all
of the amide deuterons or if some amide deuterons have been
lost in the polymerization and/or cross-linking steps of the d7PNIPAM synthesis. In either case, because of its larger splitting
and because it can account for no more than 1/7 of the total
deuteron signal, the amide deuteron spectral component is not
expected to contribute signiﬁcantly to the d7-PNIPAM 2H
NMR spectrum even for hydrated suspension samples.
For samples like the dry PNIPAM powders, reorientation of
the CD bonds, in the case of d3-PNIPAM, or of the methyl
axes in the case of d7-PNIPAM, is in the slow regime for which
τc ≫ (ΔM2)−1/2. For these cases, the contributions to the echo
decay rate due to segment reorientation are inversely
proportional to the eﬀectively inﬁnite correlation time for
that motion. In the absence of other transverse relaxation
mechanisms, this results in small echo decay rates and thus in
echo decay times that are long compared to the ∼10−5 s
characteristic time scale for the 2H NMR experiment.
Attenuation of the signal due to echo decay during the

Figure 3. (a) 2H NMR spectra of d3-PNIPAM prepared with a crosslinker molar fraction f = 0.053 and suspended at 20 wt % in
deuterium-depleted water. The spectra are normalized to a common
area. The left portion of each spectrum is magniﬁed vertically by a
factor of 16 to show spectral components arising from immobilized
backbone segments. The dashed line shows 63 kHz. (b) The
temperature dependence, for d3-PNIPAM prepared with a cross-linker
molar fraction f = 0.053, of (crosses) mean hydrodynamic radii,
obtained from dynamic light scattering from a dilute solution, and
(circles and squares) spectral areas, relative to T = 25 °C, after
adjusting to account for diﬀerences in the acquisition parameters.
Circles show the total spectral areas, and squares show areas
calculated from the narrow central component of each spectrum.

depleted water at concentrations of 20 wt %. Figure 3a shows
H NMR spectra for this d3-PNIPAM suspension between 25
and 60 °C. These spectra have been normalized to a common
spectral area. At lower temperatures (35 °C and below), the
suspension is in the swollen phase (below the collapse
transition temperature of the PNIPAM microgel) and the
spectra are characteristic of fast, nearly isotropic reorientation
of the deuterated backbone segments. As the suspension is
2
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warmed from 35 to 40 °C, the central feature broadens but
does not develop sharp features characteristic of speciﬁc
quadrupole splittings. This likely indicates that backbone
segment motions in the collapsed phase are more constrained
but that the distribution of quadrupole splittings remains
continuous and heavily weighted toward larger amplitude,
nearly isotropic motions.
One question that must be addressed with regard to this
observation is whether the nearly isotropic averaging of the
quadrupole interaction responsible for the narrow spectroscopic features arises from reorientation of polymer segments
internal to the microgel particles or from fast reorientation of
the entire particles. In the collapsed phase, the magniﬁed
portions of each spectrum, displayed on the left side of Figure
3a, show the emergence of a small spectral component with a
quadrupole splitting of ∼127 kHz. This spectral feature
corresponds to static CD bonds in a small fraction of backbone
segments that are immobilized, and dehydrated, at the cores of
the collapsed microgel particles in that phase. The observation
of a spectral component corresponding to immobilized
segments precludes the possibility that fast, isotropic tumbling
of the microgel particles could be responsible for the narrow
spectral component seen in the swollen phase. This is because
the fast isotropic particle reorientational motions would
continue to occur in the collapsed phase. The diﬀerence
between the collapsed and swollen phase spectra must
therefore arise from profound motional diﬀerences in the
internal degrees of freedom. Accordingly, the segment motion
responsible for nearly complete averaging of quadrupole
interactions at temperatures below the collapse transition
must reﬂect large amplitude internal reorientation of the
polymer backbone segments, presumably about the average
local backbone direction.
The circles and squares in Figure 3b show the relative areas
of the spectra in Figure 3a before normalization of the spectra
but after scaling to account for diﬀerences in the numbers of
scans averaged to obtain each spectrum. Circles show the
relative areas of the total spectra, and squares show the relative
areas of the narrow central features only. It is apparent from
Figure 3 that the spectral area drops sharply at the collapse
transition.
For spectra acquired using the quadrupole echo sequence,
intensity can be very sensitive to the quadrupole echo decay
time T2e. Figure S1 in the Supporting Information shows
quadrupole echo decay measurements on this d3-PNIPAM
suspension in the swollen phase, at T = 24 °C, and in the
collapsed phase, at T = 55 °C. In the swollen phase, the
average quadrupole echo decay time is 1292 μs. The
quadrupole echo decay times for all backbone deuterons are
thus long relative to the 70 μs time between the initial
radiofrequency pulse, and the formation of the echo and the
spectral area reﬂects the total deuteron population in the
sample.
In the collapsed phase, the average echo decay time is 323 μs
and the decay is nonexponential, indicating that there are
deuteron populations with signiﬁcantly diﬀerent echo decay
rates. Even though the echo decay time is shorter than in the
swollen phase, attenuation due to decay with this characteristic
time over the 60 μs interval before the formation of the echo
should only remove ∼20% of the deuteron signal compared to
the ∼90% signal loss actually observed at the collapse
transition. This implies that, in the collapsed phase, a
signiﬁcant fraction of deuterons in the d3-PNIPAM suspension

Article

do not contribute to the observed 2H NMR spectrum or to the
observed echo decay time.
As noted above, the quadrupole echo decay rate, R = T2e−1,
is proportional to the correlation time, τc, for fast motions and
inversely proportional to τc for slow motions. As pointed out
by Pauls and co-workers,37 the implication of these dependences of the quadrupole echo decay rate on τc in the fast and
slow motion regimes implies that there must be a minimum in
echo decay time (maximum in echo decay rate) for τc ≈
(ΔM2)−1/2. An example of this can be seen for chaindeuterated phospholipid bilayers for which there is a minimum
in T2e at the gel-to-liquid crystal transition where acyl chain
reorientation moves from the slow regime into the fast
regime.31 On cooling, T2e values for such bilayers also
approach a second minimum as motion associated with
trans-gauche isomerization begins to freeze out.
For the deuterated microgel suspensions studied here, the
segments’ motional correlation times are expected to increase
at the collapse transition. Segments for which motional
correlation times are close to those at the echo decay time
minimum will be, in eﬀect, invisible to quadrupole echo 2H
NMR observations. This likely accounts for the signiﬁcant loss
in the 2H NMR signal from deuterated PNIPAM suspensions
as they are warmed through the collapse transition. Additional
immobilization of polymer segments as the temperature is
increased within the collapsed phase would be expected to
result in an increasing T2e and a consequent recovery of the
spectral area.
Given that the majority of segments make little contribution
to the spectral area in the collapsed phase, the echo decay time
for most deuterated segments in that phase must be shorter
than a few tens of microseconds. The diﬀerence between the
areas indicated by the circles and squares in Figure 3b reﬂects
the spectral area associated with the spectral component
arising from immobile chain segments for which the echo
decay time is long compared to the 2H NMR characteristic
time (∼10−5 s). This diﬀerence, ∼1% of the total spectral area
in the swollen phase, provides an estimate of the fraction of
polymer segments that are fully immobilized in particle cores
in the collapsed phase. Overall, there is a drop in spectral area
at the collapse transition that is not followed by a subsequent
recovery of the spectral area at higher temperatures. This
implies that the motions of most chain segments in the
collapsed phase are slower than they are in the swollen phase
but also that, in the collapsed phase, most segments remain
mobile on the 2H NMR time scale. This is consistent with our
earlier observation11 that the particle volume fraction in the
collapsed phase is only 0.4, meaning that water still accounts
for ∼60% of the collapsed phase particle volumes.
The crosses in Figure 3b show the mean hydrodynamic
radius for a dilute suspension of d3-PNIPAM obtained by DLS.
The mean hydrodynamic radius scale, on the right edge of the
graph, has been positioned to illustrate the correspondence
between the changes in the relative spectral area and particle
size. The sharp drop in particle radius coincides closely with
the sharp loss in the 2H NMR signal seen at the collapse
transition. This conﬁrms that the signal from deuterated
backbone segments in PNIPAM microgel particles is sensitive
to the state of the microgel particles and can be used as a
microscopic method to identify the collapse transition
temperature.
For 2H NMR studies of other soft systems, like phospholipid
bilayers, spectral moments are often used to characterize phase
13668
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Figure 3, the d7-PNIPAM spectra are narrower and there is no
evidence of a spectral component corresponding to immobile
methyl axes. This indicates that while a small fraction of the
polymer backbone segments are immobilized in the collapsed
phase, the extra motional freedom associated with the
deuterated side chains in the d7-PNIPAM particles results in
the correlation times remaining in the intermediate range for
which T2e is close to a minimum. As in the d3-PNIPAM case,
there is a sharp drop in spectral area at the collapse transition
that also coincides with the corresponding drop in the mean
hydrodynamic radius. The relative spectral area in the
collapsed phase for d7-PNIPAM is not as small as for d3PNIPAM. This likely indicates that the echo decay times for a
fraction of the side-chain deuterons remain longer than T2e at
the echo decay time minimum, presumably due to the extra
motional freedom of the side chains relative to the deuterated
backbone segments.
Because of the higher 2H NMR signal expected for d7PNIPAM, due to its higher degree of deuteration, it was
possible to obtain spectra for samples of the microgel at lower
concentrations. A suspension of d7-PNIPAM was also prepared
at a concentration of 5 wt % to assess the extent to which
observations might be sensitive to particle−particle interactions. Figure S2 shows the spectra, scaled spectral area, and
ﬁrst spectral moments for the 5 wt % suspension of d7PNIPAM having a cross-linker molar fraction of f = 0.053. The
mean hydrodynamic radius, from DLS, is also shown for a
dilute suspension of d7-PNIPAM. Comparison with the
observations shown in Figure 4 suggests that the dynamics
reﬂected by the 2H NMR observations of the more
concentrated microgel suspensions are not substantially
aﬀected by particle−particle interactions. It should also be
noted that the results shown in Figure S2 were obtained during
the second cycle of that d7-PNIPAM suspension through the
collapse transition, suggesting that the d7-PNIPAM particles
were stable over at least a small number of cycles through the
transition. This is notable given the recent report that
deuteration of the methyl side chains can constrain crosslinking in d7-PNIPAM.42
Figure 5 shows a more detailed comparison of the spectra
for d3-PNIPAM and d7-PNIPAM, both with cross-linker molar
fractions f = 0.053 and both suspended at 20 wt %. Panels a
and b compare the spectra for the two PNIPAM samples at T
= 25 and 55 °C, respectively. Spectra in panels a and b have
been normalized to a common spectral area, and then the
spectra in panel b have been magniﬁed vertically by a factor of
10 to facilitate comparison. At T = 25 °C, and thus in the
swollen phase, the d7-PNIPAM spectrum is narrower than the
d3-PNIPAM spectrum. This reﬂects the additional motional
freedom of the side groups compared to chain backbone
segments. At T = 55 °C, and thus above the collapse transition,
the residual spectral components corresponding to mobile
segments are similar for both samples. Panel b shows spectra at
T = 55 °C for which the samples are in the collapsed phase. In
the d3-PNIPAM spectrum, the distinct spectral component
with a quadrupole splitting close to 127 kHz arises from
immobile backbone segments. For d7-PNIPAM at T = 55 °C,
the largest quadrupole splitting that would be expected for a
spectral component arising from deuterated methyl groups
with immobile axes would be about 40 kHz as seen from the
dry powder spectrum shown in Figure 2. The central feature of
the d7-PNIPAM spectrum in Figure 5b still displays some
intensity at that splitting but there does not appear to be a

behavior in terms of the component orientational order. For
the present case, though, spectral moments would only provide
information about the population of deuterons contributing to
the observed 2H NMR signal. In the collapsed phase, this
reﬂect only a small, and likely atypical, fraction of the
deuterated segments in the sample. For that reason, we have
chosen to make use of spectral intensity as one of the
indicators of phase behavior in the deuterated PNIPAM
microgels studied here. In eﬀect, the change in spectral
intensity at the transition is reporting on the fraction of the
sample for which segment dynamics change substantially at the
transition and is thus a property of the whole sample rather
than just the part that remains spectroscopically observable in
the collapsed phase.
Figure 4a shows 2H NMR spectra for the 20 wt %
suspension of d7-PNIPAM, also prepared with a cross-linker

Figure 4. (a) 2H NMR spectra of d7-PNIPAM prepared with a crosslinker molar fraction f = 0.053 and suspended at 20 wt % in
deuterium-depleted water. The spectra are normalized to a common
area and then scaled vertically as indicated. (b) Temperature
dependence, for d7-PNIPAM prepared with a cross-linker molar
fraction f = 0.053, of (crosses) mean hydrodynamic radii, obtained
from dynamic light scattering from a dilute solution, and (circles)
spectral areas, relative to T = 25 °C.

molar fraction of f = 0.053. The spectra are normalized to a
common spectral area and then scaled, as indicated, to
facilitate display as stacked spectra. It should be noted that the
frequency axis in this ﬁgure spans a smaller range than the
corresponding axis in Figure 3. The frequency range chosen
can be justiﬁed by the observation that even for the dry d7PNIPAM spectrum, the intensity was concentrated between
±40 kHz. Figure 4b shows the areas of the spectra in Figure 4a,
relative to the 25 °C spectrum, along with the mean
hydrodynamic radii for a dilute suspension of this d7-PNIPAM.
As reported by Brugnoni et al.,42 the collapse transition
temperature for d7-PNIPAM is about 5° higher than for d3PNIPAM. Compared to the d3-PNIPAM spectra shown in
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collapse transition of the side-chain-deuterated version.42 As
noted above, while the current study suggests that d7-PNIPAM
is stable through at least two cycles through the collapse
transition, it also ﬁnds a diﬀerence in the collapse transition
temperatures for d7-PNIPAM and d3-PNIPAM. Notwithstanding those considerations, the comparisons drawn in Figure 5
suggest that 2H NMR observations of d3-PNIPAM are more
sensitive to the collapse transition and can potentially provide
more detailed information than those of d7-PNIPAM.
2
H NMR Spectra of d3-PNIPAM Suspensions Prepared
with Diﬀerent Cross-Linker Molar Fractions. Samples of
d3-PNIPAM were also prepared with cross-linker molar
fractions of f = 0.011, 0.092, and 0.127. Spectra collected
between T = 25 and 60 °C for samples prepared at all crosslinker molar fractions and suspended at 20 wt % are shown in
Figure S3. Figure 6 compares spectra obtained at T = 25, 40,
and 55 °C for samples prepared with all four cross-linker molar
fractions. Figure 6a shows that at T = 25 °C, d3-PNIPAM
particles prepared with f = 0.092 and 0.127 show evidence for a
small fraction of immobile backbone segments even though

Figure 5. Comparison of 2H NMR spectra for 20 wt % suspensions of
d3-PNIPAM and d7-PNIPAM, both prepared with a cross-linker molar
fraction f = 0.053 at (a) 25 °C and (b) 55 °C. Spectra have been
normalized to a common spectral area, and then the spectra in panel
(b) have been magniﬁed vertically by a factor of 10. (c) Temperature
dependence of 2H NMR ﬁrst spectral moments M1 for 20 wt %
suspensions of (circle) d7-PNIPAM and (box) d3-PNIPAM, both
prepared with a cross-linker molar fraction f = 0.053.

distinct spectral component that could be identiﬁed with
immobile side chains. This is not surprising given that the sidechain segments should still have some motional freedom even
if they are attached to largely immobilized backbone segments.
Figure 5c shows a comparison of the ﬁrst spectral moments for
the observable spectral intensity from the two samples. Both
samples show an increase in the average quadrupole splitting at
the collapse transition. The absolute change in M1 at the
transition is larger for d3-PNIPAM than for d7-PNIPAM but
the relative change is actually slightly larger for d7-PNIPAM
than for d3-PNIPAM. However, because signiﬁcant fractions of
each sample do not contribute to the 2H NMR signal above
the collapse transition, it is diﬃcult to draw further conclusions
from a comparison of the changes in M1 for the two samples.
The decrease in M1 at higher temperatures for the d3-PNIPAM
suspension in Figure 5c likely reﬂects an increase in the
amplitude of reorientational motions with increasing temperature in the collapsed phase.
Recently, it has been argued that a reduced contribution
from self-cross-linking in d7-PNIPAM, relative to undeuterated
PNIPAM or d3-PNIPAM, inﬂuences the properties and

Figure 6. 2H NMR spectra for 20 wt % suspensions of d3-PNIPAM
prepared at the indicated cross-linker molar fractions at (a) T = 24
°C, (b) T = 40 °C, and (c) T = 55 °C. Spectra have been normalized
to a common spectral area. Panel (d) shows the relative 2H NMR
spectral areas for suspensions of d7-PNIPAM prepared at cross-linker
molar fractions of (circle) f = 0.011, (square) f = 0.053, (triangle) f =
0.092, and (diamond) f = 0.127. Areas have been scaled to account for
diﬀerences in the number of monomers in a given sample and for the
number of scans acquired for a given spectrum. Plotted spectral areas
are relative to the spectral area for the f = 0.011 suspension at T = 20
°C. Panel (e) shows the ﬁrst spectral moment, M1, versus the crosslinker molar fraction for (circle) T = 25 °C, (square) T = 40 °C, and
(ﬁlled triangle) T = 55 °C.
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small to give rise to an observable fraction of immobilized
segments in the swollen phase but too large to result in
collapse to a predominantly immobilized segment core in the
collapsed phase.
The observations in Figure 6, and in earlier studies involving
varying cross-linker densities,11,19 illustrate some interesting
points regarding how cross-linkers aﬀect PNIPAM microgel
properties. The cross-linkers associate polymer chains into
mesoscopic particles but the collapse is a property of the
polymer−solvent interactions. At small cross-linker density,
particle properties are dominated by the polymer−solvent
interaction and collapse, at the lower critical solution
temperature, is unconstrained by other interactions. For
small f, polymers in a particle are only lightly constrained by
cross-linkers in the swollen phase, and chain packing is only
lightly constrained by the presence of cross-linkers in the
collapsed phase. For the lowest cross-linker density studied
here, f = 0.011, there is no evidence of immobilized segments
in the swollen phase and, in the collapsed phase, the majority
of the observable 2H NMR signal reﬂects deuterons on
immobilized segments. At higher cross-linker densities, the
presence of cross-linkers imposes additional constraints on the
polymers. In the swollen phase, polymer motions are less free
than in the absence of cross-linkers. For the highest crosslinker densities studied here, a small fraction of polymer
segments are even immobilized in the swollen phase. In the
collapsed phase, the presence of cross-linkers appears to hinder
the polymers from achieving the most compact packing and
the fraction of deuterons on immobilized segments is smaller
for f = 0.127 than for f = 0.011. It is this constraining eﬀect of
cross-linkers, both on polymer chain freedom in the swollen
phase and on polymer chain packing in the collapsed phase,
that results in the sharpness of the collapse transition
decreasing with increasing cross-linker molar fraction.
Pressure−Temperature Phase Diagrams for d3-PNIPAM Suspensions. The preceding observations suggest that
the sharp decrease in the 2H NMR spectral area at the collapse
transition of d3-PNIPAM suspensions can be attributed to a
loss of signal, from a large fraction of backbone segments, due
to a slowing of their reorientational motions into a regime for
which quadrupole echo decay times are short relative to the
characteristic time for the 2H NMR experiment. This
sensitivity of the spectral area to backbone chain motion
provides a way to identify PNIPAM phase changes in response
to changes in other parameters such as pressure. Figure 7
compares the temperature dependence of relative spectral area,
at ambient and elevated pressure, for suspensions of d3PNIPAM prepared with f = 0.011, 0.053, and 0.127. For each
suspension, the quantity plotted is relative to the spectral area,
for that suspension, at low temperature (T = 20 °C for f =
0.011 and 0.053 or T = 25 °C for f = 0.053) after accounting
for the number of scans acquired for each spectrum. Panel a
shows that the collapse transition for the sample with a low
cross-linker molar fraction, f = 0.011, is only weakly dependent
on applied pressure. For the sample with the highest crosslinker molar fraction, f = 0.127, the transition, as noted above,
is already broadened at ambient pressure. Panel c shows that,
for this suspension, increasing pressure reduces the magnitude
of the change in the spectral area at the transition. The spectral
area in the collapsed phase for f = 0.0127 is only weakly
sensitive to applied pressure but chain motions in the swollen
phase of that sample are sensitive to applied pressure. Figure
7b indicates that, for the f = 0.053 suspension, there is little

this temperature is below the collapse transition so that the
samples are in the swollen phase. There is no evidence for
immobile backbone segments at this temperature for the lower
cross-linker molar fractions, f = 0.053 or 0.011. Panel b shows
that at T = 40 °C, which is just above the collapse transition, a
small fraction of the backbone segments are immobile for f =
0.053 and the two samples with higher cross-linker molar
fractions but the 40 °C spectra for all three (f = 0.053, 0.092,
and 0.127) are still dominated by the narrow central feature
corresponding to spectroscopically visible mobile segments.
For f = 0.011, the spectrum at T = 40 °C is dominated by the
spectral component corresponding to immobile backbone
segments and the narrow central component is almost
completely absent. From T = 40 to 55 °C, the immobile
segment spectral components become a little more prominent
in the spectra of the f = 0.053, 0.092, and 0.127 samples. Above
the collapse transition, the central features for the f = 0.092 and
0.127 spectra begin to develop shoulders, which are denoted
by arrows in panels b and c. This indicates that, for the higher
cross-linker molar fractions, there are relatively fewer backbone
segments undergoing nearly isotropic reorientation.
Figure 6d shows the relative spectral areas for samples
prepared with the four studied cross-linker molar fractions after
accounting for diﬀerences in numbers of scans and total
monomer mass per sample. The relative change in the spectral
area at the collapse transition is much larger for lower crosslinker molar fractions than for higher cross-linker molar
fractions. This is consistent with the cross-linker molar fraction
dependence of the change in hydrodynamic radius reported
earlier.11 Once again, this microscopic measure reﬂecting the
particle’s internal environment correlates well with the overall
particle size.
It is notable that contributions from the immobile segment
spectral components in Figure 6b,c do not change monotonically with cross-linker molar fractions. This is reﬂected in
Figure 6e, which shows the ﬁrst spectral moments, M1, versus
cross-linker molar fraction at T = 25, 40, and 55 °C. The
nonmonotonic change in spectral shape with increasing crosslinker molar fraction, in the collapsed phase, presumably
reﬂects the competition between two eﬀects of cross-linker
mole fractions on microgel behavior. The ﬁrst eﬀect is that, for
a high cross-linker mole fraction f, there is a small fraction of
immobilized segments, presumably in the particle cores, even
in the swollen phase. This is consistent with an earlier
suggestion that, for higher levels of cross-linking, some of the
PNIPAM remains nonhydrated even in the swollen phase.19 It
has also been reported, though, that, in the swollen phase,
some water exhibits reduced mobility,23,24 suggesting that
there might still be a population of motionally restricted water
interacting with immobilized polymer segments. At the
transition to the collapsed phase, the amount of immobilized
material increases slightly but a higher density of cross-links
constrains the magnitude of the change in particle properties at
the transition, as was noted earlier.11 This leads to a high value
of the ﬁrst spectral moment M1 at high f in the collapsed phase.
The second eﬀect is that, at low cross-linker molar fraction,
changes in the microgel properties at the transition, including
the mean hydrodynamic radius, are larger and more abrupt as
demonstrated by the dominance of the immobilized segment
spectral component in the collapsed phase for f = 0.011. This
leads to a high M1 at low f in the collapsed phase. The sample
with a cross-linker molar fraction f = 0.053 appears to be an
intermediate case where the cross-linker molar fraction is too
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Figure 7. Relative 2H NMR spectral areas for 20 wt % suspensions of
d3-PNIPAM prepared with cross-linker molar fractions of (a) f =
0.011, (b) f = 0.053, and (c) f = 0.127 at (circle) ambient pressure,
(square) 30 MPa, (triangle) 60 MPa, and (diamond) 90 MPa. For
each panel, the spectra were scaled to account for the number of scans
acquired to obtain each spectrum. For panels (a) and (c), the plotted
areas are relative to the area of the ambient pressure spectrum at T =
20 °C for that sample. For panel (b), the plotted areas are relative to
the area of the ambient pressure spectrum at T = 25 °C for the f =
0.053 sample. Spectra were acquired at 3.5 T using a variable-pressure
NMR probe.

Article

Figure 8. (a) 2H NMR spectra for a 20 wt % suspension of d3PNIPAM prepared with a cross-linker molar fraction f = 0.053
acquired at an applied pressure of 60 MPa. The upper spectrum was
obtained in the swollen phase T = 25 °C. The center spectrum was
obtained in the semiswollen state at T = 38 °C. The lower spectrum
was obtained in the collapsed phase at T = 25 °C. The spectra have
been scaled to account for the diﬀerence in numbers of scans used for
acquisition. Spectra were acquired at 3.5 T using a variable-pressure
NMR probe. Panels to the right show pressure−temperature phase
diagrams for d3-PNIPAM microgel particles with cross-linker molar
fractions of (b) f = 0.011, (c) f = 0.053, (d) f = 0.092, and (e) f =
0.127. Phase diagrams were obtained by using the 2H NMR signal
intensity to distinguish (circle) the swollen phase, (triangle) a
semiswollen particle state, and (squares) the collapsed phase. For
each phase diagram, a dashed line has been drawn through the
semiswollen region as a guide. The phase diagram for f = 0.053 shows
points obtained from two diﬀerent samples having the same
composition.

diﬀerence between the signal in the swollen phase at P = 60
MPa compared to ambient pressure. In this sense, the response
of the f = 0.053 sample is similar to that of the sample with
lower cross-linker molar fraction. The relative insensitivity of
the transition to pressure for low cross-linker molar fractions is
consistent with a reported ﬁnding that the collapse transition
enthalpy is higher at lower cross-linker molar fractions.19 The
sensitivity of the spectral area to pressure in the swollen phase
of the d3-PNIPAM with higher cross-linker molar fractions, as
seen in Figure 7c, suggests that, for higher molar fraction,
portions of the highly cross-linked microgel particle may be
more compressible than is the case for lower levels of crosslinking for which the polymer is expected to be nearly fully
hydrated. Compressibility of some fraction of the polymer
network in more highly cross-linked microgel particles is
consistent with the earlier suggestion, based on observations of
transition enthalpy, that more highly cross-linked particles
contain a portion of nonhydrated polymer.19 The higher
compressibility in the more highly cross-linked particles may
indicate the presence of free volume in such particles.
The sensitivity of the d3-PNIPAM 2H NMR spectral area to
the collapse transition was used to obtain pressure−temperature phase diagrams for suspensions of d3-PNIPAM prepared
with cross-linker molar fractions f = 0.011, 0.053, 0.092, and
0.127. Figure 8a illustrates the distinction between spectra in
the swollen and collapsed phases and also shows a spectrum

that was identiﬁed as falling between these phases. It shows 2H
NMR spectra for a 20 wt % suspension of d3-PNIPAM with a
cross-linker molar fraction f = 0.053 for three temperatures at
an applied pressure of 60 MPa. In the variable-pressure NMR
spectrometer, the signal is limited both by the smaller magnetic
ﬁeld (3.5 T) and by the small sample volume that can be
accommodated in the deformable polyethylene capsules used
with that probe. In Figure 8a, the spectra for T = 25 and 38 °C
required 20 000 scans, while the spectrum for T = 50 °C
required 100 000 scans. Persistent baseline distortion, possibly
from residual deuterons in some materials used to construct
the variable-pressure probe, interfered with the observation of
signal from immobile backbone segments in the collapse phase
even with substantial signal averaging. Nevertheless, by
sampling pressures between ambient and 133 MPa for
temperatures between 25 and 50 °C, it was possible to
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positive transition enthalpies reported by Andersson and
Maunu19 over a cross-linker concentration range that,
expressed as a cross-linker molar fraction, would be f =
0.012−0.091 and thus comparable to the range of cross-linker
molar fractions studied here. The thermodynamic analysis
reported by Kunugi et al.10 also implies a positive Δs at the
collapse transition. The positive slope of the pressure−
temperature coexistence line, at the pressures studied here,
thus implies that the change in speciﬁc volume associated with
the displacement of water at the collapse transition must also
be positive.
The slope of the coexistence line in Figure 8b−e is seen to
decrease with an increasing cross-linker molar fraction f. The
ﬁrst step in interpreting this observation is to note that both Δs
and Δv can be shown to decrease with an increasing crosslinker molar fraction f. Andersson and Maunu19 ﬁnd that the
enthalpy change at the collapse transition decreases from about
1 kcal/mol at a lower cross-linker molar fraction to less than
0.4 kcal/mol at a higher cross-linker fraction. They attribute
the lower transition enthalpy to the presence, at higher f, of a
signiﬁcant fraction of nonhydrated polymer in the swollen
phase. This implies that Δs at the transition must decrease with
increasing cross-linker molar fraction. This interpretation is
supported by the eﬀect of a cross-linker molar fraction on the
change in the spectral area at the transition, shown in Figure
6d.
With regard to how Δv changes with a cross-linker molar
fraction, it has already been noted that highly cross-linked
particles, in the swollen phase, are reported to contain some
nonhydrated polymer.19 This point is supported by the higher
swollen phase compressibility of the f = 0.127 PNIPAM,
compared to that of the lower f samples, as implied by the
observations shown in Figure 7. If higher levels of cross-linking
are associated with the existence of some nonhydrated polymer
even in the swollen phase, then the fraction of polymer that is
dehydrated at the collapse transition will be smaller for higher
cross-linker molar fraction than for lower cross-linker molar
fraction. In eﬀect, at higher cross-linking levels, a smaller
fraction of polymer is aﬀected by the collapse transition than at
lower cross-linking levels. Additional evidence that Δv must
decrease with increasing cross-linker molar fraction is provided
by earlier work11 on the same deuterated materials, in which
we found that, at 45 °C, and thus in the collapsed phase, the
volume fraction of polymer within the particle is unchanged
with a cross-linker molar fraction and has a value ϕ = 0.40 ±
0.04. In the same work, it was found that the maximum particle
swelling factors RH(5 °C)/RH(45 °C) decrease systematically
from 16 ± 1 for f = 0.011 to 3.9 ± 0.4 for f = 0.127.
Based on the preceding considerations, it can be concluded
that Δs and Δv for the collapse transition both decrease with
increasing cross-linker molar fraction. The decrease in the
coexistence line slope with increasing cross-linker mole fraction
seen in Figure 8b−e thus implies that the eﬀect of the crosslinker molar fraction on Δv is weaker than on Δs.

identify regions of the pressure−temperature diagrams
corresponding to the swollen phase and the collapsed phase
based on diﬀerences in absolute signal intensity. Additional
examples of spectra used to characterize the pressure−
temperature phase behavior of the PNIPAM suspensions are
shown in the Supporting Information. Figure S4 shows 2H
NMR spectra for a suspension of d3-PNIPAM prepared with f
= 0.011 at ambient pressures 30, 60, and 90 MPa. Figure S5
shows the corresponding 2H NMR spectra for a suspension of
d3-PNIPAM prepared with f = 0.127. Figure S6 shows 2H
NMR spectra covering a range of temperatures at 60 MPa for
all four cross-linker molar fractions. In each of these ﬁgures, the
transition from the swollen to the collapsed phase results in a
sharp and clearly identiﬁable change in apparent spectral
intensity.
Figure 8b−e shows partial pressure−temperature phase
diagrams for d3-PNIPAM suspensions with cross-linker molar
fractions of f = 0.011, 0.053, 0.092, and 0.127, respectively. For
f = 0.053, data was obtained using two samples. One was
contained in a polyethylene capsule formed by heat-sealing a
short segment cut from a disposable polyethylene pipette. The
other f = 0.053 sample was contained in a thinner-walled
capsule formed from a pouch of polyethylene food wrap ﬁlm
sealed by a dental ﬂoss tie. The two f = 0.053 samples
displayed consistent phased behaviors and have been plotted
together. For the other three cross-linker densities, samples
were contained in the thinner-walled polyethylene ﬁlm
pouches. The thinner-walled containers were used in an
attempt to improve the signal-to-noise ratio by increasing the
amount of sample that could be observed.
A three-dimensional plot of the spectral area data used to
construct the pressure−temperature phase diagrams for the f =
0.011 sample and a three-dimensional plot of the spectral area
for the f = 0.053 data set covering the widest ranges of pressure
and temperature are shown in Figure S7 of the Supporting
Information. These plots illustrate how pressure−temperature
points are identiﬁed as corresponding to the swollen or
collapsed phase. Points corresponding to the swollen phase
form a “plateau” region with relative areas all above about 0.8.
The boundary of this region, within which the relative area is
only weakly dependent on temperature, is reasonably well
deﬁned. Points corresponding to the collapsed phase fall in a
sharply bounded region with relative areas less than 0.1.
Pressure−temperature points between these boundaries, for
which the spectral area was intermediate and strongly
temperature-dependent, are identiﬁed as semiswollen.
Figure 8 shows that, at low cross-linker molar fraction, the
collapse transition temperature is only weakly dependent on
applied pressure. For the higher cross-linker molar fractions,
the transition temperature increases with increasing applied
pressure. The weak dependence of collapse transition on
applied pressure is similar to observations reported by Kunugi
et al.10 using dynamic light scattering.
The slope of the coexistence line in a pressure−temperature
phase diagram is given by the Clausius−Clapeyron relation
dP
Δs
=
dT
Δv

Article

■

CONCLUSIONS
The microgels prepared for this study consist of particles that
are made of deuterated thermoresponsive polymers (d3PNIPAM and d7-PNIPAM) prepared with varying cross-linker
molar fraction densities, f = 0.11, 0.053, 0.092, and 0.127. 2H
NMR observations at ambient pressure indicated a collapse
transition temperature between 30 and 40 °C for all samples.
In the swollen phase, the 2H NMR spectra for all of the

(5)

where Δs is the change in speciﬁc entropy at the transition and
Δv is the change in a speciﬁc volume at the transition. The
collapse transition involves the displacement of water from
microgel particles, so the change in speciﬁc entropy at the
transition is expected to be positive. This is consistent with the
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is consistent with the ﬁnding by Anderson and Maunu,19 using
DSC, that the collapse transition enthalpy decreases slightly
with increasing f.

suspensions studied are predominantly characteristic of fast,
nearly isotropic reorientation of the deuterated polymer
segments. For samples with the highest f, the swollen phase
spectra also contain a very small doublet component
characteristic of static CD bonds, indicating a small population
of immobilized polymer segments. At the collapse transition,
the echo decay times for deuterons on the majority of polymer
segments become too short for the signal to be observed from
those deuterons. This indicates that the segment motion in the
collapsed phase persists, which is consistent with previous
studies indicating the persistence of hydration in the collapsed
phase, but that the correlation times for any residual motions
are in the range for which the quadrupole echo decay rate is a
maximum. The observable spectra in the collapsed phase
contained a spectral component characteristic of nearly
isotropic reorientation, indicating a small population of freely
reorienting segments, and spectral components with prominent
edges near ±63 kHz that are characteristic of deuterons on
immobilized polymer segments. For the sample with the lowest
f, the collapsed phase spectrum is dominated by the
immobilized segment signal. Because the observable 2H
NMR spectra from collapsed phases of the deuterated
PNIPAM suspensions do not contain signal from the majority
of the sample polymer segments, for which the quadrupole
echo decay time is very short and for which polymer chain
motion is probably not isotropic, it was concluded that spectral
moments do not fully characterize microgel properties in the
collapsed phase. On the other hand, changes in the spectral
area relative to a swollen phase spectrum to which all segments
contribute do reﬂect segment dynamics and can provide an
indication of the microgel microscopic state that tracks
changes in hydrodynamic radius.
The observed spectra indicate that, for higher f, there is a
small population of polymer segments in the swollen phase
that do not reorient freely. The collapse transition, as tracked
by the relative spectral area, is found to be sharpest for the
lowest cross-linker molar fractions, indicating that constraints
imposed by cross-linking limit both the extent of swelling and
the extent of collapse. The relative spectral area was also used
to characterize phase behavior, for suspensions at the crosslinker molar fractions studied, at pressures up to 90 MPa. This
variable-pressure NMR study showed that the collapse
transition temperature is increased by an increase in pressure.
This increase was most noticeable for the highest cross-linker
molar fractions, meaning that the steepest coexistence line, and
thus the highest dP value of the slope, was for the lowest cross-
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dT

linker molar fraction. According to the Clausius−Clapeyron
equation, the slope of the coexistence line dP represents Δs .
dT

Article

■

Δv

The change in speciﬁc volume Δv is the change in the sample
overall volume, including both the water and the polymer
molecules. On warming through the collapse transition at 35
°C, the change from hydrated polymer to hydrophobic
polymer involves a small increase in the sample volume.10 In
the swollen phase, the water molecules and the solvated
polymer molecules pack more densely than in the collapsed
phase where water and polymer separate and polymer chains
interact hydrophobically. Given that Δv is positive at the
transition, the observation that dP is positive indicates that the
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