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Abstract

In this article we present recent data highlighting the power of (fluorescence) time-resolved anisotropy measurements (TRAMs) in the study of
the thermoresponsive behaviour of poly(N-isopropylcrylamide), PNIPAM, and NIPAM-based systems. PNIPAM shows a lower critical solution
temperature (LCST) at 32 °C when phase separation occurs as the macromolecule collapses into a globular structure. Manipulation of the confor-
mational switch of PNIPAM results through changing the hydrophobic to hydrophilic balance within the polymer. However, although a degree
of control of the LCST is possible through such a strategy, simple free radical copolymerisation serves to reduce the magnitude of the transition.
Synthesis of graft copolymers based on NIPAM is offered as a solution to this problem: fine tuning of the thermal response results through control
of the entropic term governing the thermodynamics of the process as revealed by TRAMs. Independent fluorescence labelling of both the backbone
and the grafts allows the contribution of the chain dynamics from each of these sites to the thermal response to be monitored.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over a number of years we have been interested in water-
soluble polymers which exhibit “smart” behaviour (i.e. which
have the ability to change their conformation in response to an
external stimulus such as temperature or pH). The use of lumi-
nescence spectroscopy has featured prominently in our attempts
to characterise the solution behaviour of such systems [1-8].

In general, the popularity of luminescence techniques has
increased markedly over the past two decades as researchers
attempt to probe the conformations of water-soluble macro-
molecules (see for example, [9—11] and references therein). The
use of fluorescence (and phosphorescence) spectroscopy per-
mits examination of ultra-dilute polymer solutions, allowing
interrogation of purely intra-molecular effects. Time-resolved
anisotropy measurements (TRAMs) is a powerful addition to
the fluorescence armory available to the experimentalist, in that
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it allows direct probing of the polymer dynamics if suitably
labelled samples are used. Consequently, such measurements
can reveal the conformations of macromolecules under vari-
ous solution conditions: for example, TRAMs have confirmed
[3] that poly(methacrylic acid), switches conformation from an
expanded coil at high pH to a hypercoiled structure at pH 4.
With poly(acrylic acid), this transition is much less dramatic:
the polymer adopts an expanded chain conformation at all values
of pH [12]. Poly(N-isopropylacrylamide), PNIPAM, is another
example of a polymer which can undergo a switch in confor-
mation except that in this case the smart response is triggered
thermally; at room temperature under semi dilute conditions
PNIPAM forms a clear solution in aqueous media which rapidly
turns cloudy on heating above 32 °C, the lower critical solu-
tion temperature (LCST) [13,14]. Since the intrinsic viscosity
of PNIPAM decreases at the LCST [14], this has lead to its use
as a rheology modifier in industrial applications [15]. Further-
more, at temperatures in excess of 32 °C, linear PNIPAM can
solubilise organic species in its compact form while decreasing
the temperature below the LCST allows release of the material
into the aqueous phase [16]. The ability to expand and contract
on demand has led researchers to speculate that PNIPAM could
form the basis of a carrier system which may lend its use to
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many other industrial and medical applications [15]. In view of
this potential, much effort has been directed towards manipu-
lation of the conformational switch away from 32 °C to cover
a wide temperature range (e.g. 4-100 °C) including the physi-
ological temperature of 37 °C [15]. Studies have not only been
restricted to linear PNIPAM, more complex gel structures and
interpenetrating networks [15,17,18] have also received atten-
tion: researchers have been keen to understand the kinetic and
dynamic processes which occur during collapse of these mate-
rials both on the macroscopic and microscopic scale.

In this article, we hope to illustrate the scope and power of
TRAMs through reference, in particular, to recent studies in our
laboratories of the thermosresponsive behaviour of PNIPAM and
our attempts to modify the temperature of the conformational
switch.

2. Time-resolved anisotropy measurements (TRAMs)

Time-resolved anisotropy measurements involve the use of
vertically polarized radiation in order to photoselect a distribu-
tion of chrompohores whose transition vectors (for the absorp-
tion process) are aligned parallel to that of the incident excitation.
This creates a degree of anisotropy (7) or optical order within
an otherwise isotropic population. Molecular motion within the
duration of the excited state fluorescence lifetime results in a
loss of r as the photoselected population returns to a random
orientation. Monitoring this loss of r as a function of time (or
the decay of r) is possible by measuring the time dependent
intensity of fluorescence in the vertical (/)|(f)) and perpendicular
(11(?)) planes, respectively. This allows estimation of the decay
of anisotropy r(¢) via Eq. (1)
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where d(?) and s(¢) are the difference and sum function, respec-
tively.

Modelling r(f) by an exponential function of the form of Eq.
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allows derivation of the correlation time, 7., which is a measure
of the molecular motion extant within the chromophore popu-
lation. There are several methods of analysis of time-resolved
anisotropy data in recovery of relaxation information, the mer-
its of which have been discussed, at length, elsewhere [19,20].
In this review article, we present data derived exclusively from
impulse reconvolution analysis [21,22].

Introduction of trace amounts (typically 0.5 mol%) of a flu-
orescent label during polymer synthesis, allows motion of the
fluorescent reporter to be observed by TRAMs. If it is assumed
that motion of the label reflects that of the polymer then it is pos-
sible to monitor macromolecular dynamics directly. Judicious
choice of label can allow various sites within the macromolecule
to be monitored: for example, the chain ends, ester side group
substituents and the internal segments, respectively. For the latter
units, we have over the years, favoured use of acenaphthylene
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Fig. 1. Chemical structures of the label and monomers used in this study.

(ACE) (cf. Fig. 1) which can be considered an ideal label for
TRAMSs since it is covalently attached at two sites to the main
chain such that motion independent from that of the backbone
is impossible. Consequently, ACE reports exclusively on poly-
mer segmental motion. However, since ACE is a hydrophobic
monomer, it may be viewed as a species, which could itself,
potentially modify the behaviour of PNIPAM. We have ensured
that by maintaining the loading levels to trace amounts such
perturbation is precluded: cloud point measurements (in deter-
mination of the LCST) carried out on labelled samples were in
agreement with those run in the absence of a fluorescent reporter.

Relaxation information presented in the current article is
derived through TRAMs on ACE labelled NIPAM-based sam-
ples (the structure of the NIPAM unit can also be found in Fig. 1).
The excitation source used to generate the data was that from the
Synchrotron Radiation Source (SRS), Daresbury, UK. A com-
plete description of the SRS and associated detection system can
be found elsewhere [19].

3. The LCST of PNIPAM: probing the mechanism

The first reports to recognise that PNIPAM displayed, what
was considered at the time, unusual solution behaviour was that
of Scarpaetal.in 1967 [13] and Heskins and Guilletin 1969 [14]:
both groups observed that PNIPAM became less soluble upon
heating forming a precipitate at 31 °C, the LCST. In 1975 Taylor
and Cerankowski argued [23] that LCST behaviour in polymers
should be a fairly common phenomenon being governed by the
hydrophobic to hydrophilic balance within the macromolecule in
question. In subsequent years, this theory has been proven exper-
imentally [24-29] by researchers keen to modify the temperature
of the LCST through copolymerization of various amounts of
hydrophobic or hydrophilic monomer units with NIPAM. The
thermodynamic principles of LCST behaviour dictate that spe-
cific interactions between the polymer and solvent are required
which result in a negative change in both the enthalpy (AH,)
and entropy (ASy,) of mixing. However, the exact nature and
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extent of these interactions remains open to much debate and
speculation [30-33]. For PNIPAM at 31 °C, the magnitude of the
change is such that the free energy of mixing (AGp,) becomes
positive resulting in precipitation of the polymer. The fact that
this process is both rapid and reversible has intrigued researchers
and prompted studies [34,35] into determining the mechanism
of the LCST.

In a series of elegant fluorescence energy transfer experi-
ments, Winnik proposed [35] that the rapid thermorseversible
behaviour of PNIPAM was due to a two stage process: initially
intramolecular coil collapse occurs. This was monitored by using
a donor (D) and acceptor (A) species copolymerized into the
same chain and maintaining the polymer at a low concentration
to observe intramolecular effects only. Under these conditions,
the degree of energy transfer was observed to increase as D and
A were brought within the critical transfer distance (ca. 10 nm)
through intramolecular coil collapse. At higher concentrations,
Winnik suggested [35] that intermolecular aggregation of the
collapsed coils results, creating large scattering centres, which
corresponds to the cloud point of the solution. A second series of
experiments designed to observe intermolecular energy transfer
required that the donor and acceptor be on separate chains and
substantiated [35] this hypothesis: the degree of energy transfer
increased at temperatures in excess of the LCST as the inter-
molecular aggregates formed.

We have subsequently confirmed [16] through TRAMs that
intramoleulcar coil collapse occurs in PNIPAM as the first stage
of the mechanism. In order to observe the dynamics of iso-
lated chains, anisotropy experiments were carried out on a dilute
(1072 wt.% in polymer) ACE-PNIPAM sample between 5 and
65 °C. (characterisation data for this sample can be found in
Table 1). Fig. 2 shows In 7 ! plotted as a function of reciprocal
temperature in “Arrhenius form” to allow better resolution of the
conformational transition of ACE-PNIPAM: atlow temperatures
a short 7. of ca. 5 ns results. This is indicative of rapid segmen-
tal motion extant in the water-swollen structure of the polymer
below the LCST. As the temperature is increased up to the onset
of the LCST, 7. is observed to correspondingly increase dis-
playing a linear thermal dependence. At 32 °C (which marks the
LCST from cloud point measurements, cf. Table 1), the hydro-
gen bonding interactions between the water and amide groups

Table 1
Physical characteristics of the NIPAM-based polymers
Sample M, Side chain (SC) LCST?
(kg mol™ 1 in feed (mol%) “©C)
ACE-PNIPAM 21 - 32
ACE-STY(16.9)-NIPAM 21 - 9
ACE-STY(16)-g-NIPAM 1554 - 37
STY(14)-g-NIPAM-ACE 1743 - 37
DMAC-g-ACE-NIPAM(5000) 251 1 355
DMAC-g-ACE-NIPAM(5000) 47 10 35
DMAC-g-ACE-NIPAM(5000) 37 20 34.5
ACE-DMAC-g-NIPAM(5000) 23 1 35
ACE-DMAC-g-NIPAM(5000) 31 10 355
ACE-DMAC-g-NIPAM(5000) 57 20 34.5

? Estimated from optical density (OD) measurements (1 =500 nm) as the 7 of
onset of the increase in OD which accompanies phase separation of the polymer.
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Fig. 2. Arrhenius representation of the rate of macromolecular motion, 7, ! for

ACE-PNIPAM in methanol (CJ) and aqueous solution (@), respectively [16].

are broken down and the hydrophobic groups (i.e. the isopropyl
unit and polymer backbone) drive to collapse into a coil to reduce
water contacts prevails. This results in a dramatic increase in 7.
to ca. 120 ns as a large, slow moving globular structure forms (cf.
Fig. 2) (this behaviour is in agreement with that from an earlier
anisotropy study using a dansyl labelled PNIPAM sample [36]).
The anisotropy datarecorded in aqueous media can be contrasted
to that observed in methanol where no critical behaviour exists:
a short 7. (varying between 3 and 5 ns) is apparent across the
entire temperature range which is indicative of a flexible open
chain conformation (cf. Fig. 2). In addition, when dissolved in
methanol, ACE-PNIPAM displays an Arrhenius type response
in that the rate of segmental motion of the backbone increases
linearly between 5 and 65 °C.

4. Manipulating the LCST of PNIPAM
4.1. Additives

Perhaps the simplest method of manipulation of the LCST of
PNIPAM is through addition of solvent [37-39], salts [32,40,41]
and surfactants [25-27,42] to the aqueous polymer solution.
Methanol is one additive, which has received particular atten-
tion in this respect [37-39]. Although methanol is considered a
good solvent for PNIPAM, when mixed with water, at a given
temperature certain compositions will display what is known
as co-non-solvency [37,38]: the mixture will behave as a non-
solvent for PNIPAM and the polymer phase separates. We have
shown through TRAMs [39] that addition of methanol low-
ers the onset temperature of the conformational transition of
the polymer consistent with a lowering of the LCST as sensed
by cloud point measurements [39]. This lowering in LCST is
associated with a marked decrease in the “intensity” of the tran-
sition, as reflected in the chain dynamics: addition of methanol
increases the mobility of the globular form of PNIPAM which
exists above the system’s LCST. Similarly, but much less dra-
matically, successive additions of alcohol reduces the rate of
segmental motion, at temperatures below the LCST [39].

TRAMs have revealed that addition of salt can also have a
marked effect on the LCST of PNIPAM. Fig. 3 again shows
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Fig. 3. Arrhenius representation of the rate of macromolecular motion, t;° ! for
ACE-PNIPAM as a function of (NaCl): 0M (Q); 0.048M (OJ); 0.06 M (V);

0.15M (@) and 0.5 M (H).

an “Arrhenius representation” of the relaxation data consequent
from an ACE-PNIPAM sample upon addition of various concen-
trations of NaCl and the effect on the thermal response of the
system. Consideration of the data shown in Fig. 3 reveals that
in contrast to that observed upon addition of methanol [39], salt
has little impact on the magnitude of the transition of PNIPAM.
These data infer that in the presence of electrolyte, the uncoiled
state is as flexible and expanded as that in the absence of salt.
Similarly, above the LCST, NaCl has a minimal effect on the
degree of compactness of the globular conformation (cf. Fig. 3).
However, the addition of salt does have an impact on the onset
of the conformational transition: increasing the concentration of
electrolyte in the system decreases the LCST. Such a depres-
sion in the LCST has been observed previously in both linear
PNIPAM and in gels [32,40,41,43] and has been attributed to
structural changes in the bulk aqueous phase and/or hydration

shell surrounding the polymer [32].

4.2. Random copolymerisation

We have recently modified PNIPAM [28,29] and synthesized
microgels [7] based upon PNIPAM, so that we can control the
conformational switch of the polymer over a wide temperature
range. Simple free radical copolymerisation serves [28,29] to
change the hydrophobic to hydrophilic balance within the poly-
mer. As revealed in Fig. 4, this results in a shift of the LCST
to lower temperature when a hydrophobic monomer such as
styrene is used [28] or raises it, if a hydrophilic species (such
as dimethylacrylamide (DMAC)) is incorporated [29] (cf. Fig. 1
for the structures of these monomers). These observations are in
agreement with theoretical predictions [23]. Consequently tun-
ablity of the conformational switch can be achieved between
4 and 100°C. Further examination of Fig. 4 reveals that the

degree of modification has an impact on the segmental dynamics
of the resulting copolymer above the conformational transition
if DMAC is used and below the LCST in the case of styrene.
One major consequence of increasing the hydrophobic content
is the formation of intramolecular styrene aggregates below the
conformational transition (presumably this is a consequence
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Fig. 4. Temperature dependencies of the segmental mobilities of ACE-
PNIPAM () ACE-STY(8.9)-NIPAM (M), ACE-STY(16.9)-NIPAM (@),
ACE-DMAC(10)-NIPAM (0J) and ACE-DMAC(20)-NIPAM (V), respectively.

of the system’s drive to minimize hydrophob water contacts).
This results in a partially coiled state which contracts further
above the LCST as revealed in the anisotropy data in Fig. 4.
With DMAC modification, on the other hand, increased lev-
els of modifier has an impact on the chain conformation above
the LCST: increasing the degree of hydrophilicity results in
a more water swollen expanded state above the critical tem-
perature. Consequently, the transition of the DMAC modified
samples is marked by a switch from an expanded state below the
LCST to a partially collapsed water swollen structure above (cf.
Fig. 4). These effects serve to reduce the intensity of the LCST
upon increasing degrees of modification which is in agreement
with independent observations from DSC [44] measurements.
An unfortunate consequence of this is the fact that, at higher
contents of modifier, the uptake and release properties of the
modified polymer is affected: the copolymer loses its ability
to accommodate solubilised guests above the LCST if a crit-
ical content of hydrophilic modifier is used [45] but retains
solubility of probes below the conformational transition upon
use of relatively low concentrations of hydrophobic monomer
[28].
In an effort to overcome this potential drawback as far as
the controlled release capabilities are concerned, we have been
considering alternative strategies for manipulation of the con-
formational switch whilst maintaining the magnitude of the
transition. Our initial findings are discussed in the next section.

4.3. Effect of polymer architecture

Recently, by consideration of the thermodynamics involved
in the process, we have suggested that polymer architecture
should have a bearing on the LCST. Since AGy, is influenced
by both AHy, and AS,, we have argued [46] that altering the
polymer topography will affect the overall entropy of the sys-
tem while the enthalpic contribution to the free energy remains
constant. Manipulation of the entropy term is possible by vary-
ing the number of chain ends within the system, which has lead
us to investigate the thermal response of graft copolymers based

on NIPAM through TRAMs.
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4.3.1. Styrene-NIPAM graft copolymers

Graft copolymers with styrene backbones and NIPAM
“arms” have been synthesised by a macromonomer route [47].
These have been labelled with fluorescent reporter groups
located either in the styryl segments or within the amide units.
The molecular weight data (listed in Table 1) was derived
from GPC analysis and will be published in due course [42].
Photophysical techniques, such as TRAMs, have been used to
investigate the conformational behaviour of these novel polymer
systems in aqueous media. The cloud point data as a result of
optical transmittance measurements are also listed in Table 1 for
two graft samples containing ca. 16 mol% styrene: one is fluo-
rescently tagged in the backbone [i.e. ACE-STY(16)-g-NIPAM]
while the second contains an ACE label in the NIPAM grafts
[i.e. STY(14)-g-NIPAM-ACE]. Also shown for comparison, is
the equivalent data for a linear sample of a similar styrl com-
position. Intriguingly, by consideration of the data in Table 1, it
is clear that incorporation of ca. 16 mol% styrene into the graft
copolymer serves to shift the LCST (as sensed by cloud point
measurements) to a much higher temperature than that of the
linear sample. This provides an early indication of the influence
of the entropic term on the LCST behaviour.

Time-resolved anisotropy experiments were performed on
the two ACE labelled samples as a function of temperature. The
data are plotted in Arrhenius form in Fig. 5. Examination of
the dynamic behaviour, as sensed by TRAMs, of each fluores-
cently tagged site within the graft sample provides revealing
information regarding the thermal response of the system. As
far as STY(14)-g-NIPAM-ACE is concerned, at temperatures
below 35 °C, the relatively short 7. observed (ca. 5ns) implies
that the grafts adopt a flexible, open structure under these con-
ditions. It can be concluded that attachment of these units to
the styrene backbone has little influence on their mobility. The
NIPAM “arms” undergo a conformational collapse of a simi-
lar magnitude to that of the linear homopolymer except that the
onset temperature is ca. 5 °C higher at 37 °C. This onset of the
conformational collapse of the grafts coincides with the LCST of
the system as sensed by cloud point measurements (cf. Table 1).
Consideration of the styrene labelled backbone data at tempera-
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Fig. 5. Arrhenius representation of the rate of macromolecular motion, ;! for
ACE-STY(16)-g-NIPAM (Q) and STY (14)-g-NIPAM-ACE (0J), respectively.

tures below 35 °C (cf. Fig. 5), reveals that 7. is always superior
to that of the NIPAM grafts over the same temperature range
(presumably a degree of coiling exists within the backbone as a
consequence of intramolecular styrene aggregation in order to
minimize contact with the aqueous phase). In addition, since 7.
is invariant with temperature, it can be concluded that the confor-
mation of the core is unaffected and remains partially collapsed
between 5 and 65 °C. Further examination of Fig. 5 reveals that
the value of 7. obtained for backbone motion at temperatures in
excess of 35 °C is always inferior to that of the NIPAM grafts:
this implies that the label detects limited motion within the core
as opposed to motion of the entire collapsed graft copolymer
globule itself (if the labelled backbone was capable of detect-
ing motion of the collapsed globule, T, would be comparable to
that obtained for the labelled NIPAM grafts over a similar tem-
perature range). Presumably, ingress of water into the styrl core
results in a degree of fluidity which allows restricted movement
of the segments as sensed by the ACE label.

The implications of these data are clear as far as the conforma-
tional behaviour of the styrene graft copolymers is concerned:

(i) The NIPAM “arms” are flexible and extended below the
LCST of the system. At 37 °C, these units (the LCST) col-
lapse onto the styrene core to form a compact globule.

(i1) The styrene backbone forms a relatively compact core at all
temperatures studied in the current work.

A model, which describes the thermoresponsive behaviour
of styrene-NIPAM, is shown in Scheme 1.

These observations have consequences as far as uptake and
release of low molar mass material is concerned in that the
styrene-NIPAM graft copolymers solubilise organic guests but
do not show [42] the desired thermoresponsive release proper-
ties: solubility of probes is retained across the entire temper-
ature range. This is a direct consequence of the existence of
intramolecular styrene aggregates (as sensed by TRAMSs) which
serve to create solubilising domains below the LCST. To fashion
thermally responsive systems which both retain the magnitude
of the transition and have the desired controlled release proper-
ties, we present in the final section, anisotropy data from a series
of DMAC-NIPAM graft copolymers.

4.3.2. DMAC-NIPAM graft copolymers

In an effort to create responsive graft copolymers which will
release material at the LCST, we have used a more hydrophilic
monomer (DMAC) to which NIPAM units have been grafted
[46] (it would be envisaged that solubilising pockets below the

Vs D
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Scheme 1.
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LCST will be prevented with this combination of constituent
monomers).

We present preliminary TRAMs data here which show the
level of control which can be exercised over the thermal response
of the branched copolymers through variation of the number of
NIPAM units grafted onto the DMAC backbone and the length
of the grafts. In addition, we have fluorescently tagged either
the DMAC backbone or NIPAM grafts to monitor the ther-
mal response of each of the sites within the macromolecule
via TRAMs. A fuller account of the synthesis (again by a
macromonomer technique [47]) and characterization of these
polymers will be published in due course [46]. Table 1 lists the
molecular weight data derived from GPC analysis [46].

Fig. 6 shows the effect of both the label location and the num-
ber of grafts on the thermoresponsive behaviour of a copolymer
sample containing grafts of molecular weight of 5000 g mol~!
[DMAC-g-NIPAM(5000)]. When ACE is located in the back-
bone [ACE-DMAC-g-NIPAM(5000)] (cf. Fig. 6a) and only ca.
I mol% of grafts is present, Arrhenius behaviour is observed
(i.e. the rate of segmental motion increases as the temperature is
raised). This implies that the backbone is expanded and flexible
under these conditions and does not undergo a conformational
transition (indeed, this behaviour is very similar to that of linear
PDMAC [48]). When the label is located in the graft (DMAC-g-
ACE-NIPAM) with ca. 1 mol% of branches, a dramatic transi-

2.9 3.1 3.3 3.5 3.6
(a) 1000/T (K1)
QI;L:B‘\EESL—_
1.5 v ==zH<
|1 V=z
i/ =K
i
I
i i
Ly Il
& Il
= (N
- I
-4.5 CS il
i
6.0k _ b2, !iv
" =g
3.0 3.2 3.4 36
(b) 1000/T (K1)

Fig. 6. Effect of label location and number of grafts on the rate of segmental
relaxation (t; 1) as function of T~! for DMAC-g-NIPAM(5000): (a) label in
the backbone, 1 mol% graft (@); 10 mol% graft (M); 20 mol% graft (V) and (b)
label in the graft, 1 mol% graft (O); 10 mol% graft (LJ); 20 mol% graft (V).

tion occurs (cf. Fig. 6b). Presumably, the cloud point (35.5 °C)
observed in Table 1 for this degree of branching is driven by
collapse of the NIPAM grafts. In general, increasing the degree
of branching has little effect on the relaxation characteristics
when the label is located in the grafts (cf. Fig. 6b). However,
more dramatic thermoresponsive behaviour is apparent upon
increasing the branch content when the label is sited in the
backbone (cf. Fig. 6a): clearly it can be concluded that increas-
ing the number of NIPAM grafts within the polymer increases
the hydrophobicity of the sample and serves to induce a con-
formational transition in the DMAC backbone. (Since PDMAC
itself is relatively hydrophilic, its LCST would be expected to be
greater than 100 °C. Copolymerisation with a more hydrophobic
monomer will change the hydrophobic to hydrophilic balance
within the polymer reducing the LCST to below the boiling point
of water. Such behaviour has been predicted by theory [23] for
linear samples and observed experimentally in our laboratories
through simple copolymerization of DMAC with styrene [49].)

For DMAC-g-NIPAM(5000), when 10-20 mol% of grafts are
present, two distinct conformational transitions occur within the
polymer: one less intense associated with collapse of the back-
bone (cf. Fig. 6a), the other as a result of contraction of the
grafts (cf. Fig. 6b) which is comparable in magnitude to that of
linear PNIPAM. This is an intriguing observation and implies
that above the LCST, a partially coiled water swollen backbone
structure exists coupled to compact globular arms as shown in
Scheme 2.

From the “Arrhenius” plots in Fig. 6, the onset temperature for
each transition was estimated: when 10 mol% of grafts is present
the DMAC backbone transition occurs at 40-45 °C (cf. Fig. 6a)
while the grafts collapse at 34-36°C (cf. Fig. 6b). The cloud
point was determined to be ca. 35 °C whether the sample was
labelled in the graft or backbone (cf. Table 1). This implies that
the cloud point results from a merging of the two transitions but
is dominated by collapse of the NIPAM grafts. Similarly, when
the branch content reaches 20 mol% the backbone collapses at
38—40°C (cf. Fig. 6a) and the grafts at 34-36 °C (cf. Fig. 6b).
Again, the cloud point (34.5 °C, Table 1) is dominated by con-
traction of the grafts. It is interesting to note that with the current
data (irrespective of whether the label is sited in the backbone
or graft) we see no evidence for any partial collapse between ca.
17-30 °C prior to the conformational change at ca. 35 °C. Such
behaviour has been observed previously through use of intensity
measurements from a dansyl label [18] and fluorescence energy
transfer experiments [35] on grafted NIPAM samples. Our data
infer that between ca. 15-33 °C both the labelled grafts (cf.
Fig. 6b) and the backbone (cf. Fig. 6a) undergo normal Arrhe-
nius type behaviour (i.e. the rate of segmental motion increases
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until the onset of the conformational change. In addition, the
backbone and the grafts adopt an open chain conformation until
the LCST).

When the length of the NIPAM graft is reduced
to 2000 gmol~!, similar behaviour to that of DMAC-g-
NIPAM(5000) is observed: time-resolved anisotropy experi-
ments provide evidence for two distinct conformational transi-
tions [46]. However, it would appear that the DMAC backbone
is more flexible when the shorter grafts are present since, in
general, a faster rate of segmental motion is observed above
the LCST than for the DMAC-g-NIPAM(5000) samples. Fur-
thermore, evidence from fluorescence quenching experiments
coupled with that of TRAMs indicate that the shorter NIPAM
branch (which contains less hydrophobicity) results in a more
open, expanded backbone structure above the LCST. Such would
be expected since more low molecular weight grafts would be
required to induce an appreciable conformational transition in
the DMAC units. Only when 20 mol% of branches are present
is a change in conformation apparent in the backbone [46].

Finally, it is worthy of note that the magnitude of the con-
formational transition of DMAC-g-ACE-NIPAM(5000) when
20mol% of labelled graft is present is comparable to that of
PNIPAM but larger than that of a similar content liner copoly-
mer [ACE-DMAC(20)-NIPAM] (cf. Fig. 7) (the onset of the
LCST occurs at a similar temperature for both the graft and lin-
ear copolymer sample). This provides strong evidence that one
of our major objectives has been achieved: to raise the LCST
yet maintain the magnitude of the transition. These findings
have major implications as far as the controlled release prop-
erties are concerned. The graft sample is capable of solubilising
pyrene above the LCST and releasing the probe to the aque-
ous phase when the temperature is lowered [46]. In addition,
we have fluorescence energy transfer evidence which suggests
[46] that pyrene is solubilised preferentially within the collapsed
grafts and released to the aqueous phase when the temperature is
lowered below the LCST of the system: these experiments were
performed using an ACE label as the donor and a pyrene probe
as the acceptor. Since this provides information regarding the
proximity of D to A it is subsequently possible to determine the
site within the graft copolymer which the probe is preferentially
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Fig. 7. Comparison of the thermal response of ACE-PNIPAM ([J); DMAC-g-
NIPAM(5000)-ACE (O) and ACE-DMAC(20)-NIPAM (V), respectively.

solubilised. These results will be published in due course [46]
but, essentially, have revealed that for DMAC-g-NIPAM, when a
labelled graftis used, pyrene is sequestered almost exclusively in
the NIPAM unit at 50 °C. Little energy transfer is apparent when
ACE is located in the backbone. These data confirm the model
proposed from the TRAMs: above the LCST a relatively open
DMAC structure exists coupled to compact, globular NIPAM
grafts.

5. Conclusions

(i) Time-resolved (fluorescence) anisotropy measurements
have proven to be a useful tool in monitoring the thermal
response of NIPAM-based systems.

(i) Simple free radical copolymerization changes the
hydrophobic to hydrophilic balance of PNIPAM which
allows manipulation of the LCST across a wide temper-
ature range. However, the magnitude of the transition is
reduced upon increasing levels of modification which also
impacts upon the controlled release capabilities of the
system.

(iii) Changing the polymer architecture permits fine tuning of
the conformational switch whilst maintaining the magni-
tude of the transition. Such entropic control should provide
scope for increased diversity of application of NIPAM-
based polymers in the future.
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