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M. Haddleton*a
Three fluorinated, hydrophobic initiators have been utilised for the synthesis of low molecular mass fluoro-poly(acrylic acid)
heterotelechelic homopolymers to mimic high chi (−low N diblock copolymers with ultrafine domains of sub-2 nm length
scale. Polymers were obtained by a simple photoinduced copper(II)-mediated reversible-deactivation radical polymerisation
(Cu-RDRP) affording low molecular mass (<3 kDa) and low dispersity (Đ = 1.04 – 1.21) homopolymers. Heating/cooling ramps
were performed on bulk samples (ca. 250 µm thick) to obtain thermodynamically stable nanomorpologies of lamellar (LAM)
or hexagonally packed cylinders (HEX), as deduced by small-angle X-ray scattering (SAXS). Construction of the experimental
phase diagram alongside a detailed theoretical model demonstrated typical rod-coil block copolymer phase behaviour for
these fluoro-poly(acrylic acid) homopolymers, where the fluorinated initiator-derived segment acts as a rod and the
poly(acrylic acid) as a coil. This work reveals that these telechelic homopolymers mimic high -ultralow N diblock copolymers
and enables reproducible targeting of nanomorphologies with incredibly small, tunable domain size.

Introduction
Diblock copolymers have been widely used for many different
applications including drug delivery,1–3 superhydrophobic
materials,4–6 nanolithography,7–9 photonics,10 actuators,11–14
water filtration15 and thermoplastic elastomers.16–18 Block
copolymers find use in bulk self-assembly applications due to
the vast amount of design possibilities. Many ordered
nanostructures (lamellae, double gyroid, hexagonally packed
cylinders, body centred cubic)19–21 can be accessed by tuning
the antagonistic interaction properties between blocks. This has
piqued interest in the microelectronics industry, which
constantly strives for (long range, defect-free) smaller domain
spacings.22 Block copolymer microphase separation is a bottomup approach that overcomes current issues23 and allows for
tailorable chemical functionalities and mechanical properties.
The thermodynamic driving force for self-assembly is given by
the incompatibility between disparate segments, often
achieved through large differences in polarity or
hydrophobicity.24,25 This interaction parameter (Flory-Huggins
interaction parameter, ) must exceed a critical value (*) to
induce microphase separation in typical coil-coil block
copolymers,26 where * = 10.5/N and N = NA + NB (N is the total

number of monomer units and NA and NB are the number of
monomer units in each block).27 The movement towards using
block copolymers to obtain the smallest domain spacings has
established a class of “high  – low N” block copolymers in
which N is minimised to reduce domain size, whilst  is
maximised to retain a block interaction parameter capable of
microphase separation despite the entropic penalty associated
with demixing. Balancing these factors to maintain a sufficiently
high value of N to enable self-assembly has led to sub-5 nm28–
30 and sub-3 nm31,32 feature sizes. Low N block copolymers that
maintain N ≥ 10.5 often contain a very hydrophobic part that
can incorporate siliconised, fluorinated or styrenic groups
(within the backbone33–35 or side chain30,36–38) combined with a
hydrophilic/ionic block.39 Morphology can also be manipulated
by introducing secondary interactions40 or branching points41 to
control molecular packing in solution.42 Bottlebrush copolymers
have also been shown to influence phase behaviour, and
provide a route to densely packed architectures.43
Thermodynamic equilibrium in microphase separation is
typically achieved by thermal or solvent annealing, but selective
solvent vapour annealing can also be used to access kineticallytrapped morphologies.44 The ultimate goal is to obtain a defectfree, single grain morphology (long range order), highlighting
the importance of the annealing process and understanding the
factors that influence microphase separation. Long range order
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Copper-mediated
reversible-deactivation
radical
polymerisation (RDRP) (often called atom-transfer radical
polymerisation, ATRP) can achieve very high control over
polymer molecular mass and dispersity,46,47 and is therefore an
ideal candidate to synthesise low molecular mass polymers.
However, it is often difficult to achieve very low molecular mass
polymers using RDRP techniques. Typically, the rate of
termination (kt) is highest in the initial stages of polymerisation
and modelling suggests an exponential increase in kt from DP
100 to DP 1.48 This implies that the synthesis of a polymer with
DP <10 with low dispersity (Đ <1.2) is essentially impossible if
standard free radical principles are obeyed, yet control over
dispersity is required to achieve well-ordered nanoscale
morphologies in the bulk.49 The Haddleton group has previously
shown that this is achievable with a photoinduced reduction of
copper(II), which led to the smallest domain size so far reported,
to the best of our knowledge (for a homopolymer),50 as well as
achieving full monomer conversion in <2 minutes,51 which
confronts the dead chain fraction equation that assumes all
chains must terminate.52 Rapid and controlled free radical
polymerisation is almost a misnomer as rapid living radical
polymerisation requires high radical concentration, however, a
high concentration of radicals should lead to increased
termination via normal radical-radical termination events.
Ballard and Asua offered an elegant explanation for these
“improbable” scenarios and, contrary to the predictions from
free radical polymerisation, bimolecular termination is avoided
when rapid radical deactivation is present. Thus, using a
diffusion factor explains situations that would otherwise be
considered impossible.53 A second explanation put forward by
Szymanski is that there is an interaction between the
propagating chain and the transition metal complex giving rise
to two type of.54 The complexed or caged radical forms a second
type of radical which have different rate constants of
termination. This second explanation is considered plausible
and in contrast to the widely held view of a free radical
process55,56 Using this phenomenon, one is able to exploit the
photoinduced reduction of copper(II) to obtain very low
molecular mass polymers with low dispersity.57–59
Herein, we report a straightforward synthetic route to yield
poly(acrylic acid) heterotelechelic homopolymers that exhibit
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Scheme 2. Synthesis of fluoro-acrylic acid polymers (Fn-PAAm).

exquisite ordered bulk nanomorphologies at sub-2 nm length
scales for homopolymers. The materials could also be
considered as diblock copolymers with a short PTFE block and a
longer PAA block but we chose not to use this interpretation as
there is no mass distribution in the first part of the molecule
thus not conforming to the definition of a polymer which must
always contain a mass distribution. Fluorinated initiators are
employed as discrete, fluorinated segments to yield poly(acrylic
acid) homopolymers with ultralow N. We previously
demonstrated the use of the F13 initiator to prepare a small subset of poly(acrylic acid)’s via the facile deprotection of Cu-RDRP
generated poly(tert-butyl acrylate). In the present work, we
explore the self-assembly behaviour and map out the phase
diagram for these bulk nanomorphologies, enabling control of
morphology with tuneable domain size. To the best of our
knowledge, this previous work was the first to achieve sub-2 nm
domain sizes via polymer microphase separation for
homopolymers.50 Herein, synthesis via Cu-RDRP yielded three
series of homopolymers with Mn, NMR <3 kDa and Đ = 1.04 – 1.12,
showcasing the ability to generate well-defined ultralow N
heterotelechelic homopolymers. These polymers (Fn-PAAm)
were thermally annealed, and small-angle X-ray scattering
(SAXS) revealed lamellar and hexagonally packed cylindrical
morphologies with 1.7 – 3.9 nm domain sizes, depending on
their compositional position in the phase diagram. Transitions
of both order-to-order and order-to-disorder were observed
and a mathematical investigation of the molecular mass
dependency of the domain spacing was conducted, based on
modelling the fluorinated segment as a rod. Crucially, we reveal
that “high  – low N” block copolymers are not needed to obtain
highly segregated polymers with sub-2 nm domains. Instead,
new heterotelechelic homopolymers with ultralow N are shown
to mimic rod-coil block copolymers, offering an accessible and
straightforward route to highly segregated polymers with
controllable morphology and domain sizes down to 1.7 nm.

Results and discussion

Scheme 1. Synthesis of fluorocarbon initiators. n = 5 (F 13), 7 (F17), 9 (F21).

In the present work, a short poly(tetrafluoroethylene)-like
fluorocarbon chain is used in the synthesis of an alkyl halide
initiator, to act as a hydrophobic moiety. The two methylene
units decouple the electronic effects of the electron
withdrawing CF2 groups from the oxygen atom, leading to
reactivity resembling an alkyl alcohol, such as ethanol. This
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is obtained by removing grain boundaries, formed by slow
coarsening kinetics that can prevail over a thermodynamic
driving force. A block copolymer’s ability to produce a defectfree structure is given by the coarseness of the template and
the degree of coupling between the template and block
copolymer.45
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ensures a low, discrete molecular mass for the fluorinated

between PAA and the hydrophobic PTFE-like segment,
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Polymera
Fn-PAAm

Molecular
massa (Mn,
g/mol) (NMR)

Molecular
massb (Mn,
g/mol) (GPC)

Dispersityb

Volume
fraction
(fF)

Nc

Nanomorphologyd

d*d
(nm)

F13-PAA4
F13-PAA5
F13-PAA6
F13-PAA9
F13-PAA11
F13-PAA12
F13-PAA15
F13-PAA17
F13-PAA18
F13-PAA22
F13-PAA25
F13-PAA27

800
870
945
1160
1310
1380
1590
1740
1810
2100
2510
2460

1400
1450
1500
1900
1950
2000
2650
2700
3400
3300
4300
3900

1.08
1.06
1.11
1.11
1.10
1.17
1.08
1.14
1.10
1.14
1.13
1.17

0.42
0.37
0.34
0.26
0.23
0.21
0.18
0.17
0.16
0.13
0.12
0.11

9
10
11
14
16
17
20
22
23
27
30
32

LAM
LAM
LAM
HEX
HEX
DIS
DIS
DIS
DIS
DIS
DIS
DIS

1.7
1.9
2.0
2.4
2.6
(2.2)
(2.3)
(2.5)
(2.6)
(2.7)
(2.9)
(2.9)

F17-PAA6
F17-PAA11
F17-PAA17
F17-PAA23
F17-PAA30

1040
1410
1840
2270
2770

1600
2400
2600
4000
4600

1.13
1.11
1.24
1.15
1.21

0.39
0.27
0.20
0.16
0.13

12
17
23
29
36

LAM
HEX
HEX
HEX
HEX

2.1
3.0
3.1
3.4
3.7

F21-PAA5
F21-PAA10
F21-PAA16
F21-PAA20
F21-PAA24

1070
1430
1870
2150
2440

2000
2200
2800
3900
4100

1.04
1.13
1.14
1.16
1.15

0.47
0.33
0.24
0.20
0.18

12
17
23
27
31

LAM
LAM
LAM
HEX
HEX

2.0
2.8
2.9
3.8
3.9

a) Degree of polymerisation and number-average molecular mass determined by 1H NMR of Fn-PtBAm polymers in CDCl3. b) THF GPC data against poly(methyl
methacrylate) standards. c) Total polymer degree of polymerisation. d) Determined by SAXS measurements of single data acquisition samples. DIS = disordered, LAM
= lamellar, HEX = hexagonally packed cylinders, d* = domain size (half-pitch), calculation for HEX given in Figure S37. Domain sizes, bracketed, for disordered
morphologies are calculated from the principal peak for completeness, but long-range order is not observed in these samples due to the lack of higher order peaks.

segment to be maintained, providing an overall decrease in the
final polymer’s potential molar mass dispersity since only one
“polymeric” segment is formed by polymerisation.
Three different alkyl halide initiators were synthesised by
esterification
of
α-bromoisobutyryl
bromide
with
perfluorocarbon alcohols containing 13, 17 or 21 fluorine atoms
(Scheme 1). These initiators are referred to as F13, F17 and F21
herein (1H, 13C, 19F NMR shown in Figures S1-S5). Of
experimental note, DCM was found to be a suitable solvent for
the synthesis of F13 and F17. However, chloroform was required
for the synthesis of F21 as the increase in halogen affinity
increased solubility of 1H,1H,2H,2H-perfluoro-1-dodecanol.
Poly(acrylic acid) (PAA) was chosen as the polar, hydrophilic
segment as it is easily synthesised via deprotection of poly(tertbutyl acrylate) (PtBA), and we have previously shown that welldefined PAA with molecular mass <5 kDa can be synthesised via
this route.50 The interaction parameter, , is clearly large

strong segregation of these materials is observed.
Each fluorocarbon initiator was used to synthesise PtBA (FnPtBAm) allowing for comparisons of both segment lengths
independently, covering a large area of the phase space when
mapping out their nanoscale behaviour. Photoinduced
copper(II)-reversible deactivation radical polymerisation (Cu(II)RDRP) was used for the synthesis of PtBA (Scheme 2), which can
be deprotected to give the desired PAA. The photoinduced
synthesis allows for excellent control over molecular mass, even
at very low DP, with little observable termination and nearperfect end group fidelity, despite the rapid polymerisation, and
thus very low dispersity for all products. Polymerisations were
performed in isopropanol as solvent, resulting in shorter
reaction times than with DMSO, which has previously been
shown to be effective since PtBA becomes insoluble in DMSO
above a certain molecular mass, and we were mindful to avoid
polymerisation-induced self-assembly (PISA) or precipitation.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Chemical Science Accepted Manuscript

Open Access Article. Published on 14 March 2022. Downloaded on 3/15/2022 2:10:55 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Table 1. Fn-PAAm polymer characteristics.
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All Fn-PtBAm polymers were subsequently deprotected to give
amphiphilic Fn-PAAm heterotelechelic homopolymers as white
solids. Polymer structure was confirmed by 1H NMR and MALDITOF-MS, where all spectra of the latter showed a repeat unit of
72 g mol-1, consistent with acrylic acid repeat units. Multiple
distributions were present in the MALDI-TOF-MS spectrum and
can all be accounted for (Figures S14-S17). The dominant
molecular mass distribution showed loss of both a H and a Br
atom indicating that the polymer has a terminal vinyl group
from elimination of HBr following polymerisation, or more
likely, cyclisation occurring during the deprotection step / or MS
sample preparation resulting in a lactone moiety.63 This likely
increases rigidity and at low molecular weights, may have
significant influence on microphase separation. However,
hydrogen bonding between lactone rings and acrylic acid is
thought to counter any negative influences induced by
rigidity.64 Molecular mass also showed the fluorocarbon moiety

1.0

F17-PtBA6
F17-PtBA11
F17-PtBA17
F17-PtBA23
F17-PtBA30

0.5

0.0
1000

10000

Molecular Weight (g/mol)
Figure 1. GPC traces of F17-PtBAm in THF eluent. See Figures S12-S13 for F13PtBAm and F21-PtBAm.
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Figure 2. Compartmentalisation of the polymers used to calculate the volume
fractions of each segment (fluorinated segment in red and PAA segment in
blue).

was not removed during deprotection. Full experimental details
are given in the ESI.
N and volume fractions (fF and fPAA) were calculated, where N is
the sum of units in each segment (N = NF + NPAA), and are given
in Table 1 (calculations given in Figure S34). To calculate the
volume fraction of each segment, the fluorinated segment was
treated as tetrafluroethylene (TFE) repeat units. This
compartmentalisation is shown in Figure 2, in which F13, F17 and
F21 comprises 3, 4 and 5 TFE units, respectively. The C2H4 spacer
was approximated to have the same volume as one TFE repeat
unit, therefore increasing NF to 4, 5, and 6, respectively. It is
important to note that in the volume fraction calculation, the
ester and ethylene linking moieties were treated as belonging
to the segment that they most closely resemble in terms of
chemical functionality. In short, the ester linkage was included
as part of the hydrophilic PAA block (and attributed to the same
volume as an acrylic acid unit, so that NPAA is given by the
polymer DP calculated by 1H NMR, plus one for the ester group)
and the apolar ethylene unit as part of the fluorinated block.
Differential scanning calorimetry (DSC) was used to determine
the glass transition temperature (Tg) for each polymer (Figures
S18-S22). Measurements were performed for all F13-, F17- and
F21-PAAm polymers in addition to a hydrogenated (nonfluorinated) control with no amphiphilic character (named EBiBPAAm). EBiB-PAAm polymers were synthesised following the
same procedures as for the Fn-PAAm polymers. The trend in Tg is
in accordance with the Flory-Fox equation, where increasing
molecular mass gives a logarithmic increase in Tg. This trend
reaches a plateau in Tg at approximately 110 °C for all
fluorinated telechelic homopolymers as the DP exceeds 30. It is
important to know this upper limit in Tg when selecting the
temperature at which to perform thermal annealing
experiments, as this sets a minimum temperature for polymer
reorganisation within the bulk state. All polymers were
annealed to induce bulk microphase separation and achieve
thermodynamic equilibrium (full details for annealing are given
in the ESI). Two types of SAXS experiment were conducted: (i)
single data acquisition after thermal annealing and (ii) timeresolved measurements during thermal annealing, referred to
as ‘single data’ and ‘time-resolved data’, respectively. Thermal

4 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Chemical Science Accepted Manuscript

Fn-PtBAm polymers were obtained in high yield (PtBA monomer
conversion ≥ 95% in all cases), as confirmed by 1H NMR
spectroscopy. The number-average molecular mass (Mn) and
degree of polymerisation for Fn-PtBAm were also determined
using 1H NMR (Table 1, Figures S6-S8). This method was not
used to determine the DP of F n-PAAm (Figures S9-S11) as it was
believed that the amphiphilic nature of the polymers could alter
the real peak intensities in the 1H NMR spectrum due to
insufficient solubility and possible solution aggregation.60–62
Additionally, the t-butyl peak is more reliable for integration
than polymer backbone peaks or the acidic proton in
poly(acrylic acid). For similar reasons, THF eluent was used for
GPC analysis for Fn-PtBAm polymers. The GPC traces show
narrow, unimodal molar mass distributions and low molecular
mass (Table 1, Figure 1), indicating good control throughout the
polymerisation, including the early stages. Due to these
complications we believe the most reliable measure of
molecular weight (and thus DP) comes from the 1H NMR of the
Fn-PtBAm polymers in CDCl3.

Normalised dW/dlogM

Open Access Article. Published on 14 March 2022. Downloaded on 3/15/2022 2:10:55 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

ARTICLE

Page 4 of 11

Page 5 of 11

Science
PleaseChemical
do not adjust
margins

Journal Name

ARTICLE

0.6

0.8

1.0

1.2

1.4

0.0

1.6

0.2

0.4

0.6

0.8

1.0

F21-PAAm Static
Thermal
Anneal
F21-PAA
m

▼

1.4

1.6

0.0

0.2

0.4

0.6

▼

▼

LAM

▼

LAM

▼

▼

▼▼

HEX

1.0

1.2

1.4

1.6

F13-PAAm Static
Thermal
Anneal
F13-PAA
m

F17-PAA6
F17-PAA11
F17-PAA17
F17-PAA23
F17-PAA30

F13-PAA6
F13-PAA12
F13-PAA17
F13-PAA22
F13-PAA27

LAM
log I (A.U.)

▼

0.8

q (Å-1)

F17-PAAmFStatic
Thermal
Anneal
17-PAA
m

F21-PAA5
F21-PAA10
F21-PAA16
F21-PAA20
F21-PAA24

LAM ▼

log I (A.U.)

1.2

q (Å-1)

q (Å-1)

▼

HEX

▼

LAM
DIS

DIS

▼

HEX

▼▼

DIS

HEX
▼▼

0.1

0.2

▼

HEX
0.3

0.4

DIS

▼
HEX

0.5

0.1

0.2

q (Å-1)

0.3

0.4

q (Å-1)

0.5

0.1

0.2

0.3

0.4

0.5

q (Å-1)

Figure 3. Single data SAXS measurements for thermally annealed Fn-PAAm telechelic homopolymers using F21, F17 and F13 initiators (left to right). Open arrows show
principal peak (q*) position. Closed arrows indicate theoretical peak positions of the labelled morphology (LAM = lamellar, HEX = hexagonal cylinders, DIS = disordered).
SAXS profiles of F21, F17 and F13 initiators (DP = 0) given above. Blue stars indicate artefacts from between detectors, red stars indicate Kapton.

annealing was achieved by heating the bulk polymer to 120 °C
(>Tg for all polymers) for 24 hours then allowing them to slowly
cool to room temperature. The thermally annealed polymers
were then analysed using small-angle X-ray scattering (SAXS) to
investigate microphase separation (Figure 3). The highest
intensity peak at lowest scattering vector, q, is the principal
peak (q*) and is used to determine the interplane spacing from
which the domain spacing (often referred to as “full-pitch”) is
calculated within the polymer morphology. For lamellae (LAM),
this is given by d = 2π/q* and for hexagonally packed cylinders
(HEX), d = (2π/q*)/sin(60), where d is the domain spacing.
Considering all Fn-PAAm data, the average domain size, denoted
as d* (where d*= d/2, and gives the upper limit for the minimum
single domain size assuming both domains are equal, often
referred to as “half-pitch”), range from 1.7 nm to 3.9 nm. As the
fluorocarbon length is constant, domain size increases as the
PAA chain length increases. Similarly, increasing the
fluorocarbon length increases domain size, which is visible
when considering the trend of all three sets (Figure S23), as
expected. The arrows on the SAXS profiles show the theoretical
position of higher order peaks for the labelled morphology,
where the first three expected peaks for LAM are at q*, 2q* and
3q*, and those for HEX are at q*, √3q* and 2q*, to enable selfassembled morphologies to be assigned.65 For both the F21PAAm and F17-PAAm polymer sets, the morphology changes from
LAM to HEX as the PAA chain length increases, which is wellknown for typical block copolymers due to a decrease in the
volume fraction of one of the blocks; in this case, the
fluorocarbon segment, fF, in our homopolymers. The F13-PAAm
polymer set also transitions from LAM (N = 11) to HEX (N = 14,

16) to DIS (N = 17) when data from our previous preliminary
work is included. Additionally, the SAXS profiles for the F 21, F17,
and F13 initiators have been placed above their respective
polymer sets. F21 is a crystalline solid at room temperature and
LAM peaks from the crystallites are visible in the scattering
profile. F17 and F13 initiators are both liquids at room
temperature and were measured in a capillary tube using
Kapton (peak observed at q ~ 0.45 Å-1 in the scattering patterns),
as well as artefacts that are a result of integrating from 2D to 1D
due to the gaps in the detector. There is no other indication of
any order, other than a slight difference in intensity of the
amorphous peak at ~1.2 Å-1, a profile for the blank capillary can
be found in Figure S24. The initiators were not thermally
annealed prior to the measurements, acting only as a control
for the polymers. A summary of all domain sizes and
morphologies determined from single data acquired after
thermal annealing are given in Table 1.
The short and crystalline nature of the F21 initiator justifies the
assumption that the N-dependence of the domain spacings in
the F21-PAAm polymers can be reasonably described by a model
in which the F segment is treated as a rod and the PAA segment
as a coil. Further support for this approach is provided by the
fact that the Kuhn length of PTFE is 2.3 nm,66 longer than the F
segment itself and also around 4-5 times longer than the Kuhn
lengths found in simulations67 and experiments68 for PAA. In the
limit where the incompatibility between the two segments is
high, as we propose for the current polymers, Müller and
Schick69 developed a simple model for block copolymers, based
purely on competition between the interfacial free energy and
the stretching cost of the coil block, that provides formulae that

This journal is © The Royal Society of Chemistry 20xx
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Since c does not depend on N or fF, the value determined from
the F21-PAAm LAM fit can continue to be used to predict the
domain spacings for the F17-PAAm polymers. In this case (Figure
4(b)), an accurate result is found for the value of d for the
sample in the lamellar phase. Although the numerical values of
the predictions of Equation 2 for the domain spacings in the F17PAAm HEX phase are slightly too high, the slope of the
experimental data on a log-log plot is reproduced well. The
prediction of the rod-coil model for this slope is better than
those of the standard strong segregation70 (d ∝ N2/3) and weak
segregation71 (d ∝ N1/2) formulas derived for coil-coil polymers,
which give significantly steeper slopes than seen here, where
approximately, d ∝ N0.3.

Figure 4. Domain spacing (full pitch) versus N for the thermally annealed (a)
F21-, (b) F17- and (c) F13-PAAm samples. The experimental values are shown by
squares for LAM, circles for HEX and triangles when the morphology is
uncertain/disordered. For the purposes of comparison with the prediction of
the model for the domain spacing in the HEX phase, the inter-plane spacings
for the uncertain morphologies have been converted to centre-to-centre
distances by multiplication by 2/√3. The left-hand line in (a) shows a fit
found using a model of strongly segregated rod-coil polymers. The other solid
lines show the predictions of this model, using the value of the fitting
parameter from the first fit, for the domain spacing in the other samples. The
prediction for the spacings in (c) whose morphology is uncertain is shown
with a dotted line.

we have used to fit the domain spacing data for the different
morphologies. These formulae have one adjustable parameter
that is common to all morphologies, and we take the approach
of fitting the domain spacings of the F21-PAAm polymers in the
lamellar phase, where the justification for using the rod-coil
model is strongest, then using the value of the parameter found
here to predict the domain spacings for all other samples.
In the model of Müller and Schick69, the domain spacing in the
lamellar phase is given by Equation 1:
𝑑𝐿 = 𝑐

𝑁 2/3
,
(1 − 𝑓𝐹 )1/3

(1)

where c is the adjustable parameter referred to above. As in our
earlier work50, the similarity of the repeat unit volumes of PAA
and PTFE means that N can be used as given in Table 1 and there
is no need to normalise it to the repeat unit volume of one of
the segments. The result of fitting the F21-PAAm LAM full-pitch
domain spacings with this formula is shown in Figure 4(a). Given
that only one free parameter is used, the agreement is good.
The prediction of the model69 for the domain spacing in the HEX
phase is shown in Equation 2:

Furthermore, Equations 1 and 2 can be used with the same
value of c to predict the domain spacings for the F13-PAAm
polymers. The results of these calculations are shown in Figure
4(c). Although the higher-order peaks in the SAXS data are too
weak for the final seven F13-PAAm data points to be
unambiguously identified as HEX, there is evidence from TEM50
that the F13-PAA18 (N = 23) sample forms a weakly ordered array
of cylinders and it is reasonable to compare the domain
spacings in these samples with the predictions of the model for
the HEX phase. These inter-plane spacings have therefore been
converted to centre-to-centre distances by multiplication by
2/√3 before being plotted in Figure 4(c). Good agreement is
then found between these values and the predictions of the
model for the HEX phase, with the shallow slope (𝑑 ∝ 𝑁 0.4 ) of
the final nine points reproduced well.
Given the simplicity of the rod-coil model and the fact that only
one fitting parameter is used, the agreement obtained between
the model and the experimental data across the different
morphologies is good. It is important to note that the model69
does not account for the location of the LAM-HEX transition in
the current data and predicts it to lie at a much higher value of
fF (0.765) than seen here, possibly due to the fact that
anisotropic interactions69 and the “shortness” of the
molecules72 are not taken into account. Nevertheless, given the
good quality of the fits and the clear physical motivation for
using a rod-coil model, we believe that a more detailed theory
of this form (e.g., one including a Maier-Saupe treatment of the
anisotropic interactions72) would be a promising future line of
investigation.
Further SAXS studies were conducted to understand the phase
behaviour of these polymers by investigating the order-disorder
transitions (ODT) and any order-order transitions (OOT). Timeresolved SAXS measurements were conducted on bulk
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Using this formula with the value for c found by fitting the F21PAAm LAM data gives an accurate prediction for the domain
spacings in the F21-PAAm HEX phase, also shown in Figure 4(a).
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Figure 5. Time-resolved SAXS measurements of F 21-PAA10. Colour scale from green to red shows the a) heating cycle (30 °C to 150 °C at 0.5 °C/min) and b) cooling
cycle (150 °C to 30 °C at 0.5 °C/min) c) expansion of the second peak (heating cycle, Figure 5(a)).

heterotelechelic homopolymers that were prepared in the
same manner as for the single data SAXS measurements to
further probe the phase behaviour of these polymers during
thermal annealing. The bulk samples were heated (and
subsequently cooled) at 0.5 °C/min (the slowest ramp rate
achievable for the experimental set-up) from 30 °C to 150 °C to
30 °C, while collecting data every 1 minute (i.e. every 0.5 °C).
This ramp rate was selected to provide the best chance for the
system to attain thermal equilibrium. The heating and cooling
cycles from time-resolved SAXS of F21-PAA10 and video
representations were created to assist visualising the timeresolved SAXS data (Movies S1-S5), Figure 5. On heating, the
intensity of the peaks decreased, and higher order peaks
disappeared completely, indicating a loss in ordered
morphology at the order-disorder transition temperature
(ODT). This is expected, as  has an inverse relationship with
temperature ( = 𝐴 + 𝐵/𝑇, where A and B are constants for a
given pair of chemical entities). There is also an observed shift
in the position of the principal peak (q*) to larger q values,
meaning a decrease in domain spacing during the heating
process, which returns to its original position on cooling. The
intensity and higher order peaks also return during cooling,

indicating good thermoreversibility. Almost all of the samples
return to their original morphology upon cooling, with the
exception of F21-PAA10 and F21-PAA16 (Table 2). Notably, the
higher order peaks of these two samples change from relative
positions of q = q*, 2q*, 3q* to q = q*, √3q*, 2q*, demonstrating
a change in morphology from lamellar (LAM) to hexagonallypacked cylinders (HEX), which indicates that HEX is the
thermodynamically stable morphology for these polymers.
Figure 5(c) shows a magnification of the region around the
second peak (heating cycle, Figure 5(a)) from the time-resolved
SAXS data of F21-PAA10. The formation of a new peak at √3q*
appears, indicating an order-order transition (OOT) and
provides a degree of confidence in the phase boundaries
presented in the phase diagram (see later). Such thermallyinduced transitions can be rationalised when inspecting the
experimental phase diagram, since an increase in temperature
corresponds to moving downwards in the phase diagram, as
 = 𝐴 + 𝐵/𝑇. F17-PAAm polymers were also annealed in a
similar manner, however the inherent reduction in N leads to
weaker peak intensities making it difficult to pinpoint the TODT.

Table 2. Characteristics of Fn-PAAm polymers from time-resolved SAXS measurements.

Polymer
Fn-PAAm

TODT,

Nano-morphology before
thermal annealing

Nano-morphology after
thermal annealing

F17-PAA6
F17-PAA11
F17-PAA17
F17-PAA23
F17-PAA30

( C)
-

Tga
(oC)
52.1
78.8
100.0
108.4
111.6

LAMb
HEXb
HEXb
HEXb
DISb

LAMb
DIS/HEXb
HEXb
HEXb
DISb

F21-PAA5
F21-PAA10
F21-PAA16
F21-PAA20
F21-PAA24

94.0c
87.4
102.9
105.8
-

77.9
86.9
99.5
109.6
110.0

LAM
LAM
LAM
HEX
HEX

LAM
HEX
HEX
HEX
HEX

midpoint
o

a) Taken from DSC data. b) Temperature measurements were recorded with heating/cooling rates of 5 °C/min. c) See figure 6.
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Consequently, time-resolved SAXS measurements were not
performed during annealing for the F13-PAAm polymers.
Temperature (oC)
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Figure 6. Peak intensity (Ipeak) and full width half maximum () of the principal
peak from thermal SAXS heating cycle vs 1/temperature for F21-PAA5.
Transition temperatures = 73.6 oC and 94.0 °C (TODT).

To investigate the order-order and order-disorder transitions,
the time-resolved data were plotted as the inverse peak
intensity of the principal peak at q* (1/Ipeak) versus reciprocal
temperature (1/T). Figure 6 shows this for F21-PAA5 alongside
the inverse of full width half maximum squared (1/2) of the
principal peak, plots for the remaining F 21-PAAm polymers are
given in Figure S25-S33. The sharp decrease in peak intensity
signifies the temperature at which a transition occurs, which is

Finally, an experimental phase diagram was constructed from
the SAXS data (Figure 7), including F13-PAAm data from our
previous study.50 Although typical phase diagrams use N for
the y-axis, on the basis of  being a constant value at a given
temperature, the shape of our phase diagram (N versus fF) can
be directly compared to those in the literature. The
morphologies obtained from a single data acquisition after
thermal annealing were used to construct the phase diagram
where three clear regions have been identified; DIS, HEX and
LAM. Phase boundaries were placed as a guide to the eye and
are not absolute, however, a solid line has been used to show
more certain boundary areas, where data points either side
show order. Remarkably, our experimental phase diagram for
these telechelic homopolymers closely resembles that of the
theoretical rod-coil block copolymer phase diagram with no
liquid crystal alignment.73 The colour bar in Figure 7 indicates
domain size (d*) for heterotelechelic homopolymers that phase
separated into ordered morphologies. Disordered polymer

40
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LAM

F13-PAAm
F17-PAAm
F21-PAAm

35
30

Domain

*

size (nm)
3.9
3.6
3.4

25

3.1

N
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0.6

corroborated by a sharp increase in 1/2 at
Viewthe
Articlesame
Online
DOI:
10.1039/D2SC00720G
temperature. To determine the transition
temperatures,
three
linear trendlines were fitted to the plots: before, after and
during the sharp change in intensity. The midpoint of the two
intersections was taken as the transition temperature (the
fitted data are given in Figures S25-S33). All polymer transition
temperatures and morphology changes are given in Table 2.
TOOT /TODT values were only calculated for four polymers, as
those with higher PAA content are less ordered and the change
in q* intensity is insufficient to fit three distinguishable straight
lines, due the lack of discernible phase transition, see Figure 6.

2.8

20

2.5

15

2.3
2.0

10

1.7

5
0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

fF block
Figure 7. Phase diagram for the Fn-PAAm telechelic homopolymers, including data obtained in previous research.50 Morphologies taken from single data SAXS
acquisition after thermal annealing. DIS = disordered, HEX = hexagonally packed cylinders, LAM = lamellae. Note that the phase boundaries are not absolute and
are only a guide to the eye. *The domain size (d*) is estimated as the half-pitch, which provides the upper limit for the minimum single domain size assuming that
both domains are equal.
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samples are shown as open squares. F13-PAAm polymers (where
N = 14 & 16) are weakly ordered (HEX according to SAXS data),
as such both of these data points lie very close to the phase
boundary. Construction of this phase diagram enables
reproducible targeting of particular nanomorphologies with
given domain sizes, a particularly powerful tool in molecular
engineering modern materials. The domain sizes typically
decrease on decreasing N and increasing fF across the range of
telechelic homopolymers in this study, attributed to the shorter
molecular lengths associated with low N and tighter packing of
rod segments. The morphology changes observed during timeresolved measurements at a slower cooling cycle give an
approximate indication of the phase boundaries. The OOT
observed for F21-PAA10 is represented by a shift downwards in
the phase diagram due to the decrease in  on heating (Figure
S35). Slower cooling rates in time-resolved measurements allow
the polymer to self-assemble into a more thermodynamically
stable state compared to rapid cooling, where samples could
become kinetically trapped in a less preferential state. This work
shows a strong resemblance to the theoretical phase diagram
for a rod-coil block copolymer (Figure S36)73, highlighting the
remarkable similarity in phase behaviour between our
telechelic homopolymers and rod-coil block copolymers. Our
work paves the way for a new generation of modern materials
that can access extremely small domain sizes, exploiting high low N principles in simple homopolymers.
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