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Chapter 2

P4VP(n-Alkylphenol)
Supramolecular Comb-Shaped
Copolymers

Self-assembly of P4VP(3-PDP)1.0 and P4VP(4-NDP)1.0 supramolecular comb-shaped
copolymers has previously been shown to have very interesting thermal properties, since
besides crystallization of 3-PDP/4-NDP’s alkyl tails, an additional order-disorder tran-
sition (ODT) was observed as well. In order to get a better insight into the processes
involved and the parameters that determine this behavior, a library consisting of differ-
ently substituted n-alkylphenol surfactant molecules was synthesized. A general trend
was found in the stoichiometric P4VP-based complexes. As expected, both the melting
point and long period of the lamellar structure increased with a longer tail length, while
surprisingly TODT only depended on the position of the hydroxyl group. Its magnitude
is assumed to be directly related to the strength of hydrogen bonding, which is highest
for the sterically least hindered surfactants (para). Additionally, critical behavior was
discovered in meta-substituted complexes: a large reduction in both Tm and TODT was
observed for a 13 methylene unit long amphiphile, while crystallization of the alkyl
tails determined the self-assembly in P4VP(3-henicosylphenol)1.0.

Parts of this chapter were published in: Macromolecules, 2015, 48, 1554−1562
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2.1 Introduction

Comb-shaped copolymers111 are an exciting class of soft condensed matter, as
their side chain architecture can lead to the formation of ordered nanostruc-
tures in bulk or solution. Similar to AB diblock copolymers, for achieving
microphase separation the repulsion of the side chains B from the main chain A
is required to be sufficiently strong. Because of the large number of variations
possible (i.e. grafting density, molecular weight, type of A/B bonding, etc.),
such systems have attracted lots of attention from both theoretical112,113 and
experimental research groups. Roughly speaking, two different approaches are
available for the introduction of the side chains: via covalent bonds51,52,114,115 or
using supramolecular chemistry. Although the balance between attraction and
repulsion in the latter type is much more delicate (macrophase separation should
be avoided at all times), the preparation of supramolecular polymer/surfactant
complexes is often simpler, as the synthesis of complicated macromolecular ar-
chitectures is not involved in this route.54,116,117

Two routes toward supramolecular comb-shaped copolymers should be distin-
guished, although both have the interplay between a polar polymer backbone
and small surface active organic molecules in common. The first route com-
prises the association of a polyelectrolyte with charged surfactants. A suffi-
ciently large aliphatic tail forces the complex to self-assemble into an alter-
nating layered neutral ionic/paraffinic structure.56–60 In this contribution we
will focus on the second route, which is based on hydrogen bonding between
donating surfactant molecules and an accepting polymer or vice versa. For
this type of supramolecular complexes poly(4-vinylpyridine) (P4VP) is one
of the most applied hydrogen bond accepting polymers. It has been com-
plexed successfully with various amphiphiles, ranging from haloperfluorocar-
bons,62 dendron-shaped molecules,65,67,118 cholesteryl hemisuccinate,64,66 octyl
gallate63 to oligothiophenes,68 azo-containing70–72 or naphthalenebisimide de-
rived surfactants69 which even introduced electronic or optical functionality
into the material.

Another surfactant that forms supramolecular comb-shaped copolymers after
complexation with P4VP is 3-pentadecylphenol (3-PDP) and was studied ex-
tensively by both our group and others, in combination with the pristine ho-
mopolymer,74 block copolymers,77,119,120 in bulk or in thin films.121–123 Besides
being very interesting for the preparation of unique (hierarchical) nanometer-
sized structures79,88,124 or using the complex as a template for the fabrication
of ordered (in)organic materials21,125–129, P4VP(3-PDP)x also displays unique
thermal behavior.
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In the P4VP homopolymer complex, for x = 1.0 (x denotes the number of am-
phiphilic molecules added per pyridine group) 3-PDP’s aliphatic tail is partially
crystallized at room temperature, while hydrogen bonding between its phenol
group and P4VP results in a microphase separated alternating crystalline 3-
PDP/glassy P4VP layered structure with a long period of roughly 4 nm (Scheme
2.1). Upon heating, the crystalline structure disappears around 30 ◦C, although
a liquid crystalline lamellar, but slightly expanded structure remains all the
way up to 65 ◦C. When passing through this so-called order-disorder transition
temperature (TODT) a disordered melt is obtained as evidenced by small-angle
X-ray scattering (SAXS), differential scanning calorimetry (DSC), polarized
optical microscopy (POM) and dynamic mechanical spectroscopy (DMS).75,130

All thermal events were found to be fully reversible.

Scheme 2.1: Self-assembly of P4VP(n-alkylphenol)1.0 results in the formation of a
layered, alternating P4VP/amphiphilic structure. For P4VP(3-PDP)1.0 the hydroxyl
group is located at the meta position, m = 14 and the long period d ≈ 4 nm.

Besides allowing real-space imaging of the morphology in P4VP(4-NDP)1.0 by
transmission electron microscopy (TEM), extending the tail with four methy-
lene units (19 total) and moving the hydroxide group to the para position (4-
nonadecylphenol) led to a change in the thermal properties of the complex as
well.73 As would be expected, the melting temperature increased significantly
due to the enhanced crystallization of the tail (Tc = 55 ◦C), but very surpris-
ingly the ODT was observed around 100 ◦C. Although this remarkable 35 ◦C
difference was initially thought to be predominantly caused by the stronger re-
pulsion of this elongated alkyl tail, no additional proof was provided whether
it was induced by the hydroxyl position, the longer alkyl tail or a combination
of both. In order to obtain a better understanding of the mechanism behind
the self-assembly of P4VP(n-alkylphenol) supramolecular comb-shaped copoly-
mers, in this chapter a detailed and systematic study will be presented on how
both the tail length (13 to 21 methyl groups) and hydroxyl position (para, meta
and ortho) affect their stability, structure and thermal properties.
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2.2 Experimental
2.2.1 Materials
Poly(4-vinylpyridine) (P4VP, Mn = 26.1 kg·mol−1, Mw/Mn = 1.17) was syn-
thesized by reversible addition-fragmentation chain transfer (RAFT) polymer-
ization using DIBTTC as chain transfer agent (see also Chapter 3). Magnesium
(Acros Organics, pure), 1-bromododecane (TCI, >98.0%), 1-bromotetradecane
(Acros Organics, ≥97.5%), 1-bromohexadecane (Sigma-Aldrich, ≥96.5%), 1-
bromooctadecane (Sigma-Aldrich, ≥97.0%), 1-bromoeicosane (TCI, >95.0%),
2-methoxybenzaldehyde (TCI, >98.0%), 3-methoxybenzaldehyde (Sigma-
Aldrich, ≥96.5%), 4-methoxybenzaldehyde (Acros Organics, ≥99.0%), tetrahy-
drofuran (THF, Acros Organics, 99.5%, extra dry, AcroSeal), hydriodic acid
(Acros Organics, 57 wt%, stabilized), red phosphorus (Acros Organics, ≥96.0%),
dichloromethane (DCM, Sigma-Aldrich, anhydrous, ≥99.8%) and boron tribro-
mide (Sigma-Aldrich, 1.0 M solution in DCM) were used as received. All other
solvents were of analytical grade.

2.2.2 Synthesis of n-alkylphenols
The amphiphiles 2-pentadecylphenol (2-PDP), 2-heptadecylphenol (2-HDP),
2-nonadecylphenol (2-NDP), 3-tridecylphenol (3-TDP), 3-pentadecylphenol (3-
PDP), 3-heptadecylphenol (3-HDP), 3-nonadecylphenol (3-NDP), 3-henicosyl-
phenol (3-HEP), 4-pentadecylphenol (4-PDP), 4-heptadecylphenol (4-HDP) and
4-nonadecylphenol (4-NDP) were prepared according to a three-step mehod. It
involves a Grignard reaction for coupling the head to the tail, reduction of
the introduced hydroxyl group using red phosphorus/toluene/hydriodic acid131

and deprotection of the phenol group using boron tribromide.132 By simply
selecting the appropriate alkyl bromide (tail length) and methoxybenzaldehyde
(para, meta or ortho) this route allows the synthesis of any n-alkylphenol pos-
sible. A general experimental procedure is provided below.

Synthesis of Precursor 1. For the first step 2.5 eq freshly ground magne-
sium turnings were added to a reflux setup under argon atmosphere and were
activated using a small crystal of iodine. After that, the metal was covered
under a layer of anhydrous THF (∼10 ml). Then a solution of the alkylbro-
mide (1 eq) in anhydrous THF (1.2 ml/mmol bromide) was added dropwise to
the heated (60 ◦C) magnesium suspension using a syringe and was refluxed for
3 h afterwards. The resulting dark clear solution was cooled to 0 ◦C using an
ice bath, 1.05 eq of the appropriate methoxybenzaldehyde in anhydrous THF
(0.6 ml/mmol aldehyde) was added slowly and the reaction mixture was finally
refluxed overnight. Next, the dark yellow solution was cooled again to 0 ◦C,
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quenched with one portion 1.0 M HCl (twice the volume of THF), extracted
with 3 portions DCM, washed with one portion brine and dried over magnesium
sulfate. The solvents were removed under reduced pressure giving an off-white
to yellow solid on cooling to room temperature. Purification of the crude com-
pound was achieved by column chromatography using DCM as eluent, affording
Precursor 1 as a hard white solid (∼60% yield).

Synthesis of Precursor 2. Precursor 2 was prepared by heating a solution of
Precursor 1 (4 ml toluene/mmol) in the presence of red phosphorus and hydr-
iodic acid (molar ratio 1/1/5) at 80 ◦C under argon atmosphere overnight. The
brown/red mixture was cooled to room temperature and diluted with water
(8 ml/mmol) and one portion DCM (8 ml/mmol). The biphasic medium was
transferred to a separation funnel and the colorless aqueous layer was extracted
with another two portions DCM. Combining the organic fractions, washing
twice with 10 wt % sodium thiosulfate (12 ml/mmol, each) and drying over
magnesium sulfate afforded a clear, slightly yellow solution. Concentrating in
vacuo resulted in a dark yellow/orange oil or waxy solid, depending on the
length of the alkyl tail and the position of the methoxy group (∼90% yield).
Precursor 2 was used in the third step without further purification.

Synthesis of n-alkylphenol. Precursor 2 was dissolved in anhydrous DCM
(5 ml/mmol) in a Schlenk flask under argon atmosphere. The reaction mixture
was then cooled to 0 ◦C using an ice bath and 1.1 eq boron tribromide solution
(1.0 M in DCM) was added dropwise using a syringe. When finished, the
solution was allowed to warm up slowly overnight, quenched with water (5
ml/mmol) and stirred for about 1 h at room temperature. Subsequently it was
diluted with more water (2 ml/mmol) and DCM (5 ml/mmol), resulting in an
orange to pink organic layer and a colorless aqueous layer. The mixture was
transferred to a separation funnel and neutralized by the addition of a 1.0 M
sodium hydroxide solution. The water fraction was then extracted with two
portions DCM (10 ml/mmol, each) and the combined organic fractions were
washed with one portion brine. Drying over magnesium sulfate and removing
the solvents under reduced pressure gave a yellow to brown solid. Purification
of the crude product by flash chromatography using DCM (para and meta
alkylphenols) or toluene (ortho) as eluent afforded the n-alkylphenol as a white
to off-white solid (∼60% yield).
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2.2.3 Sample preparation

Stoichiometric (x = 1.0) supramolecular complexes were prepared by dissolving
ca. 150 mg of material (polymer together with the calculated amount of surfac-
tant) in N,N -dimethylformamide (2 wt%) and casting these solutions into glass
Petri dishes (d = 4 cm). Complete evaporation of the solvent in a DMF atmo-
sphere was achieved in approximately 4 days by heating the dishes to 55 ◦C.
The complexes were finally annealed at 130 ◦C for about 1 h and slowly cooled
back to room temperature.

Ultrathin sections (60 to 80 nm) for TEM were obtained by microtoming in
epoxy (Epofix, Electron Microscopy Sciences) embedded pieces of the
P4VP(NDP)1.0 films using a Leica Ultracut UCT ultramicrotome equipped
with a 35◦ DiATOME diamond knife. Enhanced contrast in TEM was realized
by staining the sections with iodine for 30 min.

2.2.4 Characterization
1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a 400
MHz Varian VXR operating at room temperature using deuterated chloroform
(CDCl3) as solvent.

Attenuated total reflection (ATR) infrared spectroscopy was carried out on a
Bruker IFS88 equipped with an MCT-A detector at a resolution of 4 cm−1.

Differential scanning calorimetry (DSC) was performed on a TA Instruments
DSC Q1000 by heating the samples to 150 ◦C and cooling to −50 ◦C at a rate
of 10 ◦C·min−1. The second heating cycle was used for analysis.

Polarized optical microscopy (POM) was conducted on a Zeiss Axiophot. Sam-
ples were prepared by sandwiching a piece of the polymer film between two
glass slides, heated above the ODT and subsequently slowly cooled to room
temperature. The contrast was improved by inserting a λ wave plate between
the crossed polarizers.

Temperature-resolved small-angle X-ray scattering (SAXS) measurements were
carried out on a modified Bruker NanoStar setup combined with a MicroStar
X-ray source (sample-to-detector distance 24 cm). The scattering vector q is de-
fined as q = 4π/λ sin θ with 2θ being the scattering angle and λ the wavelength
of the X-rays (1.54 Å). Data were collected for 3 min per scan.
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Sections of the iodine stained P4VP(NDP)1.0 complexes were analyzed on a
Philips CM12 transmission electron microscope operating at an accelerating
voltage of 120 kV. TEM images were recorded on a Gatan slow-scan CCD
camera.

2.3 Results and discussion

2.3.1 Synthesis of the amphiphiles

Although comb-shaped block copolymers based on P4VP(4-NDP) have previ-
ously been shown to result in more stable complexes, enhanced self-assembly
and structures that are easier to image by TEM,78 most research groups have
focused on P4VP(3-PDP) for the simple reason that 3-PDP is commercially
available. The literature available on P4VP(4-NDP) includes a synthesis route
involving a Grignard reaction and simultaneous reduction/deprotection based
on hydriodic acid/red phosphorus and should allow the preparation of any n-
alkylphenol.73 However, when we tried to apply this method, it turned out that
4-NDP is indeed formed, but it is accompanied by a large number of impurities
making isolation of the surfactant quite challenging. After connection of the
head to the tail via a simple Grignard reaction (Scheme 2.2), splitting this com-
bined reduction/deprotection into two separate steps under milder conditions
increased the final yield and reduced the impurity level significantly (Scheme
2.3 and Scheme 2.4).

Scheme 2.2: General route for the synthesis of Precursor 1 via a Grignard reaction.

Multiple n-alkylphenol surfactants have been synthesized successfully following
this route, with varying tail length (13 to 21 carbons) and hydroxide position
(ortho, meta and para). A complete overview is provided in Table 2.1.

Characteristic 1H-NMR spectra of each step for the synthesis of 4-NDP are pro-
vided in Figure 2.1. The presence of a benzylic proton (δ = 4.6 ppm) indicates
successful coupling of the bromoalkane and anisaldehyde, while its disappear-
ance is typical for the reduction step. Finally, deprotection of the phenol group
is obvious due to the appearance of a single, sharp peak at 4.6 ppm.
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Scheme 2.3: Reduction of Precursor 1 using aqeous hydriodic acid (HI) and red
phosphorus (P red) leads to Precursor 2.

Scheme 2.4: Deprotection of Precursor 2 using boron tribromide (BBr3) provides the
desired n-alkylphenol.

n-alkylphenol Full name Tail length Substitution
2-PDP 2-pentadecylphenol 15 ortho
2-HDP 2-heptadecylphenol 17 ortho
2-NDP 2-nonadecylphenol 19 ortho
3-TDP 3-tridecylphenol 13 meta
3-PDP 3-pentadecylphenol 15 meta
3-HDP 3-heptadecylphenol 17 meta
3-NDP 3-nonadecylphenol 19 meta
3-HEP 3-henicosylphenol 21 meta
4-PDP 4-pentadecylphenol 15 para
4-HDP 4-heptadecylphenol 17 para
4-NDP 4-nonadecylphenol 19 para

Table 2.1: Overview of the n-alkylphenol amphiphiles studied in this chapter.
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Figure 2.1: 1H-NMR spectra of 4-NDP, Precursor 2 and Precursor 1.

Figure 2.2: 13C-NMR spectra of 4-NDP, Precursor 2 and Precursor 1.
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Figure 2.3: IR spectra of of 4-NDP, Precursor 2 and Precursor 1.

Similar features can be found in 13C-NMR (55 and 75 ppm, Figure 2.2), while
the infrared spectroscopy shown in Figure 2.3 clearly demonstrate the presence
of hydroxyl functional groups (ν̃ ≈ 3300 cm−1) in Precursor 1 and 4-NDP. Full
characterization of all other n-alkylphenols is listed below.

2-pentadecylphenol (2-PDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.1 - 1.4 (m, 12 CH2), 1.61 (m, CH2), 2.59 (t,
CH2), 4.64 (s, ArOH), 6.75 (d, ArH), 6.86 (t, ArH), 7.09 (m, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.4 - 29.9, 31.9, 115.1, 120.7, 127.0, 128.6, 130.1, 153.3.
FT-IR: ν̃ (cm−1) = 3271 (O-H), 3074 (Ar C-H), 1589 (C=C), 1459 (C=C), 1223
(C-O), 749 (Ar C-H). EA: C 82.73% (calc. 82.83%) H 12.11% (calc. 11.92%).
DSC: Tm = 51.7 ◦C, Tc = 32.7 ◦C.

2-heptadecylphenol (2-HDP)
1H-NMR: δ (ppm) = 0.89 (t, CH3), 1.2 - 1.4 (m, 14 CH2), 1.61 (m, CH2), 2.60 (t,
CH2), 4.65 (s, ArOH), 6.76 (d, ArH), 6.87 (t, ArH), 7.10 (m, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.4 - 29.9, 31.9, 115.1, 120.7, 127.0, 128.6, 130.1, 153.3.
FT-IR: ν̃ (cm−1) = 3287 (O-H), 3074 (Ar C-H), 1589 (C=C), 1461 (C=C), 1225
(C-O), 746 (Ar C-H). EA: C 83.47% (calc. 83.07%) H 12.48% (calc. 12.12%).
DSC: Tm = 59.2 ◦C, Tc = 43.7 ◦C.
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2-nonadecylphenol (2-NDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 16 CH2), 1.61 (m, CH2), 2.60 (t,
CH2), 4.64 (s, ArOH), 6.76 (d, ArH), 6.87 (t, ArH), 7.10 (m, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.4 - 29.9, 31.9, 115.1, 120.7, 127.0, 128.5, 130.1, 153.3.
FT-IR: ν̃ (cm−1) = 3301 (O-H), 3042 (Ar C-H), 1589 (C=C), 1459 (C=C), 1228
(C-O), 749 (Ar C-H). EA: C 83.52% (calc. 83.27%) H 12.64% (calc. 12.30%).
DSC: Tm = 64.6 ◦C, Tc = 47.0 ◦C.

3-tridecylphenol (3-TDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 10 CH2), 1.59 (m, CH2),
2.55 (t, CH2), 4.69 (s, ArOH), 6.65 (m, 2 ArH), 6.74 (d, ArH), 7.13 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3322 (O-H), 3035 (Ar C-H), 1586
(C=C), 1461 (C=C), 1255 (C-O), 783 (Ar C-H). EA: C 82.56% (calc. 82.54%)
H 11.68% (calc. 11.67%). DSC: Tm = 41.1 ◦C, Tc = 11.4 ◦C.

3-pentadecylphenol (3-PDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 12 CH2), 1.59 (m, CH2),
2.55 (t, CH2), 4.67 (s, ArOH), 6.65 (m, 2 ArH), 6.75 (d, ArH), 7.13 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3283 (O-H), 3043 (Ar C-H), 1592
(C=C), 1460 (C=C), 1251 (C-O), 786 (Ar C-H). EA: C 82.72% (calc. 82.83%)
H 11.94% (calc. 11.92%). DSC: Tm = 50.8 ◦C, Tc = 25.9 ◦C.

3-heptadecylphenol (3-HDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.1 - 1.4 (m, 14 CH2), 1.60 (m, CH2),
2.55 (t, CH2), 4.64 (s, ArOH), 6.66 (m, 2 ArH), 6.76 (d, ArH), 7.14 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3301 (O-H), 3043 (Ar C-H), 1592
(C=C), 1463 (C=C), 1256 (C-O), 784 (Ar C-H). EA: C 82.80% (calc. 83.07%)
H 12.08% (calc. 12.12%). DSC: Tm = 54.8 ◦C, Tc = 30.7 ◦C.

3-nonadecylphenol (3-NDP)
1H-NMR: δ (ppm) = 0.89 (t, CH3), 1.1 - 1.4 (m, 16 CH2), 1.60 (m, CH2),
2.55 (t, CH2), 4.63 (s, ArOH), 6.66 (m, 2 ArH), 6.76 (d, ArH), 7.14 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.4, 145.0, 155.4. FT-IR: ν̃ (cm−1) = 3315 (O-H), 3041 (Ar C-H), 1590
(C=C), 1460 (C=C), 1223 (C-O), 786 (Ar C-H). EA: C 82.98% (calc. 83.27%)
H 12.19% (calc. 12.30%). DSC: Tm = 61.8 ◦C, Tc = 42.2 ◦C.
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3-henicosylphenol (3-HEP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 18 CH2), 1.59 (m, CH2),
2.55 (t, CH2), 4.64 (s, ArOH), 6.65 (m, 2 ArH), 6.76 (d, ArH), 7.14 (t, ArH).
13C-NMR: δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.3, 31.9, 35.8, 112.4, 115.3,
121.0, 129.3, 145.0, 155.3. FT-IR: ν̃ (cm−1) = 3273 (O-H), 3046 (Ar C-H), 1594
(C=C), 1460 (C=C), 1258 (C-O), 784 (Ar C-H). EA: C 83.54% (calc. 83.44%)
H 12.77% (calc. 12.45%). DSC: Tm = 69.5 ◦C, Tc = 50.0 ◦C.

4-pentadecylphenol (4-PDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.1 - 1.4 (m, 12 CH2), 1.56 (m, CH2),
2.52 (t, CH2), 4.59 (s, ArOH), 6.74 (d, 2 ArH), 7.05 (d, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.2 - 29.7, 31.7, 31.9, 35.0, 115.0, 129.4, 135.2, 153.3.
FT-IR: ν̃ (cm−1) = 3351 (O-H), 3056 (Ar C-H), 1617 (C=C), 1518 (C=C),
1460 (C=C), 1258 (C-O), 824 (Ar C-H). EA: C 82.73% (calc. 82.83%) H 11.87%
(calc. 11.92%). DSC: Tm = 72.5 ◦C, Tc = 69.1 ◦C.

4-heptadecylphenol (4-HDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 14 CH2), 1.56 (m, CH2),
2.52 (t, CH2), 4.58 (s, ArOH), 6.75 (d, 2 ArH), 7.04 (d, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.7, 31.9, 35.0, 115.0, 129.4, 135.2, 153.3.
FT-IR: ν̃ (cm−1) = 3364 (O-H), 3051 (Ar C-H), 1617 (C=C), 1516 (C=C),
1460 (C=C), 1258 (C-O), 822 (Ar C-H). EA: C 83.27% (calc. 83.07%) H 12.46%
(calc. 12.12%). DSC: Tm = 79.0 ◦C, Tc = 75.5 ◦C.

4-nonadecylphenol (4-NDP)
1H-NMR: δ (ppm) = 0.88 (t, CH3), 1.2 - 1.4 (m, 16 CH2), 1.56 (m, CH2),
2.53 (t, CH2), 4.55 (s, ArOH), 6.74 (d, 2 ArH), 7.04 (d, 2 ArH). 13C-NMR:
δ (ppm) = 14.1, 22.7, 29.3 - 29.7, 31.7, 31.9, 35.0, 115.0, 129.4, 135.2, 153.3.
FT-IR: ν̃ (cm−1) = 3392 (O-H), 3028 (Ar C-H), 1614 (C=C), 1518 (C=C),
1463 (C=C), 1258 (C-O), 822 (Ar C-H). EA: C 83.31% (calc. 83.27%) H 12.30%
(calc. 12.30%). DSC: Tm = 83.5 ◦C, Tc = 79.8 ◦C.

2.3.2 P4VP(NDP)1.0: para vs meta vs ortho

Even though the para-substituted analogue of complexes based on nonade-
cylphenol (NDP) and P4VP has been studied before, in this first part we would
like to emphasize the impact of the hydroxyl position (ortho, meta and para)
on the thermal and structural properties. The importance of the tail length will
be covered in the second part of this chapter, although slightly less extensive
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compared to the examples given here for the 19 methylene unit long surfactants.
Stoichiometric supramolecular complexes (i.e. x = 1.0) were studied only.

Figure 2.4: FT-IR spectra of P4VP(4-NDP)1.0 (a), P4VP(3-NDP)1.0 (b) and
P4VP(2-NDP)1.0 (c) supramolecular complexes.

Hydrogen bonding between the pyridine and phenol group in all three complexes
(P4VP(2-NDP)1.0, P4VP(3-NDP)1.0 and P4VP(4-NDP)1.0) was investigated by
infrared spectroscopy. The hydrogen bond acceptance capability of P4VP can
be monitored by looking at the shifts of the pyridine ring stretching modes at
1597, 1415 and 993 cm−1.119,133 P4VP(4-NDP)1.0 indeed clearly shows band
shifts of the lowest two wavenumbers (993 → 1007 cm−1 and 1414 → 1420
cm−1), but analysis of the third absorption band (1595 cm−1) is not possible
due to overlap with 4-NDP (Figure 2.4a). All three characteristic shifts can be
observed distinctly in the P4VP(3-NDP)1.0 complex: 993 → 1007 cm−1, 1414
→ 1420 cm−1 and 1595→ 1600 cm−1 (Figure 2.4b). P4VP(2-NDP)1.0 faces the
same problem as 4-NDP (Figure 2.4c): overlap with uncomplexed surfactant
hinders examination of the band at 1595 cm−1, but the presence of hydrogen
bonding is clearly evidenced by shifts of the lower two frequencies (1414→ 1419
cm−1, 993 → 1007 cm−1). While the magnitude of the measured differences
are in all cases similar to the behavior characterized in P4VP(3-PDP)1.0,74 the
shoulders observed at the lower frequency side of the 1007 cm−1 band could
indicate incomplete complex formation for 2-NDP and 4-NDP. Free pyridine is
completely absent in the 3-NDP-based comb polymer.

DSC thermograms of P4VP(2-NDP)1.0, P4VP(3-NDP)1.0 and P4VP(4-NDP)1.0
are shown in Figure 2.5a. All supramolecular complexes are crystalline at room
temperature and the melting temperature increases when moving from the or-
tho to the para position (Tm = 45, 55 and 64 ◦C, respectively). This increment
is probably caused by an increasing efficiency of the packing of the alkyl chains.
Additionally, small endothermic events can be observed in the stoichiometric
3-NDP and 4-NDP complexes (at 69 and 97 ◦C), which correspond to the pre-
viously discussed order-disorder transition (ODT). Such a process is completely
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absent in P4VP(2-NDP)1.0. Lastly it should be remarked that macrophase sep-
arated NDP could not be identified in all three complexes, since their melting
point differs significantly from the pristine surfactant.

Figure 2.5: DSC thermograms of stoichiometric P4VP/NDP complexes with varying
hydroxyl position (ortho, meta and para) (a). POM images of P4VP(NDP)1.0 taken
at T < Tm (b, c, d), Tm < T < TODT (e, f, g) and T > TODT (h, i).

POM images recorded at a sufficiently low temperature support this data, as
P4VP(2-NDP)1.0, P4VP(3-NDP)1.0 and P4VP(4-NDP)1.0 all show a granular
texture which confirms their crystalline nature. Upon bringing the complexes
into the melt, birefringence is no longer observed in P4VP(2-NDP)1.0, while
a smectic phase can still be identified in both P4VP(3-NDP)1.0 and P4VP(4-
NDP)1.0. Further heating above TODT resulted in an optically isotropic melt
(Figures 2.5b-i).

Figure 2.6: SAXS profiles of P4VP(NDP)1.0 recorded at room temperature (a) and
above their melting point (b).
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Room temperature SAXS intensity profiles display two (2-NDP, q* = 1.7 nm−1)
or three (3-NDP and 4-NDP, q* = 1.6 nm−1) scattering maxima with a ratio of
1q* : 2q* : 3q* (Figure 2.6a) suggesting that all three complexes self-assemble
into a lamellar morphology with a domain spacing ranging from 3.7 nm (2-NDP)
to 3.9 nm (3-NDP and 4-NDP). Apparently the hydrogen bonding between
P4VP and the highly sterically hindered ortho position is still sufficiently strong
for allowing P4VP(2-NDP)1.0 to microphase separate into a layered nanostruc-
ture. Because of 2-NDP’s bent architecture the packing inside the complex is
expected to deviate from 3-NDP and 4-NDP, resulting in a slightly smaller long
period (∆d = 0.2 nm). TEM micrographs of iodine stained sections confirm
the formation of such small lamellae, although this minor difference cannot be
abstracted from the images due to the application of a staining agent and the
orientation of the structure (Figure 2.7).

Figure 2.7: Room temperature TEM micrographs of P4VP(2-NDP)1.0 (a), P4VP(3-
NDP)1.0 (b) and P4VP(4-NDP)1.0 (c). P4VP appears dark due to staining with iodine
(30 min).

In order to gain further insight into the mechanism responsible for the self-
assembly of P4VP(NDP)1.0 supramolecular complexes, temperature-resolved
SAXS measurements were performed as well. When heated just above their
melting temperature, the first-order scattering maxima of P4VP(3-NDP)1.0
and P4VP(4-NDP)1.0 shift to a lower q-value (q* ≈ 1.5 nm−1, Figure 2.6b),
which implies expansion of the lamellar structure into the liquid crystalline
state (d = 4.1 and 4.2 nm, respectively). This increase is caused by a less
efficient packing mechanism of the alkyl tails, identical to the behavior ob-
served in P4VP(3-PDP)1.0.75 P4VP(2-NDP)1.0 on the other hand only shows a
broad signal (i.e. correlation hole peak) above its melting point, indicating the
transition to a fully disordered state. Further heating of P4VP(3-NDP)1.0 and
P4VP(4-NDP)1.0 above their ODT (69 and 97 ◦C, respectively) also resulted in
complete disappearance of the ordered structures. Full temperature scans in
the range from 20 to 120 ◦C can be found in Figure 2.8.
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Figure 2.8: Temperature-resolved SAXS intensity profiles of P4VP(2-NDP)1.0 (a),
P4VP(3-NDP)1.0 (b) and P4VP(4-NDP)1.0 (c) in the range 20− 120 ◦C.

When cooled from the liquid, disordered state (above ODT), the position of
the hydroxyl group apparently strongly affects the self-assembly of the NDP-
based complexes: P4VP(4-NDP)1.0 and P4VP(3-NDP)1.0 already form a liquid
crystalline lamellar structure in the molten state, while enhanced ordering of
P4VP(2-NDP)1.0 is only observed upon crystallization. These findings very
nicely illustrate the beauty of the delicate balance between attractive and re-
pulsive forces needed for the formation of an ordered supramolecular complex.
Although the repulsion is identical in all three comb-shaped copolymers (19
methylene units), the attraction (hydrogen bonding) in the 2-NDP-based com-
plex is simply insufficiently strong in the melt compared to 3-NDP and 4-NDP.
The highly favorable crystallization of the tail compensates for this deficiency
and still allows the complex to self-assemble into a layered morphology, i.e. the
ordering is crystallization induced. Since the pKas of o-, m- and p-cresol are al-
most identical,134 the substituent effect is believed to hardly affect the donating
ability of the n-alkylphenols. For this reason, the absence of an additional ODT
in P4VP(2-NDP)1.0 must be caused by a purely steric effect135,136 and therefore
immediately explains the 28 ◦C difference in TODT between P4VP(3-NDP)1.0
and P4VP(4-NDP)1.0. Finally, in contrast to the FT-IR measurements, SAXS
did not provide any evidence for the presence of macrophase separated surfac-
tant since their scattering patterns differ significantly from the supramolecular
complexes (Figure 2.9). Therefore, non-hydrogen-bonded 2-NDP and 4-NDP
are presumably solubilized within the aliphatic, complexed matrix, causing the
appearance of free pyridine in the IR spectra.
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Figure 2.9: Room temperature SAXS patterns of n-alkylphenol surfactants, sorted
by substitution: ortho position (a), meta position (b) and para position (c).

2.3.3 Influence of tail length

Two other para-substituted surfactants were prepared and stoichiometrically
complexed to P4VP: 4-pentadecylphenol (4-PDP) and 4-heptadecylphenol (4-
HDP). According to SAXS (Figure 2.10) both form a lamellar morphology at
room temperature (d = 3.5 nm (4-PDP) and 3.6 nm (4-HDP)), with macrophase
separated amphiphiles being fully absent.

Figure 2.10: Room temperature SAXS patterns of para-substituted P4VP-based
supramolecular complexes (P4VP(4-PDP)1.0, P4VP(4-HDP)1.0 and P4VP(4-NDP)1.0).

The DSC thermograms in Figure 2.11a demonstrate the expected melting be-
havior of the comb-shaped copolymers: it increases with roughly 6 ◦C per
methylene unit. However, surprisingly the small endothermic process known as
the ODT can be identified at approximately the same position (94 and 96 ◦C).
Temperature-resolved SAXS (Figure 2.12) proves this by showing expansion of
the layered structure upon melting (3.8 and 4.0 nm) and its presence up to this
point, identical to P4VP(4-NDP)1.0.
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Figure 2.11: DSC thermograms of stoichiometric para- (a), meta- (b) and ortho-
substituted (c) P4VP-based comb-shaped copolymers with varying alkyl tail length.

A larger library of meta-substituted n-alkylphenols was synthesized: 3-tridecyl-
phenol (3-TDP), 3-pentadecylphenol (3-PDP), 3-heptadecylphenol (3-HDP), 3-
nonadecylphenol (3-NDP) and 3-henicosylphenol (3-HEP). Similar to the para-
substituted complexes, P4VP(3-PDP)1.0 and P4VP(3-HDP)1.0 show a lowered
melting temperature compared to P4VP(3-NDP)1.0, while their ODT remains
approximately constant (Figure 2.11b: 63 and 67 ◦C, respectively). SAXS mea-
surements confirm this picture (Figure 2.13) and reveal their self-assembly into
an ordered lamellar structure in the crystalline state (Figure 2.14a).

Figure 2.12: Temperature-resolved SAXS profiles of para-substituted n-alkylphenol
complexes: P4VP(4-PDP)1.0 (a) and P4VP(4-HDP)1.0 (b).

Although increasing the tail length to 21 carbon atoms still allowed P4VP(3-
HEP)1.0 to form lamellae (SAXS, Figure 2.14a), an additional thermal event
(ODT) could no longer be observed in DSC. On cooling, however, at 65 ◦C (just
before crystallization) the intensity of the first-order scattering maximum is sev-
eral times higher compared to room temperature, while the 2nd and 3rd order
are not visible yet (Figure 2.14b). Although a difference in spacing could not
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Figure 2.13: Temperature-resolved SAXS profiles of meta-substituted n-alkylphenol
complexes with increasing tail length: P4VP(3-TDP)1.0 (a) P4VP(3-PDP)1.0 (b),
P4VP(3-HDP)1.0 (c) and P4VP(3-HEP)1.0 (d).

Figure 2.14: SAXS profiles of meta-substituted P4VP-based complexes recorded
below their melting point (T < Tm) (a). SAXS patterns of P4VP(3-HEP)1.0 obtained
at 65 ◦C and 60 ◦C on cooling from the melt (b).
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be detected (4.1 nm), this could indicate the formation of lamellae in the melt,
just before crystallization of the aliphatic tails. Lowering the tail length on the
other side of the spectrum also led to a deviating behavior. Thirteen methy-
lene units in P4VP(3-TDP)1.0 resulted in a significant drop of both the ODT
(TODT = 58 ◦C) and melting temperature (Tm = 3 ◦C) compared to P4VP(3-
PDP)1.0 (TODT = 63 ◦C, Tm = 29 ◦C) (Figure 2.11b). In addition, similar
to P4VP(3-HEP)1.0 the lamellar thickness in the melt did not differ from the
crystalline state (3.4 nm, Figure 2.14a) and was found to be even larger than
P4VP(3-PDP)1.0 (3.3 nm). The relative broad melting point could indicate a
less advantageous crystallization process in this complex and therefore might
not lead to a reduced long period.

Figure 2.15: SAXS patterns of P4VP(2-PDP)1.0, P4VP(2-HDP)1.0 and P4VP(2-
NDP)1.0 supramolecular complexes measured at T < Tm. P4VP(2-PDP)1.0 was cooled
with liquid nitrogen and analyzed immediately.

When moving to the ortho position, stoichiometric complexation of P4VP with
2-HDP led to a reduced melting temperature (Tm = 32 ◦C, Figure 2.11c) and
long period of the lamellar morphology (3.5 nm, Figure 2.15) compared to
P4VP(2-NDP)1.0. Moreover, no separate ODT could be observed in both DSC
and SAXS (Figure 2.16). P4VP(2-PDP)1.0, on the other hand, is fully disor-
dered at room temperature, although rapid cooling well below its melting point
(Tm = 13 ◦C, Figure 2.11c) using liquid nitrogen still resulted in the formation
of a layered structure with a spacing of 3.3 nm (Figure 2.15). Interestingly,
the disordered melt appeared to be unstable at room temperature and 2-PDP
surfactant started to macrophase separate spontaneously after several weeks
(Figure 2.17).
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Figure 2.16: Temperature-resolved SAXS profiles of ortho-substituted n-alkylphenol
complexes: P4VP(2-PDP)1.0 (a) and P4VP(2-HDP)1.0 (b).

Figure 2.17: POM image (a) and photograph (b) of P4VP(2-PDP)1.0 taken after
being stored at room temperature for several weeks indicate the instability of the
disordered melt.
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2.3.4 Evaluation of the results

A complete overview of the self-assembly of the P4VP(n-alkylphenol)1.0
supramolecular comb-shaped copolymers is illustrated in Figure 2.18. The pe-
riodicity of the lamellar structure shows an increment of 0.10 − 0.13 nm per
carbon atom and applies to both the crystalline and liquid crystalline state
(Figure 2.18a). This value is slightly smaller than the theoretical value of
0.127 nm/CH2 for an all-trans configuration of an alkyl chain. Our previous
assumption for a fully interdigitated structure is therefore valid for all com-
plexes (Scheme 2.1), regardless of the position of the hydroxyl group and the
tail length.137 On the other hand, the relatively smallest structures were found
in the ortho-substituted complexes, followed by the meta ones and finally para.
The reason for this difference is straightforward: a more sterically hindered hy-
droxyl group requires a more out-of-plane conformation with respect to P4VP
for effective hydrogen bonding, resulting in thinner layers.

The melting point displays a similar trend: for an equal tail length, the para
position gives the highest melting temperature and the ortho position the low-
est one (Figure 2.18b). Analogue to the long period, less sterically hindered
surfactants presumably allow a more efficient packing mechanism of the alkyl
tails in the complex, giving rise to a higher Tm. For all three types of surfactant
a 6− 8 ◦C increment was observed per methylene unit.

Figure 2.18: Overview of the lamellar spacing d in the stoichiometric P4VP(n-
alkylphenol) complexes at T < Tm (ortho, meta and para) and Tm < T < TODT
(meta and para), plotted against the tail length (a). Dependence of the melting point
(Tm) and ODT (TODT) on the tail length in P4VP(n-alkylphenol) supramolecular
comb-shaped copolymers (b).
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A more striking behavior was observed in the order-disorder transition temper-
ature: it was absent in all ortho-substituted complexes, present around 64 ◦C in
the meta-substituted complexes and was highest in the para-substituted com-
plexes (96 ◦C on average). Its value increased at most a few degrees per methy-
lene unit. Apparently the hydroxyl position affects the ODT to a much larger
extent compared to the tail length. Even for shorter tails, the repulsion of the
aliphatic tails from the polar P4VP backbone is already sufficiently strong for
giving a self-assembled supramolecular complex. Whether this process happens
in the melt and at what temperature depends on the strength of hydrogen bond-
ing. Clearly, the interaction between P4VP’s pyridine groups and the para- and
meta-substituted surfactants already favors microphase separation in the liquid
state. On the other hand, the entropic loss in the highly sterically hindered
2-n-alkylphenol-based complexes is only compensated for upon crystallization
of the side chains.

For the 21 methylene units long surfactant 3-HEP, only a hint of an ODT
was visible upon cooling from the melt. It is therefore expected that a fur-
ther increase of the tail length of meta-substituted amphiphiles will lead to
crystallization-driven self-assembly as well and eventually macrophase separa-
tion. On the other side of the spectrum, the broad melting point and reduced
TODT in P4VP(3-TDP)1.0 suggest a further decrease of the number of carbon
atoms will result in noncrystallizable complexes and finally even disordered
systems. Identical behavior is expected to be observed in both ortho- and
para-substituted complexes, although a reliable estimation on their critical tail
length cannot be performed based on the available data.

2.4 Conclusions

A better understanding of the processes involved in the self-assembly of P4VP(n-
alkylphenol)1.0 supramolecular comb-shaped copolymers was achieved by sys-
tematic variation of the tail length and the position of the hydroxyl group.
Regardless of both parameters, the investigated library of complexes all self-
assembled into a lamellar morphology. As expected, in general, both the melting
point and d-spacing of the lamellae raised with increasing tail length. On the
other hand, the hydroxyl position had a much more surprising impact on their
self-assembled nature: the order-disorder transition temperature remained con-
stant in the meta- and para-substituted complexes, while microphase separa-
tion in the ortho-substituted complexes was found to be crystallization-driven.
This observation illustrates the critical balance between repulsive and attrac-
tive forces required in supramolecular systems. Apparently, even for relatively
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short alkyl chains the repulsion is already sufficiently strong, while the point
at which the ordered structure appears is fully determined by the strength of
hydrogen bonding. Since this property cannot be affected by the position of
the alkyl tail (pKas of differently substituted cresols are almost identical), the
observed behavior has to be caused by a purely steric effect. For this reason, the
highest TODT was discovered in the sterically least hindered para-substituted
complexes.

Thermal properties of meta-substituted complexes started to deviate at a tail
length of 13 methylene units (3-TDP) on the lower side and at 21 (3-HEP)
on the higher side of the analyzed set. For P4VP(3-TDP)1.0 a significantly
reduced Tm and TODT were characterized. Blends of P4VP and even shorter
surfactants will therefore probably result in disordered complexes. Because of
its increased melting point, only a slight indication for the presence of an ad-
ditional crystalline-liquid crystalline transition (ODT) could be identified in
P4VP(3-HEP)1.0. On further extension of the tail length, the self-assembly of
meta-substituted complexes is expected to become crystallization-driven, sim-
ilar to the 2-n-alkylphenols, and at some point macrophase separation might
start to play an important role as well. Such behavior will definitely be present
in the other substituted supramolecular comb copolymers, although the current
library does not allow an accurate estimation for their critical point.


