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ABSTRACT: Three types of low-molecular-weight polybutadienes (bearing no or primary or secondary
hydroxy groups on both chain ends), as well as their hydrogenated analogues, were studied by *H NMR
and IR spectroscopies and by dynamic light scattering. In bulk and at room temperature, hydroxylated
polymers form hydrophilic microdomains (knots) based on hydrogen bonds between two or more OH end
groups; these knots gradually disintegrate with increasing temperature and above 100 °C, only OH/OH
pairs can be present, as is seen from IR spectra. Fixation of more than two chain ends in a single knot
leads to the spatial restriction of the segmental motion of the chain links which manifests itself by the
broadening of 'H NMR bands. With unsaturated, hydroxylated polymers, an intramolecular interaction
between an OH end group and the adjacent C=C bond of the terminal monomer unit is possible which
makes the formation of the intermolecular OH/OH bonding less probable. The dynamic light scattering
method revealed the presence of large clusters in bulk; these supramolecular structures are bound together
not only by hydrogen bonds but also by interactions between the aliphatic chains. With increasing
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temperature, intermolecular hydrophobic domains dissociate only for unsaturated polymers.

Introduction

For more than a decade, several laboratories including
that of ours have been studying dynamic supramolecu-
lar structures (clusters) present in various polymeric
materials, both in solution and in bulk. Thus, for
example, clusters have been detected by dynamic
(quasielastic) light scattering in semidilute solution of
polystyrene,! concentrated solutions of polystyrene—
polyisoprene diblock copolymer,? siloxane block copoly-
mer melts,3 or poly(ethylenepropylene)—poly(ethyleth-
ylene) diblock copolymer melts.* However, the physical
nature of forces that give rise to the clusters remains a
subject of hypotheses and probably depends on the
material studied. Various authors have proposed dif-
ferent explanations, such as (i) formation of a physical
network [poly(ethylene oxide) melts®], (ii) self-assembly
of one of the polymeric components present in the
mixture (diblock copolymers®), or (iii) long-range density
fluctuations (polymers or glass-forming liquids?).

To extend the knowledge of these forces, we have
decided to study supramolecular structures in such
polymers which bear end groups able to form physical
“knots” or domains, easily analyzed by, e.g., IR spec-
troscopy. As a model, we have chosen low-molecular-
weight polybutadiene (liquid rubber, LR) with OH end
groups on both ends. OH-telechelic LR is an interesting
and technically useful material [among other applica-
tions, it is used as a macromolecular o,w-diol for the
production of polyurethanes (e.g., ref 8)].

Experimental Section

Materials. Three types of commercial low-molecular-
weight, 1,2-rich polybutadienes, supplied by Kautuk a.s.,
Kralupy n. VIt., Czech Republic, under a common trademark
Krasol, were used as model polymers and starting materials
for hydrogenation. All of them were prepared by living anionic
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polymerization in polar media.® They are coded as LB (no OH
end groups), LBH (secondary hydroxy groups on both chain
ends introduced through the termination by propylene oxide),
and LBHP (primary hydroxy groups on both chain ends
through the termination by ethylene oxide). We tried to acquire
Krasol batches with similar molecular weights and micro-
structures (see Table 1). All samples supplied were stabilized
by Irganox 1520, its level (approximately 0.03 wt %) being by
an order of magnitude lower than usual for standard applica-
tions.

Smaller portions of the stock Krasol samples were hydro-
genated:!° (i) in case of LBH, and LBHP, gaseous hydrogen
and a Ziegler—Natta (nickel) catalyst was used to give the
respective saturated analogues, HLBH and HLBHP; (ii) for
LB, catalytic hydrogenation of which yielded insufficient
degree of saturation, the diimide method (see, e.g., ref 10 and
the references therein) was applied (still, however, not more
than 92% saturation was attained), the product being coded
as HLB. This difficulty in case of LB is in accordance with the
previously reported, rather paradoxical finding!' that the
effectiveness of the nickel catalysts decreases with decreasing
molecular weight of the polybutadiene substrate. The reason
this is not true for LBH remains unclear. Molecular param-
eters of these hydrogenated analogues are also listed in
Table 1.

Heptane (analytical grade, Lachema Brno, Brno, Czech
Republic) for the measurements of IR spectra of dilute solu-
tions of LBH, HLBH, LBHP, and HLBHP was used as
received.

Methods. The IR spectra were measured on a Fourier
transform infrared spectrometer Bruker IFS-55. Spectra were
recorded at 2 cm™! resolution. For treating the spectra, a
commercial software OPUS (supplied by Bruker) was applied.
The spectra of the heptane solutions were measured in the
KBFr cells having the thickness of 0.98 and 0.602 mm. For the
measurements of the bulk, solvent-free samples, thin layers
between the KBr windows were used. For the measurements
of the infrared spectra at temperatures up to 160 °C, a
homemade heated cell was used. The temperature was elec-
tronically controlled with £1 °C accuracy. Before each mea-
surement, the sample was equilibrated at the particular
temperature for 5 min. A whole temperature cycle with a 10
°C step was always performed, starting at 25 °C; at a given
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Table 1. Molecular Parameters of the Model Polymers Studied?

microstructure (%)°

functionality (%)

sample

code 1073MP Mu/MpP 1,4-cis 1,4-trans 1,2 fo f1 f, h (%)
LB 2.30 1.14 19.4 194 61.2 100 0 0 0
HLB c c e e e 100 0 0 92f
LBH 2.37 1.13 19.6 18.0 62.4 0.1 11 98.8 0
HLBH c c e e e c c c 98.49
LBHP 2.98 1.12 19.2 17.6 63.2 2.8 6.7 90.5 0
HLBHP 2.77 1.14 e e e 1.4 6.1 92.5 98.5¢9

a M, and M,, are number- and weight-average molecular weights; fo, f; and f; are fractions of polybutadiene chains with zero, one and
two hydroxy end groups; h is the degree of hydrogenation of the olefinic double bonds. For coding the samples see the text. P Values
supplied by the manufacturer. ¢ Not determined. 4 Determined by *H NMR. ¢ It is assumed that, after hydrogenation, the fraction of the
1-butene units is equal to that of 1,2-butadiene units of the precursor. f Samples hydrogenated by the diimide method. 9 Samples

hydrogenated by the catalytic method.

temperature, the spectra were identical for both increasing and
decreasing part of the cycle which means that the processes
were reversible.

Molecular geometry optimizations and frequency calcula-
tions of the model methanol structures were performed with
a Gaussian 98 program package®? using the density functional
theory (DFT) with the B3LYP functional*® and Mgller—Plesset
second-order perturbation* (MP2) approaches. Geometries of
the hydrogen-bonded configurations were completely optimized
at the B3LYP/6-311+G(d,p) and MP2/6-31G(d) levels of theory.

High-resolution *H NMR spectra of the samples in bulk were
measured in sealed 5 mm NMR tubes without deuterium lock
with a Bruker Avance DPX 300 spectrometer operating at
300.1 MHz. Measurement conditions were as follows: 90°
pulse width, 15.4 us; relaxation delay, 4 s; spectral width, 5995
Hz; acquisition time, 1.37 s; eight scans. The temperature was
maintained constant within +0.2 K with a B-VT 2000 tem-
perature unit.

The degree of hydrogenation was determined from analysis
of 300.1 MHz *H NMR spectra of hydrogenated samples
measured in CDClI; solutions. The following bands were used
for quantitative analysis: resonance of methylene vinyl pro-
tons of 1,2 units of PB at 4.9 ppm (integrated intensity Icy,=),
the region 5.3—5.8 ppm where are resonances of methine vinyl
protons of 1,2 units and olefinic protons of 1,4 units of
polybutadiene (integrated intensity lcn=), resonance of methyl
protons of hydrogenated 1,2 units at 0.8 ppm (integrated
intensity lcn,), and the region 0.9—1.6 ppm where are reso-
nances of other protons of hydrogenated polybutadiene, as well
as resonance of methylene main chain protons of 1,2 units of
polybutadiene (integrated intensity lchich,). From the in-
tegrated intensities mentioned above the following quan-
tities were determined: A = (Icn,=/2); B = lcny/3; C
[ICH= - (ICH2=/2)]; D= [ICH+CH2 - ICH2= - (5|CH3/3)]/8 The total
degree of hydrogenation (in %) was determined as the expres-
sion [B/(A + B + C + D) + D/(A + B + C + D)] x 100 where
the first and second terms are the degrees of hydrogenation
of original 1,2 units and 1,4 units, respectively. The micro-
structure (content of 1,4-cis, 1,4-trans and 1,2 units in unsat-
urated samples) was determined by the analysis of the olefinic
region (4.8—5.7 ppm), as described in an earlier paper.'®

The dynamic light scattering (DLS) instrument employed
an ALV5000/E correlator. The light source was a Hewlett-
Packard 125A laser with 4, = 632 nm. Temperature was
controlled (£0.1 °C) with a Lakeshore 330 temperature
controller. The scattered light was fed into an ALV double
detector via a multimode optical fiber. In this unit, the signal
is split by a cube beam splitter into two photomultipliers and
discriminators. The correlator was operated in the crosscor-
relation mode, which ensures that all artifacts due to after-
pulsing and other imperfections do not affect the correlation
function in the early time regime. The measured intensity
correlation functions g?(t) were analyzed using nonlinear
inverse Laplace transformation to obtain the distributions of
relaxation times A(r) according to eq 1, where o is an

g*(t) — 1= a[ [A(x) exp(-t/z) d(@)’ 1)

instrumental parameter. The transformation program REPES?®
was used. This program differs from the widely used program
CONTIN in that it fits directly the measured intensity
correlation function g?(t).

Values of dynamic viscosities of the bulk polymer samples
were obtained by a homemade viscometer of the Hoppler type
enabling measurements to be performed at various angles of
the path of the ball and up to high temperatures. Calibration
was done using glycerol, glycerol/water mixtures, and dioctyl
phthalate as standards.

Thermal Stability. Since both light scattering and IR
studies included measurements at as high temperatures as
160 °C, it was necessary to test the thermal stability of
polymers, i.e., to check if any structural changes occur under
such conditions. Samples of all the six LR’s were put in small
glass vessels, attached to a high-vacuum line and heated at
10-° Torr/160 °C for 2 h to simulate the conditions of measure-
ments. No changes in 'H NMR spectra in comparison with
unheated samples were detected. Similarly, SEC (1 mL of
THF/min, refractometric detection, PL-1000, 8 x 600 mm
column) gave virtually identical molecular weight distributions
for heated and unheated samples.

Sample Preparations. Bulk polymer samples for DLS
measurements were first pressure-filtered through a jacketed
sintered-glass filter (5—15 um porosity) directly into a cylindri-
cal glass ampule (9 mm i.d.) equipped with a narrower neck
and a small magnetic stirring bar. To reduce the high viscosity
of the melt, the filter was kept at 70—80 °C. (Before filtration,
dust was removed from the ampule by acetone vapors.) The
ampule was then attached to a high-vacuum line, evacuated
to 107° Torr, heated gradually up to 160 °C under slow stirring
to degas the material until the evolution of bubbles stopped,
and sealed.

A similar degassing procedure was applied for the prepara-
tion of the samples for viscosity measurements, except for
filtration, which was omitted.

Results and Discussion

IR Spectroscopy: Interactions of the OH Groups
in Bulk. Temperature dependences of the IR spectra
were measured without solvent in the range from 25 to
160 °C for the hydroxylated samples (LBH, HLBH,
LBHP, and HLBHP, Figure 1, parts a—d).

Peaks around 3600 cm™! are assigned to the stretch-
ing vibrations of the OH groups which are not included
in classical hydrogen bonding between two or more OH
groups. Below, it will be suggested, however, that these
hydroxy groups may be engaged in intramolecular OH/
C=C interactions. In addition to the peak at 3600 cm™1,
which can be seen in the whole temperature range and
for all hydroxylated LR’s under study, a very intensive
and broad band is present (ca. 3340 cm™1) at room
temperature which corresponds to a large variety of
H-bonded microdomains (knots) formed between three
and more hydroxy groups, e.g.:
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Table 2. Calculated Binding Energies and OH Stretching
Frequencies of Methanol and Its Hydrogen-Bonded

Associates
calculation method AEQ? frequency®
B3LYP/6-311+G(d,p)
monomer 3845 (30)
dimer —3.68 3839 (45), 3692 (413)
trimer —13.47 3610 (795), 3602 (848), 3547 (11)
tetramer —25.02 3484 (170), 3448 (1846), 3447

(1849), 3359 (0)
MP2/6-31G(d)

monomer 3793 (23)

dimer —6.38 3776 (38), 3678 (362)

trimer —20.72 3567 (728), 3561 (759), 3480 (8)
tetramer —35.29 3476 (252), 3427 (1642), 3426

(1649), 3314 (0)

a Energies are given in kcal/mol; AEq is ZPVE-corrected binding
energy calculated with respect to unassociated monomers. °Fre-
quencies are given in cm™! and IR intensities (km/mol) are
enclosed in parentheses beside them.

. ~ JJJ
o e 0
I!I\ /}:I or ~ }II H etc.

{ ;

This broad band gradually diminishes with increasing
temperature. Simultaneously, however, a peak at ca.
3530 cm~1, which was overlapped by the broad band at
room temperature, becomes visible. In accordance with
model calculations performed for methanol (see below),
this peak is assigned to H-bonded dimers of OH groups.
We interpret the findings in Figure 1 so that, with
increasing temperature, the mean number of OH groups
per a single domain decreases until it reaches 2.

The results of the model calculations for methanol are
presented in Table 2 from which it follows that wave-
numbers of the OH stretching vibrations decrease from
methanol monomer to methanol tetramer. Geometries
of the hydrogen-bonded configurations are presented in
Scheme 1.

The experimental results, as well as the model
calculations, show that, upon heating, the “multihy-
droxy domains” present in bulk hydroxylated polymers
disintegrate mostly into free OH groups (not H-bonded).
Some of the domains are transformed into relatively
stable linear sequences (several single hydroxylated
chains arranged in a row) based on pairs of OH groups,
schematically:

—\_\_kO/H/O\/\/\_\O/H/O\/\/\/\/
\ \
H H

It follows from parts a and ¢ of Figure 1 (LBH and
LBHP) that, in unsaturated samples at room temper-
ature, the band of the “nonbridged” hydroxy groups is
split, being composed of two dominant overlapping parts
at 3625 and 3594 cm™1; with increasing temperature,
intensities of both bands become equal.

We interpret this phenomenon as an intramolecular
interaction between the OH end group and the adjacent
olefinic C=C bond of the terminal monomer unit (OH/x
interactions); similar interactions were found by IR
spectroscopy'”18 and also calculated from gas electron
diffraction for 4-penten-1-ol (cf. ref 19) and 3-buten-2-
ol (cf. ref 20). An additional support for the existence of
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Scheme 1. Ab Initio Optimized Geometries of the
Most Stable Structures of the Methanol Dimer,
Trimer and Tetramer Calculated at the
B3LYP/6-311+G(d,p) Level

the OH/C=C bonding which disappears upon hydroge-
nation was obtained by us from model calculations and
IR spectra of the simplest low-molecular-weight models
of the chain ends, that is, 5-hexen-2-ol and its saturated
analogue, 2-hexanol. Contrary to 2-hexanol showing one
relevant band at 3635 cm™1, an additional band at 3598
cm~1 was found in IR spectra of 5-hexen-2-ol.

The distance between the two functional centers
varies due to the rotation around three terminal single
main-chain C—C bonds. It assumes its maximum value
for fully extended chain-end and its minimum value for
the coiled (pseudo-cyclic) one; naturally, the interaction
between OH and C=C is possible only in the latter. We
assume that the splitting reflects the existence of the
two conformations: (i) coiled one (3594 cm~1), when OH
interacts with C=C; (ii) uncoiled one (3625 cm™1), when
OH is free and noninteracting. (Conversely, formation
of classical hydrogen bonds between two or more OH
groups is possible only if OH does not interact with
C=C.) At higher temperature, the populations of the two
structures are comparable.

In contrast, both hydrogenated analogues (HLBH and
HLBHP, see Figure 1, parts b and d) exhibit a single,
nonsplit band around 3630 cm™! even at room temper-
ature. Obviously, after hydrogenation of the olefinic
double bonds, OH groups lose their C=C counterparts
and the coiled conformations of the chain ends are no
longer probable.

Since the terminal monomer unit of the unsaturated,
hydroxylated LR’s may have a 1,2 or 1,4-cis or 1,4-trans
arrangement and the carbon atom bearing OH group
is either asymmetrical (LBH, two different configura-
tions) or symmetrical (LBHP), six different structures
exist for LBH and three for LBHP. This is illustrated
in Scheme 2 for the case of LBH.

IR Spectroscopy: Interactions of the OH Groups
in Dilute Solution. The IR spectra of the dilute
solutions (0.5 wt %) of the hydroxylated LR’s in a
nonpolar solvent (heptane) were recorded at room-
temperature only. Upon further dilution, no changes of
the spectra were observed. As follows from Figure 2a,b,
the splitting of the bands of OH groups is observed again
for the unsaturated samples only; it is due to the
existence of coiled and uncoiled conformations of the
chain ends and is much more pronounced than in bulk.
(Small “shoulders” or inflections at 3614 cm™~! pertain
to OH groups of the stabilizer.)
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Figure 1. Parts of the FT IR spectra (parametrized by temperature) of polymers in bulk: (a) LBH; (b) HLBH; (c) LBHP; (d)

HLBHP.

For LBH, the bands of OH groups were detected at
3633 and 3598 cm~! (free OH groups and OH groups
interacting with C=C, respectively); similarly, for LBHP,
the corresponding wavenumbers are 3644 and 3605
cm~1. Though no intermolecular OH/OH bonding is
possible in dilute solutions, bands pertaining to hydrogen-
bonded OH groups are still perceivable in the spectra
in the range ~3500—3550 cm™!, especially for the
hydrogenated analogues; with HLBH, the peak is
stronger than with HLBHP. Similarly as in bulk, the
splitting of the OH bands disappears after the hydro-
genation. It seems therefore that the chain ends of the
dissolved unsaturated LR’s may form coiled conforma-
tions based on OH/C=C bonding (similar to those of bulk
polymers), whereas those of hydrogenated LR’s tend to
form intramolecular OH/OH bridges in dilute solution,
resulting in the formation of macrocycles, in accordance

with the fact that cyclization increases with increasing
dilution:?!

R=Hor CH,

/O
o
o R

\
H

Apparently, in dilute solutions, coiling of the chain
ends due to the OH/C=C interaction hinders the forma-
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Scheme 2. Conformation Equilibria between Coiled
and Extended Chain-Ends of All Six Chain-End
Configurations of LBH

/
HO

CH,
H =
/MCHZ/WCHJ o HO
OH e
H
=
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OH CH,
OH
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Y H §, ©OH

tion of the intramolecular OH/OH bridges. After hydro-
genation, this hindrance disappears.

Chain Dimensions. To decide if a possible change
of the chain flexibility upon hydrogenation may con-
tribute to the formation of the rings discussed above,
model calculations, based on the Porod—Kratky ap-
proximation,?? were performed. The following simplify-
ing assumptions were made:

(i) OH end groups, both primary and secondary, are
disregarded (they have no influence on the overall
dimensions of hydrogenated, as well as original chains).

(i) In bulk, both unsaturated and hydrogenated
chains exist in the ©-state.

(iii) Reported characteristic ratios C., are valid—4.9
and 5.8 (1,4-cis and 1,4-trans polybutadiene, respec-
tively, see refs 23 and 24), 7.0 (1,2 polybutadiene, see?>),
and 8.0 and 4.5 [polyethylene and poly(1-butene),
respectively, obtained by extrapolation from Figure 5
in ref 26].

Under these assumptions it was found that, rather
surprisingly, the unperturbed root-mean-square end-to-
end distance was 4.2 nm for both unsaturated and
hydrogenated chains. This indicates that, for bulk LR’s
under study, hydrogenation virtually does not affect the
unperturbed dimensions. After hydrogenation, the chain
stiffness of pure 1,4-trans as well as 1,4-cis polybuta-
dienes increases (polyethylene is formed), whereas that
of pure 1,2 isomers decreases [poly(1-butene) is formed)].
It seems therefore that the microstructure of the LR’s
under study is such that these effects just compensate
each other.

Thus, of the two consequences of hydrogenation (i.e.,
the change of “microconformation” of the chain ends and
the change of “macroconformation” of the whole chains),
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Figure 2. Parts of the FT IR spectra of polymers in dilute
heptane solution at room temperature: (a) LBH and HLBH,;
(b) LBHP and HLBHP.

only the former is important for the formation of the
intramolecular H-bonds.

Segmental Motion in Bulk by NMR. The influence
of hydrophilic domains present in bulk OH-telechelic
polybutadienes on the chain segmental mobility can be
followed by 'H NMR spectroscopy. For these polymers,
conventional high-resolution spectra can be detected
even in bulk. Using the spectra of LB and HLB
measured at 27 °C as examples, the assignments of the
individual bands are given in Figure 3. For the quan-
titative evaluation of the line widths (Av) (measured at
half the maximum height), two types of bands were
chosen: (i) the main chain is represented by the band
of —CH,— protons of the 1,4 unit (LB, LBH, LBHP) and
the combined band of —CH,— (dominant) and —CH—
protons (HLB, HLBH, HLBHP); (ii) the side chain is
represented by the line of CH,= protons of the 1,2 unit
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CH,, CH
CH,

HLB

1,4 (-CH,")
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1,4 (CH=)
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1.2 (-CH=) 12 (CH)

6 4 2 0 ppm

Figure 3. 300.1 MHz *H NMR spectra of LB and HLB in bulk
at 27 °C.

(LB, LBH, LBHP) and the line of CHz— protons of the
pendant ethyl group (HLB, HLBH, HLBHP).

A comparison of the line widths of all LR’s under
study is given in Figures 4a,b, 5a,b, and 6a,b. Generally,
introducing the OH end groups on the chains causes
broadening of all bands in the spectra at room temper-
ature. This is a consequence of a spatial restriction of
the segmental motion due to a fixation of chain ends in
the hydrophilic microdomains. In other words, a physi-
cal network is formed, the knots of which (constituted
by H-bonded OH groups) hinder the motion of its links.

NMR of Unsaturated Polymers. When OH end
groups are introduced onto unsaturated chains (Figure
4a,b), the line width Av increases at room temperature
by approximately 50 %, for the bands of both main and
side chains. The increase is relatively small because only
a fraction of these chain ends may enter the domains
(knots). As described above for IR data, an equilibrium
is established between the coiled and uncoiled confor-
mations of a chain end, only the latter allowing the OH
group to form intermolecular hydrogen bonds with other
OH groups.

For non-hydroxylated chains, the decrease of the line
width with increasing temperature is caused by releas-
ing the segmental motion only. For hydroxylated chains,
this releasing is combined with a decrease of the
concentration of the knots and/or a decrease of an
average number of OH groups per a single knot. A given
knot of the physical network may hinder the segmental
motion only if it contains three or more OH groups.

The fact that, at room temperature, the line widths
in both parts a and b of Figure 4 are somewhat higher
for the primary than for the secondary OH groups can
be explained by a steric hindrance: if the methyls are
absent, the knots are formed more easily and are
stronger.

For the bands of the main chain (Figure 4a), the
difference between the hydroxylated and non-hydrox-
ylated polymer decreases with increasing temperature
but remains perceptible even at 57 °C, whereas for the
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Figure 4. Temperature dependences of *H NMR line widths
(Av) of unsaturated polymers, as obtained from —CH,— bands
of the 1,4 units (a, full data marks) and CH,= bands of the
1,2 units (b, empty data marks). Triangles, circles, and squares
correspond to LBHP, LBH, and LB, respectively.

bands of the side chains (Figure 4b) the difference
vanishes at the same temperature. This can be in
connection with the existence of the side chain motion,
in addition to the segmental rotation.

NMR of Hydrogenated Polymers. Introducing OH
groups on the chain ends of the hydrogenated polymers
causes more pronounced increase of the line widths
(Figure 5a,b), especially for the polymers with primary
OH groups where this increase amounts to ~125%, both
for main-chain and side-chain bands. The reason is that
the OH/C=C interactions disappear completely by hy-
drogenation, which makes all OH end groups free to
form three- or multifunctional knots.

NMR: Pure Effect of the Knots. To separate the
hindering effect of the knots alone (excluding all other
effects), relative changes of the line widths caused by
the introduction of OH end groups were plotted vs
temperature in Figure 6a,b. This was expressed as
(Av — Avg)/Avo where Av and Avg are line widths of the
hydroxylated and non-hydroxylated chains, respectively.
It follows from these figures that the pure hindrance
influence of the knots on the segmental motion de-
creases monotonically with increasing temperature (the
concentration of the knots in the bulk and/or the mean
number of the OH groups in a single knot decrease) and
that this effect is much stronger for the primary hydroxy
groups than for the secondary ones. While some of these
dependences are almost linear (e.g., unsaturated poly-
mers, main-chain bands), pronounced sigmoidal shape
of the dependences observed, e.g., for main-chain bands
of hydrogenated polymer indicates the significant re-
duction of the hindrance of the segmental motion in the
range 35—50 °C.

Supramolecular Structures by DLS. The dynamic
light scattering measurements performed with bulk
polymers in the range 25—160 °C revealed that, as
expected, diffusion modes of supramolecular structures
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Figure 5. Temperature dependences of *H NMR line widths
(Av) of hydrogenated polymers, as obtained from —CH,—,
—CH< bands (a, full data marks) and CHz;— bands (b, empty

data marks). Triangles, circles, and squares correspond to
HLBHP, HLBH, and HLB, respectively.

(clusters) are present in the relaxation time spectra for
all 6 LR’s under study. A typical 3D plot of scattered
intensities vs relaxation time (z, in us) and temperature
(T, in °C) is presented in Figure 7 with LBH as an
example. The ridge running from log r = 4.3 at 150 °C
to log 7 = 7 at 25 °C corresponds to the true clusters
while the (disregarded) ridge running from log = = 6.7
at 150 °C to log = 8.5 at 60 °C reflects the presence of
very large particles, probably remaining dust.

To convert relaxation times into hydrodynamic radii,
Rn, eq 2, derived from the Stokes—Einstein relation, was
applied:

Ry, = kTtq%/6y 2)

Here, k, T, q, and » are the Boltzmann constant,
absolute temperature, absolute value of the scattering
vector, and viscosity, respectively.

The temperature dependences of », necessary for the
conversion, were determined up to 160 °C. The experi-
mental data were plotted in In 5 vs T coordinates and
fitted according to eq 3 (cf. ref 27):

Iny = a + [b/(c + T)] ©)

A typical plot is presented in Figure 8 with LBH as an
example, and the values of the parameters a, b, and ¢
are listed in Table 3 for all six polymers.

The dependences of R, on T are presented in Figure
9 from which it follows that, at room temperature, all
polymers under study constitute clusters of similar
dimensions (R ca. 150—200 nm). This similarity is in
accordance with long accumulated but not yet explained
experience:32829 when clusters are present in the mate-
rial, their Ry usually ranges in the hundreds of nano-
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Figure 6. Temperature dependences of relative changes of
IH NMR line widths caused by the introduction of OH end
groups, as obtained from —CH,—, —CH< bands (a, full data
marks) and CH,= and —CH3; bands (b, empty data marks).
Av and Avg are line widths of the hydroxylated and non-
hydroxylated chains, respectively; edge-up triangles, edge-
down triangles, circles, and squares correspond to HLBH,
HLBHP, LBHP, and LBH, respectively.
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Figure 7. Three-dimensional image of the dependence of the
scattered intensity A(z) (arbitrary units) on temperature T (°C)
and relaxation time 7 (us) for bulk LBH.

meters, irrespective of the molecular weight and chemi-
cal nature of the polymer, as well as the forces that bind
macromolecules together. If 150 nm and 2300 g.mol~!
are used as the values of Ry at 25 °C and molecular
weight of the LR, respectively, then, assuming that the
density of the (spherical) cluster is not much different
from 1.00 g-cm~3, the mean number of macromolecules
present in a single cluster is as large as about 4 x 108,
However, it should be kept in mind that the Ry values
are based on a model of diffusing objects (for which eq
2 is valid) and reflect instead dimensions of the hydro-
dynamically equivalent spheres.

According to Figure 9, the temperature dependences
of Ry, differ for unsaturated and hydrogenated polymers.
With T increasing from 25 up to 160 °C, Ry, of the former
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Figure 8. Typical viscosity (5, cP) vs temperature (T, °C) plot,
as exemplified by bulk LBH.

Table 3. Values of Parameters a, b, and ¢ Determined
from the n vs T Plot (eq 3)

sample a b c

LB —0.984 1049 91.2
LBH —0.608 851 60.6
LBHP —0.537 1014 76.6
HLB -1.69 1381 96.4
HLBH —1.54 1229 82.5
HLBHP —-1.92 1433 92.5

1000

W‘ 1 1000

100 ¢

Rh, nm
Rh, nm

1100

0 60 120 180

T,°C
Figure 9. Results of dynamic light scattering: plot of cluster
hydrodynamic radii (R,, nm) vs temperature (T, °C). Upper
set of data marks corresponds to hydrogenated polymers: HLB
(®); HLBHP (O); HLBH (O). Lower set of data marks refers to

unsaturated polymers: LBH (M); LB, first measurement (a);
LB, repeated measurement (2); LBHP (V).

decreases by an order of magnitude, while that of the
latter remains virtually constant.

We interpret these findings as follows. There are two
parallel mechanisms of the formation and preservation
of the clusters: In addition to the interaction of the
chain ends (H-bonding discussed above, present only for
hydroxylated LR’s), also the inner parts of the chains
may stick together by forces similar to those responsible
for crystallization (this phenomenon is present for all
six polymers). It is known that these forces are much
stronger for aliphatic than for olefinic chains (e.g., refs
4 and 30). We assume that persistent hydrophobic
domains may be formed by two or more macromolecules
through an interaction of sequences of several ethylene
units which undoubtedly exist in hydrogenated LR’s.

In Scheme 3, the structure and possible thermal
dissociation of the clusters of hydrogenated (A) and
unsaturated (B) polymers is illustrated with hydroxyl-
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Scheme 3. Hypothetical Representation of OH/OH
and Aliphatic Knots in Bulk Hydroxylated Polymers
and Their Dissociation upon Heating: Hydrogenated

Polymer (above), Unsaturated Polymer (below)

hydroxy group
interaction of hydrogenated chains

interaction of unsaturated chains

ated LR’s as examples. Upon heating, hydrophilic mi-
crodomains (OH knots) dissociate in both cases; in
contrast, hydrophobic domains (pseudo-crystallic struc-
tures) dissociate only in case of unsaturated polymers
while saturated polymers preserve their hydrophobic
domains up to 160 °C. The processes are reversible: the
same result is obtained even after several heating/
cooling cycles. It should be kept in mind that the clusters
are dynamic structures visible by DLS in a particular
time window only: both OH knots and hydrophobic
domains are continuously formed and destroyed.

Conclusions

(i) In bulk and at room temperature, low-molar-mass
polybutadienes, as well as their hydrogenated ana-
logues, form (through pseudocrystalline interaction of
parts of their chains) hydrophobic domains which
contribute to existence of supramolecular clusters de-
tectable by dynamic light scattering. These domains,
and hence also the clusters, gradually and reversibly
disintegrate with increasing temperature for original
polybutadienes but persist in their hydrogenated de-
rivatives.

(i) When present, OH end groups contribute substan-
tially to the formation and preservation of the clusters:
hydrophilic microdomains based on hydrogen bonds
between three and more OH groups exist in bulk OH-
telechelic samples (be it unsaturated or hydrogenated
analogues) at room temperature. These OH micro-
domains represent knots connected by hydrophobic links
forming a physical network which hinders the segmen-
tal motion and manifests itself by broadening the bands
of IH NMR spectra. With increasing temperature,
however, the microdomains reversibly dissociate, as
demonstrated by both NMR and IR spectroscopy. Above
some 100—120 °C, only pairs of OH groups may persist
in bulk.
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(iii) It was proved by IR spectroscopy that, with
unsaturated, hydroxylated samples, an interaction be-
tween an OH end group and the corresponding C=C
bond of the adjacent terminal monomer unit takes place
both in bulk and in dilute heptane solution due to the
existence of coiled conformation of the chain ends. This
intramolecular OH/C=C interaction makes the OH/OH
hydrogen bonding less probable. After hydrogenation,
OH end groups lose their C=C counterparts and the
coiled conformations of the chain ends are no longer
probable. In case of dilute heptane solutions, only
intramolecular end-to-end OH/OH hydrogen bonding is
possible, which leads to macrocycles.
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