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1. Introduction

1. Introduction

“Chemistry can be likened to “language”. The atoms the “letters”. The molecules
are the “words”. Assemblies of molecules make up ‘thentences”. The sets of
assembled molecules [...] are the “paragraphs”. Thayw in which the [...]
assemblies [...] contain and express information e “chapters”. The manner in
which this information is conveyed [...] is the “bdok

Ultimately, chemistry has to tell a “story” %!

As expresses by Sir J. F. Stoddart literarily ibfien the assembly of small simple molecules
into larger complex structures which influences eueryday life, moreover, making daily
“life” possible at all. For instance, four unimpoginucleobases that form base pairs, which
form double-helical DNA, are the keystones of hunb@mg. The driving forces — from a
chemist’s point of view — are the non-covalentantand intermolecular interactions usually
referred to as supramolecular interactions. In amspn to covalent bonds these
supramolecular bonds are dynamic, reversible abite]aallowing permanent exchange and
reshuffling of the interacting components. Due he thon-covalent character the field of
supramolecular chemistry is often called the “ctetryi beyond the moleculé. For the
“development and use of molecules with structuredpenteraction of high selectivity”
Donald J. Cranf! Charles J. Pederséh,and Jean-Marie Left were awarded with the
Nobel-prize in chemistry in 1987.

Next to small molecules also low and medium mol@cwveight polymers (M =
1000-10000 g/mol) can be interconnected via supkecutar forces combining both the
overall good mechanical properties of polymers dhd outstanding characteristics of
supramolecular chemistRi.“] It was again J.-M. Lehn who first reported on fiienation of
polymer strands made via self-assembly of spedlifitateracting small moleculd®” Since
these polymer analogues were made from smallerndigadly interacting buildings blocks,
they were often called “dynamers” (dyni polymers.*¢*"

Figure 1 shows how different kinds of architectures likeelr, crosslinked or graft-type
structures can be made via self-assembly of smallpramolecular building blocks. The
resulting supramolecular polymers are linked by af@ementioned defined often directed
and reversible non-covalent interactions. Sincesaghimteractions are the main structural
element, the construction of polymeric architectui® possible by choosing the adequate
supramolecular building block. These supramolecytaiymers often resemble their
covalently linked counterparts. While the supraroolar graft polymer inFigure 1d is
formed by the reversible connection of the mainktHanctionalized (black chain) and the

chain-end functionalized (red chain) building blsckhe “conventional” graft-polymer in
1




1. Introduction

Figure leis formed via non-reversible, permanent chemicaids. Due to substitution of
covalent bonds by supramolecular bonds an additietement of dynamic ordering is

introduced into the corresponding polymers.

a)
\/\6 + w\ = linear
b)
VA S
C

) linear
—_—
crosslinked /Q\/\

d) e)

Y

supramolecular graft conventional graft
Figure 1. Different architectures (a-d) made from smalleilding blocks and interconnected via reversible
supramolecular forces. Figure e) shows a convealtigermanent chemical bonds) graft-type polymer.
In a most simple case two chain-end functionalibedlding blocks can be reversibly
connected via the association of the supramoleguéarps Figure 2). If both building blocks
have the same molecular weight, the resulting @ssoavill have a “virtual” molecular
weight which is twice the molecular weight of thiegie building block. Such an effect can be
easily monitored via GPC measuremeifigire 2a).*® The underlying equilibrium between
the associate and the bare building blocks carxpeessed by an equilibrium (or association)

constant K Figure 2b), which can be effected by temperature, pH, comagan, polarity of

2



1. Introduction

the surrounding matrix, strength of the associatioa force Figure 2¢). Due to the inherent
dynamic character of this equilibrium, or in oth&ords, the inherent dynamic between
associate and single building block it is also d@tenaf time which species is observed.

chemical equilibrium with constant K

c)
- temperature
- concentration
- pH

- polarity of the surrounding

matrix
2: W\ - strength of the association

- force
- time
Figure 2. a) The chemical equilibrium between the singliding blocks and the corresponding associate
expressed by b) an equilibrium constant K whichloare) effected by several stimuli.

Although all supramolecular interactions exhib¥es@l characteristics, for instance, dynamic
and reversibility, there is a multitude of diffeteoncepts applied in polymer chemistry using
various supramolecular forces to achieve, e.g.f-asslembly. Mostly applied in
supramolecular polymer chemistry arer-interactiond!®2® jonic forced?*>*°! metal-ligand
complexe$®* % host-guest systenfs;** and hydrogen bondirtf " Besides the utilization
of a single supramolecular force the combinatiomwaf or more different forces is possible,
allowing the link of diverse strengths and dynanfit&" Among the above mentioned
interactions/systems, hydrogen bonding is the nposminent applied in supramolecular
polymer chemistr{?> ! since several specifically interacting hydrogending motifs (often
referred as “key-lock”-systems) are easily synttaly available and the strength (in terms of
the association constant) can be varied by ordarsgnitude from 18102 M™.

Figure 3 shows various examples for hydrogen bonding motifsluding Meijer’s
2-ureido-4-pyrimidone (UPy) dimef¢;"® Zimmerman'’s 2,7-diamido-1,8-naphthyridine/urea
of guanosine motif (DAN/UGY*"® Meijer's UPy/2,7-diamido-1,8-naphthyridine syst&fh,
81 Bouteiller's 2,4bis(2-ethylhexylureido)toluene (EHUT) mofff® Hamilton’s Hamilton
wedge/barbituric acid (HW/BA) motit®®” the thymine/2,6-diaminotriazine (THY/DAT)
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interaction as an example for nucleobase basedrsgét°? and a quadruple motif reported
by Blight et all’® *3

The hydrogen bonding motif displayed Figure 3d (Blight et al’®) is probably the
strongest “key-lock” system reported so f&rBesides a strong association constants{K

of ~10" Mt in CH,Cl,, it exhibits a binding free energg®°) of -71 kJ-mot. Although this
motif binds extremely strong in comparison to ottegorted hydrogen bonding motifd it
only covers ~20 % of the thermodynamic stability af ordinary carbon-carbon bond,
highlighting that for materials containing both psamolecular and covalent bonds, it is the

weaker supramolecular bond that limits the overathanical strength.

c) 0 d) BArF
H C7H15_<N / \ N H &+ H"N
N " e XA
H N 0]
. o* N N
=) \g of T N RN
Ri—  N=*H-N N H Hohoh
N—< >/-7N\ R, >:O',' Ry : H
N-H=0 Ry N H NN NN
H O~.,HH~.,N N Y |/ A A~
Kour = ~10° M N—C O ‘
C7Hys
_<O Koo = ~10° M tBu tBu
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aHg H, . 4Hg
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H O H
H. /g . szY\N /@\/)J\N/\(CZHS H : : H
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kR D5 (0] AN Z O
Kassn. = 5107 M-1 =06 M
Kassn 6 10 M K = 5107 M'1

dim.

Figure 3. Different hydrogen bonding motifs with the copesding association/dimerization constants
measured in CDGI a) 2-ureido-4-pyrimidone (UPy); b) thymine/2,Gdiinotriazine (THY/DAT); ¢) Hamilton
wedge/barbituric acid; d) quadruple motif accordiadlight et al®¥; e) 2,7-diamido-1,8-naphthyridine/urea of
guanosine (DAN/UG); f) 2,4is(2-ethylhexylureido)toluene (EHUT); g) UPy/2,7-digm-1,8-naphthyridine.

The unusual strength of Blight’'s motif arises frdime combination of a quadruple hydrogen
bonding acceptor (AAAA) and a quadruple hydrogendiog donor (DDDD) (seé&igure
4a). In addition to the primary D-A interaction it e secondary hydrogen bonding
interaction that has a significant impact on theerall thermodynamic stability. These
secondary interactions can either be attractiigufe 4c) or repulsive Figure 4b). For
example, Meijer's quadruple UPy motif (AADD-DDAA)ak an association constant of
~10 M2 while the quadruple ureidotriazine system (ADAD-DA) reported by
Hirschberget al only has an orders of magnitude lower associatmrstant of ~1OM™, due

to repulsive instead of attractive secondary faf€és
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a) BArF- b) c)

A
©

I

D D
@ @
t \ repulsive t \ attractive
G g

D
@

l

interaction interaction
AG = +2.9 kJ-mol” AG = -2.9 kJ-mol

" AAAA-DDDD ™"

Figure 4. a) A quadruple AAAA-DDDD hydrogen bonding motif according to Bligtttal®: b) secondary
repulsive interaction; ¢) secondary attractiveriatton.

Sartorius and Schneider reported on an empiricaement system for hydrogen bonding
arrays® While the primary interaction has an energ@?t) of 7.9 kJ-mot per D-A pair, the
secondary interaction contributes + 2.9 kJ-mal good agreement of theoretically calculated
and experimentally determined values further desithe advantages of hydrogen bonds as
supramolecular interaction due to their relatiyelgdictable strength and directory.

However, for the formation of supramolecular polys is further important to understand
the time-dependent dynamics of association. Whigedynamics are already well understood
in solution, because here the association can $&itded by simple models, less is known for
gels (concentrated solution) and especially foypar melts. In gels and melts, besides the
associatiorof two supramolecular groups, also the aggregatmf several supramolecular
groups is possible (seleigure 5), making the description of the association/agatieg

dynamics much more complex.

\/\6 + w — “—
association aggregation

Figure 5. Besides the defined association of two supramddecgroups also the aggregation into larger
aggregates with different shape and dynamics isiples

For an arbitrary set of specifically interactingdhggen bonding groups andB (“key-lock”
system), the possible modes of association inisolatre as simple as displayedRigure 6.
Besides the favored A-B formation the dimerizatideach group (A-A and B-B) is possible.
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-0-0-€-)- [AB] Kk,

L]l
ey ==
[A] B & ot

Figure 6. Possible modes of aggregation for an arbitrarp&specifically interacting hydrogen bonding gosu
A andB in solution.

Each species is in a permanent dynamic equilibnumch is expressed by the association
constant Kss,. (for the formation of A-B) or the dimerization iant Kgim. (A-A or B-B).
Since Kssn.is usually large (se€igure 3) in comparison to K, (usually in the range of
Kaim < 100 M%), the dimerization can be neglected in solutioncdkding to this model, the
association constant JK, is defined by the ratio of the rate of associat{&g/rate of
dissociation (). Already in 1968 it was shown by Hammes and Harktriple hydrogen
bonding arrays that the rate of associatigis la diffusion controlled process and independent
from the hydrogen bonding motif! For three different systems the rate of associdtiavas
found to be in the range of 1.5-4.0°M™-s*. As a consequence, the rate of dissociatipn k
(kg = ka/Kassn) is a direct measure for the strength of the hgdmobond. This model holds
true for all hydrogen bonding arrays, except Mé&j&sPy motif, since here three different

tautomers were involved (s€ggure 7).°"!

0] o’H
|
R3 N/H\O R N)\N’H N /lk _H
A g = 01, = R
Ry” N7 NN H. 7 'T'/H H\N/&O
H H R1 é—]
2-ureido-6[1H]-pyrimidinone  2-ureido-4[1H]-pyrimidinone 2-ureido-4-pyrimidinol
T T2 T3
no dimerization dimerization dimerization

Figure 7. Association of different tautomers of Meijersugeido-4-pyrimidone (UPy) motif.

While the two tautomers2 and T3 form the quadruple hydrogen bonding dimer, tautome
Tl is unable to undergo dimer formation. As a resulie rate of association
(ka=5.0-18 M- s in CHCL) is one order of magnitude lower compared to ofystems.
Nevertheless, the UPy motif with a dimerization stant (Ksm) of ~5.7-16 M* is among the

6



1. Introduction

strongest hydrogen bonding motifs with a slow exgearate and a long bond lifetimgof
120 ms, which is the inverse rate of dissociatiQrr(1/ky).*”

Due to the adequate bond lifetime in solution, mdtional building blocks bearing the
hydrogen bonding motif on both chain ends are efioee, able to form long supramolecular
polymer chains. As a result, the solution shows. eug increase of the viscosity. A
corresponding example was reported by Bouteilled aoworkers utilizing functionalized

poly(dimethylsiloxane)s (PDMSs) bearing either m®azacid or benzoic ester functional

groups (se€igure 8a).[°%!

a) %I %I b)
ROOC—(  )—O—(CHy)s{Si-O~FSi—(CHp),~0— )—COOR .
| | S 0031 -
13 = L
_ - > "
R=-H R CHZ@ § 0.02 1 u
PDMS-Acid,  PDMS-Ester, 2 .
c) 8 oo} "
Kdim. /9 ----- H_O\ §
2 R-COOH R—C ,C-R e ‘gl' AR
O-H-—-0 0 10 20 30 40 50 60

concentration (g/l)

Figure 8. a) Functionalized linear PDMSs; b) influence dfreactive hydrogen bonding on the solution’s
viscosity @ = PDMS-Ester andm = PDMS-Acid); ¢) dimerization of two carboxylic acid groupdgére b)
taken from Abedcbt all®®

While the addition of the PDMS-Esteto a solution ofn-hexane has no influence on the
reduced viscosity (within a concentration rang®-@0 g/l), the addition of the PDMS-Agid
causes an remarkable increase of the reduced Wischge to the linear extension of the
PDMS chains via attractive hydrogen bonding of #lcel groups (se€&igure 1b). Similar
observations were also made by Lillgeal!®”

The extent of association can be expressed by rau&Vi degree of polymerization (DP)
which depends on the association constagi,Kitemperaturand the concentration (c) of the
building block. The association constant can belyeatermined via e.g. NMR-101
UV-VIS, % yitrasounf® or atomic force microscopy (AFNM)’>-108]

In order to calculate the relation between DP agg.l&nd thus to predict the viscosity of a
supramolecular solution it is necessary to adjhetDP independently from the monomer
concentration for a particular syste@ohen-Stuart and coworkers solved this problem by
utilizing “chain stoppers” which are monofunctioralildings blocks that lead to a decrease

of the virtual DP upon a critical stopper concetira(®® 84 107]
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They showed that the linear extension of bifuncldyuilding blocks can be described similar
to Flory's meanfield theory of condensation polyination'°®!

DP = 2 [Kgsen. - c]*®
If the virtual DP is sufficiently high, the suprahaoular chains can entangle bestowing the
solution (sol) viscoelastic properties thus transiag it into a gel (network)Rigure 93a).
The corresponding transition is called sol-gel ¢faon and can be achieved via different
supramolecular architectures. Besides the alreaghtioned linear chain extensibit,*® the
usage of multivalent building blodk® ' or polymers that were functionalized along their
chain®® **can lead to the formation of a supramolecular netwseeFigure 9¢).

a) sol gel

qj\ﬁ S

P A

% unentangled linear chains

L

entanglement

entangled linear chains with a
“virtual” degree of polymerization (DP)

b) sol - flow gel - no flow
T> 1, T< 1,
~ .
G'IG” :
[Pa] : ; E

T = Ty - [1/3] sol - unentangled chains gel - network

Figure 9. a) Network-formation of entangled linear chaithge to the supramolecular association of small
building blocks; b) typical frequency sweep meament of a supramolecular network; c) formation of a
supramolecular network due to functionalizatiomaglthe polymer chain.

A suitable tool to investigate the time- and termapgne-dependent association in
supramolecular polymers are frequency (time) depenascillatory rheology measurements.
A typical frequency-sweep measurement is sketah&ure 9b and will be explained by an
example reported by Craig and coworkers. Theyzetilipoly(4-vinylpyridine) (P4VP) which
is reversibly crosslinked via specific metal-ligarabordination between bifunctional

8



1. Introduction

organometallic cross-linkers and the pyridine moiaft PAVP (sed=igure 10g).%% 112114 At
high frequencies (short times) the bond lifetimeis long in comparison to the applied
frequency {q > 1) and the supramolecular bonds were monitored enctbsed state. As a
result, the mechanical properties resemble thosa @ermanent (physical) cross-linked
network on short timescales and, thus, a rubbeateal is observedrigure 9a). At lower
frequencies (long times) the supramolecular boneewnonitored in the open statg € 1)
and the mechanical properties were dominated bydne P4VP chains. They found that the
mechanism of ligand exchange in the polymer netvi®tke same solvent-assisted pathway
observed for low molecular weight model complexBserefore, the gel-pointt{=1), the

transition between the two states, correspond$i@obbnd lifetimety of the metal-ligand

complex.
M= R= Kagsn. M  Kkg[s]
oTf R2N NRZ Pd Me 35 ~1100
zc s agsas Q@j B -
o m ) Pt Me 8000 0.026
Pt Et 4000 0.0006

-

- --$”M“m“w
~ )cxx ...

<1 ' h
) o’ ‘/ - ,

o (1/s) w/kq

[ J
@
G’ (Pa)

Figure 10. Supramolecular bond formation between bifunctimrganometallic cross-linkers and the pyridine
moiety of P4VP; b) bond characteristics for differenotif compositions; c) storage modulus (G’) frequency

plot; d) G’ vs. normalized frequencwiky) plot — all curves superpose. Figure ¢) and dgrakom Yountet
a|.[113]

For these particular complexes the associationtanh&sssn.and the rate of dissociation can
be easily varied by doing only minor changes ondhemical structure of the metal-ligand
system (se&igure 10b), an approach impossible to apply for hydrogendommn moieties (to
this extent}® Therefore, the bond lifetimes vary from ~1ms tastef minutes, although the
equilibrium structures of the complexes were effety identical. If the individual frequency
sweep measurements (séigure 109 were now scaled by the rate of dissociatignal
curves perfectly superpose (sdagure 10d), evidencing the dissociation dynamics
dominating the dynamic mechanical properties of rieevork. Due to the simple scaling

behavior of this system the viscoelastic propextses be easily predicted and tailored.
9




1. Introduction

Unfortunately, Craig’s system is one of the veny fihat can be described in such a simple
manner. In order to do so with other systems éssential to get a deeper understanding of
the formation and the dynamics of supramoleculaty(per) networks and to describe their
behavior with general valid models. Although selavall accepted models are known to
describe ordinary polymer solutions (gels) and seitg., the Rous$& % or the Reptation
model™” they do not consider the presence of reversilalestent bonds, which play an
important role in supramolecular polymers. As assmuence, several attempts were reported,
which take the reversible association into accoQattes’s “living” reptation model 5!
among other§1°*?? one of the most prominent since it was found t@pelicable and valid
for various system&> *2212°l|t was later advanced by Granek and CHtésCates and
Candatf?® and himself**” It describes the dynamics of a linear entanglegmet solution
(Figure 9a), assuming that the chains can break with equatbgility per unit, time and
length, and that chain recombination occurs ate peoportional to the concentration of the
chain fragments. According to Cates, stress rel@axatan proceed via reptation or reversible
scission and recombinatiofigure 1la displays the elementary steps of stress relaxation

according to scission and recombination.

Figure 11 Relaxation mechanism according to the a) thentjvreptation and b) the “sticky” reptation model.

10



1. Introduction

Considering one particular transient polymer chaomsisting of linear bifunctional building
blocks, it is trapped in a tube. The tube can l@m s movement restrictions caused by the
surrounding polymer matrix. Relaxation of the cheam occur when a supramolecular bond
breaks and one or two of the resulting new chaasaran pass through the tube, due to now
possible local movement, before they can recombie.a result, the chain ends can
recombine with chain ends of the surrounding matid@wever, the “living” reptation model
only describes the stress relaxation of linearsient chains. Since network formation can
also be observed via covalently jointed (permanehgins, which were interconnected by
reversible association of “sticky” side groups, liler, Rubinstein, and Colby developed the
“sticky” reptation model**® which is an extension of de Gennes's classicatatiem
model!*3!

Figure 11b shows the elementary steps of the “sticky” reptatin the initial situation the
considered chain, which is functionalized along ¢hain, has two supramolecular tie-points
with surrounding chains (top). These supramoledigapoints are reversible, dynamic and in
a permanent equilibrium between the open and cletsd. When a tie-point is in the open
state also the combination with other supramoleayiaups from the matrix is possible under
formation of a new supramolecular tie-point (botjom

Rubinstein and Semenov later refined the “stickgftation model for application to dilute,
semidilute unentangled and semidilute entangledtisois!™>>***l A main outcome of the
Rubinstein and Semenov theory is that for supracutde polymer networks one rather has to
consider the effective bond lifetime’ than the bare bond lifetimey (ty<tq) of one
particular supramolecular bond, which is usuallyedained for model systems in solution.
The origin of the effective bond lifetimg  is explained by means &igure 12 Two chains
were interconnected via three supramolecular teambdie-points each of them in dynamic
reversible equilibrium between the open and clostade. If only one or two of the three
tie-points are in the open state no relaxationtr@fss is possible since the two chains are still
hold together by the third closed tie-point. In@rdo release an applied stress or to monitor
the network in the sol-state (s€eure 9a), all three transient tie-points have to be in the
open state. Otherwise, the two polymer chains wereable to depart from each other.
Therefore, the process of unbinding and ease igelihby the mobility of the polymer chains
and by the presence of adjacent tie-points, matkiagelease of one tie-point dependent from
other binding events. As a result, e.g., the on$dhe terminal flow region (crossover of
G’'/G”) is shifted towards lower frequencies (lomgémescales) (seBigure 9a). A similar

effect is reasonable for multicenter aggregategrégates of three or more supramolecular

groups).

11



1. Introduction

As a further result of the Rubinstein and Semehewty it is important to clearly distinguish
the theoretical description of solutions (sols) geds. While for sols the experimental data
can be related to the single supramolecular bomdgéls it is the density of the resulting
network and thus the mobility of the polymers itsghich influences the lifetime of the

reversible supramolecular bond.

2 closed
3 closed 1 open
T no
stress
release
possible

e M release of stress
3 open

Figure 12 Origin of the renormalized tie-point lifetime, igh is usually expressed by the effective bond
lifetime 74 .

The effect of concurrent binding and unbinding ésesn the lifetime of a supramolecular
bond in polymer melts was shown by Feldmenal, utilizing amorphous polybutyl
acrylate)s (PnBAs) bearing various amounts of Maij&JPy group distributed along the

polymer chain (seBigure 13g.%*

b) 100
8 L 4
6
. 4
: .
0
10
5
6 L 4
4 2
2
1 F, . =
0 5 10 15 20
Mol% Upy

Figure 13. a) Polyf-butyl acrylate)s (PnBAs) functionalized with diféat amounts of UPy; b) dependence of
the effective bond lifetime,” on the Mol% of UPy groups. Figure b) taken frondfeanet al™**
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1. Introduction

Although the synthesis of similar polymers was reg earlier by Long and coworkéete”!
only the combination of controlled radical polynzation (ATRP) and postpolymerization
functionalization reported by Feldmahal allows the synthesis of more defined polymers. It
was shown for random copolymers with a similar roolar weight that an increase of the
mole fraction of the UPy groups (mol% UPYy) leadsitdrastic increase of the effective bond
lifetime since concurrent unbinding of more and entie-points becomes less likely (see
Figure 13b). The effective bond lifetime; was calculated from the frequency at which the
storage modulus has dropped to 90 % of its plat@dwe. While the bare bond lifetime in
solution is in the range of 80 ms (polar solventlt7 s (nonpolar solvent)y was found to
be in the range of 1.2 s up to ~80 s in the retapi@lar PNBA environment depending on the
mol% UPy groups.

Although the experimental (rheological) results dam predicted by the Rubinstein and
Semenov theory, it only works well for random copoérs with very low UPy content but
not for high UPy incorporation or blocky copolymefsirthermore, the PnBA polymers were
still relatively undefined since the postpolymetiaa functionalization reaction only has a
yield of ~75-85 % and, e.g., a copolymer with aerage of ~4 % incorporation consists of
chains with zero up to four UPy groups per chaiavétheless, this example shows that it is
rather the dynamic of unbinding and binding X than the association constanisd that
dominates the macroscopic response.

However, only a few systems were reported which lmamescribed by the above discussed
models. Many systems suffer from the formation gfragates (se€igure 5) which are
formed via the aggregation of several supramoleayiaups. Unfortunately, the mentioned
theories do not consider such aggregation and arglemodel for the precise prediction of
network formation and network dynamics of a supraewar polymer is not available till
now. Although a few samples can be discussed impls manner, a detailed analysis often
suffers from the formation of complex aggregatepluase separation of the supramolecular
group for instance the formation of fibér& 139 stackd®? 14014 cluster&® " or crystalline
domaind®® 2421*IThese phenomena are particularly dominant in pofisneelts since here
the often polar supramolecular groups are not sedvhy a solvent rather they are surrounded
by the often less polar polymer itself (polymer mat

As a result, one does not necessarily need straegacting groups because for instance also
the combination of (weak) hydrogen bonding (effextbond lifetime) and phase separation
can be applied for the formation of a self-suppgrupramolecular material as wélbro et

al. reported in a series of papers that supramoleoelavorks can be build up by mixing two
low T4 polymers, carboxyl-terminated telechelic poly(¢thgrylate) (PEA-(COOH) and

13



1. Introduction

poly(ethyleneimine) (PEI) (seggure 14b+d.1*2%IThe resulting polymer blends are based
on simple molecular design since PEA-(CO@Hm) easily accessible via controlled radical
polymerization (RAFT) while PEI is even commergialhvailable. Although only one
hydrogen bond is formed between two interactingugso(small association constant), strong
solvent free rubbers were obtained by combinatiomydrogen bonding (long effective bond
lifetime due to improbable concurrent unbinding)d gohase separation of the functional

groups within the polymer matrix (s€egure 143).*44

a) P il b)

X @ S.__S
HOOC : 1( "SCcooH
| "% % 070
C,Hs CoHs

Figure 14. Formation of a supramolecular network between EBOH), and PEI via combination of
hydrogen bonding and phase separation. Figure diogpto Noroet al**4

Additionally to the mentioned obstacles above tasathe precise prediction of network
formation and network dynamics, even small charigethe chemical structure can cause
radical changes of the material microstructurethnd the macroscopic response.

Stadler and coworkers investigated main chain fanatized poly(butadiene)s (PBDs)
bearing hydrogen bonding side groups namely thehehyl-1,2,4-triazolidine-3,5-dione
(urazole) Figure 158 and 4-urazoylbenzoic acid groupigure 15d).*4% 46153 Although
both groups are chemically related, their impacttonthermo-rheological behavior and the
microphase structure of the linear PBDs is extrgnaigfiferent. PBDs with urazole groups
show e.g. a broadening of the rubbery plateau aodean increase of the zero-shear viscosity
in comparison to the unfunctionalized PBDs preayrsoe to formation of two hydrogen
bonds between a pair of urazole grougigre 15b).1147-148 1531

For the urazole-PBDs a thermo-rheological simpldab®r was observed and their
temperature dependence of lp@shift factor) can be described by the Williamsidel-Ferry
(WLF) equatior® In contrast, PBDs bearing urazoylbenzoic acid psowshow a

considerable more complex behavior due to phasaragpn of the urazoylbenzoic acid

14



1. Introduction

groups by cooperative aggregation (§égure 150.11*% 1*% As a result, no time-temperature
superposition is possible. Although the urazoyllménacid group merely differs from the
urazole group by the presence of the carboxyl mogtditional secondary forces introduced
by the carboxyl groups lead to the formation ofeexied aggregates of the 4-urazoylbenzoic
acid groups. These groups phase separate fromotirngr matrix while the urazole groups
are homogenously distributed within the polymern®rat> Similar effects were reported by
Meijer and coworkers for linear poly(caprolacton@€Ls) bearing the UPy motif®

a) j)L b) c)
@) .
N O=H-0 §\
o Jon R
)r \H N lll / O—-H=*"=0O \\§-§\§k
o} % )]/ H 2 ;;2
o - &
d) PO k3
0 A @Q&% x
YOy U0
N / I N
)N : 3
H-O N Bt
H ¢}
)
Figure 15. Formation of a supramolecular network via funmdiized linear poly(butadiene)s (PBDs) bearing
either a) 4-phenyl-1,2 4-triazolidine-3,5-dionegzwle) or d) 4-urazoylbenzoic acid groups; b) eguup can

form two hydrogen bonds; c) 4-urazoylbenzoic adidugs can form two additional hydrogen bonds, which
leads to the formation of phase separated domiigsre c) taken from Hilgest all*>”

As the theoretical description of such supramokecslystems is often complicated due to
complex modes of association/aggregation, why iimtortant to get a deeper understanding
of the dynamics of supramolecular bonds in suchteays? The need of a deeper
understanding arises from the broad variety ofed#fit applications of such systems.
Furthermore, these kinds of polymers have sevehahrggages over conventional polymers.
For instance, conventional polymers were often ggeed by injection molding or injection
embossing from the melt state. Due to the longrea polymer chains (with a molecular
weight of hundreds of thousands g/mol) the polymeits exhibit very high viscosities, thus
which limits the range of applications and incretige=complexity of the processing step. As
the association/aggregation in supramolecular petgroan be easily affected by temperature,
such polymers can be processed at elevated temapyas low viscous melts (viscosity is
affected by the low molecular weight building blegk Upon molding and cooling the
supramolecular bonds are reformed due to theirr@mtedynamic character. Therefore, such
supramolecular polymers can be processed as lawugsmelts (at elevated temperatures),

but applied as high molecular weight materialsnabient temperaturé&®!
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1. Introduction

Several supramolecular forces are known, numerounsbimations of different forces and
architectures are possible and there are also atdrof other applications of supramolecular
materials. A selection of possible applicationksied inTable 1

Table 1 Summary of recently reported applications of anpylecular chemistry.

entry application literature
1 self-healing [14, 22, 26, 157-166]
2 microelectronics/nanotechnology (138, 167-173]
3 superamphiphiles [174-175]
4 biomimetic [73, 159, 176-179]
S functional behavior [9, 44, 64, 180-184]
6 functionalization of surfaces [181, 185-188]
7 capsules/cages/vesicles [188-192]
8 stimuli responsive materials [14, 193-195]
9 fibers/wires/rods [138, 158, 172, 196]
10 controlled self-assembly [8, 10, 15, 35, 179, 183, 197-198]
11 catalysis [199]
12 stabilization [186, 200-201]
13 shape memory [202-203]
14 miscibility in polymer blends [77, 204-208]

According to Moore’s law, the number of transistare integrated circuits doubles
approximately every 18 months - a prediction mauel®65 and still valid in 2015
Integrated circuits were usually manufactured bytplthographic techniques, however
nowadays the limits for further miniaturization alenost reached. For further improvements
(smaller circuit size) new techniques are necessamg example could be block copolymer
lithography. Tanget al. reported on the fabrication of highly ordered aguarrays based on
the assembly of supramolecular polym&fd.Diblock copolymers of poly(ethylene oxidi)-
poly(styrener-4-hydroxystyrene) (PE®-P(S+-4HS) and poly(styrene-4-vinylpyridine)-b-
poly(methyl methacrylate) (P(84VP)-h-PMMA) (seeFigure 163 were prepared by living
polymerizations. Due to hydrogen bonding betweere tH-hydroxystyrene and
4-vinylpyridine, the block copolymers form highlydered nanostructures after a spin-coating
process.
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) o

PEO-b-P(S-r-4HS)

Figure 16. a) Supramolecular diblock copolymers forming ighhdefined square arrays (SEM top view). Figure
b) is taken from Tangt all*"®

After photodegradation of the PMMA block squareagsr of ~20 nm were obtained
(cylindrical pores; sed-igure 16b), much smaller than with standard photolithographi
methods (~30 nm), putting this concept on the fnoat for further microelectronic
applications.

From the variety of different applications of supecular (polymer) chemistryf &ble 1),
self-healing applications are among the most ingmrand fascinating. The inherent dynamic
character of a supramolecular bond allows the icreatf materials that often autonomously
heal micro- and even macroscopic defects, thugasing the material’s lifetime and safety

(for literature sedable 1).
> TR
R
3o

amidoethyl- o ___12
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Figure 17. Low molecular weight building blocks, based onltimalent fatty acids, form a supramolecular
network due to hydrogen bonding.

One of the most prominent examples was developed.diyler and coworkers utilizing

functionalized fatty di- and triacids which weresfireacted with diethylene triamine and then

with urea (sedrigure 17).1*%7 163184The resulting compound contains several functiaedll
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1. Introduction
low molecular weight molecules that are able torfdrydrogen bonds between the building
blocks. Plasticizing with 11 wt% dodecane (to lowee T;) bestows the material sufficient

internal mobility (Ty < Tzsec/r7) and it was (macroscopically) obtained as a ruplbeaterial.

The resulting material was not crystalline, easypthesized on a 100 g scale, capable to be

molded or extruded at high temperatures and furtbeeals rheological and mechanical

properties typical for ordinary rubbers.
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Figure 18 Mechanical measurements of a supramolecular ruleiperted by Cordieet al: a) frequency sweep
measurement; b) stress-strain experiments aftierelift healing times. Figure according to Coreieal*®*!

Figure 18a shows the frequency dependence of storage (G’) lassl (G”) modulus,
revealing a rubbery plateau at low frequenciestardclose proximity to the glass transition
at high frequencies. However, in comparison to @mnary rubber this material exhibits some
unique properties. When the rubber is cut into pads with a scalpel, it is assumed that the
weak supramolecular hydrogen bonds were “cut” pesifigally while the building blocks
itself (stronger covalent bonds) were not affectede to the inherent dynamic reversible
character of the supramolecular bonds, the nowe*fteydrogen bonds remain active for a
certain period of time. When the two fractured aceks were brought into contact and slightly
pressed together, the material autonomously resatgeemechanical properties as exemplified
by the stress-strain behavior figure 18b whereby longer healing times lead to a higher
extent of healing.

Guan and coworkers reported on the synthesis ofipsasiolecular P®-PnBA diblock
copolymer bearing Meijer's UPy motif on the PnBAaghend!®? The incompatibility of the
two polymer blocks leads to phase separation iatd RS cores and a soft amorphous PnBA
matrix (seeFigure 199. Due to the formation of UPy dimers via hydrodgemding, the PS
cores were interconnected via a supramolecular Pn8#vork. Similar to the behavior of

Leibler's rubber, a macroscopic damage probablgdda the rupture of the weaker hydrogen

18



1. Introduction

bonds between the UPy dimers within the PnBA matdgon recombination of the fractured
surfaces, the UPy dimers were reformed due to theardic reversible character of the
hydrogen bonds, leading to a recovery of the machhproperties (seEigure 19b).
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gﬁ oy el 1= uncut
s 10{E \ - - 0.5h
R | KRR i ~--=2.5h
o084, : ~.—5.0h
206t i -+=-=12.0h
g i 5 : i - -18.0h
»oad ;! :
! : | i
0.24 1 ! I ]
I : - '
0.0

0 100 200 300 400 500 600 700
Strain/ %

Figure 19. a) Phase separation of a supramolecular bloci&lgar bearing Meijer's UPy groups; b)
stress-strain behavior after different healing Snféigure according to Hentschetlal**%

Guan’s material exhibits better mechanical propsr{istrength) than Leibler's, due to the
combination hydrogen bonding and thermoplastictetasric behavior (TPE approdti).
On the other hand it suffers from long healing 8mend incomplete healing efficiency
because of the lower volume fraction of hydrogendiog groups. This interplay (strength vs.
healing efficiency) will be a challenge for furthesientific investigation8°®

Another challenge is to get a deeper and generdérstanding of the dynamics of the
hydrogen bonds either within the polymer matrix within the fractured surface. The
importance of sufficient dynamics of the hydrogeonding groups (or the surrounding
matrix) was shown by Leibler and coworkers for tHaimous self-healing rubb&f! While
the pristine compound was observed as a brittle-setfrhealing material, it needs the
plastification with 11 wt% dodecane, which causeslexrease of the gThelow room

temperature, to enable sufficient dynamics and tha outstanding self-healing properties.

Supramolecular polymers are promising candidatesdwueral high-end applications most of
all as self-healing materials. A broad variety ohfcovalent interactions are available to form
such materials also via different molecular arctitees. While supramolecular gels often
suffer from the presence of the solvent due to mechanical strength, limitation of the
application temperature by the boiling point of gwvent, or evaporation of the solvent in

long-term applications, supramolecular bulk materni# not. However, the precise prediction
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and theoretical description of solvent free suptaewdar polymers in most cases suffers from
the formation of a magnitude of different compleygeegates. As a result, at the latest
research, the investigation of the structure-dycamlation essentially needs the experimental
proof. Therefore, it especially needs highly definamorphous, supramolecular polymers to
achieve a deeper understanding of the formation twed dynamics in supramolecular

materials for future applications.
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2. Aim of the work

2. Aim of the work

Aim of this work was to systematical investigate #ssociation and/or aggregation behavior
of specific interacting hydrogen bonding moietidsey-lock-systems”) in the polymer melt.
Since a multitude of applications arise from tharelteristics of the hydrogen bonds it is
important to get deeper insight in the dynamicgh& hydrogen bonds in the melt state.
Therefore, suitable amorphous polymers with a ltasgtransition temperaturey(¥< Tgr)
had to be synthesized in order to achieve “simpleidel systems without additional
contributions of crystalline polymer domains typigapresent in partially crystalline
polymers. Highly defined polymers in terms of costipl functionalization and molecular
weight distribution were needed to directly reldébe mechano-physical properties of the
corresponding supramolecular polymers to the exdéhtydrogen bonding. Furthermore, the
influence of chain length (molecular weight), atebture (linear monofunctional and linear
bifunctional chains), strength of the hydrogen bogdinteraction (in terms of XKq),

temperature and polarity of the polymer melt wagsgtigated.
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3. Concept

For the detailed investigation of the hydrogen bogdlynamics in the polymer melt the
corresponding polymer(s) must necessarily fulféiveral requirements. Beside a small as
possible molecular weight distribution (PDI<1.2and a complete end group
functionalization with the corresponding hydrogeontling groups, high thermal (and
chemical) stability and an adjustable molecular ghtiwas desirable. Furthermore, the
polymers should be different in polarity and exhibi low glass transition temperature.
Therefore, poly(isobutylene) (PIB) was chosen &saapolarity polymer Figure 208 while
poly(n-butyl acrylate) (PnBA) was chosen as a polymehwiedium polarity Eigure 20b).
Both polymers were accessible via “living” polyneaiion techniques, allowing the synthesis

of polymers with a low PDI and a defined end grduging either mono- or bifunctional.
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Figure 20. Concept for the investigation of the dynamicéigdrogen bonding in the polymer melt.
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While PIB could be synthesized via living carboeait polymerization (LCCP), PnBA was
available via atom transfer radical polymerizati@XrRP). For the combination of both,
polymer and hydrogen bonding moiety, the azide+adkiclick” reaction was chosen since it
is very compatible with polar groups (hydrogen bogdmoieties) and both polymers were
accessible as azides via post-polymerization maatibn reactionsHigure 20). This modular
approach allowed the synthesis of the functiondligelymers from the very same batch of

azide-functionalized polymers allowing a good corgm of the mechanical investigations.

EG Cu(l)-catalyzed N=N
Polymer—N; + > N
=z azide/alkyne-  polymer—" \)_EG
"click" reaction

Figure 21 Azide/alkyne-“click” reaction of azide-functionz¢d polymers and alkyne functionalized hydrogen
bonding moieties (EG = end group).

Therefore, the hydrogen bonding groups were needethe corresponding alkynes. The
strength of the hydrogen bonding motif was varigdulilizing either the triple hydrogen
bonding motif thymine/2,6-diaminotriazine (THY-DATJFigure 209 or the sextuple
hydrogen bonding motif Hamilton wedge/barbituriecdag@HW-BA) (Figure 20d). All groups
(THY, BA and HW) were synthetically available akyales, while for DAT the development
of a synthetic route was necessary. The associatiothe hydrogen bonding motifs was
investigated in solution vidH-NMR titration experiments, since literature vau®r low
molecular weight compounds were available for camspa. In the melt state the
association/aggregation was investigated via a@sory melt rheology, since it allows the
time (frequency) and temperature dependent measuatewf the amorphous polymers.
Furthermore, melt rheology is very sensitive towattie structure (linear chains), the
functionality (complete functionalization of all @ims; telechelic polymers) and the molecular
weight distribution (PDI). Small-angle X-ray scaiitg (SAXS) is a commonly used tool to
explore the microstructure of block copolymers apramolecular assemblies on the
nanometer scale. Since the functionalized polyrbeering hydrogen bonding moieties can
be seen as block copolymers with a long non- orinmegbolar (the PIB or PnBA chain) and
a very short highly polar block (hydrogen bondingd egroup) SAXS measurements were
performed to gain a deeper insight into the nanosire of these polymers.

23



4. General Part

4. General part

4.1. Synthesis of azide-functionalized poly(isobulgne)s

The common pathway towards poly(isobutylene) is ¢taebocationic polymerizatidf-®

Under specific conditions (temperatlf®! initiator, Lewis acid co-initiator, solvent etside

reactions, especiall§-H-elimination, can be suppressed to a minimal rekt&Vhen specific

initiator systems were applied, all polymer chaias be initiated at the very same time at the

beginning of the polymerization process. Thereftre,final chain length (molecular weight)

can be calculated by the monomer/initiator ratid e polymer exhibits a small PDI (< 1.2).

The so called “living carbocationic polymerizatii®2*®! (LCCP) was developed by Ivan

and Kenned¥** and is the advancement of their “inifer” metddg>'"

dormant active
species species
;Y—/ ;Y—/
Keq = 107-10"8 LZ:mol?
-/\’»CI + TiCly = — ® + TiyCly
TMPCI quench n-times
reaction

monomer

~ n :<
n-1

Figure 22 Concept of the living carbocationic polymerizatic. CCP).

The basic concept of the LCCP is showrFigure 22 Besides the monomer (isobutylene)
and an initiator (e.g. TMP&1®! - a tertiary chloride), the addition of an Lewesg TiCk,***

2201 BCl,, 1221223 FeCh?®! or GaCl?®) acid is necessary to establish the equilibrium
displayed inFigure 22 Only the “free” carbocation (“free” depends oe Bplvatization) can
react with an additional monomer, while the testielloride species can not. Therefore, these
species are referred as dormant- (left side) amgeaspecies (right side). For an arbitrary
LCCP this equilibrium lies far on the side of thermiant species (left side), with typical
values for the equilibrium constants ofq 10°-10% L% mol2**” One drawback of the
LCCP is the sensitivity of the Lewis acid towardsleophiles. As result a LCCP is not only
extremely sensitive towards water, furthermore,dinect introduction of functional groups is
limited to nucleophiles which exclusively react lwithe carbocation, but do not affect the
Lewis acid (and thus the equilibrium).

However, several end groups can selectively inttediby end quenching the LCEP; 226

241 whereby at the beginning of this work only the mghing with allyltrimethylsilane
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(ATMS)?*6247l and subsequent multistep postpolymerization tmansition allowed the
defined synthesis of azide-functionalized PIBs. Tésulting PIBs were either motfd® or
the bifunctionaf®*® Functionality was introduced by using allyltrimgigilane (ATMS) as
n-nucleophile quenching agent for the LCE#2*"Iresulting in allyl-functionalized PIBs — a
polymer which can conveniently be transformed itlh@ azide-functionalized polymer

(Figure 23 [215, 246, 249-254]

1) LCCP
2) 9-BBN / MCPBA
"—}‘CI or 3) TPP / CBry,
4) TBAF / TMSA pB— N3
monofunctional initiator ~ Cl Cl - poly(isobutylene)
TMPCI 1 bifunctional initiator (PIB)
DCCl 2 1) yield 94-98 % - PIB 5+6

2) yield 94-99 % - PIB 7+8
3) yield 69-99 % - PIB 9+10
4) yield 96-97 % - PIB 11+12

N3 N3 {\L/H_/\/N:;
n n n

bifunctional PIB-azide 12 monofunctional PIB-azide 11

Figure 23. Synthetic route towards mono- and bifunctionad@Zfunctionalized PIBs.

The synthesized allyl- and azide-functionalized e summarized ihable 2 revealing a
perfect match between the calculated,(lyJ and experimental (Mcec) and Mnwmr))
molecular weight(s) for the allyl-functionalizedB3l 5+6), evidencing the living character of
the polymerization.
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Table 2 Allyl-functionalized poly(isobutylene)s (PIB-al)y (5+6) synthesized via LCCP and
azide-functionalized PIBs (PIB-azide)1+12) synthesized via multi-step end group transforomati

a characterization
mono Mu(th)

eny PIB it [g- mol ] (M)/1] Muere)  ppje Maunaey yield  yield
[g-mol] [g-mol] [g] [%0]

1 5a m 3000 51.6 3100 1.13 3000 14.4 96.0
2 5b m 10000 175.3 8500 1.10 8700 14.2 94.6
3 6a b 3000 48.2 2400 1.12 2400 12.4 95.4
4 6b b 10000 173.1 8600 1.16 8700 6.4 98.6
5 1la m 2800° — 2600 1.12 2900 12.0 96°1
6 11bf m 2700° — 2800 1.23 3000 1.6 69°7
7 11c m 7700° — 7700 1.11 7800 153 973
8 11df m 29600 — 28600 1.10 9 6.4 89.9°
9 12a’ b 3400° — 3400 1.23 3500 0.5 82°8
10  12bf b 3200° — 3100 1.29 3300 3.7 81%7
11 12¢' b 8100° — 7600 1.24 8400 4.2 91°1
12 12df b 1390¢° — 13800 1.23 14800 2.2 900
13 12¢ b 27400 — 29200 1.18 29300 3.4 970

2 Initiator = TMPCI (); ° initiator = DCCI @); © external calibration with PIB standardsnolecular weight of
the bromine-functionalized precursdryield of the last transformation step from PIB-Br RIB-N;; ' these
polymers were already synthesized within the fraomvwof my diploma thes®&®; ¢ not possible due to poor
resolution of the initiator fragment.

4.2. Synthesis of functionalized PIBs bearing hydgen bonding moieties via the

azide/alkyne-“click” reaction

In order to investigate the influence of specifigahteracting hydrogen bonding groups on
the mechano-rheological behavior of PIB it was Bsagy to attach the corresponding motifs
onto the chain end(s) of the PIB. For a precisepanmon of the resulting data it was further
necessary to synthesize the functionalized polymeesring our selection of hydrogen
bonding motifs (THY, DAT, HW, BA and other groupdypom the very same batch of
polymer (same molecular weight). A few synthetiates were reported to attach one of these
groups onto PIB chair®! e.g., monofunctional PIB-THY can be synthesizea Michael
addition of a PIB-acrylate precursor and thyminestg reactiodd*® or (mono- and
bifunctional) via nucleophilic substitution reagtiwith activated chloromethyl ethdfa”

A suitable route to attach our selection of H-bogdimotifs is only given by the
azide/alkyne-“click” reaction. Based on the work tafisgen?®2°® it was Sharpless and
coworkers who rediscovered this versatile readfdif°” Since the 1,3-dipolar cycloaddition

between terminal acetylenes and azides is a higfigctive (high yields) reaction, which
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additionally has a high tolerance towards solveamd functional groups, it is nowadays one
of the basic tools for the attachment of functiogabups in polymer chemistRf* 2%
Starting from the azide-functionalized PIBs theresponding alkyne functionalized hydrogen
bonding groups were attached via' @atalysis to form regioselective the 1,4 triaz(dee
Figure 24).12™

N Ry
MB_J/\\/ 3 + =
alkynes
monofunctional PIB-azide 11 17,19, 21, 22, 24
or bifunctional PIB-azide 12 (and others)

l azide/alkyne-"click" reaction

N:N\ N=N
N=N 1,2,3,4,5R""§/N N\)""R1,2,3,4,5

; n n
n R = bifunctional PIB-THY 27

R, = bifunctional PIB-DAT 29
R, = bifunctional PIB-BA 32
Rs = bifunctional PIB-HW 35

R4 = monofunctional PIB-THY 26
R, = monofunctional PIB-DAT 28
R3 = monofunctional PIB-DAT 30
R4 = monofunctional PIB-BA 31

Rs5 = monofunctional PIB-HW 34
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Figure 24. Synthetic concept for the synthesis of PIBs egdifferent hydrogen bonding moieties.

PIB bearing hydrogen bonding moieties were sucabgssynthesized via a microwave
assisted azide/alkyne-“click” reaction under commmeaction conditions (see experimental
part). It turned out, that with increasing moleculgeight of the starting polymer, the yield
decreases markedly for alkyn&8 and24 (seeTable 3). This effect can be attributed to the
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sensibility of alkynel9 and24 (aromatic terminal alkyne group) towards Glaske-ltoupling
reactions. Even a 10-fold excess of alkyi®(see entry 7) did not lead to improved results.
Starting from bifunctional PIB-B an incomplete functionalization can lead to atomi of
non-, mono-, and bifunctionalized PIB chains. Unfoately PIB does not give clear sports in
TLC, therefore, no separation of mono- and bifiordlized chains was possible. As a
consequence only low molecular weight PIB-DAdand PIB-HW could be synthesized with
complete functionalization. A later refinement appy alkyne21 revealed a better yield for a
high molecular weight PIB (entry 6) compared toyak19 (entry 4+5). This observation
indicates a reduced sensitivity of the aliphatitni@eal alkyne21 towards oxidative coupling
reactions.

Critical for the following rheological investigans was the synthesis of the pure polymeric
material, truly containing the hydrogen bonding emndup(s) quantitatively. Therefore, the
structure was confirmed vitH- and **C-NMR spectroscopy, as well as MALDI-TOF-MS
measurements for all functionalized PIBs. The prdof complete functionalized is
exemplarily described for a bifunctional PIB begriBA end groups. A comparison of the
resonance of the initiator fragment at 7.17 ppm {@HPI1B-BA; 32a-€ and the characteristic
resonance of the end group at 2.74 ppm (4H for BAB-32a-6 revealed a perfect match of
the integrals, evidencing a complete (bi-)functicraion. **C-NMR revealed the appearance
of the signals of the end group and the initiatagiment in the low field regiorFigure 259).

a b
) o )
23594 Da 24154 Da —» A=56.0Da
PIB i N
S, .
> T
cocl, 26 ||+ i a[ }\
5 | |
2 i
T L B T
8.0 7.0 6.0 \J\
W\Ww
1500 2000 2500 3000 3500 4000
m/z
3,5,27
3 2646 32 31
| 3|6|L | | | } | |
‘ ' 1éO ‘ ‘ ‘ ‘ 160 ‘ ‘ ‘ ‘ 5b ' '

Figure 25. a)'H- and**C-NMR spectra and b) MALDI-TOF-MS spectrum of PIB\B32a

In addition to the expected resonances in NMR, dfinecture was confirmed by MALDI-
TOF-MS measurements. The MALDI-TOF-MS spectrum &-BA , 32ais shown inFigure
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25b, displaying two main series. Each series of iansdparated by 56.1 Da, reflecting the
mass of the monomer repeating unit. In agreemetht @drlier observations for PIB-polymers
reported by Bindeet al,**” the most intensive signal of the main series @adsigned to an
[M-NagLi4]*-ion, assuming the exchange of three of the ad@de-NH-CO protons of the
barbituric acid groups. For a species [MsNg® (n = 26) the theoretical m/z value of
2360.034 Da is in good agreement with the experatervalue of 2359.4 Da
(Am =294 ppm). For the second series, the mostsiterpeak at 2427.6 Da can be assigned
to a species [M-Na&ij] (n=28), in good agreement with the theoretioak value of
2428.255 Da Am = 269 ppm). Therefore, the combination of NMR aMALDI-TOF-MS
measurements proved the complete functionalizatidhe PIBs.
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Table 3. 2,6-Diaminotriazine-functionalized PIBs (PIB-DA)8+29; entry 1-8), barbituric acid-functionalized
PIBs (PIB-BA) @31-33; entry 9-18) and Hamilton wedge-functionalized ®I@1B-HW) @4+35; entry 19-24)
synthesized via azide/alkyne-“click” reactions.

characterization

a
entry PIB rg:)lr::io alkyne Pgnmf] Csa)fgtlgfrg- Taecay Mn NNMR) Mn(GPCl PD| P yield vyield
[°C] _[g-mol] [g-mol] [mg]  [%]
1 28a 19 2800 CUulTEP - 3200 L -" 74 390
2 28b 19 2600 CUulTEP - 4000 L -" 1030 426
3 28c m 19 2600 Cusy - 2700 -t 3 529
4 28d 19 7800 CulTEP - 7900 L -" 180 119
5 28e 19 7700 CUulTEP - 7600 - - 729 559
6 30a 21 7800 CUITEP - 8200 63060 1.1 654 921
7 28 m 19 28600 Cg'TEP/ - 4 23500 11 6 67
uBr

8 29a 19 3400 CulTEP - 3700 L -" 45 909
9 3la m 22 2800  CuBIrTTPP - 3800 2700 12 11  23.9
10 31b m 22 2600 c;g:gcp P 368 3800 2400 11 316 52.7
11 31c m 22 7700 C”g:gf Pl 357 7000 6500 1.1 554 55.4
12 31d m 22 28600 C;‘SJECP P 359 d 27200 1.1 479 50.7
13 32a bi 22 3200 CUETPP 4700 4900 16 33 16.4
14 32b bi 22 3200 UPTPP 362 3000 4000 13 443 586
15 32c bi 22 13800 USUTPP 362 14000 13800 12 357 748
16 32d bi 22 7600 c;g:gcp P 355 8700 7900 12 466 79.1
17 32e  bi 22 ~30000 c;g:gcp P' 345 28400 26700 11 256 542
18 33  bi 23 3100 [(P%Z]%?“Br 342 3800 3700 1.3 180 80.8
19 34a m 24 2800 C;‘SJECP P 3330 3200 1.2 49 942
20 3ab m 24 2600 BITPP 346 3470 2400 11 463 630
21 34c m 24 700 CUSTPP 372 gso0 8300 11 390 391
22 3ad m 24 28600 ST PPl 363 27700 25000 11 71 7.0
23 35a bi 24 3200 C”ELTE; PPl 343 4900 4700 12 384 433
24 350 bi 24 13800 C'TIPP _ functionalization max.50% 99 34.0

2 Molecular weight of the azide-functionalized presar;® external calibration with PIB standardsxcess of

CuBr was used, which meansl0 equivalents with respect to the amount (mmbf)atymer; ¢

not possible due

to poor resolution of the initiator fragmefitdetermined at 5 % weight lossM,-values determined via GPC-
measurements are considerably underestimated, lgyobdae to interaction of the 2,6-diaminotriazineogp
with the column materiaP NMR integration reveals a functionalization of imium 94 %.
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4.4. Synthesis of azide-functionalized polgtbutyl acrylate)s

1) ATRP

0] 0] O
5 2) NaNj PnBA-N,
—O)K( ror—o o— ——
Br Br

<« poly(n-butyl acrylate)

monofunctional initiator bifunctional initiator (PnBA)
MBPP 3 u

DMDBH 4 1) yield 57-95 %
2) yield 71-94 %

monofunctional PnBA-azide 15 bifunctional PnBA-azide 16

Figure 26. Synthetic concept for the synthesis of azide-fionalized PnBAs.

The synthesis of azide-functionalized poHgutyl actrylate)s (PnBAs) was accomplished via
a combination of atom transfer radical polymerzatiATRP) and postpolymerization
transformation reaction according to Coessenal. (Figure 26).2*2"? Since this approach
allowed the synthesis of the azide-functionlizedRrvia a convenient 2-step route, it is
advantageous over the approach via living anioratyrperization oftert-butyl acrylate,
transetherification with butanol and subsequentgmodp transformatio’*?" Furthermore,
several attempts were reported to directly intreddidferent hydrogen bonding groups via a
combination of functionalized initiators and cotiied radical polymersization (ATRP, NMP
or RAFT)L 9192 2152091 6\vever, these strategies are limited by the aldity of the
corresponding functional initiators. Therefore, yotthe route via the azide/alkyne-“click”
reaction allowed the projected synthesis of suptaoutar mono- and bifunctional PnBAs
bearing the four selected hydrogen bonding grotipb/( DAT, BA and HW) from the very
same batch of polymer. After the literature working polymers contained significant
amounts of the dNbpy-ligand that crystallized agtevimeedles within the final polymers.
Therefore, the corresponding polymers were effitygourified via dialysis in THF (MWCO
of the dialysis tubes was 1000 Da). Mono- and Hifiemal polymers were synthesized
utilizing either the monofunctional initiator MBR#® the bifunctional initiator DMDBH. The
molecular weight could be tailored via the [M]/ftio, proving the controlled character of
the ATRP. Polymers up to a molecular weight of ~#28/mol were synthesized with good

yields and narrow chain distributionBaple 4).

31



4. General Part

Table 4 Azide-functionalized PnBAs (PnBA4N synthesized via ATRP and subsequent end group
transformation.

a characterization
mono Mnepc

entry PnBA or bi [g-mol] Tdecaye Mn(GPClb PDI Mn(NMRl) yield ¢ yield ‘
[°C] [g-mol'] [9-mol] ] (%]
1 15a m 1800 245 2100 1900 1.2 2.00 71.9
2 15b m 3200 323 3400 3300 1.2 8.40 88.9
3 15¢c m 8000 337 9800 8000 1.1 7.61 88.5
4 16a bi 3800 335 4300 3500 1.2 8.12 94.8
5 16b bi 22500 342 24500 22800 11 4.30 94.3

4 Molecular weight of the bromine-functionalized guesor;” external calibration with PS standarfigjeld of
the last transformation step from PnBA-Br to PnBA-N purified via dialysis after transformation intoeth
azide? measured at 5% weight loss.

In order to prove the complete functionalizationthwiazide groups, MALDI-TOF-MS

measurements were performed. While the initial PsBAalso revealed a small series of
chains bearing a chloride as halogen atom, the PNBAolymers were proven to be fully
functionalized, also vidH-NMR (see appendix).

Therefore, mono- and bifunctional PnBAs with diéflet molecular weights could be
efficiently synthesized via combination of atom ng#er radical polymerization and

subsequent end group transformation.
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4.5. Synthesis of functionalized PnBAs bearing hydgen bonding moieties via the

azide/alkyne-“click” reaction

R
PnBA-N, + =
alkynes
monofunctional PnBA-azide 15 17,21, 22, 24
or bifunctional PnBA-azide 16 (and others)

l azide/alkyne-"click" reaction

N=N N=N
1345R &N N\)""R1,3,4,5

o 0 O

(e} N=N o
0 0 o} 0O O o] o]
0 N\)""R1,3,4,5 r: :1
n
(6] (e}

R4 = bifunctional PnBA-THY 39
R3 = bifunctional PnBA-DAT 42
R4 = bifunctional PnBA-BA 44

Rs = bifunctional PnBA-HW 46
R = monofunctional PnBA-THY 38 s = biiunctional Fn

R3 = monofunctional PnBA-DAT 41
R4 = monofunctional PnBA-BA 43
Rs5 = monofunctional PnBA-HW 45

z\if o @}L“*“ﬁ
=N

alkyne 17 O NH
R, = thymine (THY) alkyne 22 }Q—(
i HN

NH, R, = barbituric acid (BA)

N)\IN ;I;lk}inli:;ilton wedge (HW) NH
= 5~ 0) N
xo©fN NH, /N
— C,H
alkyne 21 O% [

R3 = 2,6-diaminotriazine (DAT)

Figure 27. Synthetic concept for the synthesis of PnBAs ingatifferent hydrogen bonding moieties.

PnBAs with hydrogen bonding moieties were syntlezbsizvia microwave assisted
azide/alkyne-“click” reactions. Freeze-pump-thaweleg were performed in order to remove
even traces of oxygen and different Cu(l)-catalystse applied, but in each case a fraction of
the starting material had to be isolated via colwmmmatography. Fortunately, in the case of
bifunctional PnBAs the separation of the mono- dnslubstituted product was hardly
possible. Therefore, even high molecular weightifstional PnBAs could be synthesized.
Table 5 summarizes the synthesized PnBAs bearing hydrogemding motifs. For
HW-functionalized PnBAs the yields decrease wittréasing molecular weight of the PnBA
(Table 5 entry 15-17). Since the reactions were perforrattdr three freeze-pump-thaw

cycles in a sealed Schlenck-flask, the presencsigrfificant amounts of oxygen can be
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excluded. Therefore, also other unknown side-reasti despite the already mentioned

Glaser-type coupling reactions, are feasible.

Table 5 Thymine-functionalized PnBAs (PnBA-THYB&+39; entry 1-6), 2,6-diaminotriazine-functionalized
PnBAs (PnBA-DAT) 41+42; entry 7-11), barbituric acid-functionalized PnBABnBA-BA) (@43+44; entry
12-14) and Hamilton wedge-functionalized PnBAs (RABW) (45+46; entry 15-17) synthesized via
azide/alkyne-“click” reactions.

o a characterization
entry PnBA mono é__ M (azide catalyst- _ - : :
or bi 3 [g-mol] system  Tgecay Mn(NMRl) Macre)  pp)b yield yield
[°C] [g-mol] [g-mol] [mg] _[%]
1 38a m 17 1900 CuBrTTPP 306 1800 2250 1.2 293 874
2 38b m 17 3200 CuBr 303 3900 3300 1.2 695 656
3 38c m 17 8000 CUulTEP 317 10300 8700 1.1 566 55.1
4 38d m 17 3200 CulTEP 303 3900 3100 1.2 473 445
5 39a b 17 3500 CuBr 323 4600 3000 1.2 753 619
6 39b b 17 22800 CuBr 310 26900 24100 1.1 259 129
7 4la m 21 1900 CuBr 315 2300 1400 1.2 194 55.2
8 41b m 21 3300 CUulTEP 315 3800 2000 1.2 490 475
9 41c m 21 8000 CulTEP 316 10900 8600 1.1 600 543
10 42a b 21 3500 CuBr 333 4600 1700 1.3 796 61.1
11 42b b 21 22800 CuBr 345 29600 25500 1.1 490 24.0
12 43a m 22 3300 CuBr 322 3400 2700 1.2 651.0 60.0
13 43b m 22 8000 CuBr 336 10200 9400 1.2 7900 725
14  44a bi 22 3500 CuBr 327 4700 4700 1.2 590.0 53.2
15 45a m 24 9800 CuBr 335 10800 10200 1.1 1520 237
16 45b m 24 3400 CuBr 340 4000 4200 1.1 4120 364
17  46a bi 24 4300 CuBr 342 5500 5800 1.1 610.0 57.0

4 Molecular weight of the azide-functionalized presar;® external calibration with PS standarfisneasured at
5% weight loss.

Since the complete functionalization with the cep@nding hydrogen binding motif is crucial
for subsequent rheological investigatiortsi- and **C-NMR measurements as well as
MALDI-TOF-MS measurements were performed. NMR-irtigegtions revealed the
appearance of all expected resonances and intmgm@itithe resonances of initiator- and end
group evidenced the complete functionalization achecase. For a more detailed analysis
MALDI-TOF-MS measurements were performed, revealongy species of the desired
product in each case. A representative MALDI-TOF-8ffeéctrum is shown iRigure 28 and

described exemplarily. For PnBA-TH¥k (398 the best spectrum was obtained by
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ionization with Na-ions (matrix: IAA:NaTFA:Analyte 100:10:1), showing four important
series, where each series of ions is separatedlB8.* Da, the mass of the repeating unit
(calculated 128.1 Da).

[(e]
a i b
) A=128.1 Da © )
2383
7N 1 : :
3825.15Da 395324 Da| 3| 8 g % N -
B N i |8 8 8 g
T - ™ (=}
3 ~ <+
S, I 3
> g 8
Z g .
k=
© o~ = I
5r 138 slgz <2fs¢€
> § £ % =] § py
2500 3500 4500 5500 m/z 3700 3800 3900 4000 4100 m/z

Figure 28 MALDI-TOF-MS spectrum of PnBA-TH¥-4k (393 with M, = 4000 Da.

The most intensive signal of the main series at538® Da can be assigned to a species
[M-Na]" (CaooHz30N100sgNay; n = 24), a value that agrees well with the thecaem/z value
for a species [M-N&](n = 24) of 3825.314 Da\(n = 44 ppm). For the first and second minor
series the acidic proton(s) of the thymine group eechanged by an ion. The most intensive
signal of the first minor series at 3847.132 Da d&mn assigned to a species [M,Na
(Co00H32dN100s58N&; n = 23), in good agreement with the theoretict walue for a species
[M-Nag]" (n = 23) of 3847.296 DaA(h = 43 ppm). The most intensive signal of the sdcon
minor series at 3869.278 Da can be assigned t@aesp[M-Na]™ (CoodH328N1005eNag; N =
23), a value that agrees well with the theoretio& value for a species [M-§a (n = 23) of
3869.086 Da Am = 50 ppm). For the most intensive signal of th&dt minor series at
4057.955 Da the species can be assigned to [M(EHzs5N100sNag; n = 25), in good
match with the theoretical m/z value for a spe¢MsH]™ (n = 25) of 4059.499 DaA(n =
380 ppm). The calculated isotopic patterns of tlannand first minor series match well with
the observed patterns (only visible for low molecwieight peaks).

Therefore, mono- and bifunctional PnBAs with diffiet molecular weights bearing various
hydrogen bonding motifs (THY, DAT, BA and HW) coultk efficiently synthesized via

azide/alkyne-“click” reactions.
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4.6. “Capped” thymine-functionalized polyn-butyl acrylate)s — PNnBA-THY,-Cap

In order to investigate the influence of hydrogemding in melt rheology measurements the
synthesis of analogues of the supramolecular Pn®oid of hydrogen bonding was
necessaryHigure 29). A feasible concept for this attempt is the cagpof the —-CO-MN—
CO- proton of the thymine groups via methylatiothwbodomethane after deprotonation with
sodium hydride in dry DMF.

DMF (dry)
1) NaH; 0°C
- 2) Mel; RT —
0] N—PnBA T O N—PnBA

N N

Y JER AT ¢ Jr i

’lﬂ"‘l[\‘ " no hydrogen bonding

possible

two hydrogen bonds
Figure 29. Synthesis of “capped” THY-functionalized PnBA.

Reaction conditions were adapted from Cortiabl and tested to be applicable with a low
molecular weight model substance (product of doldeaye andl?7). Due to the methylation
of the hydrogen bonding acceptor (-CO4+MNCO-) there is a significant difference between
the R-value of starting material and product. Therefdiee conversion can be easily
monitored via thin layer chromatography. After wank the complete conversion was
evidenced by the appearance of the additional eesmn at 3.34 ppm iftH-NMR
spectroscopy of the —CO-NH;—CO- group (see chapter 5.4.11.).

4.7. Investiagation of the association/aggregatioof hydrogen bonding moieties in

supramolecular polymers

Due to the successful synthesis of the correspgndimpramolecular polymers bearing
different hydrogen bonding moieties, the analys$ithe association or aggregation regarding
different polymer-parameters was possible. Bedidestrength of the hydrogen bondig motif
(THY-DAT vs. BA-HW), the polarity of the polymer(-atrix) (PIB vs. PnBA), the

functionality of the polymer (mono- vs. bifunctidhand the molecular weight could be

varied within these investigations.
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a) v b)  end group + functionality:
, WV THY, DAT or THY/DAT
poly(isobutylene) - PIB  poly(n-butyl acrylate) - PnBA BA, HW or BA/HW

REF = no end group

) - ’_ _’_ T

thymine - THY  2,6-diaminotriazine - DAT ~ €quimolar mix of PIB-DAT,-4k
y THY/DAT /'——' L
polymer:

g =_ . PIB or PnBA

molecular weight:
barbituric acid - BA  Hamilton wedge - HW ~ equimolar mix of 4k = 4000 g/mol
BA/HW
Figure 30. a+c) Comic-abbreviations for the applied suprawoolar polymers and b) sample-code for the
corresponding samples.

Figure 30a+c shows the used comic-abbreviations for the ingastd supramolecular
polymers, whileFigure 30b explains the used sample-code. For example: “PAB-4k”
means the polymer is poly(isobutylene) (PIB) whishoifunctional and bears DAT-groups
(“DAT,"). The molecular weight of this sample is 4000 g/m(*4k”). If the term
“THY/DAT” or “BA/HW” is used, the sample containsnaequimolar mixture of both
polymers. For example: “PnBA-THY/DAT-4k” is an egqublar mixture of a monofunctional
PnBA bearing THY-groups and a monofunctional PnEaring DAT-groups. Both polymers
have a molecular weight of 4000 g/mol (“4k”).

The investigations included the analysis of theassion/aggregation in solution and in the
polymer melt. For solution studies several methasknown to determine Jn. including
ultrasonic attenuation measureméftsthe UV-Vis dilution methdd®® and NMR-titration
experimentst®® 8% The atter were applied in this work. For an a#git binding motif A and

B the association in solution is as simple as digad inFigure 31 The rate of association is
usually a diffusion controlled process, (s identical for most of the hydrogen bonding
motifs). Only a few systems are known where eigtomer§” or an energetic conformation

biad?®! are significant, here the rate of associatiorotsdiffusion controlled.

-0-0-{-)- (AB] K,

Kd‘"“][ Kdimz" L Kk “[AlB] k.
o = 9

[A] B K |ap]

Figure 31 Association modes for the THY-DAT-motif in solomi.
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For a so called “key-lock-system” (e.g. THY-DAT BA-HW) the formation of the A-B
associate is strongly favored, since the assooi@dmstant Kss, (Kassh.> 1000 M%) is much
higher than the dimerization constant(s):K(Kaim. < 100 MY). Although these studies were
usually performed with low molecular weight modebstances, no significant impact of the
higher molecular weigh or the polarity of the apgdlipolymers was expected, since their
concentration is too small (to have a significanpact on the viscosity of the solution) and
the polarity of the matrix is mainly dictated byetholvent. Additionally, for the investigated
systems (THY-DAT and BA-HW) no aggregation in dddt solutions was reported.
Therefore, we expect the correspondingskand Kgm. values to be in the range of the values
reported for low molecular weight model substan¢¢swever, the polarity of the solvent
should influence these values in the way that thidyincrease with decreasing polarity of the
solvent. In this case the association is favored.

Unfortunately, at the beginning of this work onles$ was known about the
association/aggregation behavior of the here apphgdrogen bonding motifs in the
melt-state of amorphous polymers. Therefore, thalsoation of melt rheology studies and
SAXS measurements allowed the identification ofeptfl aggregates (SAXS) and their
impact on the rheological properties (viscositybbery plateau). Especially rheology
measurements are very sensitive towards changés afiicrostructure of the polymer (due to
association/aggregation). Assuming the simple aasoe of two polymers chains via the
supramolecular interaction, the viscosity shouldnmeeased by a factor of 2, as long as the
chains are below the entanglement molecular weifjtite polymer Figure 328). Otherwise,

the relation between viscosity and molecular weigleixpected to be ~ M,>* (Figure 329).

a) c) A

WL - oV = nw
uk 2 Ni=MN: 21, :
b) :
non@+m- Pl =
: —
M, M,

Figure 32 a+b) Possible modes of association of the THY-BAGtif attached to PIB; c) relation between
viscosity and molecular weight of the supramolecaksociate.

Especially for bifunctional polymers the formatiohlong supramolecular chains is possible
(Figure 32b). In this case, depending on the strength ofritexaction, also the formation of a

network and, thus, a rubbery plateau in frequenagep (FS) is possible (see again
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introductionFigure 9). In the case of a simple association of two gspupe effect on the
viscosity should be proportional to the strengthaskociation (determined in solution).
However, Rowaret al. reported on the formation of stacks of THY-groupghe medium
polar poly(THF) matrix (see again introductiéigure 5). Such a microphase separation
(stacks) of the end group should be visible in SAX®asurements und should cause
furthermore a drastic increase of the viscosityet,aCorteseet al. (2011 and 2012) reported
on the formation of crystalline domains of THY-gpsuin a poly(ethylene oxide) matfiX:
1431 1n this case the polymer might be observed adid, suith an additional melting peak in
DSC measurements. Such effects are expected toobe significant for PIB (low polarity
matrix), while the polar PnBA matrix should prevehe THY groups of aggregation or
crystallization. However, due to the high polardly the hydrogen bonding groups similar
effects (crystallization or microphase separatiam@ feasible for all investigated groups
(THY, DAT, BA and HW). Besides the formation of mdrical stacks, also the formation of
spherical aggregates (also called “clusters”) isspme Figure 33). Such clusters are
expected to be visible in SAXS measurements duke@lectron density difference between
the cluster and the polymer matrix. Due to addaldriction such clusters might increase the

viscosity significantly.

«
> " shear .

“‘ * N °

s $’ . e friction between
M‘% E ’ :.‘ owsters

”~"n

-.. “.. “‘.. .““-l..."

spherical aggregate g :

of DAT-groups
“cluster” )

Figure 33. Formation of spherical aggregates (“clusters”DafT-groups attached to monofunctional PIBs.

If they have a certain size the clusters might &inedach other, bestowing the sample an
elastic portion (in terms of a rubbery plateauh@lgh the polymer chains itself might be far
below the entanglement molecular weight. A sim@éect was reported by Antoniett al.

for PS-microgels.

For bifunctional polymers the formation of longdar entangled chains is possible, whereby

the extent of association should be dependent ensttength of the hydrogen bonding
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interaction. On the other hand, the formation ofragates can lead to the formation of a
network, usually evidenced by a pronounced rubp&teau in FS measurements. In this case
two different kinds of elastically active entanglems are possible: supramolecular tie-points
formed by the hydrogen bonding groups and conveati@ntanglements. The latter are
formed since the chain ends are trapped in theeggtgs, although the molecular weight of

the chain itself might be below the entanglementeawdar weight Figure 34).

supramolecular

,* tie-point
4
Ty
—
~—g—
network conventional

entanglement terminal flow

Figure 34. Network formation of a bifunctional PIB bearind\Bjroups due to aggregation of the BA-groups.

The resulting network density should be dependarthe number and size of the aggragates.
The compared samples have a similar molecular weigtl, thus, a similar number of end
groups per volume fraction. Smaller aggregates ldhéead to more elastically active
tie-points compared to larger (less) aggregatesa Aesult the rubbery plateau for small/more
aggregates should be higher. Nothing is known atiwutife-time of these clusters, but it is
expected that, e.g., the lifetime of a BA-aggredaf® is significant longer than the lifetime
of a BA-BA-associate in solution.

Additionally to the discussed structural effectstlod hydrogen bonding groups, also effects
on the chain itself are feasible. While the THY, DAnd BA groups have a similar size, the
HW is large compared to them. Therefore, also &cebn the glass transition temperature
(Ty) is possible, since a change ineffects the viscosity of the polymer.

Furthermore, secondary effects, which do not playok in solution, might become
significant in the melt state. For example, for tAAT-group additionalr-n-stacking is

possible and for the HW-groups a second hydrogewibg site is presenF{gure 35).
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a) NH,

’N=N ...... N

Figure 35. Possible secondary interactions for a) the DAJugrand b) the HW group.

4.7.1. Association of hydrogen bonding motifs in &ation

The determined dimerization and association for The/-DAT and the BA-HW system
attached to either PIB or PnBA are listedTiable 6. As expected the associationa{) is
much stronger for the “key-lock’-interactions (THYAT and BA-HW) than for the
dimerization of the individual groups by ordersnodignitude. Since for the BA-HW-motif six
hydrogen bonds were formed it is stronger thanTiH¥ -DAT-motif (3 hydrogen bonds) by
two orders of magnitude. All measured values fithwthe values reported in the literature,
assuming an uncertainty of 10-20 % which is typfoalNMR-titration experiments. Only the
dimerization constant () measured for the HW-HW-association is significatronger
compared to the literature (entry 5Tiable 6). This effect can be attributed to the slightly

different chemical structure of the Hamilton wedB&V) in the cited literature.

Table 6. Association (Kssp) and dimerization (l,) constant for the THY/DAT and BA/HW system for PIB
and PnBA determined via NMR-titration experimertt2a °C.

PIB? PnBAP
entry  interaction quantity lifetime lifetime reference
value value
[Ls] [Ls]
1 THY-THY  Kgm [M7 3.8+ 0.4F 1.9-166 70 +14' 0.04 4.3 +0.6%%2
2 DAT-DAT  Kgm [MY 1.65+058 83100 22+7 0.01 2.2+0.3%%
3 THY-DAT  Kassn[MY 1087 + 142 054 26+1.3 1.3 870 + 130%%2
4 BA-BA Kgim [M7] 12 + 3 6-10° —! — ! 4.0 + 0.6%%
) 62 + 199 161284
5 HW-HW Kgim [M7] e 0.03 — ! —! g (284
6 BA-HW Kassn[MY] 0.6 +0.2-18" 30 — —! 0.63 + 0.06

®solvent = CDGJ, * solvent = toluenel® PIB-THY 384 ¢ PIB-DAT 414 °38a+414 ' PIB-BA 31b; ° PIB-HW
34b; " 31b+34b; ' PNBA-THY 38a | PnBA-DAT 414 ¥38a+41a ' not possible due to overlapping with the
solvent residual peak.

Moreover, the constants measured for PnBA aretsfigigher compared to PIB (entry 1-3 in

Table 6), an observation which can be attributed to thé&amy difference of the used
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solvents. Therefore, the values measured in tolderage higher than in CDgldue to the
higher polarity of CDG Nevertheless, there is no significant differerafethe values
measured for the polymeric compounds comparedwanolecular weight model substances,
evidencing that there is no influence of the mdl@cweight in NMR-titration experiments
under the applied conditions. Assuming a simplefudibn controlled process
(ka=2-10 M- s %) the bond lifetimest = 1/ky and k = ky/Kassn. (O Kaim)) can be easily
calculated. As expected the bond lifetimes are Hahthe “key-lock” interactions (entry
3+6). Therefore, the dimerization in solution canreglected due to the strong directional
THY-DAT and BA-HW association.

4.7.2. Association/aggregation of hydrogen bondingotifs in the melt state

Any change of the chain architecture or of the i@ weight leads to a strong effect on the
thermo-rheological properties. Since PIB and PnB#&eha low T (Tg << 0 °C) both are in
the melt state at room temperature and thus idaatlidates to study the association or
aggregation of hydrogen bonding motifs in a solvdréde (melt) state. Therefore,
frequency-dependent melt rheology is a suitablel tmo investigate the time- and
temperature-dependent association in the melt'*fhtand is also often used for similar

studies in solutioff&5-28°

4.7.3. Influence of the molecular weight for PIB ad the THY-DAT-system

As a model experiment monofunctional PIBslfle 7) and equimolar mixtures (with respect
to the end groups) of PIB-THY and PIB-DAT were iggld to investigate the

association/aggregation of the end groups andfteetef the molecular weight in the melt
state.
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Table 7. Abbreviations for the in this chapter discussahsles.

entry  sample comic sample code compounds moleadmht series
1 N PIB-REF-4k -2 g
2 N0 PIB-THY-4k 26b" S
o
3 Y < PIB-DAT-4k 28b 2
4 Yy 1 PIB-THY/DAT-4k  26b + 28b u
5 N PIB-REF-10k .
o
6 N0 PIB-THY-10k 26¢ S E’
7 JW‘ PIB-DAT-10k 28d SRS
% ©
8 W PIB-THY/IDAT-10k  26c + 28d

2 PIB-REF-4k is a monofunctional PIB-Allyl with NIGPC) = 3700 g/mol, MNMR) = 3700 g/mol and PDI =
1.2; ® synthesized via the chloromethyl ether methtf#i¢ PIB-REF-10k is a monofunctional PIB-Allyl with
M,(GPC) = 10600 g/mol, MNMR) = 10900 g/mol and PDI = 1.25.

Since the molecular weights of the samples of tkeseties are below the entanglement
molecular weight (MPIB) = ~16020 g/mol}**® one would expect in the case of an effective
connection of two polymer chains due to the suptaoutar interaction an increase of the
viscosity by a factor of ~2 (sddgure 323).% One has to note that it was reported that PIB
shows a small deviation from the general theory rehg~ M* is valid for unentangled
polymers?®* Besides the directed THY-DAT interaction, the diination THY-THY and
DAT-DAT is possible. On the basis of the assocrastudies in solution one would expect a
significant effect of the complementary THY-DAT en&ction. Furthermore, the formation of
aggregates due to the aggregation of several THYAGr groups is possible.

None of the functionalized samples shows an additimelting peak in DSC measurements,
indicating the absence of any crystalline domatmsthermore, there is no significant impact
of the end group on theyTof the polymer. For the unfunctionalized PIB-RBE# glass
transition temperature of yF -69 °C was measured which is in agreement with t
literature!®®? The attachment of either a THY (PIB-THY-4k) or AD(PIB-DAT-4k) group
has only an insignificant effect ory Which can be assigned to the dependence of Jlen T
the molecular weight of the polym@#?2°3!which slightly increases due to the attachment of
the functional group. It was reported that a chaml functionalized poly(ethylene oxide)
(PEO) bearing the THY group was obtained as a glid to crystallization of the THY
groups, evidenced by an additional melting peaRSC measurement®: 1*¥ Although PIB

is much less polar than PEO, an effect which shéaNdr the crystallization of the highly
polar THY group, no crystallinity was observed. Jhubservation can be attributed to the
effect of the molecular weight. The investigated$k= 4000 g/mol) have approximately
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double the molecular weight than the PE©2Q00 g/mol). Therefore, the influence of the

THY group is less pronounced and prevents the TkYgs from crystallization.

Table 8 Rheology data of the THY/DAT system for monofuoctl PIBs with M,~ 4000 g/mol (entry 1-4) and
M, = 10000 g/mol (entry 5-9).

entry sgg:ﬂe TolCl®  Tm[*C] 20 . [Pa-j(]) = [;g]a 80
1 PIB-REF-4k -69 —~ 299 61 17 6
2 PIB-THY-4k -67 —~ 1610 201 37 9
3 PIB-DAT-4k -67 —~ 9980° 2110° 574 254°
4 PIB-THY/DAT-4k -65 —~ 11800 1420 241 56
5 PIB-REF-10k -67.1 — 2430 504 149 65
7 PIB-THY-10k -65.3 — 154000 3300 527 119
8 PIB-DAT-10k -65.2 — 42400 7670 1890 407
9 PIB-THY/DAT-10k -64.6 —~ 55000 8410 1050 188

2Values for the zero-shear rate viscosftygample shows “flowlike” behavior, but the termitiw is not yet
reached; the viscosity is not the true zero shear iscosity; instead the viscosity at 0Xis displayed® Ty at
the midpoint of the transition.

The thermo-rheological data are summarized @ble 8 and displayed irFigure 36a As
anticipated the viscosity decreases with increasamgperature for all samples and the

unfunctionalized sample PIB-REF-4k shows the lowestosity at each temperature.
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Figure 36. a) Viscosity vs. temperature plot for monofunsibPIBs with M, = 4000 Da and b) for
monofunctional PIBs with a molecular weight of ~000y/mol.
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Figure 37. Frequency sweep measurements at 20 °C of a) AIB4k and b) PIB-THY/DAT-4k.

The introduction of the THY moiety at the PIB chaimd (PIB-THY-4Kk) results in an increase
of the viscosity by a factor of ~5.3 at 20 °C. Tafect diminishes with increases temperature
(at 80 °C the factor is only 1.5) and can attribute the interaction of the THY groups.

A similar or weaker effect was expected for PIB-DAK related from the solution studies.
However, PIB-DAT-4k reveals a huge increase of \tseosity at 20 °C in comparison to
PIB-REF-4k (factor ~33) and even in comparison ®-PHY-4k (factor ~6). Additionally, a
constant shear rate viscosity was not reachedIB@DAT-4k (seeFigure 373). In both cases
the increase of the viscosity can not be explaibgdthe association of two chains via
dimerization of two THY or two DAT groups. Sincdexftive entanglement can be excluded,
this observation can only be attributed to the fation of aggregates of the hydrogen bonding
groups.

It is know that melamine-based systems (which amglas to DAT) undergo a strong
aggregation in the solid stdf&” Furthermore, the thermoreversible formation of
supramolecular stacks of THY groups within a polyE) matrix was reporteld® as well as
other systems showing aggregation in the solid eit rtatd?*®>?°®! Therefore, one can
assume a similar aggregation of the DAT and THYugsowithin the PIB melt. In the case of
PIB-DAT-4k this assumption could be proven via SAX8asurements.
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Figure 38 SAXS measurements of a) PIB-DAT-4k and b) PIB-TEIXT-4k at 20 °C (black curve) and 120 °C
(red curve).

Figure 38ashows the SAXS measurement of PIB-DAT-28l) revealing a body-centered
cubic (BCC) microstructure (ratio of the peaks is21¥3) at 20 °G*"! The BBC lattice is
stable up to 90 °C and destroyed at 120 °C, showirly a broad peak for a less ordered
polymer melt. When the sample is cooled from 12GdQ0 °C the BBC-lattice is reformed
within 20 minutes, demonstrating the reversible atyit character of the hydrogen bonds.
Due to the high polarity difference between the Ddgfdup and PIB chain, the DAT groups
phase separate from the PIB matrix in a way (BGGc#ire) typical for BCPs with a very
short block?® The thermal stability of the BBC grid up to > 8D fs in excellent agreement
with the unusual high viscosity measured for PIBIB#k and the lack of a (true) terminal
flow region, due to sterical hindrance of the aggtes (see agaffigure 33). Furthermore,
the measured periodicity of d =/gmax~ 6.3 nm is in good agreement with the persistence
length of the PIB chain (with M~ 3.500 Da) which is ~2 nm as calculated with itiheal
chain model and literature values for PIB bond tea§®

For the equimolar mixture PIB-THY/DAT-4k the SAXS easurement reveals no
well-ordered microstructure. Due to the presenceHdY groups in PIB-THY/DAT-4k, which
can specifically interact with the DAT groups, tfmation of a defined BBC lattice is
suppressed. As a result, PIB-THY/DAT-4k shows anteal flow region in the frequency
sweep measurements (dégure 37b). Therefore, the results from the SAXS measurement
additionally proof the selective DAT-THY binding.nfbrtunatly, no excess stattering was
observed for PIB-THY-4k which can be attributediigufficient electron density between
PIB chain and THY group. Moreover, potential presedY aggregates might be too small to
be detected in conventional SAXS measurements. Henvéhe presence of THY aggregates

was proven for bifunctional PIBs (see chapter 4)7Athough the association for THY-THY
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and DAT-DAT is comparable in solution, the viscgsiticrease in the melt state reveals a
much stronger aggregation of the DAT groups inRH& melt.

For sample PIB-THY/DAT-4k containing specificallgteracting THY and DAT groups the
viscosity in comparison to PIB-REF-4k increasedabfactor of ~39.5 (at 20 °C). Although
the viscosity values of PIB-THY/DAT-4k and PIB-DAk are similar at lower temperatures
(20 °C), there are some striking differences infteguency dependent measurements and at
higher temperatures. While PIB-DAT-4k does not shewninal flow at low frequencies,
sample PIB-THY/DAT-4k does. Due to the equimolaegamce of THY and DAT groups in
PIB-THY/DAT-4k the formation of larger aggregatekel in PIB-DAT-4k is suppressed by
the specific THY-DAT interaction. This fact limitdhhe number and/or size of the DAT
self-aggregates. Since these large aggregates &avege influence on the rheological
behavior, PIB-DAT-4k reveals larger values for tecosity than PIB-THY/DAT-4k.

Since for PIB-THY/DAT-4k the viscosity increase aomparison to PIB-REF-4k is large
(factor of ~39.5 at 20 °C), even for the samplehvapecifically interacting THY and DAT
groups one has to consider the aggregation ofuhetibnal groups to a significant extent.
Nevertheless, a small contribution can be assigodtie nonlinear increase of the viscosity
for low molecular weight PIB, as demonstrated hyryFet al?!

To investigate the influence of the molecular weigh monofunctional PIBs a series of PIBs
with a higher molecular weight were measured ineord determine the influence of the
hydrogen bonding group upon dilution (smaller votufraction of the end group within the
PIB matrix). While the individual polymer chainsesstill below the entanglement molecular
weight M,*°>?°Y the supramolecular connection of two (or more)imhacan lead to
entanglements and, thus, to the appearance obamrplateau.

However, for none of the samples (Sexble 8 entry 5-9) a rubbery plateau was observed,
probably because Ms only slightly exceeded to form (rheologicaljeetive entanglements.
In comparison to the low molecular weight analogtiess absolute values for the viscosities
are about one order of magnitude higher due tootlezall higher molecular weight of the
polymer chains. Despite the higher viscosities, dheres for PIB-REF-10k, PIB-THY-10k,
PIB-DAT-10k and PIB-THY/DAT-10k have a similar stapompared to their low molecular
weight analogues (séegure 36h).

All functionalized PIBs with a higher molecular \ght (10k-series) again reveal the presence
of aggregates since the increase of the viscosmypared to the corresponding PIB-REF is
far larger than ~2 (for association of two chaird)is effect is (at 20 °C) again significant
strong for, e.g., PIB-DAT-10k (factor ~17) and PTBFY/DAT-10k (factor ~23).
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A Significant difference was observed for pure HIBY-10k at 20 °C, where the highest
viscosity within this series was measured. Howeadruge drop of the viscosity was caused
by an increase of the temperature to 40 °C Esgere 36b). This might indicate the presence
of weak THY-THY stacks, which break at elevated penatures (above 20 °C). The
formation of THY-stacks was reported by Sivakoea al. for linear poly(THF)f®
Unfortunately, no excess scattering was observethi® sample.

As a result, the decrease of the volume fractiothefhydrogen bonding groups (due to the
higher molecular weight of the PIB chains) does leatd to an (significant) enhanced
compatibility of the hydrogen bonding groups and tionpolar PIB matrix. On the other
hand, for the same reason (volume fraction) the SAXeasurement of PIB-DAT-10k does
not show an ordered BCC microstructure comparedstéow molecular weight analogue
PIB-DAT-4k (seeFigure 39).
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Figure 39. SAXS measurements of PIB-DAT with a moleculargiiof a) ~4000 g/mol and b) ~10000 g/mol.

4.7.4. Time-temperature superposition (TTS)

Besides the formation of aggregates the formatifocrystalline domains is possible. It was,
e.g., reported that the THY moiety can crystali¢hin a polymer matrix, as reported by
Corteseet al for THY functionalized poly(propylene oxide) (PP 14%!

For small amplitude oscillatory shear (SAOS) measuents the storage modulus G’ and the
loss modulus G” are independent from the strairplgode (also called the regime of linear
viscoelasticity — LVEJ**® For these types of settings the data obtainedreguency sweep
measurements at different temperatures can be mgeEt (time-temperature-

superposition - TTS) by a horizontal shift of thelividual curves by the so called shift factor
[119]
ar.
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However, this method is only applicable for polysygoolymer blends or polymer solutions
showing “thermo-rheologically simple” behavior, meay that there are only changes in the
rate of relaxation but no change of the microstect(e.g. melting) with change of the
temperatur&®® It is often applied for solutions of supramolecytalymers as welf®® De
Lucca Freita®t al reported that TTS is possible for urazole funwiezed PBD rubberd?®
133 while TTS fails for 4-urazoylbenzoic acid functadized PBDs due the crystallization of
the functional group within the polymer matH¢**® Therefore, TTS is a suitable tool to
exclude the presence of crystalline domains.

For all PIBs listed inTable 8 (and all samples investigated in this thesis) T8 possible
and the results are exemplarily explained for tkeséries of PIB and the THY/DAT system
(Table 8 entry 1-4). The shift factors({gavs. temperature plot is displayedFigure 40.

05 1 -&-PIB-REF-4k JWv
& PIB-THY-4k W@
-&-PIB-DAT-4k

0,0
—-PIB-THY/DAT-4k W@

05

'—
>
S -1,0

15

2.0 1

-2,5

20 40 60 80
temperature [°C]

Figure 40. Horizontal shift factors vs. temperature plot fiaonofunctional PIBs.

The successful application of TTS proofs the absewfcany crystalline domains, a result
which was additionally evidenced by DSC measuremeRurthermore, PIB-REF-4k and
PIB-DAT-4k show a comparable temperature dependeicéhe shift factor a (slope),
indicating that the aggregates formed in PIB-DATatk stable over the studied temperature
range (20-80 °C) and that the temperature deperdsngoverned by the chain dynamics.
The thermal stability of the aggregates in PIB-DAd was additionally evidenced by SAXS
measurements, revealing a stable BBC-structurd t# 80 °C (sed-igure 39). Contrarily,
PIB-THY-4k and PIB-THY/DAT-4k reveal an enhancednfeerature dependence (steeper
slope in Figure 39 in comparison to PIB-REF-4k. Hence, the dynamifs the
supramolecular interaction (temperature dependggtegation) plays a significant role for
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these two samples. For these two samples the aggrgdiydrogen bonding motifs undergo
an exchange of their counterparts on the same toades as the external mechanical
perturbation. Therefore, the viscosity is additibndecreased due to the deaggregation of the

hydrogen bonding moieties.

4.7.5. Effect of the functionality on PIB and the HY-DAT-system

A series of bifunctional PIBs (sdable 9) was investigated since it is know that bifunctéibn
building blocks can form long supramolecular chaine to linear chain extensi6fl. On the
other hand in the case of aggregation of the hyardgpnding groups these aggregates were
interconnected due to the end-end-functionalizatibthe chains, leading to the formation of

a network.

Table 9. Abbreviations for the in this chaper discussedsdas.

entry  sample comic sample code compounds moleadmht series
1 v PIB-RER-4k = [
2 oo PIB-THY -4k 27a £
3 € PIB-DAT,-4k 20a 8
S

4 m PIB-(THY/DAT)-4k  27a + 29a

2PIB-RER-4k is a bifunctional PIB-Ally with M,(GPC) = 2700 g/mol, MNMR) = 2900 g/mol and PDI =
1.27.

Measurements on monofunctional PIBs revealed thegnmce of aggregates of the hydrogen
bonding groups within the polymer matrix, but ahsples were obtained as liquids at room

temperature.
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Figure 41 Frequency sweep measurements of bifunctional Bésing the THY/DAT motif at a) 20 °C and
b) 80 °C.
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However, all bifunctional PIBs within this seriese€¢ Table 9) were obtained as rubbery
materials, each of them revealing a pronounced emybiplateau in frequency dependent
rheology measurements at 20 °C (5egure 418. Owing to the presence of two functional
groups per chains and the tendency to form aggegdtifunctional PIBs can form a
supramolecular network, whereby the aggregatesaaca supramolecular tie-points (see
Figure 42 left).

<
o5 oo}
&

4 v

24 H-bondig groups 24 H-bondig groups
4 supramolecular tie-points S supramolecular tie-points

Figure 42 a) Thermo-reversible network formation by supriavolar aggregates of PIB-THYb) smaller
aggregates (right side) form more elastically actike-points than larger aggregates (left sidejhim same
volume of matrix, leading to a higher plateau moadubr the network on the right side.

The resulting networks reveal different strength rms of the plateau modulusy%
indicating different amounts of elastically actitre-points (seélable 10. A comparison of
the plateau modulus of high molecular weight lines (G° = 2.5-3.2- 18 P& 3% with
PIB-THY,-4k and PIB-(THY/DAT)-4k, reveals a much higher plateau for the funetiaed
polymers, further evidencing the presence of a elenstwork formed by supramolecular
tie-points. Therefore, the formation of linear c¢fsavia simple association can be excluded.
Since all polymers bear two functional groups aaglehthe same molecular weight, thus,
have the same volume fraction of functional grow$erences of the plateau modulus arise
from a change in the number/size-ratio of the eltssEigure 42b). Therefore, PIB-THY-4k
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has smaller and more tie-points compared to PIB-pPMd, which has larger but less
tie-points. Consequently, the resulting mixture #TBIY/DAT) -4k lies in between. These
results indicate a stronger self-aggregation teaygleh DAT-groups than THY-groups within
the PIB matrix, although the association in solutis similar. SAXS measurements were
performed to investigate the microstructure of flv@ctionalized polymers. While for
PIB-THY,-4k no excess scattering was observed, PIB-PMAT and PIB-(THY/DAT)-4k
show an unordered microstructure with different donsizes (se&igure 43). Since both
samples have the same chain length (samk tfle difference in the domain size can be
attributed to larger clusters for PIB-DA#k than for PIB-(THY/DAT)-4k. This observation
Is in agreement with the rheology measurementsessmaller clusters lead to a higher
number of elastically active tie-points, evidencé&y a higher plateau value for
PIB-(THY/DAT)2-4k (compared to PIB-DAF4Kk).

Table 10 Rheological data of the THY/DAT system for biftiooal PIBs with M, = 4000 g/mol.

n' [Pa-s] for T [°CP

entry sample code & [MPa] Tg[°C1? 0 70 50 0
1 PIB-RER-4k © —d -70.1 306 59 15 6
2 PIB-THY2-4k 4.0 -58 £ -° 2370 292
3 PIB-DAT.-4k 0.08 -61 £ _c —° 8450
4 PIB- 0.95 60  ° _° 25000 1210

(THY/DAT) »-4k
% T, at the midpoint of the transitiofi;values for the zero shear rate viscosftyjo terminal flow at this

temperature in our frequency randeo plateau® PIB-RER-4k is a bifunctional PIB-Allyl with M,(GPC) =
2700 g/mol, M(NMR) = 2900 g/mol and PDI = 1.27.

At elevated temperatures (60 °C or 80 °C) all samghows terminal flowF{gure 41b and
Table 10, revealing the breakup of the supramoleculaptigMs upon heating. Subsequent
cooling to 20 °C leads to the reformation of théwwmek. Frequency measurements after
20 min annealing at 20 °C reveal the same resudltspared to the measurements before
heating. Therefore, bifunctional PIBs reveal thgidsl behavior as reported for thermoplastic
elastomers (TPESs) due to the formation of a themeversible supramolecular network (see
Figure 42).2° while PIB-THY,-4k and PIB-(THY/DAT)-4k already show terminal flow at
60 °C, PIB-DAT-4k first shows flow at 80 °C, at which it has thighest viscosity within
this series of polymers. This observation agairicetgés the strong thermal stability of the

DAT aggregates in the melt state.
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Figure 43 SAXS measurements of a) PIB-(THY/DA)k and b) PIB-DA-4k at 20 °C (black curve) and
120 °C (red curve).

4.7.6. Effect of the polarity of the matrix on bifunctional polymers and the
THY-DAT-system

The polarity of the surrounding matrix is expectechave a significant impact on either the
association or the aggregation of the hydrogen imgnehotifs. Therefore, for the more polar
PnBA a less pronounced aggregation compared toM@iBexpected. In fact, all bifunctional
PnBAs were obtained as low viscous liquids, while torresponding PIBs were obtained as

brittle rubbers.

Table 11 Abbreviations for the in this chapter discussahles.

molecular weight

entry sample comic sample code compounds .
series
1 Iy PnBA-RER-4k 16a
2 Ve PNBA-THY -4k 39a S
3 b 1Y d PNBA-DAT,-4k 42a £
4 +one+ PNBA-THY-Cap-4k 40 S
S
5 M PnBA-(THY/DAT),-4k  39a + 42a 2
6  JoN0+ M 40+42a 40 + 42a
7 Iy PnBA-RER-25k 16b 5
£
8 oN® PnBA-THY»-25k 39b >
o
9 b 1Y d PNBA-DAT,-25k 42b S
(qV]

=
o

M PnBA-(THY/DAT),-25k  39b + 42b

This macroscopic observation already indicatedgaifstant decrease of the aggregation of

the hydrogen bonding groups within the polar PnBétnr. The behavior of the bifunctional
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PnBAs is, therefore, also discussed in terms ohthkecular weight of the PnBAs (s&able
11).

In a first step, low molecular weight bifunctionBhBAs (seeTable 11, entry 1-6) and
equimolar mixtures (with respect to the end gro(P)BA-(THY/DAT),-4k and40+429
were investigated since one expects here the rablvior being dominated by the effect of
the end group due to linear chain extension obthenctional chains.

The viscosity vs. temperature plot is displayedrigure 44 (also seélable 12, revealing a
strong increase of the viscosity by orders of mtagie for all functionalized PnBAs
(PnBA-THY2-4k, PnBA-DAT,-4k, PnBA-THY-Cap-4k, PnBA-(THY/DAT)-4k and
40+423 in comparison to the native PnBA-RE#k (devoid of a bulky end group). None of
the samples shows a rubbery plateau at any acteessmbperature. They rather already show
the onset of the transition to the glass at temipera around -10 °C due to the relatively high
glass transition temperatures of the functionalifmBA (Table 12. For instance, the
attachment of the DAT group (PnBA-DABk) on both chain ends of PnBA leads to an
increase of the glby 31.8 °C. For a similar pair of PIBs the inciea$the T, is only 9 °C.

a) &7 B PnBAREF, 4k WV

-8-PnBA-THY,-4k @W®
-A-PnBA-DAT,-4k
~-PnBA-(THY/DAT).-4K m
-e-PnBA-(THY-Cap).-4k[4-@Wo+
x-40+42a INE +OWO+

-
m
+
(o)

real part of the viscosity n' [Pa-s]

o = -oVe=-0Ve-

+@V@+ <= no hydrogen bonding

temperature [°C]

Figure 44. Viscosity vs. temperature plot for bifunctionalBAs with a molecular weight of ~4000 g/mol; b)
the THY group is capable to form two hydrogen bondsile ¢) the “capped” THY group is not able tarfo
hydrogen bonds; d) linear chain extension is onlysible for bifunctional PnBAs bearing THY groups.

Therefore, one expects for functionalized PnBAsirapact on the viscosity by both, the
attractive hydrogen bonding between the suprami@e@roups (chain extension) and the

increase of the glass transition temperature. MitRvas shown by competitive experiments
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(see chapter 4.7.7. and 4.7.10.) that the end gitsaf§ only has a small influence on the
thermo-rheological properties.

Table 12 Rheological data of the THY/DAT system for biftional PnBAs with M =~ 4000 g/mol (entry 1-6)
and M, = 25000 g/mol (entry 7-10).

sample n' [Pa-s] for T [°CF

entry code To["CI" — 5 0 10 20 40 60 80
1 PnBA-RER-4k -58.2 369 88 4 10 2 o7 ¢
2 PNBA-THY,-4k -39.1  1.7-10 1.5-1d —d 453 39 7 2
3 PnBA-DAT,-4k -26.4 . . —d 29-1d 681 49 7
4 PnBA-THY-Cap-4k -30.1 - 1.9-16 - 440 36 6 2
5 PnBA-(THY/DAT),-4k -38.0 - —_ -~ 1.3-16 410 37 7
6 40+42a -27.4 —° 7.4-16 - 56.1¢ 215 22 4
7 PnBA-RER-25k 488  9.6-10 2.0-18 540 182 33 9 3
8 PnBA-THY,-25k 51.7 1.7-10 3.3.18 831 266 45 12 4
9 PnBA-DAT,-25k -44.4 1310 1.6-10 3.3.18 734 94 22 7

10 PnBA-(THY/DAT),-25k -46.5 2.0.10 2.0.14 3.7-18 909 108 24 7

® T, at the midpoint of the transition;values for the zero shear rate viscosftsample too glassy* not
measured.

Owing to the absence of a rubbery plateau one xalide both, the presence of aggregates
formed by nonspecific aggregation of several hydrogonding moieties (as found for PIBS)
and the lack of chain entanglements due to linbaincextension. Furthermore, no excess
scattering was observed for all PnBA samples, atdig the absence of aggregates. As a
result, the lack of a rubbery plateau also eviderare only weak contribution of attractive
hydrogen bonding and, thus, weak hydrogen bondinthe THY-DAT system within the
PnBA matrix. Consequently, the strong increasehef zero shear viscosity can be mainly
attributed to the significant increase of thg-Tan effect which often has been neglected in
comparable rheological investigations of poMputyl acrylate)$*¥ A comparative
experiment of a PnBA-THX¥4k bearing THY groups and its analogue PnBA-THYp&4K,

a PnBA where the CO-H-CO proton of the THY group is exchanged by a megingup,
was performed. For PnBA-THY-Cadk hydrogen bonding between the THY-Cap groups is
not possible (se€igure 44d) thus the viscosity without effective hydrogen dimg can be
measured. It is shown Figure 44athat there is no difference between these tworpetg
regarding the melt viscosity. Since there is ongyall difference between thg Falues AT

= 9.0 °C), these experiments reveal that therenig a very small impact of the THY-THY
association on the rheological properties and,,thassignificant association of chains due to

55



4. General Part

hydrogen bonding in the melt state. This obsermatis in agreement with the low
dimerization constant measured in solution. Surpylg, PnBA-DAT,-4k (DAT-DAT
interaction) shows a slighter higher viscosity thBnBA-(THY/DAT),-4k (THY-DAT
interaction). Although PnBA-DAF4k displays a higher 4T (Tg= -26.4°C) than
PnBA-(THY/DAT).-4k (Tg = -38.0 °C), the THY-DAT association in solutiastronger by
three orders of magnitude compared to the DAT-DA{Eraction. As a result, contrary to the
observations in solution, the DAT-DAT associatiorspthys a similar strength as the
THY-DAT association in the melt state. Furthermoréhe equimolar mixture
PnBA-(THY/DAT),-4k was compared to a similar mixtuddg-429, containing a PnBA with
capped THY groups4(Q). Thus, for40+42ano triple hydrogen bonding between THY and
DAT is possible Figure 44 (andTable 12 shows that PnBA-(THY/DAT;}4k has a higher
viscosity than the mixturé0+42aby a factor of ~2 at 20 °C, proving a small cdnition of
THY-DAT interaction in PnBA-(THY/DAT)-4k. One has to keep in mind that4@+42athe
DAT-DAT association is of course possible and migtitlitionally contribute to the absolute
viscosity value. Moreover, attractiven-stacking of the DAT group can attribute as a
secondary force to the association of PnBA. Howeakhough the THY-DAT interaction
was proven to undergo a strong association inisoluthe effect on the thermo-rheological
properties in the melt state is much smaller. A®D@asequence, the increase of the viscosity
caused by the attachment of the hydrogen bondiogpgris mainly caused by the significant
increase of the glass transition temperatures.

Additionally, bifunctional high molecular weight BAs (M, = 25000 g/mol) were
investigated Table 11, entry 7-10), since for this series of polymers &eected more
precise information of the association strengtlthim melt state, due to the reduced effect of
the hydrogen bonding motifs on thg df the polymer. Furthermore, this series of polgsrie
just below the Mof PnBA (M.~ 20000 g/mdf®>=2%). Therefore, even the linear extension of
only a few PnBA chains can lead to supramoleculzins with sufficient length for
rheological effective entanglements.

The viscosity vs. temperature data are displayddgare 45, showing that the attachment of
any functional group (PnBA-THX25k, PnBA-DAT,-25k, PnBA-(THY/DAT)-25k) onto the
native PNBA-REE25k exerts a less drastic affect on the viscasitgomparison to the low
molecular weight analogues. This affect can bébatied to a less pronounced increase of the
Ty's (seeTable 12. A comparison of the viscosity of PnBA-REF5K (no functional group)
with PnBA-THY>-25k, which only has a slightly higher viscosityath PnBA-REEK-25k,
again evidences the weak THY-THY interaction in Br@BA melt state. PnBA-DAgF25k
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and PnBA-(THY/DAT)-25k show a much higher viscosity than the refegenc
PnBA-RER-25k (and PnBA-THY¥-25k as well).

a)1E+6
-8-PnBA-REF, -25k W b)
48-PnBA-THY,-25k @W®
1E+5 1-&PnBA-DAT, -25k Y 1E+6 : - ; 1E+6
--PnBA-(THY/DAT),-25k =G 8G" e N
1E+4 1E+5 D‘_b
=

1E+3 A

1E+2 4

real part of the viscosity n' [Pa-s]

PnBA-(THY/DAT),-25k
@ -10 °C O
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angular frequency [1/s]

1E+1 1E+2 1E+2

temperature [°C]

Figure 45. a) Viscosity vs. temperature plot for bifunctibPaBAs with a molecular weight of ~25000 g/mol;
b) frequency sweep measurement of PnBA-(THY/DAZ9k at -10 °C showing a rubbery plateau due tedin
chain extension.

Comparing the viscosity of PnBA-DAR25k and PnBA-(THY/DAT)-25k at 20 °C, a
1.2-fold higher viscosity of PnBA-(THY/DAT)25k was observed, again proving a similar
strength of the DAT-DAT and THY-DAT interaction the melt state. Additionally, these
two samples show a small rubbery plateau at -10(3€e Figure 45h), which
PnBA-RER-25k and PnBA-THY¥-25k do not show, evidencing the presence of sufficyentl
long entangled supramolecular chains due to adsmtieof the bifunctional chains.
Additionally, for bifunctional PnBAs no microphaseparation was evidenced in SAXS
measurements, indicating the absence of aggredaiesome samples a weak maximum was
found, which can be attributed to the correlatiarieheffect due to the electron density
difference of the end group and the polymer cHafh.

4.7.7. Effect of the molecular weight for PIB andhie BA-HW-system

As a model experiment monofunctional PIBs as welequimolar mixtures (with respect to
the end groups) of PIB-BA and PIB-HW were utilizetb investigate the
association/aggregation of the end groups andfteetef the molecular weight. The in this

chapter discussed samples are listefable 13
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Table 13 Abbreviations for the in this chapter discussahles.

molecular weight

entry sample comic sample code compounds .
series

1 W PIB-REF-4k 11a =
2 Y PIB-BA-4k 31b £
o

3 Y PIB-HW-4k 34b 2
4 Y PIB-BAIHW-4k  31b + 34b u
5 W PIB-REF-10k 11c _
o

6 'y PIB-BA-10k 31c £
(@)]

7 "W= PIB-HW-10k 34c 3
8 — PIB-Pyrene 36 =
9 il PIB-BA/HW-10k  31c+34c !
10 W PIB-REF-30K 11d S
11 vy PIB-BA-30k 31d >
o

12 Y PIB-HW-30k 34d %
13 Y PIB-BA/HW-30k  31d + 34d i

In solution the association of the BA and the HWstsonger by orders of magnitude
compared to the dimerization of both groups. Ndwadeiss, the HW-dimerization is slightly
stronger than the BA-dimerzation. Due to the highapty of both groups also the formation

of aggregates is possible. Here one also has fikaaind that the HW group is much larger

than the BA group and might also link via secondatgractions (se€igure 35). Due to any

connection of two chains for the 30k-series themfation of elastically effective

entanglements is possible.
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Table 14 Rheological data of the HW/BA system for monotiomal PIBs with M, =~ 4000 g/mol (entry 1-4);
M, = 10000 g/mol (entry 5-9) and ¥ 30000 g/mol (entry 10-13).

sample n' [Pa-s] for T [°CT

entry code Tol’Cl” —75 40 60 80 100 120
1 PIB-REF-4k -72.8 409 82 22 7 . _d
2 PIB-BA-4k -68.4 7528 1133 206 50 4 @ _d
3 PIB-HW-4k -66.4 < _ _¢ —° 40003 4748
4 PIB-BA/HW-4k  -68.4 —° 36500 1480 207 48 L
5 PIB-REF-10k -67.1 1200 222 59 21 8 3
6 PIB-BA-10k -67.5 16738 2795 595 149 44 13
7 PIB-HW-10k -66.1 < —© 27890 2077 348 89
8 PIB-Pyrene -66.3 1268 242 62 20 10 3
9  PIB-BA/HW-10k -67.3 28290 4544 975 271 95 35
10 PIB-REF-30k -68.8 8716 1952 571 222 79 37
11 PIB-BA-30k -66.5 510039 67135 10732 2052 478 139
12 PIB-HW-30k -66.4 £ 230451 40471 9400 2709 950

13 PIB-BA/HW-30k -68.9 643495 9975 19167 4723 1437 489

% T, at the midpoint of the transition;values for the zero shear rate viscosftyio terminal flow at this
temperature in our frequency ranfieot measured due to very low viscosity.

In a first step, monofunctional PIBs of the 4k-esr{Table 13 entry 1-4), were investigated
by frequency dependent measurements at differemgaeatures (se€able 14Table 14. The
reference sample PIB-REF-4k shows the expectedvimrhfor an unentangled polymer
which is devoid of hydrogen bonding. Terminal flasvobserved at all temperatures, while
the absolute values of the viscosity decrease mtteasing temperature. The attachment of
the barbituric acid group in PIB-BA-4k leads to emarkable increase of the viscosity
compared to PIB-REF-4k (at 20 °C by a factor of }di&d terminal flow at each investigated
temperature was observed. Theoretically, the cdimme®f two unentangled chains via
attractive BA-BA-type hydrogen bonding should lgadan increase of the viscosity by a
factor of 2. Therefore, the viscosity increase B-BA-4k compared to PIB-REF-4kL{3)
again indicates the formation of larger aggregatesned by more complex modes of
aggregation than a simple BA-BA-type dimerizatidihis argument gains evidence when
sample PIB-HW-4k is considered. Here, the polymeesdnot show terminal flow below
temperatures of 100 °C, instead the sample is rdddaas a brittle rubbery material. This
effect is probably caused by the formation of laaggregates (of the Hamilton wedge), which

can only slide over each other at elevated tempest(higher chain mobility and partial
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deaggregation) (sekigure 33). Similar effects were observed for aggregatesnéat in

PIB-based polymeric ionic liquid¥”

1E+7
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| #PIB-BA-4k il
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1E+2 1

real part of the viscosity n' [Pa-s]
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temperature [°C]

Figure 46. Viscosity vs. temperature plot for monofunctioR#Bs bearing the BA/HW motif with a molecular
weight of~4000 g/mol.

For the equimolar mixture PIB-BA/HW-4ierminal flow was already observed at 40 °C, but
the viscosity is drastically increased in compariso PIB-REF-4k (and PIB-BA-4k), again
indicating the formation large supramolecular aggtes. However, in comparison to
PIB-HW-4k, the mixture PIB-BA/HW-4klows at much lower temperatures, proving the
partial deaggregation of large HW-clusters duetti@aetive HW-BA interaction.

SAXS measurements revealed the presence of a miwhse for all functionalized PIBs
within this series (PIB-BA-4k, PIB-HW-4k and PIB-BAW-4k). Figure 47adisplays the
SAXS measurements of PIB-HW-4k showing one shagk @ad a broad shoulder. Both are
stable up to 120 °C indicating the presence ofelam@mperature stable aggregates — an
observation which is on good agreement with theoldggcal investigation, where for

PIB-HW-4k terminal flow was only observed at higimiperatures.
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Figure 47. SAXS measurements of a) PIB-HW-4k and b) theamptecular mixture PIB-BA/HW-4k at 20 °C
(black curve) and 120 °C (red curve).

The corresponding mixture PIB-BA/HW-4k shows a &mcurve at 20 °C (seeigure 47h)

but, in contrast to PIB-HW-4k, at higher temperatuthe shoulder vanishes, indicating a less
pronounced stability of the aggregates due to peeifc HW-BA interaction. These results
are again in agreement with the rheological ingesitbons, where terminal flow for

PIB-BA/HW-4k was observed at lower temperatures compared td-HB4k.

a) 1E+9
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§ | aprBHW-10kME - N
= 1£+7 { 4-PIB-BAHW-10k WEW =G B8G" en
> -©-PIB-Pyrene-10k )
‘» 1E+6 - g
8 o
2 1E+5 =
[0}
SE_ 1E+4 R F 1E+5
o
= 1E+3
o
$ 142 - 45 °C
PIB-HW-10k Jw:
1E+1 t F 1E+3

1E2 1E1 1E+0 1E+1 1E+2
o [1/s]

temperature [°C]

Figure 48 a) Viscosity vs. temperature plot for monofunotib PIBs bearing the BA/HW motif with a
molecular weight of~10000 g/mol; the figure includes the PIB-Pyrene-188) control experiment for the
influence of a bulky end group; b) frequency swempasurement of the unentangled monofunctional
PIB-HW-10k at 45 °C showing a plateau.

Increasing the molecular weight and, thus, decngaiie volume fraction of the hydrogen
bonding group, one expects a reduced influencbkeoéhd group on the rheological properties

of the PIB polymers. As a result, PIB-HW-10k alrgashows terminal flow at 60 °C
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(PIB-HW-4k above 100 °C). However, the attachmdraroy end group still causes a strong
increase of the viscosity compared to the PIB-RBk-<gample (seBigure 48), indicating the
presence of supramolecular aggregates. For exartipeattachment of the BA group
(PIB-BA-10K) leads to an increase of the viscobiya factor of ~14Figure 48b shows the
frequency sweep measurement of PIB-HW-10k at 45Altbough the polymer is far below
the entanglement molecular weight {M16.900 g/mdf*®?*Y), the measurement reveals a
pronounced rubbery plateau. Also the single suplamntar association of two chains
(Mnirtuay = 2-10000 g/mol = 20000 g/mol) can not lead tdhsaipronounced plateau at this
temperature, as evidenced by measurements withrhajacular weight PIBs (= 30000
g/mol; seeFigure 499. Antoniettiet al reported for poly(styrene) microgels consistifigo
hard spherical core and unentangled chains at dier oim, the appearance of a rubbery
plateau in frequency dependent rheology measurediehtThe corresponding plateau is
caused by the hard spheres which can not slide eaeh other, thus, giving a strong
contribution to the elastic portion (storage moglherefore, such an effect is dominant in
PIB-HW-10k again evidencing the presence of larggregates of the hydrogen bonding
groups. These aggregates do not necessarily nebdvi® a spherical shape. In order to
investigate the bare presence of the end group{#)dut “active” hydrogen bonding) on the
thermo-rheological properties of PIB, a correspogdPIB bearing the bulky pyrene group
was investigated. PIB-Pyrengq) is devoid of hydrogen bonding and, thus, the lnzfteence

of the end group could be studiddgure 48aalso shows the viscosity vs. temperature plot
for PIB-REF-10k and PIB-Pyrene-10k revealing ttiedre is no difference of the viscosity
arising from the presence of the bulky pyrene emug Therefore, the drastic effects
observed for functionalized PIBs bearing hydrogending moieties can be attributed to the
aggregation due to hydrogen bonding.

A series high molecular weight functionalized pogmh were investigated to study the
influence of hydrogen bonding on linear alreadyaagted PIBs. Therefore, functionalized
PIBs with a molecular weight of ~30000 g/mol wenevastigated, since they were
synthetically available with complete end groupdtimnalization and the polymer chains are
slightly above the entanglement molecular weightl; & 16.900 g/mdf**?*Y) to form
rheological effective entanglements (Jeble 14 entry 10-13). This set of polymers has the
lowest volume fraction of the hydrogen bonding grolue to the high molecular weight. As a
result, PIB-HW-30k already shows terminal flow &t 4 (PIB-HW-10k 60 °C; PIB-HW-4k
only above 100 °C). Although this series of polysekhibits the lowest volume fraction of
end groups, the attachment of any end group hasstitemgest affect on the viscosity
compared to the PIB-REF. Since the bare polymenshae already slightly entangled (M
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Mc), the formed supramolecular aggregates (by agtgoegaf the end groups) have a
significant higher virtual M (virtual M, >> M), thus, being significant more entangled.
Assuming the simple association of two chains onealévexpect an increase of the viscosity
by a factor of ~10 due to the relatiop~ M,>* (see agairFigure 320. However, the
attachment of the BA group leads to an increasheiviscosity by a factor of ~59 at 20 °C
(factor of ~14 for the 10k series) (s€able 14). Therefore, the formation of aggregates takes
place even in high molecular weight PIBSigure 49 displays the temperature sweep
measurements of PIB-REF-30k and PIB-BA-30k, rewgph small plateau up to 20 °C for
the unfunctionalized polymer and an extended platep to 55 °C, for the BA-functionalized
polymer. These observations again proof the preseficaggregates and indicate that the
supramolecular aggregates strongly influence theldgical behavior, even at high molecular

weights, due to the increase of effective entanglds
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Figure 49. Temperature sweep measurements for a) PIB-RERB80) PIB-BA-30k.
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4.7.8. Effect of the functionality on PIB and the B-HW-system

In addition to the preceding investigations for mfumctional polymers also bifunctional
polymers were studied (s€kable 15, because only these polymers can form extended

supramolecular chains or networks either via assioci or aggregation.

Table 15 Abbreviations for the in this chaper discusseadpdas.

molecular weight

entry sample comic sample code compounds .
series

1 W PIB-RER-4k 12b S

2 —wD PIB-BA,-4k 32D £

3 :M: PIB-HW.-4k 35a S

=)

~
~

4 w— PIB-(BA/HW),-4k  32b+35a

The samples PIB-HW-4k and PIB-(BA/HW3k were obtained as brittle rubbers at room
temperature, whereas PIB-BAk was a strong, bendy rubber with a high plateadulus of
4.4-1G Pa Figure 50b). For linear high molecular weights PIBs a plateaadulus of
2.5-3.2-10Pa was reportd®®® % Thus, one can conclude that a network formed by
tie-points of BA-aggregates is present in PIB-BK (see agairFigure 34). Interestingly,
PI1B-BA,-4k shows terminal flow at 20 °C if it is probedvatry low frequencies, revealing an
astonishing high viscosity of 20-%Ba-s. This is more than 93000 times higher than th
viscosity of PIB-REE-4k. This observation can be explained by the foionaof a transient
network due to dynamic supramolecular tie-pointssesting of three or more barbituric acid
groups. At high frequencies the material behawesdirubber, because the lifetime of such an
aggregate is long compared to the frequency, thessample properties are dominated by the
“closed” network. At low frequencies these aggregaare monitored in a “semi-closed” or
“open” state, leading to a dynamic response oftthele supramolecular network. As a result,
terminal flow is observed. Although aggregates bé& tBA-groups were formed, the
supramolecular groups retain their reversibilityl atynamic, evidenced by the presence of
both a plateau and terminal flow region. At dethitscussion of the corresponding lifetimes

of the BA-aggregates is given in chapter 4.7.10.
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Figure 50. a) Viscosity vs. temperature plot for bifunctibRdBs bearing the BA/HW system with a molecular
weight of ~4000 g/mol; b) frequency sweep measurgroé the bifunctional PIB-BA4k at 20 °C showing a
plateau and a terminal flow region.

In general, all functionalized polymers show a rddahble increase of the viscosity compared
to the reference sample (SEgble 16).

Table 16 Rheological data of the HW/BA system for bifunctal PIBs with M ~ 4000 g/mol.

entry Sggllpele To"['Cl —3 40 1 [P{ébS] < TS[SC]D 100 120
1 PIB-RER-4k -70.1 215 a7 13 5 3 2
2 PIB-BAx-4k -59.2  20-16 4.1-16 19177 1640 223 4
3 PIB-HW:-4k -60.1 - —° —¢ —¢ 2.2-16 80277
4 PIB-(BA/HW)-4k  -60.0 ¢ —¢  31.16 9.0-16 47573 4070

% T, at the midpoint of the transition;values for the zero shear rate viscosftyio terminal flow at this
temperature in our frequency rangept measured.

PIB-HW,-4k does not reveal terminal flow below a tempaetf 90 °C, even at very low
frequencies ¢ =0.001 rad/s), indicating the presence of clgstenith a higher
thermo-stability compared to the clusters in PIB,BAt 90 °C PIB-HW-4k reveals a similar
behavior as PIB-BA4k at 20 °C, showing a high rubbery plateau of BlPa and a high
viscosity of 2.2-10Pa-s (6 orders of magnitude higher than PIB-REF at this
temperature), due to at this temperature still gmessupramolecular tie-points. For the
corresponding mixture PIB-(BA/HWYk the resulting properties are in between the two
extremes (pure PIB-BA4k and pure PIB-HW/4Kk), indicating also here the presence of large
aggregates, but also the partially deaggregationH@-clusters due to the BA-HW
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interaction. Although the BA- and HW-dimerizatiansimilar in solution, the aggregation of
the HW is much stronger in the melt state, an alagiem which can be attributed to the larger
size of the HW-group compared to the BA-group,oothie additional binding site of the HW.

4.7.9. Effect of the hydrogen bonding group on bifactional PIBs

Although the hydrogen bonding motifs applied irstivork are so called “key-lock” systems,
each of the individual groups shows a small tengddaowards dimerization in solution. For
the THY, DAT, and BA group the dimerization is sianj only the HW shows a slightly
higher dimerization (see again chapter 4.7.1.)inVestigate the influence of these groups on

the melt behavior of PIB a series of bifunctionB®is discussed herd&dble 17).

Table 17. Rheological data of the HW/BA and THY/DAT systéwon bifunctional PIBs with = 4000 g/mol.

molecular weight

entry sample comic sample code compounds .
series
1 v PIB-RER-4k 12b
2 L PIB-BA,-4k 32b 9
3 ::u\,: PIB-HW.-4k 35a o
o
4 N PIB-THY-4k 27a %
5 p 1Y d PIB-DAT -4k 29a

All of these samples were obtained as rubbersamh temperature due network formation via

aggregates of the end groups.

Table 18 Rheological data of bifunctional PIBs with, 4000 g/mol bearing different hydrogen bonding
groups.

sample n' [Pa-s] for T [°CP

entry code To"['C] —55 40 60 80 100 120
1 PIB-RER-4k -70.1 215 a7 13 5 3 2
2 PIB-BAx-4k -59.2  20-10 4.1-16 19177 1640 223 4
3 PIB-HW,-4k -60.1 - —° —¢ —¢ 2.2.16 80277
4 PIB-THY,-4k -58,0 = =¢ 2370 292 - -

5 PIB-DAT,-4k -61,0 = - - 8450 ¢ -

% T, at the midpoint of the transition;values for the zero shear rate viscosftyio terminal flow at this
temperature in our frequency ran§eot measured.

The onset of the terminal flow was observed atedéiit temperatures for these samples,

indicating a different strength of aggregation cangal to the situation in solutiomgble 18).
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Only PIB-BAx-4k shows terminal flow at 20 °C indicating the kst tendency of the
BA-groups towards aggregation in the PIB melt. FIBY -4k and PIB-DAD-4k reveal
terminal flow at 60 °C and 80 °C, respectively.hdiigh their dimerization is quite similar in
solution, their aggregation in the PIB melt is lgtgly different. This observation can be
explained by the effect of secondary forces indase of DAT-groups. For the same reason
also the strong aggregation of the HW can be expthsince here the additional binding site
might favor aggregation in the melt state. Only iti&@n reason for the strong aggregation of
the THY-group remains unclear, although this obsown is in agreement with the
literaturel’” As a result it is not possible to derive the aggton tendency of hydrogen
bonding groups in the melt state from their denaian in solution, since here several other

effect have a significant influence.

4.7.10 Influence of the molecular weight on bifunabnal PIBs bearing barbituric acid
(BA) groups

A series of bifunctional BA-functionalized PIBs wamvestigated to study the effect of the
molecular weight. Therefore, the molecular weighdswaried between 3000 g/mol and
30000 g/mol. Since the volume fraction of the BAwgrs decreases with increasing molecular
weight of the polymer chain, one would expect aiceaible effect on the supramolecular
network and, thus, on the thermo-rheological prioper However, this is not the case for the

series of bifunctional PIBs bearing barbituric agrdups.

a) 1E+6 b) 1E+6
) 1E+7  1E+7
‘OIE+5 g "5'1 E+5 g
© © =S
o, o o,
= c = -
O
9 1E+5 J L 1E+5
(n1E+4 1 {D1E+4 1
PIB-BA,-4k @ 20 °C PIB-BA,-14k @ 20 °C
1E+3 T T T T } 1E+3  1E+3 4 . T . T } 1E+3
1E-3  1E-2  1E-1  1E+0 1E+1 1E+2 1E-3  1E-2 1E-1 1E+0 1E+1 1E+2
angular frequency [1/s] angular frequence [1/s]

Figure 51 Frequency sweep measurement of a) the PIB-B¢and b) PIB-BA-14k at 20 °C, both showing a
plateau of the same hight and the onset of theinatrflow region at the same frequency althoughrttedecular
weight is different by 10000 g/mol.
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At room temperature all four polymers were obtaiasdbendy rubbers and show the same
trend for the storage and loss modulus in frequelependent measurements (Begire 51),
revealing almost the same values for the zero shseosity and the plateau moduldsable

19 andFigure 52).

These results are in striking contrast to the etghiens, but can be explained by considering
the molecular weight between the entanglement3. (ML can be calculated via the following

formulal**

1 Gy 2

p— —+ —_—

M, p-R-T M,

The last term (2/M), the correction for dangling chain ends (whichh gaot form an
entanglement) according to Flory, can be omittedcesi all polymers are chain-end

functionalized.

Table 19 Rheological data for bifunctional barbituric acitbdified PIBs (PIB-BA) with different molecular
weights.

*b

sample T8 1 Gy M n' [Pa-s] for T [°CT

e
entry PIB code [°C] [s] [MPa] [g/mol] ~ 20 40 60 80 100

1 32b  PIB-BAr4k -59.2 1.6 0.44 5041 20%04.1-16 1.9-1¢ 1640 223
2 32d  PIB-BA,8k -645 25 059 3760 19-4105.3-1 2.8-1¢ 2598 420
3 32c PIB-BAr14k 642 1.6 042 5281 20-907.4-16 4.5-1¢ 4346 582
4 32 PIB-BAr30k -657 025 031 7155 8f04.5.10 4.0-1d 5236 976

5 33a PIB-BA,-Cap-4k -54.8 - - - 3081 425 85 21 7

2 T, at the midpoint of the transitio;ty is measuredt the frequency where G’ is 90% of&° G\’ is
measured at 20 °C at the minimum ofstahvalues for the zero shear rate viscosity.

For PIB-BAy-4k M. is ~5000 g/mol and, therefore, larger than the teneind distance of the
polymer chains given by the molecular weight. Tatiservation might originate from the fact
that a certain amount of functional groups (chamds} are not bound in a transient
supramolecular tie-point (sincesM M,). Although the amount of free chain ends can lyardl
be quantified, one can state qualitatively thatahmunt of free chain ends is relatively small,
since a higher content of free chain ends would teaan additional relaxation, evidenced by
another maximum of G” within the frequency randete plateal® The absence of such a
secondary relaxatiori-{gure 51) further proves the absence of unbound danglirgncends

in the polymer melt. Thus, in contrast to the cit@drature, the samples were in an
equilibrated statE%! Therefore, the mismatch between, Bhd M. can be attributed to the
uncertainty of the determination of thg&alues>*’!
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Figure 52 a) Viscosity vs. temperature plot for bifunctibRéBs bearing the BA group with different moleaula
weights; b) Viscosity vs. temperature plot for biftional PIB-BA-4k (32b) in comparison to
PIB-BA,-cap-4k 83a) which is devoid of hydrogen bonding but has ailsinstructure.

With increasing molecular weight (Wlof the samples the values for, Memain in the range
of ~3000 to ~7000 g/mol. Since for, e.g., PIB-Bk the minimum distance between to
supramolecular tie-points is given by the moleculaeight (due to the chain end
functionalization), the small value for MM < M;) indicates the presence of a significant
additional amount of conventional entanglement&sgrkind of entanglements are formed by
the entanglement of chains which are trapped witirtchain ends in a supramolecular
tie-point (sedrigure 34). Therefore, conventional entanglements were fdraithough M is
below the entanglement molecular weightYMsince transient supramolecular networks are
formed in bifunctional PIB-BAs, owing to the forn@t of multicenter tie-points of several
BA groups, the lifetime of such an aggregate cambasured from the frequency at which
the storage modulus has dropped to 90% of its alatalud’*? The resulting lifetimes are in
the range of ~2 s for polymers with,® M. and 0.25 s for the already entangled sample
PIB-BA2-30k (M,> M). These values are significant larger than thetifife tqy of the single
bond in solution (6-I®us for single BA-BA dimerization in CDght 25 °C), evidencing the
presence of multicenter aggregates, where theselebone group is dependent from other
binding events. As a result, the calculated lifetmin the melt state have to be seen as
effective bond liftetimesy . One has to state that the values have an assured uncertainty
since they were calculated from a logarithmic fieary scale with only 5 points per decade.
For PIB-BA-30k the smaller values fory (and G seeTable 19 originate from the
smallest volume fraction of the supramolecular gralip within this series. Furthermore, the

presence of chain entanglements, éW.) in PIB-BA,-30k might prevent the formation of
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supamlecular tie-points with the same size or shapan PIB-BA-14k, -8k, and -4k, to a
certain extent. Since for smaller aggregates coaotunbinding is more likely, a smaller
aggregate size results in a lower effective boftetiinet .

The underlying supramolecular tie-points can belyea$fected by temperature, whereby an
increase of the temperature causes a deaggregéatioa supramolecular tie-points. Indeed, at
80 °C the rheological properties are dominated h®y ¢hain dynamics, therefore, for the
highest molecular weight (PIB-BA30k) the highest viscosity was observed and vesa
(see Table 19, evidencing the impact of the supramolecular ractdons only at low
temperatures.

In order to qualitatively prove this impact a maelif barbituric acid functionalized PIB was
synthesized bearing the “capped” BA-moiety whichiévoid of hydrogen bonding since the
—-N-H protons were exchanged by ethyl groups (—N>@Ht) (see Figure 52b). In
comparison to its supramolecular analogue, PIB-BAp-4k was obtained as a low viscous
liquid at each accessible temperature. Therefbre,comparative experiment proves that the
astonishing rheological behavior of barbituric aftidctionalized PIBs (PIB-B4 is caused
by the formation of supramolecular tie-points vigdiogen-bonding. The underlying
hydrogen-bonding interactions are significant sgemin the melt state (in terms of the
effective bond lifetimeq ) compared to the situation in solution.

However, PIB-BA-Cap-4k has a higher viscosity compared to theesponding reference
(see Figure 52b), an effect which can be attributed to the highmslecular weight of
PIB-BA,-Cap-4k due to the attachment of the end groups dlhservation is in agreement
with the investigations on functionalized PIBs legrbulky pyrene groups (see chapter
4.7.7)).

For all four polymers within the series of bifurstal BA-functionalized PIBs master curve
construction via horizontal shift of the storagaddoss modulus until optimal superposition
was possiblé! 3 revealing the shift factorsra Figure 53ashows the corresponding shift
factor vs. temperature plot for the different pogmn The resulting curves for all
BA-functionalized polymers reveal a steeper slop@gared to PIB-REF14k (or any other
PIB-RER). In other words the rheological properties of BB, have a stronger temperature
dependence than unfunctionalized PIBs, since thgpeeature dependent supramolecular
aggregation (network formation) adds a significaatlditional contribution to the

thermo-rheological properties.
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Figure 53. a) Horizontal shift factors {avs. temperature plot for PIB-BAwith different molecular weights;
b) activation energy for viscous flow {Evs. molecular weight plot fir PIB-BAPIB-RER-14k is a bifunctional
PIB-OH, with M,(GPC) = 14100 g/mol, MNMR) = 14700 g/mol and PDI = 1.24.

Since the absence of crystalline domains with diquéar melting temperature has been
proven via DSC measurements and the master curmstraotion was possible due to
rheological simple behavior, one can assume a sin@mperature dependence of the
supramolecular aggregation following the Arrheregsiation:

ogtan) = =7+ (7-7)
Therefore, the activation energy for viscous flow &an be derived from the logfavs.
(1/T-1/Tp) plot. Figure 53 shows the k vs. molecular weight (Iy) plot for the series of
bifunctional BA-functionalized PIBs revealing a diar relation between jEand M,
indicating a linear decrease of supramoleculartetaswith increasing molecular weight of
the PIB, an observation which is in agreement whth corresponding SAXS data. Since the
aggregation of barbituric acid groups lead to threnfation of aggregates, which are areas with
enhanced electron density contrast with respecth& poly(isobutylene) matrix, SAXS
measurements were performed to investigate theostracture of PIB-BA Each sample
reveals a broad first order maximum accompaniedabless pronounced second order
intensity maximum (visible as a shoulder), evidaegcthe formation of supramolecular
aggregates of several BA groups (for PIB-BA-30kexaess scattering was observed due to
the low amount of end groups per volume unit). $ize of the first intensity maximum can
be considered as the distance between nearestboeiglp aggregates of functional groups.
While for PIB-BA-4k the distance is 6.8 nm, PIB-BIBk reveals a much larger distance of
8 nm (sed-igure 54).
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Figure 54. SAXS measurements of a) PIB-BAk and b) PIB-BA-14k at 25 °C.

This observation is in agreement with the highetemdar weight for PIB-BA-13k and, thus,
the lower volume fraction of BA groups within théBAmatrix. Therefore, the samples exhibit
a different amount of aggregates per volume fractidlthough these supramolecular
aggregates act as elastically effective tie-poiats,samples reveal a similar behavior in
rheological measurements. Therefore, the diffedetance of aggregates in samples with the
same rheological behavior can be seen as the eddér the presence of ordinary

entanglements due to entanglement of chains vagiped chain ends (s€eyure 34).

4.8. Self-healing studies of bifunctional PIBs bearg barbituric acid (BA) groups

The bifunctional barbituric acid-functionalized RIBPIB-BAy) show a rubbery plateau in
combination with the ability of dynamic rearrangemmef their supramolecular aggregates
under force at long timescales (low frequenciesheology measurements). These samples
are, therefore, suitable to be investigated in naetail with respect to their self-healing
behavior. In comparison to the rheology experimamisexternal force is applied during these
macroscopic testdrigure 55 shows the time-dependent evolution of a macrosceplf-
healing experiment on PIB-BA30k. In this test, a discoidal piece of the maies cut into
two halves. Then, these two halves are immedidisbyght into contact again, whereupon
the bright crack partially heals after 24 h. Afeetime of 48 h the crack vanishes (heals)
completely. One can assume that the supramoleloatats were ruptured preferentially when
cutting the sample with a scalpel. The supramoécgtoups remain unassociated (“sticky”)
within the fractured surface for a certain periddime (seeFigure 56a middle). When the
two halves were brought into contact again, theraaplecular clusters can reform, thus,

healing the crack (right).
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Figure 55. Self-Healing experiment of PIB-BA30k.

In order to quantify the mechanical propertiesha pristine and the healed materials, DMA
measurements of small rectangles of the samples werformed (seé&igure 56b). All
samples were not shape persistent on a very lomg $icale, as evidenced by the terminal
flow region in rheology measurements and the Idss sharp contour of the discs prepared
for macroscopic tests (compaFegure 56a and d). Furthermore, each sample exhibits a
pronounced rubbery plateau und a very high visgogitsimilar behavior was reported by
Wathier et al for polymeric ionic liquids, made from poly(aarylacid) and dicationic

phosphonium salt§’

healing

a) damage dynamics of

aggregates
— — r.

*

sample Young’s modulus [kPA]
PIB-BA,-4k (32b) (virgin) 7.5
PIB-BA,-4k (32b) (healed) 6.6
PIB-BA,-14k (32¢) (virgin) 9.4
PIB-BA,-14k (32c¢) (healed) 12.5
PIB-BA,-30k (32e) (virgin) 53
PIB-BA,-30k (32e) (healed) 7.4

Figure 56. a) Proposed mechanism of the self-healing obdefee PIB-BA, due to reformation of the
supramolecular aggregates of BA groups; b) dimensibthe DMA-samples compared to a 1 cent coin; ¢)
Young’s modulus of the virgin and healed sampletgjanined at 1% strain) for different molecular gves.

Therefore, in a first step a creep experiment wafopmed to investigate the time-dependent
shape persistence of PIB-BAk under a constant load of 400 mNgure 57a shows the
corresponding creep test, revealing that thereoielongation within a period of 10 h. In
contrast to the work of Wathiet al, PIB-BA, samples are shape persistent within this period
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of time and the observed terminal flow (rheologypexments) and loss of contour
(macroscopic self-healing tests) correspond to -Socwes longer than 10h. As a
consequence, self-healing on shorter time-scalesbeaattributed to the above proposed

supramolecular mechanism (d&gure 563).
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Figure 57. a) Creep test of PIB-BAk under constant load; b) stress-strain experisnefi PIB-BA, with
different molecular weights before (virgin) andeafhealing (healed).

Due to the small available amount of sample (sévEdA mg), stress-strain measurements
were only possible up to a maximal strain of 50i8étfument constraintslrigure 57b shows
the corresponding curves of the virgin PIB-BA(-4k, -14k and -30k), revealing that all
polymers within this series exhibit the same stsgssmn behavior, which is in agreement with
the rheological investigations. Upon cutting andlimg for 15 min, each sample reveals the
same behavior as the virgin material. Since oneeespfaster healing for PIB-BAtk
compared to PIB-BA30k, due to a higher amount of supramoleculaptiets per volume
fraction, complete healing (up to a strain of 508fer 15 min indicates, that autonomous
self-healing in these particular rubbers is sigaifit faster. Unfortunately, measurements after
shorter healing time and up to larger strains west possible, owing to the limits of the
instrument setup. Additionally, the Young’s modu(&smodulus) can be calculated from the
DMA measurements at very small strains (< 1%). Tésulting E-modulus values are
displayed inFigure 56c revealing relatively small values in the rangeseVeral kPa. The
difference between virgin and healed sample carattbuted to the instrument setup.
Although a comprehensive mechanical analysis wapossible with the available amounts,
the mechanical properties are very promising fathier investigations, since the Young's
moduli are higher than for Leibler's famous sel&lieg rubbef®® which is already

produced on an industrial scale Agkemaunder the brand nanfeverlink®*!

74



5. Experimental Part

5. Experimental Part
5.1. Chemicals

All chemicals were purchased from Sigma-Aldrich arsgs as received if not mentioned
otherwise. Methyl 2-bromopropionate (MBPB) and dimethyl 2,6-dibromoheptanedioate
(DMDBH; 4) were purchased from Sigma-Aldrich, distilled igthvacuum and stored under
an atmosphere of argon. Tetrahydrofuran (THF) wasined over potassium hydroxide and
freshly distilled from sodium and benzophenone uradélry argon atmosphere before use.
Isopropanol, triethylamine, dichloromethane (DCMghloroform, dimethylsulfoxide
(DMSO), benzenar-butyl acrylate and pyridine were freshly distilledm CaH under a dry
argon atmosphere before usedexane was heated under reflux conditions withceairated
H.SO, and HSOy(SGs), for 48 h in order to remove olefins. The orgamiger was washed
with concentrated sodium hydrogen carbonate solwiod distilled water, dried over NasSO
and stored over Cagllt was freshly distilled from KOH/Na under a daygon atmosphere
before use. 2,6-Diaminopyridine was purchased f&igma-Aldrich and was recrystallized
from boiling chloroform. Magnesium chips were aated by washing them in the following
order: diluted hydrochloric acid, distilled watdwo times acetone and two times diethyl
ether. Finally, the magnesium chips were dried ightvacuum. Potassium hydroxide was
dried in vacuum at 120 °C for 24 h. Sodium hydi@aH) was washed with dmy-hexane
prior use. Commercial copper(l)bromide (CuBr) wasified by washing with saturated

SO,-water followed by the procedure reported by Kedteal®*?

5.2. Materials

[Cul(P(OEt))] was synthesized according to Langilet all®*® 2-Ethyl-2-(1-pentyn-5-
yl)malonate 22) (barbituric acid (BA) alkyne) was synthesized ading to Srivastavaet
al.?* 5.(4-ethynyl-benzoylamind)-N'-bis-(6-octanoylamino-pyridin-2-yl)-isophthalamide
(24) (Hamilton wedge (HW) alkyne) was synthesized adicqy to Binderet al. (procedure
was improved; please see lab-journal for det&id).
5-Methyl-1-(prop-2-ynyl)-H-pyrimidine-2,4-dione was synthesized accordind.itadsell et
al.?* 1-tert-Butyl-3,5-bis-(1-chloro-1-methyl-ethyl)-benzol (0 2) was synthesized
according to Gyoet al?*® 2-Chloro-2,4,4-trimethyl-pentane (TMPCI) was synthesized
according to Kaszaat al?'® Thymine-functionalized PIBL6 + 27) were synthesized within

the framework of my diploma thesfs®
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5.3. Methods

GPC spectra were recorded ovVascotek GPCmax VE 20@blvent/Sample Module using a
HurH Guard-17369 and GMigk-N-18055 column in THF or DMF. Sample concentration
was 1 mg/1 ml; injection volume was 10 column temperature was 22 °C (60 °C for
DMF); detector (refractive index) temperature wds € and flow rate was 1 ml/min.
Measurements were stopped after 16 min. Poly(istdng) standards were obtained from
PSS (Polymer Standards Service) and used for ctiomeh external calibration. Standards
with a molecular weight of 340, 1650, 7970, 26360300 and 87600 g/mol were used for
calibration. Poly(styrene) standards were obtain@th PSS (Polymer Standards Service) and
used for conventional external calibration. Staddawith a molecular weight of 1050, 2790,
6040, 13400 and 29600 g/mol were used for calibmaiRecalibrations were performed every
6 months.

NMR spectra were recorded at 27 °C oWaian Gemini 200q200 MHz),Varian Gemini
2000(400 MHz) andvarian Unity Inova 50q500 MHz) spectrometer in CDEC{Armar AG,
99.8 Atom%D), tolueneg (Armar AG; 99.5 Atom%D) and DMSOsd(Armar AG;
99.8 Atom%D). Chemical shifts were recorded in pamparts per million) and referred to
the solvent residual peak (CRJ.26 ppm H) and 77.0 ppm*{C); DMSO-d; 2.54 ppm {H)
and 40.45 ppm HC); toluene-d 7.19 {H). MestReC (v4.9.9.6) was used for data
interpretation. Carbon atoms were listed in desicendrder starting from the highestc).
Hydrogen atoms were listed in descending ordetiis¢gafrom the highest. For their coupling
pattern abbreviations were used: s =singulett, = boad singulett, d = dublett,

t = triplett, g = quadruplet, m = multiplett.

Molecular weights of the poly(isobutylene)s (PIBs&2 NMR (Mynwvr)) Were determined as
follows: For monofunctional PIBs the integral oketmitiator at 1.00 ppm was set to 15 H
(two overlapping signals with 9 and 6 H). For bittional PIBs the integral of the initiator at
7.17 ppm was set to 3 protons. The resonance 6fGhig— groups of the polymer chain was
integrated and the resulting value was divided Iy yeld the degree of polymerization DP.
The DP was multiplied by 56.1 g/mol, the moleculaight of the repeat unit, and the
molecular weights of the initiator fragment and thieoduced end group(s) were added. The
added molecular weights of the fragments are (mof)) 148.5 for TMPCI (without CI),
287.30 for DCCI (without CI), 41.00 for allyl, 5®@Gor hydroxyl, 121.99 for bromine, 84.10
for azide, 248.3 for THY, 309.40 for DAT (alkyd®), 339.38 for DAT 21), 306.35 for BA,
362.45 for “capped” BA and 828.00 for HW. Complébmctionalization of the PIBs was
proven by integrating the signal of the initiatdérlaD0 ppm (7.10 ppm for bifunctional PIBs)

and setting this value to 15 H (bifunctional: 3 Hhe integration of the characteristic
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resonance of the THY group at 7.80 ppm leads talaevof 1 H (bifunctional: 2 H), thus,
indicating a complete functionalization. The inegyn of the characteristic resonance of the
DAT group at 3.79 ppm leads to a value of 2 H (tctional: 4 H) and indicates a complete
functionalization. The integration of the charaistier resonance of the HW group at 0.86
ppm leads to a value of 6 H (bifunctional: 12 Hjlandicates a complete functionalization.
The integration of the characteristic resonancthefBA group at 0.74 ppm leads to a value
of 3 H (bifunctional: 6 H) and indicates a compli&tectionalization.

Molecular weights of the polg{butyl acrylate)s (PnBAs) via NMR (Mwr) were
determined as follows: It was assumed that allrchaiere initiated by the initiator, thus, all
chains were bearing the initiator fragment. For ofanctional PnBAs the integral of the
initiator at 3.60 ppm was set to 3 H (singulettpr Bifunctional PnBAs the integral of the
initiator at 3.61 ppm was set to 6 H (singulettheTresonance (triplett) of the —gHgroups

of then-butyl chains of the repeating unit was integraded the resulting value was divided
by 3 to yield the degree of polymerization DP. e was multiplied by 128.17 g/mol, the
molecular weight of the repeat unit, and the mdbcweights of the initiator fragment and
the introduced end group(s) were added. The addsdcoiar weights of the fragments are
(in g/mol): 167.00 for MBPP (with bromide), 87.1dr MBPP (without bromide), 346.00 for
DMDBH (with bromine), 186.21 for DMDBH (without bnaine), 42.02 for azide, 206.18 for
THY, 220.11 for “capped” THY, 309.38 for DATL9a/b), 339.38 for DAT 21), 264.26 for
BA and 771.93 for HW.Complete functionalization of the monofunctionalBAs was
proven by integrating the signal of the initiatdr360 ppm and setting this value to 3 H
(bifunctional: 3.61 ppm; 6 H). For bromine- anddezfunctionalized PNnBAD{12) this proof
was not possible due to overlapping of the resoeso€ the end group (last repeat unit) with
the resonances of the polymer chain. The integradiothe characteristic resonance of the
THY group at 4.95 ppm leads to a value of 2 H (hdfional: 4 H), indicating a complete
functionalization. The integration of the charatic resonance of the DAT grougl) at
7.21 ppm leads to a value of 2 H (bifunctional: ¢ iddicating a complete functionalization.
The integration of the characteristic resonancthefBA group at 2.67 ppm leads to a value
of 2 H (bifunctional: 4 H), indicating a completanttionalization. The integration of the
characteristic resonance of the HW group at 7.68 fgads to a value of 2 H (bifunctional:
4 H), indicating a complete functionalization.

NMR titration experiments of PIBs were (in part) performed on Bruker Avance IlI
spectrometer. The proton frequency was 600.13 Mitwl a BBl probe head was used.
Temperature was controlled via a BVT3200 controlEne flip angle was 40°, relaxation
delay (RD) was 5 s, and 32 scans were performeddoh sample. Temperature calibration
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was performed using neat methanol and a calibrdtionula published by Merbaat al*!"!
Experiments with PnBA were performed on the aboemtioned 500 MHz device at 27 °C.
The NMR titration experiments were performed andleated according to Macombet
al.'% Additional information was taken from relevanetiature dealing with these kind of
experimentgt?: 260 318]

MALDI-TOF-MS experiments were performed orBeuker Autoflex Illsystem operating in
reflectron and linier modes. Data evaluation wasrri@d out on flexAnalysis
software (vers. 3.0) or Wsearch32 (vers. 1.6.200%)s were formed by laser desorption
(smart beam laser at 355 nm, 532 nm, 808 nm and 106+ 5 nm; 3 ns pulse width; up to
2500 Hz repetition rate), accelerated by voltage20kV and detected as positive ions.
Baseline subtraction and smoothing of the recordpdctra were performed using a
Savitzky-Golayalgorithm. The instrument was calibrated with getiiylene glycol) (PEG)
standards (M= 2000 g/mol or M= 4000 g/mol) applying a quadratic calibration nwoet
with an error of 1-2 ppm. PEG standards (analytejewdissolved in THF at a concentration
of 20 mg/ml. Trans2-[3-(4tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) (matrix) and lithium trifluoecetate (LITFA) (salt) were dissolved in
THF at a concentration of 20 mg/ml. For PEG statisldine ratio of matrix:analyte:salt was
100:10:1 and 1ul of the solution was spotted on the MALDI-targédtp.

Samples of mono- and bivalent 2,6-diaminotriazunectionalized PIBs (PIB-DATA) ) were
prepared by dissolving the polymer in THF at a esi@ation of 20 mg/ml. Dithranol was
used as matrix and dissolved in THF at a conceotraif 20 mg/ml. LITFA was used as salt
and dissolved in THF at a concentration of 10 mg/flle ratio of matrix:analyte:salt was
100:10:1. The measurements were performed in digiteor linear mode using HPC (high
precision calibration) method (RP_0-4kDa_HPC.paw) EG standards with a molecular
weight of 2000 or 4000 g/mol for calibration. lomsre detected as positive ions. Samples of
mono- and bivalent barbituric acid-functionalized IB$ (PIB-BA), Hamilton
wedge-functionalized PIBs (PIB-HW) and “capped” Wauric acid-functionalized PIBs
(PIB-BA2-Cap) were prepared analogously using DCTB as ratrd LIiTFA or AgTFA as
salt. Samples of functionalized PnBAs were prepaénedissolving the polymer in THF at a
concentration of 20 mg/Mit:” IAA was used as matrix and dissolved in acetona at
concentration of 20 mg/ml. NaTFA was used as saltdissolved in THF at a concentration
of 10 mg/ml. The ratio of matrix:analyte:salt wa®0110:1. The measurements were
performed in deflection or linear mode using HPQgtihprecision calibration) method
(RP_0-4kDa_HPC.par) and PEG standards with a mialeaueight of 2000 g/mol for
calibration. lons were detected as positive ions.
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ESI-TOF-MS were performed on Bruker Daltonics microTORtime-of-flight) system via
direct injection. Spectra were recorded in the tpasimode with an acceleration voltage of
4.5 kV, a transfer line with 190 °C, and a scangeamf 50-1000 m/z. The spectra were
processed oBruker DaltoncsESI compass 1.tor micrOTOF (Data Analysis 4.0). Samples
were prepared by dissolving 10 mg of the sampl& ml methanol. Then, 100 puL of this
solution were diluted with 1 ml methanol and usedtfie ESI-TOF-MS measurements.
Microwave irradiation experiments were performed iDescovery Systermodel 908010)
from CEM using the SPS method.

Small-angle X-ray scattering(SAXS) experiments were performed usingigakurotating
anode. The X-ray beam was monochromated with ani®O¥may optics § = 1.54 A). The
size of the beam on the sample was approximatedyud® The samples were placed in a
chamber that was evacuated to a pressure of appately 10" mbar. A Siemens area
detector of 1024x1024 channels was used to couet dtattered intensity. Typical
measurements took some 10 minutes. Before a measatevas started the temperature was
equilibrated for 15 min.

Rheology measurements were performed omAamon Paar (PhysicaYlCR 101-DSQusing a
parallel-plate measuring system (PIB samples) (dtam8 mm) or a cone-plate measuring
system (diameter 25 mm; angle 1°) (PnBA sample$)e Tamples were tempered by
thermoelectric cooling/heating in a Peltier-chami#gémosphere was nitrogen or dry air. The
samples were tempered for 20 min at each temperaefore the measurement was started.
Samples (and mixtures) were prepared by dissosusgpending the compounds in
chloroform. Afterwards, the sample was filteredbtigh a 0.2 pm PTFE-filter and the solvent
was removed. The sample was dried in high vacuuocomstant weight and equilibrated at 70
°C for minimum 48 h. All measurements were perfatmeathin the LVE of the polymer. In
frequency sweep measurements 5 points per decagemeasured. RheoPlus/32 V3.40 was
used for data evaluation. MasterCurves were crdaydtbrizontal shift of the corresponding
frequency sweep curves with an error tolerancesaélly 25 %.

DMA measurements were performed onPerkin-Elmer PYRI® Diamond TMAusing
polymer film extension clamps. Rectangles of them@as with a dimension of 15 mm x
2 mm and a thickness of approximately 800 um wespared. Creep experiments were
performed on the virgin samples at a constant stoé400 mN. Stress-strain experiments
were performed with a loading rate of 100 mN/miheTcorresponding measurements were
performed by Ranjita Bose, Ph.D., in the Novel Apace Materials Group (group of Prof.
Sybrand van der Zwaag; Faculty of Aerospace Engimge at the Delft University of
Technology.
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DSC (differential scanning calorimetry) thermograms evereasured on @himadzu DSC-60
or a Netzsch Phoenfx DSC 204 F1 Indium and mercury were used for temperature
calibration. Samples with a mass of about 10 mgewasrcapsulated in standard aluminim
pans. Nitrogen was used as purge gas. Measuremwentésperformed at a heating rate of
10 K/min in a temperature range of -120-150 °C. sGldransition temperatures were
determined at the midpoint of the transition.

Thin layer chromatography (TLC) was performed with TLC aluminum sheets
(silica gel 60 Es4) obtained fromMerck KGaA The following oxidation reagents for TLC
were used: type 1 “blue stain”: Ce(§4H.O (19), (NH)sM07O244H,O (2.5 g),
concentrated k50O, (6 ml) and distilled water (90 ml); type 2: ,bravstain“ Ce(S@),-4H,0

(1 g), concentrated 430, (2.75 ml) and distilled water (47 ml); type 3: KK, (3 Q),
K2COs (10 g) and distilled KD (300 ml).

Dialysis of poly(n-butyl actrylate)s (PnBAs) was performed usidglluTrans (ROTH)
regenerated cellulose dialysis tubings with a mdecweight cut-off (MWCO) of 1000 Da
(nominal), 45 mm width and 27 pl thickness. Theirigb were soaked in THF for 20 min
prior use. The polymer was dialyzed (minimum) fpdznd 12 h in THF.

TGA (thermogravimetric analysis) measurements werpeed using dNetzschTarsus TG
209 F3 Typical measurements were performed usingO&krucibles, a heating rate of
10 °C/min and an atmosphere of air (flow rate 20mm). Data evaluation was accomplished

usingNetzsch Proteus — Thermal Analy&isrsion 5.2.1.) software.

5.4. Synthesis
5.4.1. 1,3,5-Triethyl-5-(pent-4-yn-1-yl)pyrimidine2,4,6(H,3H,5H)-trione (23)

0 benzene

NH aq. NaOH-sol. S N/_
Yo+ — TBABr 19=0
Br  60°C N
_ NH -
— O 12h 11 12
22 [222.24] [108.97] 23[278.35] vyield 69.9 %

In an one-neck round-bottom flask (50 ml)22(2.25 mmol, 500.0 mg) and
NaOH (4.5 mmol, 180.0 mg) were dissolved in distill water (3.5 ml). A solution of
bromoethane (11.25 mmol, 1.23 g) and TBABr (0.9 1i280.0 mg) in benzene (7 ml) was
added. The resulting mixture was vigorously stirfed 12 h. Water was added and the
agueous phase was extracted two times with benBaoib. organic layers were combined,

dried over NaS@and filtered. After removal of the solvent thedeyroduct was purified by
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column chromatography (SgOchloroform) to yield 438.0 mg (1.57 mmol, 69.9 86R3 as a

colorless, viscous liquid.
TLC: CHCkL = 1; R((22) = 0.05; R(23) = 0.52

'H-NMR (400 MHz, CDCY): & 3.95(dq, 4H, hh, 2Jqn = 1.7 Hz 33 n = 7.0 Hz),
2.13 (dt, 2H, H, *3y 1 = 7.1 Hz,"Jy 1y = 2.6 H2), 2.08-1.98 (M, 4H,sH),
1.90 (t, 1H, H, “J4 1 = 2.6 Hz), 1.3 (m, 2H, B, 1.20 (t, 6H, Hb, 33 n = 7.1 Hz),
0.76 (t, 3H, H, 331 = 7.5 Hz).

13C-NMR (100 MHz, CDGJ): & 171.2 (G), 150.2 (Go), 82.9 (G), 69.0 (G), 56.7 (G),
38.3 (Gy), 37.2 (G), 33.7 (G), 24.1 (G), 18.4 (G), 13.3 (G2), 9.2 (G).

5.4.2. 6-(4-Ethynylbenzyl)-1,3,5-triazine-2,4-dianme — variety 1

10
isopropanol (dry) 4 6 s N\9 NH,
CN NC.  .H KOH 3 Y
N reflux 2 N.__N
+ /g _— 1//
= HoN" SNH 24h NH,
[141.17 ] [84.04 ] 19a [225.10] yield 92 %

The synthesis was done under a dry atmospheregohaAll glassware was heated under
vacuum and flushed with argon several times befiremicals where weighed in. In a
two-neck round-bottom flask (100 ml), equipped wiglux condenser (with gas inlet tap),
magnetic stir bar and glass stopper, 4-ethynylplaeeyonitrile (4.41 mmol, 600l),
dicyandiamide (17.70 mmol, 1.49g), sodium hydrexi@.21 mmol, 124.0 mg) and
isopropanol (60 ml) were added. The isopropanol spesged with nitrogen for 10 min prior
use and the mixture was heated under reflux camdgitfor 24 h, whereby the formation of a
precipitate was observed. Subsequently, the mixta® cooled in a freezer (-24 °C) and the
excess of isopropanol was decanted. Then, theuesids heated two times under reflux
conditions with isopropanol (70 ml) for 10 min, paaded and filtered on a glass frit. Finally,
the product was dried in high vacuum to yield 91908 mmol; 92.5 %) of 6-(4-
ethynylbenzyl)-1,3,5-triazine-2,4-diamin&9g) as a beige solid.

TLC: CHCl/MeOH = 8/1; R(4-ethynylphenylacetonitrile) = 1;;29a) = 0.15
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H-NMR (400 MHz, DMSO-g): 8 7.39 (d, 2H, H, *J4 4 = 8.02 Hz),
7.27 (d, 2H, H, 3344 = 8.09 Hz), 6.62 (bs, 4H,1b), 4.10 (s, 1H, k), 3.65 (s, 2H, H).
13C-NMR (100 MHz, DMSO-¢): § 175.6 (G), 166.9 (G), 139.0 (G), 131.3 (G), 129.1 (G),
119.4 (G), 83.3 (G), 80.1 (G), 44.2 (G).

ESI-TOF-MS measurement d9avia direct injection:
[M+H]™ (exp.) = 226.1030 Da; [M+H](calc.) = 226.1093 Dasm = 28 ppm

5.4.3. 2-(4-(3-Hydroxy-3-methylbut-1-yn-1-yl)phenyacetonitrile
Et3N (dry) / Pyr (dry)

PdCl,(PhsP),
Cul, PhsP
Br reflux
_
[196.06] [84.12] 18[199.25] 7 9 vyield 88.8 %

The Synthesis was done under a dry atmospherdrofen. All glassware was heated under
vacuum and flushed with argon several times befiremicals where weighed in. In a
three-neck round-bottom flask (500 ml), equippethweflux condenser (with gas inlet tap),
glass stopper, magnetic stir bar and rubber septdonpmophenyl acetonitrile (74.00 mmol,
14.50 g), 2-methyl-3-butyn-2-ol (88.80 mmol, 8.6 ml triphenylphosphine (0.81 mmol,
212.5 mg), copper(l) iodide (0.30 mmol, 57.1 mg)y driethylamine (150 ml) and dry
pyridine (75 ml) were added. Subsequently, bidfeipylphosphine)palladium(ll)
dichloride (0.089 mmol, 62.5 mg) was added and rhgture was heated under reflux
conditions for 2.5 h, whereby the formation of aitelprecipitate was observed. The mixture
was filtered and the filter was washed with triédinyine (2x 50 ml) and diethyl
ether (3x 50 ml). Then, the filtrate and the waghkinvere combined and the solvent was
removed. After dissolving the residue was in dietagher (300 ml) it was washed with
distilled water (500 ml), 3 wt% hydrochloric aci®00 ml) and two times distilled
water (2x 500 ml). The organic phase was dried NeB0, and filtered. After purification
via column chromatography (SiOn-hexane/ethyl acetate = 2/1), the product was dried

high vacuum to yield 13.09 g (65.70 mmol, 88.8 %) ®as an orange/yellow powder.

TLC: CHCL; Ry((4-bromophenyl acetonitrile) = 0.52;(R8) = 0.25
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H-NMR (400 MHz, CDC)): 8 7.42 (d, 2H, H, 3344 = 8.27 Hz),
7.26 (d, 2H, H, 334 n = 8.29 Hz), 3.74 (s, 2H, 41 2.08 (bs, 1H, ), 1.62 (s, 6H, k).
13C-NMR (100 MHz, CDCJ): 5 132.3 (G), 129.8 (G), 127.8 (G), 122.8 (G), 117.3 (Go),
94.7 (G), 81.3 (G), 65.6 (G), 31.5 (Q), 23.5 (G).

5.4.4. 6-(4-Ethynylbenzyl)-1,3,5-triazine-2,4-dianmie — variety 2

isopropanol (dry) 10
Ho NC. .H KOH 4 28 AN o NH,
R N “N” reflux m \Nr
52h 1 “Z
N H2N/§NH Z
NH,
18 [199.25] [84.04 ] 19b [225.25] yield 51.9 %

The Synthesis was done under a dry atmospherdrofen. All glassware was heated under
vacuum and flushed with argon several times beftdremicals where weighed in. In a
three-neck round-bottom flask (100 ml), equippethweflux condenser (with gas inlet tap),
glass stopper, magnetic stir bar and rubber sepi&n(5.02 mmol, 1.00 g), dicyandiamide
(20.08 mmol, 1.67 g), waterless potassium hydrox{@63 mmol, 478.6 mg) and dry
isopropanol (70 ml) were added. The resulting mixtvas heated under reflux conditions for
48 h, whereby the formation of a precipitate waseobed. Waterless potassium hydroxide
(1.00 mmol, 56.3 mg) was added and the reaction stiaed for more 4 h under reflux
conditions. The reaction was allowed to cool dowrrdom temperature and filtered. After
stirring the solid residue two times with metha() ml) under reflux conditions for 15 min,
the mixture was cooled in a freezer (-18 °C) atred. Finally, the product was dried in
high vacuum to yield 587.0 mg (2.61 mmol, 51.9 %)d4-ethynylbenzyl)-1,3,5-triazine-
2,4-diaminel9b as a pale beige solid.

TLC: CHClL/MeOH = 8/1; Rf(€8) = 0.73; Rf(side product) = 0.41; Rf{b) = 0.27

H-NMR (400 MHz, DMSO-g): 8 7.39 (d, 2H, H, 3344 = 8.02 Hz),
7.27 (d, 2H, H, 3344 = 8.09 Hz), 6.62 (bs, 4H,10), 4.10 (s, 1H, H), 3.65 (s, 2H, H).
13C-NMR (100 MHz, DMSO-¢): § 175.6 (G), 166.9 (G), 139.0 (G), 131.3 (G), 129.1 (G),
119.4 (G), 83.3 (G), 80.1 (G), 44.2 (G).

ESI-TOF-MS measurement &9b via direct injection:
[M+H] " (exp.) = 226.1078 Da; [M+H](calc.) = 226.1093 Daym = 7 ppm
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5.4.5. 2-(4-(Prop-2-yn-1-yloxy)phenyl)acetonitrile

DMF
K2CO3 9 5 2 1
NC — 70 °C NC . OJE
OH *+ g/ 24 h 8 2973
6
[133.15] 20 [174.20] vyield 75.5 %

In an one-neck round-bottom flask (250 ml), equgpwith magnetic stir bar,
4-hydroxyphenylacetonitrile (35.3 mmol, 4.70 g).tgssium carbonate (70.6 mmol, 9.76 @),
propargyl bromide (80 wt%-solution in toluene, 7thfol, 10.5 g) and DMF (120 ml) were
added. The mixture was stirred for 24 h at 70 °@ervards, the mixture was poured into
1200 ml cold water, the precipitate was removedilbgtion, and the filtrate was washed two
times with chloroform. The precipitate was dissdlve chloroform and combined with the
organic layers. After washing one time with brinedawo times with distilled water, the
combined organic layers were dried over sodiumasellind filtered. Pur20 was obtained
via column chromatography (SiODCM). Finally, the product was dried in high vaouto
yield 4.65 g 0f20(26.64 mmol; 75.5 %) as a yellow oil, which cry&ad within several
minutes. Reaction conditions were adapted from &yall**"!

TLC: DCM; Rf((4-hydroxyphenylacetonitrile) = 0.16; Rff) = 0.65

'H-NMR (400 MHz, CDC)): 8 7.26 (d, 2H, K, *J4 4 = 8.5 Hz),
6.98 (d, 2H, H, 3341 = 8.6 Hz), 4.70 (d, 2H, H*Jyn = 2.3 Hz), 3.69 (s, 2H, )
2.53 (t, 1H, H, “J4 1 = 2.4 Hz).

13C-NMR (100 MHz, CDCJ): & 157.3 (G), 129.1 (G), 122.8 (G), 118.0 (G), 115.6 (G),
78.2 (G), 75.8 (G), 55.9 (G), 22.8 (G).

5.4.6. 6-(4-(Prop-2-yn-1-yloxy)benzyl)-1,3,5-triamie-2,4-diamine

isopropanol (dry) 10

N= "N
:xog< >_/CN + NC\/NgH —>r§')‘|’-’l‘ 1:2K304<4 / >—/7 89 \‘NJ\N1I-1I2
H,N~ ~NH 24 h =
20 [174.20] [84.04 ] 21 [255.28] vyield 45.0 %
The Synthesis was done under a dry atmospherdrofen. All glassware was heated under
vacuum and flushed with argon several times befiremicals where weighed in. In a
two-neck round-bottom flask (100 ml), equipped wiglux condenser (with gas inlet tap),
magnetic stir bar and glass stopp26,(5.74 mmol; 1.00 g), dicyandiamide (11.48 mmol,
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964.8 mg), KOH (1.15 mmol; 64.0 mg) and 40 ml dsgpropanol were added. The mixture
was heated under reflux conditions for 24 h, whetéle formation of a white precipitate was

observed. Afterwards, the mixture was cooled t&€@hnd filtered through a glass frit. After
stirring the solid with distilled water (50 ml)was filtered again. The neat solid was washed
with a small amount of cold methanol (5 ml) anddcdliethyl ether (5 ml). Finally, the
product was dried in high vacuum to yield 667.0(@&1 mmol, 45.0 %) oRl as a pale

beige solid.

TLC: CHCL/MeOH = 8/1; Rf(0) = 0.9; Rf@1) = 0.29

'H-NMR (400  MHz, DMSO-g): &  7.19  (d, 2H, i, 3} n = 8.6 Hz),
6.90 (d, 2H, H, 331 = 8.6 Hz), 6.59 (bs,4H,4), 4.74 (d, 2H, H *}qn = 2.3 Hz),
3.56 (s, 2H, k), 3.52 (t, 1H, H, *Jy 1 = 2.3 Hz).

3C-NMR (100 MHz, DMSO-¢): & 176.4(G), 167.0 (G, 155.6 (G), 130.8 (G),
129.8 (G), 114.5 (G), 79.3 (G), 78.0 (G), 55.2 (G), 43.6 (G).

5.4.7. 2,6-Diaminotriazine-functionalized PIBs (PIBDAT)

isopropanol, toluene, water

N _NH2  Cu(l)-cat., TBTA, DIPEA NH,
WNG +m T 70-100 °C; 25-100 W WNN:N N=<N
Z 5-23h \)—< > X y
’ ~ NH, n N—

NH,

110r12 [225.10] 190r22 28, 29 or 30 yield 7-92 %
In an one-neck round-bottom flask (100 ml), azideetionalized PIB 11 or 12) was
dissolved in toluene. Isopropanol, water, DIPEA amRirA were added. The mixture was
sparged with nitrogen for 20 min. Subsequently, @bcatalyst and 6-(4-ethynylbenzyl)-
1,3,5-triazine-2,4-diamin&9 (or alkyne21) were added. Then, the flask was closed with a
rubber septum and placed in a microwave oven. Miawe irradiation was started
immediately. After reaction was finished the solveias removed in vacuum and the residue
was dissolved in chloroform. Then, the organic tayas washed with saturated ammonium
chloride solution, twice with distilled water, ddi@ver NaSQO, and filtered. Chloroform was
removed in vacuum and the crude product was pdrifiecolumn chromatography (SiGee
Table 20, whereby the unreacted chains were eluted txsfipre changing the solvent to a
more polar mixture to elute the DAT-functionaliz@doduct. Finally, the polymer was
dissolved in a small amount pfthexane, precipitated in 10-fold excess of methandl dried
in high vacuum to yield 2,6-diaminotriazine-functadized PIB 28-3Q PIB-DAT) as a clear,
colorless, viscous liquid. For experimental detadsTable 33 (appendix).
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Table 20 Details for column chromatography of DAT-functidized PIBs.

entry PIB start Rprod.) R(educt) change to HRorod.)
1 28a CHCl, 0 1 CHC}/MeOH = 10/1 0.8-0.5
2 29a CHCl, 0 1 CHC}/MeOH = 20/1 0.29
3 28d+e CHCl, 0 1 CHC}/MeOH = 10/1 0.65
4 28¢ CHCl, 0 1 CHC}/MeOH = 30/1 0.17
5 28f Hex 0 1 CHCJMeOH = 100/1 1
6 30a CHCl, 0 1 CHC{/MeOH = 100/1 0.37
NH,
5 8 1 14 N=N 2 L, N—
1—2 4|6 7 |g 1O |13 16 Nm /N
3 nl 211 3% 4 ) N—<26
NH,

'H-NMR (500 MHz, CDC): & 7.78(d,2H, Hy, °3n=6.12 Hz), 7.71 (s, 1H,4),
7.39 (d, 2H, Hb, 331 = 6.55 Hz), 5.31 (bs, 4H,4), 4.34 (t, 2H, H;, 33n= 7.02 Hz),
3.79 (s, 2H, k), 1.44 (s, n-2H, ), 1.11 (s, n-6H, ), 0.99 (s, 15 H, ).

3C-NMR (125 MHz, CDG)): & 177.5(Gs), 167.0 (G¢), 147.4 (Go), 136.9 (Gs),
129.6 (Gy), 129.2 (Gy), 125.7 (Go), 119.2 (Gg), 59.6 (G), 58.9 (G), 58.3 (G), 55.8 (Go),
51.3 (G7), 44.8(Gq 42.4 (Gs), 38.2(G), 37.9 (Q), 37.9 (Go), 34.9 (Gg), 32.7 (Q),
32.5 (Q), 31.3 (G), 30.9 (G), 30.9 (G1), 29.3 (G4), 25.7 (Ge).

'H-NMR (400 MHz, CDCY): & 7.77 (d, 4H, Ho, 33y =6.10 Hz), 7.71 (s, 2H, 4,
7.37 (d, 4H, Ho, 3341 = 6.57 Hz), 7.17 (s, 3H, 4%), 5.29 (bs, 8H, &t),
4.34 (t, 4H, Hs, 33y = 7.08 Hz), 3.80 (s, 4H,43), 1.83(s,4H, k), 1.42 (s, n-2H, H),
1.10 (s, n-6H, k).

13C-NMR (100 MHz, CDCJ): & 177.5 (Ga), 167.0 (G3), 149.0 (G), 148.5 (G), 147.4 (Gy)
135.2 (Gy), 129.6 (Go), 129.2 (Gy), 125.8 (Gg), 121.2 (G), 120.1(G), 119.2 (Gy),
59.5 (G4), 58.6 (G7), 55.7 (Go), 51.2 (Gs), 44.8 (Go), 42.3 (Gg), 38.1 (Gs), 37.9 (Gy),
37.8 (Gg), 34.8 (Gy), 31.2 (Ge), 30.8 (G1), 30.7 (Gg), 29.2 (G2), 26.6 (Ga).
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NH2
5 8 11 14
1—2 _4le U o [ N
M\H\l\n/{\m/’\/\/ \)\ 4@_)\ )\NHZ
'H-NMR (400 MHz, CDC)): & 7.58(s, 1H, ), 6.93(d, 2H, kb *Jun = 8.6 H),
5.20 (s, 2H, k), 5.09 (bs, 4H, b¥), 4.30 (t, 2H, Wy, *Jan= 7.4Hz), 3.76 (s, 2H, H),

1.44 (s, n-2H, ¥}, 1.11 (s, n-6H, BJ, 0.99 (s, 9H, k). (resonance ki is overlapping with the
solvent residual peak).

5.4.8. Barbituric acid-functionalized PIBs (PIB-BA)and PIB-BA-Cap

(0]
(e} isopropanol, toluene, water NH
NH Cu(l)-cat., TBTA, DIPEA N=N >=0
N )=0 microwave 20-50 W, 70-90 °C N NH
11o0r12 [222.24] 22 310r32 yield 24-81 %

In an one-neck round-bottom flask (100 ml), azideetionalized PIB 11 or 12) was
dissolved in toluene. Isopropanol, water, DIPEA &RITA were added. The mixture was
sparged with nitrogen for 40 min. Subsequently, Gokcatalyst and®2 (or 23) were added,
the flask was sealed with a rubber septum and glatehe microwave oven. Microwave
irradiation was started immediately. After the teatwas complete, CHgwas added and
the organic phase was washed two times with satlirdiH,Cl-solution, one time with
distilled water, dried over N&0O, and filtered. Chloroform was removed in vacuum el
crude product was purified by column chromatograf®iyD,; seeTable 21), whereby the
unreacted chains were eluted first, before chantiegsolvent to a more polar mixture to
elute the BA-functionalized product. Finally, thelymer was dissolved in a small amount of
n-hexane, precipitated in 10-fold excess of methama dried in high vacuum to yield
barbituric acid-functionalized PIB{ or 32, PIB-BA) as a clear, colorless, viscous liquid or
rubber. For experimental details see Tadble 34 (appendix).
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Table 21 Details for column chromatography of BA-functitinad PIBs.

entry PIB start Rprod.) R(educt) change to #Rorod.)

1 3la+b CHCl, 0 1 CHCYMeOH = 100/1 0.1
2 31c CHCl, 0 1 CHCYMeOH = 100/1 0.17
3 31d Hex 0 1 Hex/CHG/MeOH = 50/50/1 0.27
4 32a CHCl, 0 1 CHCYMeOH = 200/1 0.13
5 32b CHCl, 0 1 CHCYMeOH = 200/1 0.09
6 32c CHCl, 0 1 CHCHMeOH = 100/1 0.25
7 32e Hex 0 1 CHCYMeOH = 100/1 0.26
8 32d Hex/CHCk 0 1 CHCL/MeOH = 100/1 0.08
9 33a Hex 0 1 CHC} 0.13

'H-NMR (500 MHz, CDCY): 3 8.38 (bs, 2H, bt), 7.26 (s, 1H, hk)
4.36 (t, 2H, H7, 3}n = 7.3 Hz), 2.71 (t, 2H, k3, 3 = 7.3 Hz), 2.05 (M, 6H, Hi2042),
1.42 (bs, n-2H, §), 1.11 (bs, n-6H, &), 0.99 (s, 15H, kis), 0.92 (t, 3H, Ha, Iy = 7.4 Hz).
Note Assignment of hk.16 Was not possible due to overlapping with othelomesces.
Integration of Hg was not possible due to overlapping with the sulwesidual peak of
CDCls.

13C-NMR (125 MHz, CDGJ): & 172.0 (Gg), 153.4 (Gg), 148.1 (Gy), 128.4 (Gg), 59.5 (Q),
58.8 (G), 58.2 (G), 57.1 (Gs), 55.8 (Gy), 42.3 (Gs) 38.1 (G), 37.8(G), 37.7 (Go),
34.9 (G3), 32.7 (Gy), 32.5(GQ), 32.4(Q), ), 31.9(Gy), 31.2(G), 30.8(G), 30.7 (Gy),
29.2 (G4), 26.2 (Ge), 9.4 (Gy).

Note Assignment of &, Cy4, Cyp Was not possible due to overlapping with otheomasces.

'H-NMR (500 MHz, CDC): & 8.29 (bs, 4H, k), 7.26 (s, 2H, k), 7.17 (s, 3H, Hle),
4.30 (t, 4H, Hs, 33y = 7.4 Hz), 2.74(t, 4H, b3, 3y = 7.4 Hz), 2.05 (m, 12H, H303),
1.85 (s, 4H, ), 1.42 (bs, n-2H, H), 1.11 (bs, n-6H, H), 1.02 (s, 12H, bb),
0.89 (t, 6H, Hy, 33y n = 7.5 Hz).
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Note Assignment of kb4 was not possible due to overlapping with othelomesces.
Integration of Hg was not possible due to overlapping with the salwesidual peak of
CDCls.

13C-NMR (125 MHz, CDGJ): 6 171.9 (G4), 153.8 (Ge), 149.0 (G), 148.5 (G), 148.1 (Gy),
128.8 (Gg), 121.2 (G), 120.1 (G), 59.5 (G4), 59.2 (G2), 59.1 (G7), 58.6 (G), 57.1 (Gy),
55.8 (Go), 42.4 (G3), 39.0 (G), 38.2(Gs), 38.0 (Gg), 37.9 (Gs), 37.8 (Go), 34.8 (Gy),
34.8 (G), 32.7 (Gy), 32.3(G), 31.9(Gy), 31.6(GQ), 31.2(Ge), 30.8(Ga), 30.7 (Gy),
29.2 (Go), 25.5 (G, 22.7 (Gp), 9.4 (Gy).

Note Assignment of g3, Cs, Cy5 was not possible due to overlapping with otheomesces.

'H-NMR (400 MHz, CDCY): 8 7.23 (s, 2H, ), 7.12 (s, 3H, He),
4.25 (t, 4H, Hs, 33y n = 7.3 Hz), 3.96 (dq, 8H, 43 “Jqn = 1.7 Hz),
2.67 (t, 4H, Hg, 3341 = 7.4 H2), 2.04 (m, 8H, .39, 1.83 (M, 8H, h,9),

1.42 (bs, n-2H, H), 1.11 (bs, n-6H, H), 1.02 (s, 12H, bb), 0.97 (t, 18H, k 3).
13C-NMR (100 MHz, CDCJ): & 171.4 (Gs), 150.2 (Gg), 149.0 (G), 148.5 (G), 146.9 (Gy),
121.2 (Gg), 120.3 (G), 120.1 (G), 59.5 (G4), 59.2 (G2), 59.1 (G), 58.6 (G), 56.9 (G3),
55.7 (Go), 51.0 (Gs), 42.2 (Gg), 39.0 (G), 38.6 (Gs), 38.2 (Gs), 38.0 (Ga), 37.8 (Go,9,
37.2 (Gy), 34.8(Gy), 34.7 (G), 34.5(Go), 34.0 (Gg), 32.3 (G), 31.6 (G29, 31.2 (Go),
30.8 (Ga), 30.7 (Go), 29.2 (G2), 25.3 (G4), 13.4 (Ga), 9.2 (G9).

5.4.8. Hamilton wedge-functionalized PIBs (PIB-HW)

0 Q
NcHys >_C7H15
A NH NH
O =N
o) NH isopropanol, toluene, water
WNS . }Q_/( Cu(l)-cat, TBTA, DIPEA @
n HN microwave 25-50 W, 60-90 °C
9 17h
110r12 24 [743.89] NH 340r35 yield 7-94 % NH
N (e} N
7 N NH =
=/ )—CiHis =/ )CrHis
lo} (@)

In an one-neck round-bottom flask (100 ml), azideetionalized PIB 11 or 12) was
dissolved in toluene. Isopropanol, water, DIPEA &RITA were added. The mixture was
sparged with nitrogen for 40 min. Subsequently, Gnbcatalyst and Hamilton-alkyne24)
were added, the flask was closed with a rubberuse@tnd placed in the microwave oven.

Microwave irradiation was started immediately. Aftee reaction was complete CHG®Vas
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added and the organic phase was washed one tirhesatiirated NECI solution and two
times with distilled water, dried over B&0O, and filtered. Chloroform was removed in
vacuum and the crude product was purified by colehmomatography (Si§) seeTable 22),
whereby the unreacted chains were eluted firspreethanging the solvent to a more polar
mixture to elute the HW-functionalized product. &g, the polymer was dissolved in a small
amount ofn-hexane, precipitated in 10-fold excess of methanadl dried in high vacuum to
yield Hamilton wedge-functionalized PIB4 or 35; PIB-HW) as a clear, colorless, viscous

liquid or rubber. For experimental details Jadble 35 (appendix).

Table 22 Details for column chromatography of HW-functitimed PIBs.

entry PIB start Rprod.) R{(educt) change to Hprod.)
1 34a CHCl, 0 1 CHC}/MeOH = 100/1 0.1
2 34b CHCl, 0 1 CHC}/MeOH =100/1 0.47
3 34c CHCl, 0 1 CHC}/MeOH = 100/1 0.15
4 34d Hex 0 1 CHCJMeOH = 100/1 0.16
5 35a CHCl, 0 1 CHC}/MeOH = 100/1 0.17
)
5 8 1 14 N=N 21 22
2l 4|7 |g l10 N3 16 N 20 2 oy 2128
1 1 2%
3 nl 1221 47 13 HN 29
2 31
O 32—N
wl W NH

3435 S\ 4

40 43
42
44 45

'H-NMR (500 MHz, CDCY): & 9.11 (bs, 1H, k), 8.84 (bs, 2H, ki), 8.48 (s, 2H, Hh),
8.39 (s, 2H, H;), 8.04 (s, 2H, k), 7.92-7.84 (M, 8H, 20333}, 7.60 (s, 2H, bh),
4.37 (t, 2H, Hy), 2.54 (s, 4H, k), 1.96 (M, 2H, k), 1.76 (M, 4H, k), 1.42 (bs, n-2H, §),
~1.26 (M, 16H, kh-49, 1.11 (bs, n-6H, §), 0.99 (s, 15H, ko),
0.86 (t, 6H 3341 = 6.5 Hz, Hs).

¥C-NMR (125 MHz, CDCJ): & 172.9(Gg, 166.4(Gy), 163.8(Gs), 150.2 (G,
148.9 (Gg), 145.9 (Go), 140.6 (Gs), 139.1 (Gg), 135.2 (Gg), 135.0 (G3), 130.0 (Gy),
128.5 (G,), 128.1 (Go), 126.0 (G7), 122.1 (Gg), 120.7 (Gg), 110.5 (G3), 109.4 (Gs),
59.5 (G), 58.8 (G), 58.2 (G), 55.9(Gy), 51.4(Gy), 42.3(Gs), 38.2(G), 37.8(G),
37.8 (Go), 37.6 (Go), 34.9(Gy), 32.6 (G), 32.4 (G), 31.7 (G, 31.2(G), 30.8 (@),
30.8 (G1), 29.3 (Gy), 29.2 (G1), 29.1 (Gy), 25.6 (Ge), 25.5 (Go), 22.6 (Ga), 14.1 (G).
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o
29 3031 0 NH
28 o 3596
HN—24 a7
33 s
38
NH
(0]
41/ \44
47
42 43 46
d 49

48 51
50
52 53

'H-NMR (500 MHz, CDC}): & 9.41 (bs, 2H, k), 9.00 (bs, 4H, kb), 8.53 (bs, 4H, kb),
8.33 (bs, 4H, k),  7.85(m, 20H, kboss7a14y,  7.50 (bs, 4H, bb),  7.17 (s, 3H, W),
4.33 (bs, 4H, bt), 2.49 (bs, 8H, k), 1.95 (bs, 4H, b), 1.83 (s, 4H, k), 1.72 (bs, 8H, k),
1.42 (bs, n-2H, H), 1.32 (m, 32H, kb-s)), 1.11 (bs, n-6H, H),
0.85 (t, 12H33 1 = 6.3 Hz, Ha).

3C-NMR (125 MHz, CDG)): & 173.0(Ge), 166.4 (Gg), 164.2(G,), 150.2 (Go),
149.0 (G4, 148.5(G), 146.2 (G7), 140.4 (G, 139.1 (Gs), 135.0 (Ge), 134.7 (Gy),
130.0 (Gg), 128.5 (G, 128.3 (Gg), 125.8 (Gs), 122.3 (G7), 121.2 (G), 120.0 (G),
120.1 (G), 110.5 (Gy), 109.4 (Ga), 59.5 (G4), 58.6 (G7), 56.0 (Gp), 51.4 (Gs), 42.3 (G3),
39.0 (G), 38.2(Gs), 37.9(Gg), 37.8(Go), 37.5(Gy), 34.9 (G1), 34.8(G), 32.3(G),
31.7 (Gy), 31.7 (G), 31.3(Ge), 30.9 (Gi), 30.8(Go), 29.3 (G, 29.2 (Gy), 29.1(Go),
25.6 (Ga), 25.5 (Gg), 22.6 (G), 14.1 (Gp).

5.4.9. Pyrene-functionalized PIB (PIB-Pyrene)

isopropanol, toluene, water

Cu(l)-cat., TBTA, DIPEA 29 28
,_{\F/H_/\/ O O microwave 20 W, 60 °C_ 6 7l lo 20 30 33 27
i) === SES
2231 32 25

[226.29] 36 yield 48 % 23 24

In an one-neck round-bottom flask (100 ml), azideetionalized PIB Y10 (49 umol,

374 mg) was dissolved in toluene (15 ml). Isopragban(5 ml), water (5 ml),
DIPEA (0.49 mmol; 87 pl) and TBTA (9.8 umol; 5.2)ngere added. The mixture was
sparged with argon for 30 min. Subsequently, CuB (mol; 7.0 mg) was added and the
flask was sparged additional 10 min with argon. nfh@uBrTTPP (9.8 umol; 9.1 mg) and
1-ethynylpyrene (0.15 mmol; 33.3 mg) were added fldsk was closed with a rubber septum
and placed in the microwave oven. Microwave irradrawas started immediately (SPS
method; 20 W; 80 °CAT 10 °C; 16 h). After reaction was complete Ckl@has added and
the organic phase was washed one time with satufdit&Cl solution and two times with

distilled water, dried over N8O, and filtered. The solvent was removed and the ecrud
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product was purified via column chromatography @@iCFor purification via column
chromatography of pyrene-functionalized P®5, the residue was dissolved in a small
amount of n-hexane. Non-functionalized PIB chains were sepdrabby column
chromatography using-hexane (K36) = 0; R(110 = 1). After several fractions the solvent
was changed to CHgland PIB36 was eluted (K36) =1). The solvent was removed in
vacuum. Finally, the polymer was dissolved in alsar@ount ofn-hexane, precipitated into
10-fold excess of methanol:acetone (v:v = 1:1) @meld in high vacuum to yield6 (180 mg;
48 %) as a clear, slightly green glimmering liquid.

Mn(GPC) = 8400 g/mol; MNMR) = 10400 g/mol; PDI = 1.3

'H-NMR (400 MHz, CHCJ): 8 8.70 (d, 2H, Hy, 334y = 9.3 Hz),
8.28-7.96 (m, 9H, Hi,21—26,28,2b; 4.80 (t, 2H, H, 3\]H,H =7.3 HZ), 1.42 (bS, n'2H,5)',|
1.11 (bs, n-6H, J, 0.99 (s, 15H, kis).

5.4.10. Thymine-functionalized PnBAs (PnBA-THY)

THF
0 Cu(l)-cat.
TBTA; DIPEA

N
O - 2T e W»—NH
o o 07 >N Yo
O (0] H
15 or 16 é é 17 [164.16] 38 or 39 é é yield 13-87 %

In a Schlenck flask azide-functionalized PnB»5 (or 16) was dissolved in THF. DIPEA,
TBTA and propargylthymine 1(/) were added. Three freeze-pump-thaw-cycles were
performed and the solution was allowed to reachmréemperature. The Guoatalyst was
added and the solution was stirred for 10 min atmdemperature. Then, the flask was placed
in the microwave and irradiation was started. After reaction was complete the mixture was
passed through a short ,8k-column (neutral), the solvent was removed in vatuand
CHCI; was added. The organic phase was washed one ftithesaturated NkCI-solution,
two times with distilled water, dried over p&O, and filtered. Chloroform was removed in
vacuum and the crude product was purified by colehmomatography (Si§) seeTable 23,
whereby the unreacted and/or incomplete functiaedlichains were eluted first, before
changing the solvent to a more polar mixture tdeetbe desired THY-functionalized product.
Finally, the polymer was dried in vacuum to yielyrmine-functionalized PnBA as a clear,

almost colorless viscous liquid. For experiment&thds sed able 37 (appendix).
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Table 23 Details for column chromatography of THY-functidized PnBAs.

entry  PnBA start Rprod.) R(educt) R(mono)? change to Rprod.)
1 38a CHCl, 0.08 ? - CHGIMeOH =100/1 0.19
CHCly/Hex/THF
2 38b-d 5/5/0.1 0.16 0.25 - - -
3 sea  CHOMIHE 006 0.77 019  CHGMeOH=1002  0.23
CHCI/THF CHCly/MeOH =
4 39b 100/3 0.06 0.77 0.19 100/1.4 0.18

 Re-value of the monofunctionalized side-product.

n
. 7=0 4,=0 O
O O
8 15
9 16
10 17

11 18

'H-NMR (400 MHz, CDCY): & 7.83(s, 1H, ), 7.25(s, 1H, bb), 5.28 (m, 1H, k),
4.89 (m, 2H, Hy), 4.07 (t, 2H, Hs, °Jy = 6.6 Hz),  3.98 (M, n-2H,dH 3.59 (s, 3H, ),
243 (t, 1H, H, 3}y =7.1Hz), 2.22(m,n-1H,¢ 1.85-1.29 (M, n-6H, ¢b1012.1617 %
1.83 (s, Ha), 1.06 (m, 3H, k), 0.87 (t, n-3H, k18 I n = 7.3 Hz).

3C-NMR (100 MHz, CDGJ): & 176.2 (Q), 175.0-172.7 (§), 167.9 (Gs), 163.6 (Gy),
150.4 (Gg), 149.9 (Gy), 140.0 (G,), 123.5(Gy), 111.0 (Gs), 66.3 (Gs), 65.0-64.3 (@),
61.0 (G3), 51.5(G), 42.6 (Gy), 41.4(G), 37.3(G), 36.3-34.4(G19, 31.7 (Go),
30.6-30.2 (©), 19.0-17.6 (Go.17), 16.7 (G), 13.7-13.5 (Gr19, 12.2 (Gy).

25

23 24
/N:N /:gz
3 4 6 . 134, N%/NZZG )

¥ 22 }—NH

5 0.5n-1
o) O s "i5=0 o)
2%0 oﬂ 0 0
9 16
1
10 17
1 18
12 19

'H-NMR (400 MHz, CDC{): § 7.83(s, 2H, ht), 7.31 (s, 2H, bb), 5.34 (m, 2H, Hb),
4.95 (s, 4H, k), 4.13 (t, 4H, He, 3Jip=6.7 Hz), 4.03 (M, n-2H,3d), 3.62 (s, 6H, H),
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2.27 (m, n-1H, B, 1.93-1.28 (M, n-6H, 4.10.11.13.17,98 1.88 (s, Hs),
0.92 (t, n-3H, hb1g *Jin = 7.3 H2).

13C-NMR (100 MHz, CDG)): § 175.5 (G), 174.5 (G), 167.9 (Gs), 163.8 (Gg), 150.6 (G7),
142.0 (G1), 140.0 (G3), 123.4 (Gy), 111.0 (Gs), 77.2 (Q), 66.3 (Ge), 64.9-64.4 (Q),
61.1 (Gs), 51.4 (G), 42.6 (Gy), 41.4(G), 36.4-34.1 (G101), 33.2 (Gs), 30.6-30.2 (@),
23.4 (G), 19.1-18.8 (G119, 13.7-13.5 (@19, 12.2 (Gy).

5.4.11. “Capped” thymine-functionalized PnBAs (PnBATHY-Cap)

— N=N N=N —
O:?_\N ) [ N @]
HN—< WN - - N\)\/ }—NH
O o) o o} o) 0 o) o)

o] O O

39a
DMF (dry) 1) 4h
1) NaH; 0°C | 516 .
2) Mel; RT 23 24
= N=N N=N /=§:
o HN«N\&N 3 4 6 . 134, NEO%Z\QZ/N 272,3 o
5
0 0 "o 0 O 8=0" 15=0 O
0 2’:0 0:1 0 0
1 9 16
10 17 40
1 18 yield 40.7 %
12 19

The Synthesis was done under a dry atmospheregohaAll glassware was heated under
vacuum and flushed with argon several times be@bremicals where weighed in. In an
one-neck round-bottom flask (10 ml), equipped witagnetic stir bar and rubber septum,
mineral oil free NaH (0.63 mmol; 25.2 mg (60 wt%mkrsion in mineral oil)) was added. A
solution of 39a (0.063 mmol; 290 mg) dissolved in dry DMF (5 mlpsvadded under ice
cooling. The resulting solution was stirred at 0f&C4 h. lodomethane (0.38 mmol, 23.5 pl)
was added and the solution was stirred at room ¢eatyre for 12 h. Water (30 ml) was
added, the agueous phase was washed two timeshigtoform and the organic layers were
combined. The combined organic phases were washedimes with distilled water, dried
over NaSO, and filtered. Column chromatography was perform&idg a CHGJ/EA (100:6)
solvent mixture. After several fractions the solvemxture was changed to CH{MeOH
(100:1) and PnBA40 was eluted. Upon removal of the solvent by meansa abtary

evaporator 118 mg (40.7 %) 40 was obtained as a clear, pale yellow liquid.
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Table 24 Details for column chromatography of “capped” THictionalized PnBAO.

entry PnBA solvent Rprod.) R(educt)
1 40 CHCIy/EA = 100/6 <0.1 <0.1
2 40 CHCIly/MeOH = 100/1 0.56 0.31

'H-NMR (500 MHz, CDCY): & 7.82(s, 2H, k), 7.31 (s, 2H, bt), 5.35(m, 2H, Hiy),
4.98 (s, 4H, Bb), 4.03 (m, n-2H, Kl 19, 3.63 (s, 6H, H), 3.34 (s, 6H, kb),
2.28 (m, n-1H, ), 1.91-1.35 (m, n-6H, +%10,11,13,17.18 1.91 (s, Hy),
0.93 (t, n-3H, hb1g “Jup = 7.3 H2).

13C-NMR (125 MHz, CDGJ): 5 175.5 (G), 174.5 (G), 168.5 (Gs), 163.9 (Gg), 151.5 (Gy),
142.4 (Gy), 137.9 (G3), 123.1 (Gy), 110.1 (Gy), 77.2 (Q), 65.0 (Ge), 64.4 (G), 60.9 (G),
51.4 (Q), 43.6 (Go), 41.4(G), 36.4-34.3 (G101), 33.1(Gs), 30.6-30.5 (§), 28.0 (Gg),
24.9 (G), 19.1 (G119, 13.7 (G219, 13.0 (Gy).

5.4.12. 2,6-Diaminotriazine-functionalized PnBAs (RBA-DAT)

NH
NH, THF 2
)\ Cu(l)-cat. o N=N NJ\N

N N JN\ TBTA; DIPEA N\A |
— 3 = i j I 55 °C; 20-30 W = < > )\\
o n + Xo \N NH» ——— —O n O N NH,
o (0] 16-17 h le) 0

150r 16 E E [255.28) 21 Oé E Mord2  yield 24-61%

In a Schlenck flask azide-functionalized PnB»5 (or 16) was dissolved in THF. DIPEA,
TBTA and alkyne21 were added. Three freeze-pump-thaw-cycles werlonpeed and the
solution was allowed to reach room temperature. Gtiecatalyst was added and the solution
was stirred for 10 min at room temperature. Thiea,flask was placed in the microwave and
irradiation was started. After the reaction was plate the mixture was passed through a
short AbOs-column (neutral), the solvent was removed and GHials added. The organic
phase was washed one time with saturatedHdolution, two times with distilled water,
dried over NaSQ, and filtered. Chloroform was removed in vacuum #mel crude product
was purified via column chromatography (§i®eeTable 25, whereby the unreacted and/or
incomplete functionalized chains were eluted fite#fore changing the solvent to a more
polar mixture to elute the desired DAT-functionatizproduct. Finally, the polymer was dried
in vacuum to yield DAT-functionalized PnBA as a aieslightly yellow-orange viscous
liquid. For experimental details s@able 38 (appendix).
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Table 25 Details for column chromatography of DAT-functidized PnBAs.

entry PnBA start Rprod.) R(educt) R(mono)? change to Rprod.)
1 41a CHCIy/MeOH = 100/4 0.35 1 - - —
CHCI/THF/Hex = CHCI/THF =
2 4lb 1/1/0.02 0 0.2 - 100/2 0.14
3 41b CHCI/THF = 100/3 0.28 0.8 - - -
4 42a CHCI/THF = 100/3 0.1 >0.9 0.26 - -
CHCI/EA/MeOH
5 42b 100/10/0.1 0.13 >0.9 >0.13 — -
CHCly/MeOH =
6 42b 100/0.6 0.14 >0.9 0.2 — —

 Re-value of the monofunctionalized side-product.

N
24
N 27l M 20
1—072 \A @%G)QN)\NHZ

11 18

'H-NMR (400 MHz, CDCl): & 7.78(s,Hy, 7.21(d, 2H, b, 3} = 8.0 Hz),
6.89 (d, 2H, Hs, 331 = 8.3 Hz), 5.34 (bs, 4H,49, 5.15(s, 2H, k), 4.11 (m, 2H, h),
4.02 (bs, n-2H, kh), 3.71 (s, 2H, k), 3.63 (s, 3H, H), 2.51 (m, 1H, H),
2.27 (bs, n-1H, §J, 1.90-1.26 (m, n-6H, ¢} 10.12.16.1), 1.11 (M, 3H, H),
0.91 (t, n-3H, hh 15 *Jup = 7.4 H2).

13C-NMR (100 MHz, CDGJ): 5 177.9 (G7), 176.2 (G), 174.5 (G), 168.1 (Gy), 167.2 (Gg),
157.1 (Go), 144.5(Gy), 130.2 (Gs), 129.9 (Gs), 122.5(Go), 114.7(G3), 77.2 (G,
66.2 (Gs), 65.0-64.3 (§), 62.1 (G3), 51.6 (G), 44.1 (Gy), 41.4 (G), 37.3 (G), 34.5 (G 19,
31.2 (G2), 30.6-30.2 (§), 19.0-18.6 (Go17), 16.7 (G), 13.7-13.5 (G119.
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NH,
29
N=N 24 25
3 4 6.7 1314 N& 2 28\ )\ 30
5 0.5n-1 20 o o NH;
(@] O 80 15—=0
2’:0 0:1 0 0
9 16
1
10 17
11 18
12 19

'H-NMR (400 MHz, CDCY): & 7.79(m, 2H, Hy), 7.23(d, 4H, b, 33qn = 7.2 Hz),
6.92 (d, 4H, Hs, 331 = 6.9 Hz), 5.25 (bs, 8H,4), 5.16 (s, 4H, k), 4.13 (m, 4H, H),
4.03 (bs,n-2H,  kbi), 3.74(s,4H, k), 3.63(s,6H,H), 2.28(bs, n-1H, H),
13c-|\||v|R (100 MHz, CDCA): 8 178.0 (Qg), 175.5 (Q), 174.6 (G), 168.3 (qs), 167.2 (Go),
157.2 (Gg), 144.4 (Gy), 130.2 (Gs), 129.9 (Ge), 122.4 (Go), 114.9 (G), 77.2 (G.1),
66.2 (Ge), 64.4 (G), 62.2(Gs), 51.4 (G), 44.2 (Gy), 41.4(G), 36.3-35.4 (G101),
31.2 (G3),30.6-30.3 (@), 22.6 (G), 19.1-18.9 (G119, 13.7 (G2), 13.5 (Gy).

5.4.13. Barbituric acid-functionalized PnBAs (PnBABA)

0
THF NH

o Cu(l)-cat. /L—O
TBTA; DIPEA
—o 55°C;20W_ N =
17
15 or 16 > 2 22 [222 24] 43 0r44 é é yield 53-73 %

In a Schlenck flask azide-functionalized PnBE5 (or 16) was dissolved in THF. DIPEA,
TBTA and alkyne22 were added. Three freeze-pump-thaw-cycles wernpeed and the
solution was allowed to reach room temperaturenThige Clicatalyst was added and the
solution was stirred for 10 min at room temperatUige flask was placed in the microwave
and irradiation was started. After the reaction wamplete the solvent was removed and
CHCI; was added. The organic phase was washed one tithesaturated NE{CI-solution,
two times with distilled water, dried over p80O, and filtered. Chloroform was removed and
the crude product was purified via column chromedpgy (SiQ; seeTable 26). Finally, the
polymer was dried in vacuum to yield BA-functior&d PnBA as a clear, slightly yellow

viscous liquid. For experimental details Jeble 39 (appendix).
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Table 26 Details for column chromatography of BA-functitinad PnBAs.

entry PnBA solvent mixture #Rorod.) R(educt) R(mono)?
1 43a CHCIy/MeOH = 100/1 0.26 >0.9 -
2 43b CHCIy/MeOH = 100/1 0.22 >0.9 -
3 44a CHCIy/MeOH = 100/2 0.15 >0.9 0.25

# Re-value of the monofunctionalized side-product.

0 12

3 R 6 13
1—0"2 .

7=0
(0] (0]
8 15
9 16
10 17

11 18

'H-NMR (500 MHz, CDC}): & 8.64 (m, 2H, Hg), 7.47 (m, 1H, Hb), 5.32 (m, 1H, ),
4.12 (t, 2H, Hs, 334y = 6.6 Hz), 4.02 (m, n-2H,d4 3.64 (s, 3H, k), 2.67 (M, 2H, k),
2.27 (M, n-1H, Ke), 2.05-1.34 (M, n-6H, db 1012.16.1723.5 1.24 (m, 2H, k),
1.11 (m, 3H, H), 0.92 (t, n-3H, kb 15 I = 7.3 Hz), 0.87 (t, 3H, H).

13C-NMR (125 MHz, CDGJ): & 176.2 (G), 174.5-173.6 (§, 172.0 (G;), 168.3 (Gu),
148.1 (Go), 146.8 (Go), 119.9 (Go), 66.1 (Gs), 64.5-64.3 (), 60.7 (G3), 56.9 (Ge),
51.5(G), 41.4(GQ), 37.4(G), 36.6-34.4(Gi9, 32.5(G3, 31.8(Gz2), 30.6(G),

25.4 (Gy), 24.6 (Gg), 19.0 (Go19), 16.7 (G), 13.7-13.5 (G119, 9.3 (Gv).

3 4 6 7 13 14
5 0.5n-1
0] O 8O0 15
2%0 oﬁ 0 0
9 16
1
10 17
1 18
12 19
H-NMR (400 MHz, CDCY¥): 6 8.89 (m, 4H, Hy), 7.44 (m, 2H, Ky), 5.31 (m, 2H, H),
4.11 (m, 4H, Hy), 4.00 (m, n-2H, k), 3.61 (s, 6H, h), 2.66 (M, 4H, k),
2.26 (m, n-1H, |7’, 2.01-1.34 (m, n-6H,17{;,10,11,13,17,18,24,)5 1.22 (m, 4H, |’i3),

0.90 (t, n-3H, hb.1g I = 7.3 Hz), 0.87 (t, 6H, b).
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3C-NMR (100 MHz, CDGCJ): & 175.4 (G), 174.5-173.6 (§), 172.2 (Gg), 168.4 (Gs),
148.4 (Go), 146.8 (G1), 120.3 (Gy), 77.2(G), 66.1(Ge), 64.9-64.3(G), 60.7 (Ga),
56.9 (G7), 51.3(G), 41.4(G), 37.6-34.1 (G019, 32.4(Gy), 31.6 (G329, 30.6 (G),
25.4 (Gy), 24.6 (Ge), 20.9 (G), 19.0-18.8 (G119, 13.6-13.5 (1,19, 9.3 (Gs).

5.4.14. Hamilton wedge-functionalized PnBAs (PnBA-W/)

Q
as o >\—
THF
Cu(l)-cat.

o] NH TBTA; DIPEA
55°C; 20 W N\)—Q—/(
_O —_—
o 17h
24 [743.89] NH

150r16 @ 45 0r 46 yield 24-57 %
é \ NH

é >/'_C7H15 >_C7H15

In a Schlenck flask azide-functionalized PnB25 (or 16) was dissolved in THF. DIPEA,
TBTA and alkyne24 were added. Three freeze-pump-thaw-cycles werlnpeed and the
solution was allowed to reach room temperature. Gtiecatalyst was added and the solution
was stirred for 10 min at room temperature. Thika,flask was placed in the microwave and
irradiation was started. After the reaction was plate the mixture was passed through a
short AbOs-column (neutral), the solvent was removed and GHhials added. The organic
phase was washed one time with saturatedHdolution, two times with distilled water,
dried over NaSQ, and filtered. Chloroform was removed in vacuum #mel crude product
was purified via column chromatography (§i®eeTable 27), whereby the unreacted and/or
incomplete functionalized chains were eluted fite#fore changing the solvent to a more
polar mixture to elute the desired HW-functionatizgoduct. Finally, the polymer was dried
in vacuum to yield HW-functionalized PnBA as a cJesdightly yellow-orange viscous liquid.
For experimental details s&able 40 (appendix).

Table 27. Details for column chromatography of HW-functitimed PnBAs.

entry PnBA start Rprod.) R(educt) R(mono)? change to Rprod.)
1 45a CHCIy/MeOH = 100/1 0.27 >0.9 - - -
CHCIly/MeOH/THF CHCly/MeOH =
2 46a = 100/1/1 0.15 >0.9 0.27 100/2 0.24
3 45b CHCIy/EA = 10/1 0.27 >0.9 - - -

# Re-value of the monofunctionalized side-product.
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>—C7H15

22 23

28 29
1—0"2
26 N7
3N
1029 17>16 _ 39 0
35 36 4
11 18 (0]

41 44
43

45 46
'H-NMR (500 MHz, CDCY): & 9.06 (s, 1H, k), 8.62 (m, 4H, kk3), 8.43 (s, 2H, kb),
8.12 (m, 6H, Hazg), 7.94 (M, 4H, Hb2s3), 7.69(m, 2H, k), 5.49 (m, 1H, hb),
4.17 (t, 2H, Hs), 4.02 (m, n-2H, b, 3.64 (s, 3H, k), 2.54 (bs, 5H, kla),
2.26 (m, n-1H, k), 1.89-1.12 (M, n-6H, 4 1012.1617.41-95 1.04 (m, 3H, W),
0.92 (t, n-3H, ki, Iy = 7.3 Hz), 0.79 (t, 5H, k).

13C-NMR (125 MHz, CDG)): § 176.3 (G), 174.5 (G), 172.7 (Go), 171.1 (Gy), 166.3 (Gy),
163.6 (G1), 150.1 (Gs), 149.0 (G7), 147.4 (Go), 140.6 (G739, 135.3 (Gy), 134.8 (Gy),
133.0 (Gy), 128.0(G3), 126.1 (G1), 122.0 (Gg), 121.9 (Gy), 120.5 (Gg), 109.3 (Gy),
107.9 (Ge), 66.5 (Gs), 64.4 (G), 60.4 (Gs), 51.5(G), 41.4 (G), 37.6 (Go), 37.3(Q),
36.3-34.4 (G1e), 31.7 (G2, 30.6 (G149, 29.2(Go), 29.1(Gs), 25.5(G1), 22.6 (Gs),
19.1 (Go19), 17.7 (G), 14.0 (Gg), 13.7(C11.19.
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N=N 0 NH
3 4 6 , 134, N\/%z@z_s(ze 29 30
(0] O 8F0 15=0 27 33
2 ’:o 0 0 0 32 \H
9 16 O 34)—N 39
1 10 17 35@”“
1 18 36_37 A0 41
43
12 19 ° & 45
44
46 47
H-NMR (400 MHz, CDC}): 6 9.29 (s, 2H, k), 8.95 (s, 4H, k), 8.57-8.41 (m, 8H, K 39,
8.09-7.86 (M, 20H, kd 24.31.35-3), 7.62 (s, 4H, k), 5.45 (s, 2H, hb),
4.17 (t, 4H, He, 33y = 6.2 Hz), 4.02 (bs, n-2H3k), 3.62 (s, 6H, k), 2.56 (s, 8H, k),
2.27 (m, n- lH, |7’, 1.90-1.26 (m, n'6H,tb,10,11,13117,13142.)5

0.92 (t, n-3H, hb.1g 3Juy = 7.6 Hz), 0.84 (t, 12H, H).

3C-NMR (100 MHz, CDCJ): § 175.4 (G), 174.6 (G), 173.1 (Go), 168.2 (Gs), 166.4 (Gy),
163.8 (Ge), 150.2 (Ga), 148.9 (Ge), 146.3 (Gy), 140.6 (Ge), 139.3 (Gg), 135.1 (Go),
134.7 (Gg), 132.9 (Gy), 132.4(Gs), 128.1 (G, 126.0(Gy), 122.0 (Gy), 120.8 (Go),
110.5 (Gg), 109.5 (Gy), 77.2 (G), 66.5 (Ge), 64.4 (G), 61.0 (G4), 51.5 (G), 41.5 (G),
37.5 (Gy), 36.1-34.2 (Gio19, 31.7 (Gsa9, 30.6 (G), 29.2 (Ga), 29.1 (Gy), 25.5 (G,
22.6 (Gg), 19.1 (G119, 14.0 (Gy), 13.7 (G2.19-
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6.1. Summary

The aim of this work was to gain a deeper undedstgnof the dynamics of association or
aggregation of hydrogen bonds in the solvent-freglt rstate of amorphous polymers.
Therefore, as a starting point for various invedt@ns on the association/aggregation
behavior of hydrogen bonding moieties in solution an the melt state, poly(isobutylene)s
(PIBs) and polyf-butyl acrylate)s (PnBAs) were prepared. All sysihed polymers were
obtained with small polydispersities and with th®jgcted calculated molecular weights
highlighting the living character of the correspogdpolymerization method.

Cu(l)-catalyzed

a) EG )
Polymer—N3 +
z azide/alkyne- po|ymer/N\/_EG
"click" reaction
b) d) ' H S S
thymine l 2,6-diaminotriazine

@}

EG\L/H\ THY AN, DAT
; —@ ¢ NN N ’_
N— >=N
EG\H+ { ©0--H-N
EG x H
n
od 1%

—’— 3 hydrogen bonds
poly(isobutylene) - PIB

c) e)

7H15_<
Q
,{/\i:/{/ ,{/\l:/{/ barblturlc acid o O Hamllton wedge
EG 0N
- H
2 >=O

..N
N \_/
poly(n-butyl acrylate - PnBA C7H15

0]

—.— 6 hydrogen bonds

Figure 58 a) Azide/alkyne-“click” reactions were appliedatiach alkyne functionalized hydrogen bonding end
groups (EG) onto the azide functionalized polymgyrgoly(isobutylene) (PIB) and c) polybutyl acrylate)
(PnBA) attaching d) the THY-DAT motif and e) the BAW motif.

Mono- and bifunctional polymers with molecular walg ranging from 3000 up to
30000 g/mol (22000 g/mol for PnBA) were succesgfuprepared via either living
carbocationic polymerization (LCCP) or atom transtalical polymerization (ATRP). After
(multi-step) end group transformation the corresjog azides, PIB-pl(11a-d + 12a-¢ and
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PnBA-N; (15a-c + 16a-h, were obtained and applied for azide/alkyne-tcliceactions to
attach the various hydrogen bonding groups as shoWwigure 58a

Two different motifs were investigated namely thgmine/2,6-diaminotriazine (THY/DAT)
and the barbituric acid/Hamilton wedge (BA/HW) syst Figure 58d+6 to study the four
supramolecular entities with different associattmrength. Therefore, mono- and bifunctional
PIBs and PnBAs Higure 58b+g with molecular weights of 3000 up to 30000 g/mol
(22000 g/mol for PnBA), bearing the THY-, DAT-, BAnd HW-group (and others) were
synthesized (seeTable 28 and fully characterized via'H-NMR, *C-NMR and
MALDI-TOF-MS measurements, evidencing the compldtactionalization with the

corresponding functional group.

Table 28 Overview on the supramolecular polymers beariffgrént hydrogen bonding motifs.

"“'-':

THY DAT BA HW
monofunctional PIBs 26a-c 28a-f 3la-d 34a-d
bifunctional PIBs 27a 29a 32a-e 35a-b
monofunctional PnBAs 38a-d 41a-c 43a-b 45a-b
bifunctional PnBAs 39a-b 42a-b 44a 46a

In a second step the synthesized library of supkecutar polymers was used to investigate
the association/aggregation behavior of the hydrdgending groups in the polymer melt
with respect to their molecular weight, the polaat the surrounding matrix (PIB vs. PnBA),
the strength of the hydrogen bonding motif (THY/DAS. BA/HW) and the number of
supramolecular entities within the polymer (moncs. \bifunctional). In A first step,
association/aggregation of the hydrogen bondingeties was studied in solution via
NMR-titration experiments, followed by oscillatorpeology experiments and small-angle
X-ray scattering (SAXS) in the melt state. In smntthe order of association for the
THY/DAT system was found to obey the following &sti DAT-DAT (Kyim. = 1.65 %
0.58 M%) < THY-THY (Kgim. = 3.8 + 0.49 M) << THY-DAT (Kassn.= 1087 + 142 M) for
monofunctional PIBs in agreement with the existlitgrature for low molecular weight
compounds (values measured in CE)CI

However, the association behavior in the melt steds found to be strikingly different. In
PIB the THY and DAT groups form supramolecular thetreversible aggregates (“clusters”)
within the PIB matrix, causing a huge increase bé tviscosity compared to a

non-functionalized reference sample (pure PIB efdAme molecular weigt&jgure 593. In
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strong contrast to the behavior in solution, PIBIBAK (28b) forms a highly ordered
body-centered-cubic (BCC) lattice as determined $/XS measurements (stable up to
> 90 °C). For PIB-THY-4k Z6b) no such microphase separated structure was falitimough
the association in solution is similar to PIB-DAK-428b). As evidenced by DSC
measurements for none of the supramolecular polroéthe library crystalline domains
were found. Additionally, for all polymers time-t@erature-superposition (TTS) was
possible, further proving the absence of crystallidomains and revealing that the
deaggregation of these clusters occurs continuaths imcreasing temperature and not at a
specific temperature.

For a series of PIBs with a molecular weight of GD@/mol the formation of aggregates
caused an even more drastic increase of the vigcasnce the blank polymer chains were

already entangled (M> M.).

a) shear . b)

supramolecular
,* tie-point

sphe}ical aggregate.g
of DAT-groups
“cluster”

conventional
entanglement

Figure 59. a) Formation of aggregates of DAT groups withie PIB matrix; b) network formation due to
aggregation of bifunctional PIBs bearing hydrogemding groups — the network consists of supramddecu
tie-points and conventional entanglements.

In the case of bifunctional PIBs the (polar) clusterere interconnected via the bifunctional
PIB chains transforming the otherwise liquid polym€ly << 20 °C and M< M) into strong

but brittle rubbers at room temperature (as showfigure 59b for PIB-BA;). Upon heating

to higher temperatures (T > ~60 °C) a deaggregatiothe clusters was observed, finally
yielding the bifunctional PIBs as low viscous lidsi Therefore, these polymers behave as
supramolecular thermoplastic elastomers (supramlaedPEs)It was found for PIBs with a
similar molecular weigh that PIB-THY4k (273) reveals a higher plateau than PIB-DAJK

(293). In any case the plateau modulus was higherftivdimear high molecular weight PIBs,
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proving the presence of a dense network formedhgasupramolecular aggregates and not
via linear chain extension.

For a series of monofunctional PIBs bearing theHBA/ motif microphase segregation of the
individual hydrogen bonding group from the nonpd¥B was detected. Especially the HW
group was found to form large temperature stablgeggtes. In case of PIB-HW-4R4b)
terminal flow was only observed at high temperay®> 100 °C) since otherwise the HW
aggregates prevent flow of the PIB. In accordandé wesults from melt-rheology, these
samples again displayed an intense peak in SAXSunements, proving the formation of
aggregates. For PIB-HW-10B4c0 a pronounced rubbery plateau was found althobgh t
chains were not entangled {M M) and only monofunctional. Additionally, the bifurenal
PIBs bearing the barbituric acid group (PIB-BA32a-9 were obtained as strong rubbers at
room temperature. For PIB-BAIk (32b) a plateau modulus of 0.44 MPa, higher than for
linear high molecular weight PIBs (&= 0.25-0.32 MPa), was found. Moreover, PIB-B#k
(32b) showed a terminal flow zone at very low frequesciwith an unexpectedly high
viscosity of 20-10Pa-s (93000-times higher in comparison to thenatfonalized reference
PIB-RER-4k; 12b).

a) dynamics of
damage aggregates
— r.

b)

CJe * |

Figure 60. a) Proposed self-healing mechanism of bifunctioRlBBs bearing BA groups (PIB-BX b)
rectangles used for DMA measurements; c) macrosaghi-healing test of PIB-BA30k (329.

An increase of the molecular weight for PIB-Béid not affected the rheological properties,
revealing almost identical rheological behavior f@nms of viscosity, plateau modulus and
onset of the terminal flow region). This observatis assigned to the presence of both
supramolecular tie-points (aggregates of BA growp®] physical entanglements between

chains where both ends were trapped in aggregates (f M, < M.) (seeFigure 59b). The
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lifetime of the BA clusters as determined via nrektology was calculated to be in the range
of 1.6 to 2.5 s and thus significantly higher thiaa bond lifetime of the BA group in solution
(6-10° ps), explaining the stability of shageidure 60).

All four investigated PIBs-BAreveal a complete recovery of the mechanical pt@sein
stress-strain experiments (up to 50 % strain) dfeeng cut and being brought into contact
again for 15 min. As the supramolecular groups menu@associated (“sticky”) within the
fractured surface for a certain period of time ($égure 60a+q they can reform the
supramolecular clusters thus healing the crackradfpthat this self-healing behavior can be
attributed to the internal dynamic hydrogen bondifighe BA groups was obtained with a
“capped” barbituric acid PIB (PIB-BACap; 33a devoid of hydrogen bonding), which
displayed only liquid properties without any notethy elastic portion.

Investigations of the analogues, but in comparigp®IB significantly more polar, PnBAs
bearing the THY/DAT system revealed that no clustemation of the hydrogen bonding
groups within the relatively polar PnBA matrix walsserved. In comparison to a PnBA-REF
(16a unfunctionalized reference PnBA) the huge inageak the viscosity of bifunctional
PnBAs bearing either the THY39a or the DAT @28 groups (or a mixture of both) is
mainly caused by an unusual increase of the gtassition temperature. As a result the effect
of hydrogen bonding on PnBAs (THY/DAT system) imtieely small. Nevertheless, for high
molecular PnBAs (M~ 25000 g/mol) a rubbery plateau was found for PHABXF,-25k
(42b) and PnBA-(THY/DAT)-25k @2b+39h at low temperatures, but not for
PnBA-THY2>-25k (39b). In contrast to the order of strength in solati(DAT-DAT <
THY-THY << THY-DAT, values see above), the ordertire PnBA-melt was found to be
THY-THY << DAT-DAT < THY-DAT. While for PIB complex temperature stable
aggregates were observed for PnBA only a weak edsotwas found.

The synthesis of a broad variety of different sapskecular polymers, also in terms of the
attached group (THY, DAT, BA and HW) and functiabalof the chains (mono- and
bifunctional), allowed the combination of two diféat polymers and, therefore, two different
chain dynamics (PIB+PnBA) as well. Thus a mixturétB-BA-4k (31b) and PnBA-HW-4k
(45b) was obtained as a macroscopic homogenous liqutild & highly ordered lamellar
microstructure Kigure 61b+d), opening the possibility to study various comhioas of
PnBA/PIB polymers to get a deeper insight in theadyics of hydrogen bonding between

two different liquid polymers in the melt state.
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Figure 61; a) SAXS measurement indicating a lamel
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(0]
\ >_C7H15
N\

H,

N
%C7H15

o}
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The here conducted investigations of supramolecptdymers in the melt state reveal a

deeper insight into the behavior of hydrogen

bogdjroups and their dynamics in polymers

melts in dependence of the molecular weight ofgblymers, the polarity of the polymers

matrix, the strength of the hydrogen bonding

mantifl the functionality of the polymers. As a

result, this work not only describes a broad lipraf investigation it further opens the

possibility for continuative investigations and

gtiens several correlations.
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8. Appendix

8. Appendix
8.1. Synthesis

Synthesis of allyl-functionalyzed poly(isobutylene) (PIB) (5 and 6)

The synthesis was done under a dry atmospherdrofjan. All glassware was heated under
vacuum and flushed with argon several times befiremicals where weighed in. In a
three-neck round-bottom-flask, equipped with medarstirrer, gas tap and rubber septum,
2,6-ditert-butylpyridin (DtBP), dimethylacetamide (DMA) andiCll, were added to a
solution of dryn-hexane and dry dichloromethane (v:v = 60:40). 8gbsently, the solution
was cooled in a MeOH/Nbath (-80 °C) and the initiator was added. DCC¢$ wpeepared as a
stock solution in dryn-hexane. The polymerization was started by additbrcondensed
isobutylene (precooled to -80 °C). During the padyimation the reaction temperature was
held at -80 °C and the solution was stirred vigehpu After 10 min the reaction was
guenched by adding allyltrimethylsilane (ATMS) atigk solution was stirred for 20 min,
before methanol was added. 20 min later, most efstiivent was removed by means of a
rotary evaporatorn-Hexane was added till all polymer was dissolvetle polymer was
precipitated two times in 10-fold excess of acetorathanol (2:1). Finally, the polymer was
dried at a high vacuum pump to constant weightiding PIB-Allyl as a clear, colorless,
sticky, viscous ligiud.

5 8 11 14

2 alle 7 ]g |10 |13 16
17
3 n 12 15

'H-NMR (500 MHz, CDC)}): & 5.84(m,1H, Hg), 5.00 (m, 2H, Hy),
2.01 (d, 2H, Hs, 33y n = 7.42 Hz), 1.42 (s, n-2H,gH 1.11 (s, n-6H, B, 0.99 (s, 15 H, Hs).
3C-NMR (125 MHz, CDGJ): & 136.1 (Ge), 116.7 (G7), 59.5 (G), 58.9 (G), 58.2 (G),
55.8 (G2), 50.3(Gs), 38.2(G), 37.9(G), 37.8(Go), 35.4(Gy, 32.6(G), 32.4(G),
31.2 (G), 31.0 (@), 30.8 (G1), 29.2 (Gy).
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8. Appendix

'"H-NMR (500 MHz, CDCY): & 7.17 (s, 3H, Hhe), 5.84 (m, 2H, k), 5.00 (M, 4H, k),
2.01 (d, 4H, Hs, ®3y 1 = 7.40 Hz), 1.83 (s, 4H,d} 1.42 (s, n-2H, H), 1.11 (s, n-6H, k).
3C-NMR (125 MHz, CDGJ): & 149.0 (G), 148.5 (G), 136.1 (G4), 121.2 (G), 120.1 (G),
116.7 (Gs), 59.5 (G4), 59.4 (G2), 59.1 (Gy), 58.6 (G), 55.8 (Go), 50.3 (G3), 39.0 (G),
38.2 (Gs), 38.0(G3), 37.9 (Gg), 37.8(Gy), 35.4 (G, 34.8(G), 32.3(G), 31.6(G),
31.2 (Gg), 31.0 (Gy), 30.8 (Go), 29.1 (Gy).

Synthesis of hydroxyl-functionalyzed poly(isobutylae)s (PIB) (7 and 8)

The Synthesis was done under a dry atmospherdrofjen. All glassware was heated under
vacuum and flushed with argon several times beftdremicals where weighed in. In a
three-neck round-bottom flask, equipped with galetitap, glass stopper, septum and
magnetic stir bar, allyl-functionalized P1B/¢) was dissolved in dry THF. The solution was
sparged with nitrogen for 15 min. Subsequently;BBN solution in THF (0.5 M) was added
and the solution was stirred for 6 h at room terapge. Afterwards, the solution was cooled
in an ice bath (0 °C), and methanol and MCPBA @ntipns of 2-4 g) were added carefully.
After complete addition the reaction was stirred I8 h at room temperature. The solution
was transferred into a separating funnel adtexane (half the volume of THF) was added.
The organic layer was washed with distilled watenere the pH was adjusted to 9 using
K2CO;3, three times with a MeOHAD mixture (v:v = 3:1) and two times with distilleater.
The organic layer was dries over NaS@ltered and the solvent was removed at a rotary
evaporator. The crude product was dissolveatiexane and precipitated in 10-fold excess of
methanol. Finally, the polymer was dried in highcwam to constant weight, yielding
hydroxyl-functionalized PIB 78) as a clear, colorless, sticky, viscous liquid.r Fo

experimental details s@able 30 (appendix).
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8. Appendix

3 n 12 15 17
'H-NMR (500 MHz, CDC)): & 3.62(t, 2H, Hy, *dyn=6.71 Hz), 1.42 (s, 2-nH,eH
1.11 (s, 6-nH, k), 1.00 (s, 15H, Hs).
¥C-.NMR (125 MHz, CDGJ): & 64.0 (G7), 59.5(G), 58.8 (G), 58.2 (G), 55.6 (G2,
41.5 (Gs), 38.2(G), 37.9(G), 37.8(Gy), 34.8(Gay), 32.6 (Q), 32.4(G), 31.2(GQ),
30.9 (G), 30.8 (Gy), 29.4 (Ga), 27.8 (Ge).

'H-NMR (500 MHz, CDCY): & 7.17 (s, 3H, khe), 3.61 (t, 4H, Hs, %3y 1 = 6.70 Hz),
1.83 (s, 4H, B, 1.42 (s, n-2H, H), 1.11 (s, n-6H, H).

13C-NMR (125 MHz, CDGJ): & 149.0 (G), 148.5 (G), 121.2 (G), 120.1 (G), 64.0 (Gy),
59.5 (G4), 59.3 (G2), 59.1(Gy), 58.6 (G), 55.6 (Gy), 41.5(Gy), 39.0(G), 38.2(Gy),
38.0 (G3), 37.9 (Gg), 37.8(Go), 34.8 (Go), 34.8(G), 32.3(G), 31.7 (G), 31.3(G),
30.9 (G), 30.8 (Go), 29.4 (G1), 27.8 (Ga).

Synthesis of bromine-functionalyzed poly(isobutylee)s (PIB) (9 and 10)

The Synthesis was done under a dry atmospherdrofen. All glassware was heated under
vacuum and flushed with argon several times beftiremicals where weighed in. In a
two-neck round-bottom flask hydroxyl-functionalizB¢B (7/8) and carbon tetrabromide were
dissolved in dry DCM. The solution was cooled iniea bath (0 °C) and triphenylphosphine
(TPP) dissolved in dry DCM (1 g TPP in 5 ml DCM)svadded dropwise. After the addition
was complete the solution was stirred for 12 hoat temperature. The solvent was removed
in vacuum and the residue was suspendedhexane. The precipitate was allowed to set and
the supernatant organic layer was removed via fgipafterwards, the precipitate was again
suspended im-hexane and the organic layer was removed as Hedcrirhen, the organic
layers were combined antthexane was evaporated. The crude product wasigulrify
column chromatography (Sion-hexane/ethyl acetate = 40:1) yielding bromine-funatized
PIB (9/10) as a clear, colorless, sticky, viscous liquidt Experimental details sédable 31

(appendix).
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8. Appendix
TLC: n-hexane/ethyl acetate = 40:1{RIB-Br) = 0.95; RTPP) =0

5 8 11 14
1 2 416 1_]9g 10 13 16 Br
3 n 12 | 15 37

'H-NMR (500 MHz, CDC}): & 3.37 (t, 2H, Hy, 3y =6.91 Hz), 1.42 (s, 2nH, ¢ 1.11
(s, 6nH, H), 0.99 (s, 15H, Hs).

¥C-.NMR (125 MHz, CDGCJ): & 59.5(G), 58.9 (G), 58.2 (G), 55.7 (G, 44.1 (Gs),
38.2 (G), 37.9(G), 37.8(Go), 34.9(Gs), 34.8(Gy), 32.6(GQ), 32.4(G), 31.2(GQ),
30.9 (G), 30.8 (Gy), 29.4 (GJ), 28.2 (Ge).

'H-NMR (500 MHz, CDCY): & 7.17 (s, 3H, khe), 3.37 (t, 4H, Hs, %3y 1 = 6.91 Hz),
1.83 (s, 4H, k), 1.41 (s, n-2H, H), 1.11 (s, n-6H, k).

3C-NMR (125 MHz, CDGJ): & 149.0 (G), 148.5 (G), 121.2 (G), 120.1 (G), 59.5 (Ga),
59.2 (G2), 59.1 (G7), 58.6 (G), 55.7 (Go), 44.1(G3), 39.0 (G), 38.2(Gs), 38.0 (Gy),
37.9 (Gg), 37.8(Go), 34.9 (G1), 34.8 (G), 34.8(Gs), 32.3(G), 31.6(G), 31.2 (G),
30.9 (Gy), 30.8 (Gy), 29.4 (Gy), 28.2 (G).

Synthesis of azide-functionalyzed poly(isobutyleng)PIB) (11 and 12)

The synthesis was done under a dry atmospheregohaAll glassware was heated under
vacuum and flushed with argon several times befdremicals were weighed in. In a
two-neck round-bottom flask, equipped with gas tirtegp, magnetic stir bar and septum,
bromine-functionalized PIB9/10) was dissolved in dry THF. Tetrabutylammonium fide
(TBAF) was added as a 1 M solution in THF. Subsatiyeazidotrimethylsilane (TMSA)
was added and the solution was heated to 50 °Csdlaéon was stirred at 50 °C for 5 hours.
Afterwards, the solvent was removed in vacuum,réstdue was dissolved mhexane and
washed 5 times with distilled water. The organigelawas dried over N8O, and filtered.
Then, the solvent was removed and the crude prodlastdried at a high vacuum pump to
constant weight, yielding azide-functionalized P(BL/12) as a clear, colorless, sticky,
viscous liquid. For experimental details Jexble 32 (appendix).
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'H-NMR (500 MHz, CDCY): & 3.23(t, 2H, H7, 33in=6.94 Hz), 1.42 (s, n-2H,eH
1.11 (s, n-6H, k), 0.99 (s, 15H, Hs).

¥C.NMR (120 MHz, CDCJ): & 59.5(G), 58.8 (G), 58.2 (G), 55.7 (G»), 52.4 (G»),
42.5 (Gs), 38.2(G), 37.8(G), 37.8(Go), 34.9 (G3), 32.6(G), 32.4(G), 31.2(GQ),
30.9 (G), 30.8 (G1), 29.3 (Gy), 24.0 (Gy).

'H-NMR (500 MHz, CDCY): & 7.17 (s, 3H, lhe), 3.23(t, 4H, Hs, *Jyp = 6.95 Hz),
1.83 (s, 4H, k), 1.41 (s, n-2H, H), 1.11 (s, n-6H, k).

13C-NMR (125 MHz, CDG)): & 149.0 (G), 148.5 (G), 121.2 (G), 120.1 (G), 59.5 (Ga),
59.2 (Gp), 59.1(Gy), 58.6 (G), 55.7 (Go), 52.4 (Gs), 42.5(Gs), 39.0(G), 38.2(Gy),
38.0 (Ga), 37.8(Gg), 37.8(Go), 34.9 (Gy), 34.8(G), 32.3(G), 31.6 (G), 31.2(G),
30.9 (G1), 30.8 (Go), 29.3 (Gy), 24.0 (G).
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Synthesis of bromine-functionalyzed polyg-butyl acrylate)s (PnBAs) (13 and 14)

The synthesis was accomplished via a modified nieteported by Coessees al*’? The
Synthesis was done under a dry atmosphere of eittogll glassware was heated under
vacuum and flushed with argon several times befiremicals where weighed in. In a
Schlenk-tube (50 ml) dNbpy, dry benzene andrdbutyl acrylate were added. Three freeze-
pump-thaw-cycles were performed and the solutioa atlowed to reach room temperature.
The Schlenk-tube was transferred into a glove-bod &u(l)Br was added. Then, the
Schlenk-tube was removed from the glove-box andsthlation was stirred for 15 min at
room temperature, till all the Cu(l)Br was dissalvaend the copper(l)-complex was formed
(~15 min). Absolute MBPP was added and the solutias heated at 80 °C. The conversion
was monitored by removing small sample volumessyiange (0.1 ml) and conducting a
GPC measurement. When the desired molecular weightreached, the reaction was cooled
to room temperature, opened to the atmosphere, Wa-added (same volume as reaction
volume) and the solution was stirred for 30 mineTesulting green solution was passed
through an AlOs-column (neutral), the solvent was removed and allssamount of THF was
added. After the polymer was precipitated into e&OWéwater mixture (v:v = 6:4), the crude
polymer was dissolvend in THF and purified via géals (solvent THF; regenerated cellulose
dialysis tubings; MWCO 1000) for 2, 4 and 12 h. dHyy the solvent was removed and
PnBA-Br (13/14) was dried in high vacuum to yield a pale yelldawy viscous liquid. For

experimental details s@able 36 (appendix).

11 18
'H-NMR (400 MHz, CDC)): & 4.15 (t, 2H3Jn = 6.3 Hz, Hs), 4.01 (M, n-2H, bl15.19,
3.60(s, 3H,H), 261 (m, 1H, H), 2.25(m, n-1H, k), 1.88-1.33 (M, n-6H, 4 10,12,16,1)
1.09 (d, 3H, H), 0.90 (t, n-3H33}; 1 = 7.35 Hz, H 19.
3C-NMR (100 MHz, CDGJ): § 176.1 (Q), 174.3 (G), 169.1 (G4), 65.7 (Gs), 64.3 (G),
51.4 (G), 41.4 (G), 37.2 (G), 36.6-34.2 (G319, 31.8(G2), 30.5(G), 19.0 (Go1),
16.6 (G), 13.6 (G1.19.
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yyyyy

13C-NMR (100 MHz, CDG)): 5 175.4 (G), 174.3 (G), 169.2 (G), 77.2 (G), 65.8 (Go),
64.3 (G), 51.3(G), 41.3(G), 36.3-34.3 (G10141), 31.8(G3), 30.6 (G), 22.6 (G),
19.0 (G119, 13.6 (G2,19.

Synthesis of azide-functionalyzed poly(-butyl acrylate)s (PnBAs) (15 and 16)

The synthesis was accomplished via a modified ntethported by Coessers al?’*%"? |n

a one-neck round-bottom flask (50 ml) PnBA-Bi3/(4) (1 equ.) was dissolved in DMF
(3 mL DMF per 1 g PnBA-Br) and sodium azide (1.5.¢qvas added. The resulting solution
was stirred for 5 h at 35 °C. Chloroform was added the organic layer was washed twice
with distilled water, once with Brine and once wadtlstilled water. Then, the organic layer
was dried over N&O,, filtered and the solvent was removed. Finallg pnoduct was dried

in high vacuum to yield PNBA-N1516) as a pale yellow viscous liquid.
0]

5 12
3 6 13_N
7=0 O
4 14

1" 18
'H-NMR (500 MHz, CDCY): & 4.14 (t, 2H3)}n = 6.6 Hz, Hs), 4.00 (m, n-2H, b,

3.82 (m, 1H, H3), 3.61 (s, 3H, ), 2.54 (m, 1H, H), 2.25 (m, n-1H, k),
1.88-1.32 (M, n-6H, &b 1012.161), 1.08 (M, 3H, H), 0.89 (t, n-3H, kh+18 Jip = 7.4 Hz).
3C-NMR (125 MHz, CDG)): & 176.1(G), 174.9-174.0 (), 169.8 (Gs), 65.7 (Gs),
64.7-64.2 (G), 60.2 (G3), 51.4 (G), 41.3 (Q), 37.2(G), 36.6-33.8 (Gi19, 31.7 (Go),
30.5 (G), 19.0-17.6 (Go+17), 16.7 (G), 13.6 (G1+19.
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'H-NMR (400 MHz, CDCY): & 4.17 (t, 4H, 33 n = 4.17 Hz, He), 4.04 (m, n-2H, k),
3.85 (M, 2H, Hy), 3.63 (s, 6H, i), 2.27 (m, n-1H, k), 1.90-1.19 (M, n-6H, K 1011131718
0.90 (t, n-3H%3, 11 = 7.3 Hz, H2.19.

13C-NMR (100 MHz, CDGJ)): & 175.4 (G), 174.4 (G), 169.9 (G, 77.2 (G), 65.8 (Gy),
64.4 (G), 51.4(G), 41.4(G), 36.3-34.0 (Gi0141), 31.8 (Ga), 30.6 (G), 22.6 (G),
19.1 (G119, 13.7 (G2.19.

8.1. NMR-titration experiments

8.8+ . 56 . 14,0 - .
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u
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! 55 P Model: K_Assn (User)
_ 8.4 - Model: K_Dim (User) _ P | Model: K_Dim (User) 11,04 w7 T=20°C
€ ’ WS E ® |T=207C 3 g Chi2 = 0.0637
< o 9 a w 5 a /
S gyl Chi€ =7.0E-5 = Chi® = 1.7E-5 £ 10,04 LY R2 = 0.9799
© ol RZ=0.99879 “© 54 e R2 = 0.99693 © 4 Dh =829
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Figure 62 NMR-titration experiments in CDglfor monofunctional PIBs bearing THY or DAT moietiea)
NMR-titration experiment for the THY-THY interactiausing PIB-THY-4k 88a); b) NMR-titration experiment
for the DAT-DAT interaction using PIB-DAT-4k4(a); c) NMR-titration experiment for the THY-DAT
interaction using PIB-THY-4k38a) and PIB-DAT-4k §41a).

a) Interaction: HW-HW b) 9, Interaction: BA-BA G Interaction: BA-HW
9,4 ’
— [ ] ] 8,4 - [} - =
L] 9,0
-
] -
92 . 88 ’ .
e - - 8,2 Model: K_Assn (User)
Tool w Model: K_Dim (User) T 864 Modek: K_Dim (User) = . T=20°C
= / T=25°C g - T’_225 c g . Chi2 =0.0019
b 4 Chi2 = 0,00262 o 841 ) Chi€ =0,00219 P / R2 =0.95709
e R2 = 0.95586 y R2 = 0.99017 ol Dh =7.89 +- 0.03
e 82{ / Dh=7.91 ! [ Dc = 8.48 +/- 0.16
Do=9.8140123 p, Dc = 10.86 £ 030 [H] = 0.00097 [mol/]
y .
86" K, = 61.52£ 18.61 M" 80+ Ky, = 1211 £ 2.56 M Kassn = 60310 + 20020 M1
.
) . | | 78 . . ! . 7.8 : '
0,00 0,01 002 003 004 0,00 001 002 003 004 005 0,0000 0,0005 0,0010 00015
¢ [mol/] ¢ [mol/] [G] [mol/]

Figure 63. NMR-titration experiments in CDglfor monofunctional PIBs bearing BA or HW moietie®.

NMR-titration experiment for the HW-HW interactiarsing PIB-HW-4k 84b); b) NMR-titration experiment
for the BA-BA interaction using PIB-BA-4k3(b); ¢c) NMR-titration experiment for the HW-BA interion

using PIB-HW-4k 84b) and PIB-BA-4k 81h).
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a)*“’ Interaction: THY-THY b) ®7 Interaction: DAT-DAT C) 4.0 |nteraction: THY-DAT
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Figure 64. NMR-titration experiments in tolueng-tbr monofunctional PnBAs bearing THY or DAT mogsi
a) NMR-titration experiment for the THY-THY interdmn using PnBA-THY-2k 888 b) NMR-titration
experiment for the DAT-DAT interaction using PnBAAD-2k (418) c) NMR-titration experiment for the THY-
DAT interaction using PnBA-THY-2k38a) and PnBA-DAT-2k 413).

8.2. Evaluation of MALDI-TOF-MS measurements & detaled synthesis tables

PIB-DAT-4k (28a)

For monofunctional PIB-DAT 288 the best MALDI-TOF-MS spectrum was obtained by
ionization with Li-ions (LiTFA:dithranol:analyte £:100:10) showing two series, where each
series of peaks is separated by ~56 Da, the mas®e adobutylene repeating unit (calculated
= 56.1 Da). The most intensive signal of the maines at 2050.592 Da can be assigned to a
species [M-H] (CiagH26Ng; n = 30), a value that agrees well with the thecaém/z value

for a species [M-H]of 2050.117 DaAm = 232 ppm). The most intensive signal of the mino
series at 2056.598 Da can be assigned to a sgétie§ ™ (CiagHaeeNsLiz; n = 30), a value
that agrees well with the theoretical m/z value dospecies [M-L{] of 2056.126 DaAm =

230 ppm).

PIB-BA »-Cap (33)

For PIB-BAx-Cap @B3) the exchange of the acidic COHNCO protons is not possible.
Therefore, in contrast to PIB-BA, the MALDI-TOF-Mectrum of PIB-BA-Cap3@) shows
only one series, where the series of ions is segghlay ~56.06 Da, the mass of the PIB
repeating unit (calculated 56.06 Da). The most nisitee signal of the main series at
2844.550 Da can be assigned to a species [M- @&JkoH33sN1006Ag1; N = 32), a value that
agrees well with the theoretical m/z value for @ces [M-Ag[ of 2844.5406 DaAm =

3 ppm). Furthermore, the calculated isotopic pattd#rthe main series match well with the

observed pattern.

PIB-HW ,-4k (35a)
For PIB-HW,-4k (358) the best spectrum was obtained by ionization wighions (matrix:
DCTB:AgTFA:Analyte = 100:1:10), showing one serieshere each series of ions is
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separated by ~56 Da, the mass of the repeatingaaidulated 56.1 Da). The most intensive
signal of the main series at 3440.5@¥2 can be assigned to a species [MiddNa]*
(CoogH32MN2005A01LIgNag; N = 25), assuming the exchange of seven of thdeaprotons of
the Hamilton wedge by other oK% in good agreement with the theoretical m/z vatureaf
species [M-AgLigNa]* (n = 25) of 3440.5672 DaA(n = 30 ppm). The calculated isotopic
pattern matches well with the experimental obserpadtern. Although evidenced via
'H-NMR, a series originating from the incompletedtianalized product was not observed in
MALDI-TOF-MS measurements, indicating only a snpadttion of the side-product.

PnBA-N3-4k (15b)

For PnBA-N; 15b the best spectrum was obtained by ionization Wighions (matrix: 1AA;
matrix:salt:analyte = 100:1:10J.he spectrum shows three important series Fsgere 65),
where each series of ions is separated by ~128h@anass of the repeating unit (calculated
128.17 Da).

a) b)

A=128 Da
2842.6 Da 2971.5Da

intensity [a.u.]

WAL ““ﬂn“. b\_Ju)L_ NU LJLU

2000 2500 3000 3500 4000 4500 5000 m/iz 2700 2800 2900 3000 3100  3200m/z
Figure 65. MALDI-TOF-MS spectrum of PnBA-§(15b).
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The most intensive signal of the main series atlZ¥}6 Da can be assigned to a species
[M-N3z-NaJ] (CiseH271N304eNay; n = 21), a value that agrees well with the thtcaé m/z
value for a species [M-Na]n = 21) of 2970.889 DaA(h = 207 ppm). For the first minor
series the most intensive signal 2942.853 Da caradsigned to a species [M-MWa]J’
(C1s8H271N1046Nayg; n = 21), which is in good agreement with the tiedoal m/z value for a
species [M-N-NaJ (n = 21) of 2942.883 Da\(n = 10 ppm). For this series; Mas released
from the azide end group during the ionization pesc The most intensive signal of the
second minor series at 2801.459 Da can be assigoeda species [M-HNaJ]
(C151H261044N&; n = 20), in good agreement with the theoreticalug of 2801.804 Da
(Am =123 ppm). Here the azide group was exchanged lpyoton during the ionization
process. For all series the calculated isotopitepa match well with the observed patterns

(although only visible for low molecular weight s

PnBA-DAT »-4k (42a)

a) A=128.1Da g b)
8o
/N T3
4006.98 Da  4135.073 Da < 3 g .
1. 2 8 = 2
N g pry S &
Fl S v 5
S b
> o
o o @
= g b
LJ Ll n l ‘ LJ l l Lo SRR VOV . VY Yo et Aupind l‘l
3000 4000 5000 6000 miz 4000 4100 4200 4300 4400 m/z

Figure 66. MALDI-TOF-MS spectrum of PnBA-DAT42awith M,, = 4000 Da.

For PnBA-DAT,-4k (423) the best spectrum was obtained by ionization Wekions (matrix:
IAA:NaTFA:Analyte = 100:10:1), showing one importaseries, where each series of ions is
separated by ~128.1 Da, the mass of the repeatiig(ealculated 128.08 Da). The most
intensive signal of the main series at 4006.981cBa be assigned to a species [M-Na]
(Co10H34dN16056Nay; N = 23), in good agreement with the theoreticat walue for a species
[M-Na]" (n = 23) of 4007.4211 Da\(n = 110 ppm). The calculated isotopic pattern megch

well with the observed pattern (see inseffigure 66a).
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PnBA-THY ,-Cap (40)

—_ <
a) A=128.1Da E b)
/N 3
L\r(‘jm
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Figure 67. MALDI-TOF-MS spectrum of PnBA-THY¥-Cap-4k @0) with M,, = 4000 Da.

For PnBA-THY,-Cap @0) the best spectrum was obtained by ionization vi&-ions
(matrix: IAA:NaTFA:Analyte = 100:10:1), showing twimportant series, where each series
of ions is separated by ~128.1 Da, the mass ofgpeating unit (calculated 128.1 Dahe
most intensive signal of the main series at 36434 can be assigned to a species [M}Na
(C1ssH30dN10054Nag; N = 21), in good agreement with the theoreticat walue for a species
[M-Na]* (n = 24) of 3641.142 Da\(n = 91 ppm). Binder et al. reported that the acii©O—
NH-CO- proton of the thymine group can be exchanged dutirgy ionization process,
leading to molecule ions bearing, e.g., severasoditoms, but only one positive chafgdl
This kind of exchange is not possible ff¥since the —-CO-N—-CO- position is blocked with
methyl groups (—CO—8H;—CO-). Kurinovichet al reported for several uracil derivates,
which are very similar to thymine, that beside Hieand N3 sites (which are both capped in
the above mentioned case), the C5 and C6 siteaddlare positions with relatively high
acidity as welf*¥ Therefore, one can assume an exchange of thecgmidtons of the
thymine groups in the C6 position leading to a ssefM-Na]". For the first minor series the
most intensive signal of the at 3727.514 Da canalsigned to a species [M-K]
(C1o4H320N10056K; N = 22), whereby only one of the two thymine @pe bears the methyl
group, indicating incomplete functionalization. &nthe integration itH-NMR fits well
with the expected values (see 5.4.11.) one camassoe content of the monofunctionalized
side-product to be negligible small. The theorétio&z value for a species [M-K]n = 22) is
3727.220 Da, a value that agrees well with theaigih 3727.514 DaAfm = 79 ppm). The
calculated isotopic patterns of the main and fingtor series match well with the observed

patterns.
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PnBA-BA -4k (44a)

a) 3 b)
~0
©©
ES
A=128.1Da 8
PERN
3685.08 Da  3813.15 Da 8 5
/ 2
&

3686.095
3687.068
3688.099
3043.726

3193.768

‘.

" MM! ']WWM’A "M"‘JUW'MW’“MMWMWM" MMM «1{\'“WM}""M"WNWWMqu‘

2500 3500 4500 5500 6500 m/z3050 3100 3150 = 3200 = 3250m/z
Figure 68. MALDI-TOF-MS spectrum of PNBA-BA4k 44awith M, = 4000 Da.

3065.724
3215.748

3059.694
3187.763

——a

L LA

For PnBA-BA-4k (449 the best spectrum was obtained by ionization Wighions (matrix:
IAA:NaTFA:Analyte = 100:10:1). Four important sesiavere visible, where each series of
ions is separated by ~128 Da, the mass of the PmpAating unit (calculated 128.17 Da).
The most intensive signal of the main series atb3@® Da can be assigned to a species
[M-Na]" (Cio2H31N100s56Nay; n = 21), in good agreement with the theoretivé value of
3685.2306 DaAm = 40 ppm). Assuming the exchange of acidic CB-RO protons of the
barbituric acid groups, the most intensive peatheffirst minor series at 3707.064 Da can be
assigned to a species [M-MN&C19:H31N10056Na; n = 21), in agreement with the theoretical
m/z value of 3707.2126 Da\(n = 40 ppm). For a species [M-K[C1oHz18N100s6K1; N = 21)
the theoreticalm/z value of 3701.2043 is in good agreement with tkgeemental value of
3701.058 DaAm = 40 ppm) of the second minor series. The mosthsive signal of the third
series at 3729.074 Da can be assigned to a s#tiblss]” (CrodHa1eN100s6Nag; n = 21), in
good agreement with the theoretioa value of 3729.1945 Da(n = 32 ppm).
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PnBA-HW ,-4k (46a)
a) b)

A=~128 Da

/N

4986.97 Da  5115.50 Da
N

4986.974
5115.499
5244.624

intensity [a.u.]

I AJ

3000 4000 5000 6000 7000 8000 m/z 5000 5100 5200
Figure 69. MALDI-TOF-MS spectrum of PnBA-HW4k 46awith M,, = 5000 Da.

5300 m/z

For PnBA-HW-4k (468) the best spectrum was obtained by ionization Widhions (matrix:
IAA:NaTFA:Analyte = 100:10:1). Three important sssiwere visible, where each series of
ions is separated by ~128 Da, the mass of the PmpAating unit (calculated 128.17 Da).
Assuming the exchange of amide protons of the Hamivedge, the most intensive signal of
the main series at 4986.974Da can be assigned tospacies [M-Ngis]®
(Co70H411N20062NayLis; n= 25), in good agreement with the theoretioakz value of
4987.0424 DaAm = 14 ppm). The most intensive signal of the secseries at 5264.963 Da
can be assigned to a species [MdANg" (CoeaHa34N20066N&Lis; N = 27), in good agreement
with the theoreticahvz value of 5265.1919 Da\(n = 44 ppm).For the third series the most
intensive peak at 5158.911Da can be assigned to species [M-Nglisg]
(Co7H421N200saNagLis; n = 26), in good agreement with the theoretioakz value of
5159.090 DaAm = 35 ppm).
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Table 29 Experimental details for the synthesis of aliyhtinalized PIBs (PIB-Allyl).

V(Hex) : c
pg | M | M B V(DCM) initiator DMA DIBP Ticl, quenching | Mapo)” | Mo | ppy | yielq
[0] [g/mol] [ml] agent [a/mol] [g/mol]
267.0 mmol TMPCI (1) 1.91 mmol | 1.91 mmol | 47.4 mmol ATMS 14.4 g
5a% | 150 | 3000 24.0 ml e 5.27 mmol 1780l 429uL 5.2 ml 158 mmol | 3080 | 3000 | 113[
0.7 mol/l 900puL 5.0 mmol/l 5 mmol/l 124 mmol/l 2.5 ml ’
267.0 mmol TMPCI (1) 1.34 mmol 1.34 mmol 30.5 mmol ATMS 145¢g
5b% | 15.0 | 10000 | 24.0mi 183 1.52 mmol 1241 3004L 3.3 ml 46mmol | 8500 8670 | 11d _
1 mol/l 260uL 5 mmol/l 5 mmol/l 114 mmol/l 0.7 ml '
232.0 mmol DCCI (2) 1.66 mmol | 1.66 mmol 38.5 mmol ATMS 124 ¢
6a® | 13.0 | 3000 19.0ml gg 4.81 mmol 154 pL 372 uL 42 m 289 mmol | 2400 | 2380 | 1.12 i
0.7 mol/l 1382.1 mg 5 mmol/l 5 mmol/l 116 mmol/l 4.6 ml 95.4 %
116.0 mmol DCCI (2) 0.58 mmol 0.58 mmol 10.7 mmol ATMS 6.49
6b" 6.5 10000 9.5 ml 4712 0.67 mmol 54 uL 130 pL 1.2 ml 4.02 mmgl 8600 8740 1.16 98.6 %
1 mol/l 192.5 mg 5 mmol/Il 5 mmol/l 92 mmol/l 0.7 ml '
@ Monofunctional PIBs? bifunctional PIBs® external calibration with PIB standards.
Table 30 Experimental details for the synthesis of hydiexyctionalized PIBs (PIB-OH).
Mpip- b V(9-BBN) c
PIB | educt ?2;]. '\[’g”/(r%)] Nerg-Aly V([L'HF) 9-BBN ()[,r?]l]l\/l V(MeOH) MCPBA 7r8§/';/lcpftﬁ?ty '\[’én/(r%%cli '[\gmgﬁ) PDI | yield
4.60 mmol 55.2 mmol 9.0 ml 138 mmol 13.0¢g
7a® | sa | 138 | 3000 | 13.1mmoll | 350 o 110.4 | THF:MeOH | 3943 mmoll| 3404 3000 | 2950 | 1.13
mmol/| 93.8 %
1 equ. 12 equ. 39 30 equ.
1.88 mmol 11.3 mmol 10.0 ml 56.4 mmol 159¢g
7b® 5b 16.0 8500 9.4 mmol 200 56.5 22.6 THF:MeOH | 282.0 mmol/l 139¢ 7800 7850 | 1.12
mmol/| 99.3 %
1 equ. 6 equ. 20 30 equ.

aMonofunctional PIBs® molecular weight of the allyl-functionalized presar;°external calibration with PIB standardgjeld of the transformation step from PIB-Allyl RiB-OH.
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Table 31 Experimental details for the synthesis of brorfimectionalized PIBs.

PIB educt m?g]-o'* '\[’é”/ﬁ’(;ﬁb NpiB-oH V([?n(f]M) CBr, TPP '\[’é"/ﬁocﬁc '[\gmgﬁ) PDI yield
4.33 mmol 26.0 mmol 26.0 mmol 125¢g
9a? 5a 13.01 3000 19.7 mmol/l 220 8.62¢g 6.82 g 2800 2840 1.12 96.2 %
1 equ. 6 equ. 6 equ.
2.04 mmol 12.2 mmol 12.2 mmol 15.7¢g
9b? 5b 15.9 7800 10.2 mmol/l 200 4.06 g 3.21¢ 7700 8000 1.12 98.7 %
1 equ. 6 equ. 6 equ.

aMonofunctional PIBs® molecular weight of the hydroxyl-functionalized puesor;® external calibration with PIB standardsjeld of the transformation step from PIB-OH to FBB.

Table 32 Experimental details for the synthesis of azideetionalized PIBs.

PIB | educt mf’éﬁi-Br '\[g"/ﬁﬁ]b NpiB-BR V([m':) TBAF“'\;‘ THF TMSA '\[g"/ﬁ(’;{ '[\gmgﬁ PDI yield®
4.46 mmol 26.76 mmol 26.76 mmol 12.01¢g
11a® 9a 12.5 2800 22.32 mmol/l 200 26.8 ml 3.6 ml 2600 2890 1.12 96.1 %
1 equ. 6 equ. 6 equ.
2.01 mmol 6.03 mmol 6.03 mmol 15.28 g
11c? 9b 15.7 7700 9.14 mmol/l 220 6.0 mi 0.8 ml 7700 7800 1.11 97.3%
1 equ. 3 equ. 3 equ.

2Monofunctional PIBs® molecular weight of the hydroxyl-functionalized puesor; external calibration with PIB standardsjeld of the transformation step from PIB-OH to FBB.
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Table 33 Experimental details for the synthesis of 2,Gvdietriazine-functionalized PIBs (PIB-DAT) via aeilkyne-“click” reactions.

reaction time [h]

Mpig-Azi Mgpc® solvent | M a| M .
PIB | educt| ' "iB-Azde GPC NPIB-Azide alkyne catalyst TBTA DIPEA ower [W nGPC | pp) n, NMR ield
ol | [g/mol] y y emeratrercy| M| [ofmol fg/mo] |
88 umol Cul(P(OE iP 1.5
68 umol L [CUPOED] |14 mol | 140umol 5 74 mg
a 19.9 mg 7 umol 100 W 1.5 e e
28a“ | 11b 0.19 2800 - - 3200
11.3 mmol/l 19 2.5mg 7.2 mg 25l 90 T3 38.9 9
- 0
1 equ. 1.3 equ. 0.1 equ. 0.2 equ. 2 equ. =6
1.12 mmol | [Cul(P(OR))] iP 10
930umol 186 umol 1.86 mmol 23 1.03 ¢
a 251.2 mg 93 umol W 10 e e
28b lla 2.42 2600 50 - - 4000
18.6 mmol/I 19 33.2mg 98.7 mg 332l 90 T30
42.6 %
1 equ. 1.2 equ. 0.1 equ. 0.2 equ. 2 equ. =50
32 umol Cul(P(OE iP1
15 umol L [Cul(P(OEY)] 6 umol 58 umol 21 45 mg
: 7.2 mg 3 umol w1 e e
29a 12a | 49.5mg| 3400 50 - - 3700
3.7 mmol/l 19 1.0 mg 3.1 mg 10ul 90 T2
90.9 %
1 equ. 2.2 equ. 0.2 equ. 0.4 equ. 4 equ. =4
0.25 mmol | [Cul(P(OEt))] iP 10
0.20 mmol 0.041 mmol | 0.41 mmol 10 180 mg
a 56.3 mg 0.02 mmol W 10 e e
28d lic 1.52 7700 50 - - 7900
4.4 mmol/l 19 7.1 mg 21.0 mg 73puL 90 T25
11.9 %
1 equ. 1.2 equ. 0.1 equ. 0.2 equ. 2 equ. =45
0.19 mmol | [Cul(P(OE®S))] iP7
0.16 mmol 32 umol 0.32 mmol 17 727 mg
a 43.2 mg 16 pmol W7 e e
28e” | 1ic 1.3 7700 50 - - 7600
5.5 mmol/l 19 5.7 mg 16.9 mg 57 uL 80 T 15
55.9 %
1 equ. 1.2 equ. 0.1 equ. 0.2 equ. 2 equ. =29

2 Monofunctional PIBs; bifunctional PIBs;® molecular weight of the azide-functionalized precur ¢ external calibration with PIB standardsM,-values determined via GPC-

measurements are considerably underestimated, fiyothae to interaction of the 2,6-diaminotriazin®wgp with the column materidinot possible due to poor resolution of the initiato

fragment. Abbreviations: iP = isopropanol; W = wai@ = DMSO; T = toluene.
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Table 33 (continuation).

m M ¢ reaction time [h] Solvent | M d M
PIB | educt E’r'a'A]Z'de [ ”;ﬁg? 1| Meieace alkyne catalyst catalyst [ TBTA DIPEA power [W] (] [ ";ﬁgﬁ] PDI® [ nr(r’:('\)/lﬁ)] yield
9 9 temperature [°C 9 9
31 pumol | CuSQ-5H,0 NaAsc iP=1
26 pmol 5.2 pmol | 0.1 mmol 17 36 mg
a 7.0 mg 5 pumol 52 umol W=15 o o
28c%| lla 68 2600 50 - - 2740
5.78 mmol/l 19 1.2 mg 10.5 mg 2.8 mg 19 pol 80 T2
52.9 %
1 equ. 1.2 equ. 0.2 equ 2 equ. 0.2 4 equ. =45
31.2 umol| [Cul(P(OEg))] CuBr T=05
3.12 umol 0.6 umol | 18.7 umol 17 6.0 mg
a 7.0 mg 0.3 umol 31.2 umol W =0.25 ]
28f%| 11d 89 28600 100 23500 | 1.1 -
3.12 mmol/l 19 0.1 mg 4.5 mg 0.3 mg 3.3 puL 100 D=0.25
6.7 %
1 equ. 10 equ. 0.1 equ. 10 equ. | 0.2 equ. 6 equ. =1
0.11 mmol| [Cul(P(OE}))] T=20
89.4 pmol 17.9 pmol| 0.18 mmol 17 654 mg
a 24.7 mg 8.9 pmol W=28
30a”| 1lc 688 7700 - 25 - 6300 1.1 8200
2.5 mmol/l 21 3.2 mg 9.5 mg 31.9 pL 70 iP=8
92.1 %
1 equ. 1.2 equ. 0.1 equ. 0.2 equ. 2 equ. =36

aMonofunctional PIBs

® bifunctional PIBs® molecular weight of the azide-functionalized pracur® external calibration with PIB standard#/-values determined via GPC-

measurements are considerably underestimated, igyothae to interaction of the 2,6-diaminotriazimegp with the column materidinot possible due to poor resolution of the initiato
fragment. Abbreviations: iP = isopropanol; W = wai@ = DMSO; T = toluene.
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Table 34 Experimental details for the synthesis of bargtacid-functionalized PIBs (PIB-BA) via azide/ghe-“click” reactions.

Mp|s-Azide Mn(GPCC reaction time [h] solvent| Mpnwr) d Mn(GPcd ;
PIB | educt [ma] [g-mor ] NpiB-Azide alkyne22 catalyst catalyst Il TBTA DIPEA power [W] m || mo[l] PDI [g-mor] yield
9 9 temperature [°C 9 9
22 pumol | [(Phs)P]:CuBr iP 0.5
0.017 mmol 3.4 pmol | 0.10 mmol 17 11 mg
a 1.7 umol W 0.5
3la®| 11b 46 2800 4.9 mg - 50 3800 1.2 2700
6.8 mmol/l 1.6 mg 1.8 mg 18 pL 90 T15
23.9 %
1 equ. 1.3 equ. 0.1 equ. 0.2 equ. 6 equ. =25
0.345 mmol| [(Phs)P]sCuBr CuBr iP 10
0.23 mmol 46 umol | 1.38 mmol 7 316 mg
a 23 umol 1.74 mmol W 10
31b%| 1la 599 2600 76.7 mg 50 3800 11 2400
5.75 mmol/l 21.4 mg 250 mg 24 mg 246 pL 80 T20 527 00
. 0
1 equ. 1.5 equ. 0.1 equ. 7.56 equ. | 0.2 equ. 6 equ. =40
0.16 mmol | [(Phs)P]sCuBr CuBr iP 4
0.13 mmol 26 pmol | 0.78 mmol 17 554 mg
a 13 pmol 1.3 mmol W 4
31c®| 1lilc 1000 7700 34.7 mg 25 7000 11 6500
8.13 mmol/l 12.1 mg 186.4mg | 13.8mg | 139 puL 90 T8 ==
- 0
1 equ. 1.2 equ. 0.1 equ. 10 equ. 0.2 equ. 6 equ. =16
0.13 mmol | [(Phs)P]sCuBr CuBr iP5
0.033 mmol 6.6 umol | 33 umol 17 479 mg
a 6.6 pmol 0.33 mmol W5 .
31d%| 11d 945 28600 30 mg 25 - 1.1 | 27200
1.65 mol/l 6.1 mg 7.3 mg 3.5 mg 59 uL 90 T10
50.7 %
1 equ. 4 equ. 0.2 equ. 10 equ. 0.2 equ. | 10equ. =20
0.14 mmol | [(Phs)P]sCuBr CuBr iP1
0.063 mmol 12.6 pmoll 0.63 mmol 17 33 mg
s 12.6 pmol [ 0.063 mmol W1
32a” | 12b 201 3200 30 mg 25 4700 1.6 4900
12.6 mmol/ 11.7 mg 9.0 mg 6.6 mg 112 pL 90 T3
16.4 %
1 equ. 2.2 equ. 0.2 equ. 1 equ. 0.2 equ. | 10 equ. =5
0.077 mmol| [(Phs)P]sCuBr CuBr iP3
0.035 mmol 7 umol | 0.28 mmol 17 357 mg
b 7 umol 0.35 mmol W3
32c”| 12d 477 13800 17.1 mg 25 14000 | 1.2 | 13800
2.5 mmol/l 6.5 mg 50.20mg | 3.7 mg 50 uL 90 T8
74.8 %
1 equ. 2.2 equ. 0.2 equ. 10 equ. 0.2 equ. 8 equ. =14

2Monofunctional PIBs? bifunctional PIBs® molecular weight of the azide-functionalized precur® external calibration with PIB standardsjot possible due to poor resolution of the
initiator fragment. Abbreviations: iP = isopropanadl = water; T = toluene.
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Table 34 (continuation).

m reaction time [h] solvent| M., .
PIB-Azide n(GPC _ (NMR) n(GPC :
PIB | educt mal | [g- mo[i NpiB-Azide alkyne22 catalyst catalyst Il TBTA DIPEA power [W] . (m] | [g-mol ] PDI [o- mo[l yield
temperature [°C
35.3 umol | [(Phs)P]:CuBr CuBr iP2
16.1 pmol 3.2 umol | 0.123 mmol 17 256 mg
b 3.2 ymol | 0.16 mmol W 2
32e” | 12e 470 29200 7.8 mg 25 28400 [ 1.1 | 26700
1.15 mmol/l 3 mg 23 mg 1.7 mg 23 pL 70 T10
54.5 %
1 equ. 2.2 equ. 0.2 equ. 10 equ. 0.2 equ. 8 equ. =14
0.738 mmol| [(Phg)P];CuBr CuBr iP 15
0.2 mmol 39 umol | 0.2 mmol 17 443 mg
b 39 umol 0.2 mmol W 15
32b”| 12b 635 3200 97.3 mg 25 3900 1.3 4000
3.3 mmol/l 37 mg 28.5mg 21 mg 355 pL 70 T30 8.6 %
1 equ. 2.2 equ. 0.2 equ. lequ. | 0.2equ.| 10equ. =60 A
170.5 umol| [(Phs)P]sCuBr CuBr iP 10
77.5 pmol 15.5 pmolf 775 pmol 17 466 mg
s 15.5 ymol | 775 pmol W 10
32d”| 12c 589 7600 37.9mg 20 8700 1.2 7900
1.9 mmol/l 14.4 mg 111.2mg| 8.2mg | 13.8 pmol 70 T 20 29.1 %
1 equ. 2.2 equ. 0.2 equ. 10equ. | 0.2equ. | 10equ. =40 -
alkyne23 | [(Phg)P];CuBr CuBr iP5
59 umol 12 pmol | 0.24 mmol 17 180 mg
b 0.13 mmol 11.8 umol 59 umol W5
33a” | 12b 190 3100 25 3800 1.3 3700
5.9 mmol/l 36.2 mg 10.9 mg 8.5 mg 6.3 mg 43 uL 70 T10 80.8 %
1 equ. 2.2 equ. 0.2 equ. lequ. | 0.2equ.| 4equ. e

2Monofunctional PIBs? bifunctional PIBs® molecular weight of the azide-functionalized precur® external calibration with PIB standardsjot possible due to poor resolution of the
initiator fragment. Abbreviations: iP =

isopropandl = water; T = toluene.
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Table 35 Experimental details for the synthesis of Hamilteedge-functionalized PIBs (PIB-HW) via azide/alky‘click” reactions.

reaction time [h]

Mes-Azide| M ¢ solvent| M M al
PIB | educt| " B-Azide) Win(GPC NpiB-Azide 24 catalyst catalystll| TBTA DIPEA power [W] nNMR) | ppd | YGRS 1 yield
[mg] | [g-mol’] temperature (oc] M1 | [o-mor’] [g- mor']
0.038 mmol| [(Phs)P]sCuBr CuBr iP 0.5
0.019 mmol 3.8 pmol| 114 pmol 17 49 mg
34a%| 11b | 52 | 2800 283 g 1.9 pmol 50 WOS| 5330 | 12| 3200
7.6 mmol/l ' 1.8 mg 20mg | 20.3puL 20 T15 ' ey
1 equ. 2 equ. 0.1 equ. excess | 0.2equ.| 6equ. =25 <
0.396 mmol| [(Phs)P]sCuBr CuBr iP 10
0.22 mmol 44 ymol | 1.32 mmol 9 463 mg
a 22 pmol 1.74 mmol W 10
34b°| 11la 581 2600 294.6 mg 50 3470 1.1 2900
5.5 mmol/l 20.5 mg 250mg | 23.3mg| 236 puL 75 T20 63.0 %
1 equ. 1.8 equ. 0.1 equ. 79equ. | 0.2equ.| 6equ. =40 e
0.143 mmol| [(Phg)P]sCuBr CuBr iP5
0.13 mmol [(PRPL 13 pmol | 0.14 mmol 17 390 mg
a 13 pmol 0.13 mmol W5
34c?| 1lic 998 7700 106.4 mg 25 8500 1.1 8300
5.2 mmol/l 12.1 mg 18.7 mg 6.8 mg 25 puL 90 T 15 391 %
1 equ. 1.1 equ. 0.1 equ. 1 equ. 0.1 equ.| 1.1equ. =25 -
0.043 mmol| [(Phg)P];CuBr CuBr iP3
0.035 mmol 7 umol | 71 umol 17 71 mg
a 3.5 umol | 0.035 mmol W3
34d°| 11d | 1008 28600 31.5mg 25 27700 | 1.1 | 25900
2.2 mmol/l 3.3mg 5.1 mg 31.5mg 12 pL 90 T10 20%
1 equ. 1.2 equ. 0.1 equ. 1 equ. 0.2 equ.| 2equ. =16 e
0.397 mmol| [(Phs)P]sCuBr CuBr iP 10
0.189 mmol [(PhPL 38 pmol | 2.27 mmol 17 384 mg
b 19 pmol 0.189 mmol W 10
35a” | 12b 606 3200 295 mg 25 4900 1.2 4700
4.7 mmol/l 17.5 mg 27 mg 20.2mg| 405 uL 60 T 20 43.3 %
1 equ. 2.1 equ. 0.1 equ. 1 equ. 0.2 equ.| 12equ. =40 =
43.8 umol | [(Phg)P]sCuBr CuBr iP3
19.9 pmol 19.9 urmol | 0.19 mmol 4 pymol | 79.6 pumol 17 W3 ) o 99 mg
35b°| 12d | 284 | 13800 32.6 mg S H : 16 functionalization only
1.2 mmol/l 18.5 mg 285mg | 2.1mg 14 pL 60 T10 50 % 34.0 %
1 equ. 2.2 equ. 1 equ. 10equ. | 0.2equ.| 4equ. =16 o

2Monofunctional PIBs? bifunctional PIBs® molecular weight of the azide-functionalized precur® external calibration with PIB standards. Abbrevias: iP = isopropanol; W = water;
T = toluene.
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Table 36 Experimental details for the synthesis of brorfumectionalized PnBAs (PnBA-Br) via ATRP.

calculated M benzene reaction time Mgpc® M
PnBA | M | conversion n(th) nBA initiator ligand CuBr ePc NMR 1 PDIC | yield
] (%] [g/mol] [mi] [h] [g/mol] | [g/mol]
MBPP dNbpy 2.87¢g
a 35 mmol 1.50 mmol
13a 3.0 67 2000 5 1.50 mmol 3.00 mmol 8 1800 2000 1.2 95.0 %
5.0 mL 167 UL 1239 215 mg i
MBPP dNbpy 9.24
a 138 mmol 3.75 mmol
13b 15 85 2800 19.7 5.36 mmol 7.50 mmol 9.5 3200 3300 1.2 61.6 %
19.7 mL 598 pL 3065 mg 538 mg i
MBPP dNb 8.67
A 138 mmol 2/ 1.05 mmol L
13c 15 85 10000 19.7 1.50 mmol 2.10 mmol 20.3 8000 9400 1.1 —
19.74 mL 167 pL 858 mg 151 mg A
DMDBH dNbpy 8.56 ¢
b 130 mmol 2.88 mmol
l4a 15 90 4000 18.6 4.11 mmol 5.75 mmol 1.6 3800 4600 1.2 571 %
18.6 mL 894 uL 2351 mg 413 mg -
DMDBH dNb 4.63
" 65 mmol 2/ 0.63 mmol >
14b 5 60 80000 1.9 63 pmol 1.26 mmol 42 22500 23500 1.1 90.6 %
B 0
9.3 13.7 pL 513.0 mg 90.0 mg

3 Monofunctional PnBAS’ bifunctional PnBAs¢ external calibration with PS standards.
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Table 37. Experimental details for the synthesis of thymimectionalized PnBAs (PnBA-THY) via azide/alkynelitk” reactions.

reaction time

) c d
PnBA | educt mp[”r?]’*é’]*z'de ['\g_";ﬁg?] NpnBA-Azide alyknel7 catalyst TBTA DIPEA power S([)rlr\ﬁ nt [Ig\g/llﬁgl] [g/l/m;] PDI?| vyield
temperature
[(Phg)Pl,CuBr
0.163 mmol | 0.196 mmol 16.3 umol 32.6 umol | 0.489 mmol 16 h 293 mg
38a® | 15a | 310 1900 =1 20 W THF | 1800 | 2250 | 1.2
16.3 mmol/l 32.1mg 15.2 mg 17.0 mg 87 mL 55 °C 10
87.4 %
1 equ. 1.2 equ. 0.1 equ. 0.2 equ. 3 equ.
CuBr
0.315 mmol | 0.378 mmol - 63.0 pmol | 0.945 mmol 17 h 695 mg
a 31.5 umol THE
38b 15b 1009 3200 20w 3300 3900 1.2
10.5 mmol/l | 62.1 mg 4.5 mg 33.4 mg 169 uL 55 °C 30
65.6 %
1 equ. 1.2 equ. 0.1 equ. 0.2 equ. 3 equ.
CuBr
0.125 mmol | 0.163 mmol 25 ol 25 pmol | 0.375 mmol 16 h 566 mg
38c* | 15¢c | 1000 | 8000 = 20 W THF | 8700 | 10300 | 1.1
4.2 mmol/l 26.7 mg 3.6 mg 13.3 mg 67 pumol 55 °C 30
55.1 %
1 equ. 1.3 equ. 0.2 equ. 0.2 equ. 3 equ.
[Cul(P(OEY))]
0.331 mmol | 0.662 mmol 66 LMol 66 pmol | 0.993 mmol 17 h 473 mg
38d° | 15b | 1062 | 3200 H 30w THF 1 3100 | 3000 | 1.2
16.5 mmol/l | 108.7 mg 23.5mg 35.0 mg 177 L 55 °C 20
445 %
1 equ. 2 equ. 0.2 equ. 0.2 equ. 3 equ.
CuBr
0.323 mmol | 0.969 mmol 55 Urmol 65 pmol | 1.29 mmol 17 h 753 mg
30a® | 16a | 1130 | 3500 = 20 W THF | 3000 | 4600 | 1.2
16.2 mmol/l | 159.1 mg 9.3 mg 34.5 mg 230 pL 55 °C 20 RO
1 equ. 3 equ. 0.2 equ. 0.2 equ. 4 equ. =
CuBr
0.087 mmol | 0.35 mmol 17 pmol | 0.35 mmol 17 h 259 mg
b 87 umol THF
39%b 16b 1980 22800 20w 24100 | 26900 | 1.1
8.7 mmol/l 57.1 mg 12.5 mg 9.2 mg 62 pL 55 °C 10
12.9 %
1 equ. 4 equ. 1 equ. 0.2 4 equ.

2 Monofunctional PnBAS” bifunctional PnBAs:* molecular weight of the azide-functionalized preour® external calibration with PS standards.
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Table 38 Experimental details for the synthesis of 2,6vdietriazine-functionalized PnBAs (PnBA-DAT) viaide/alkyne-“click” reactions.

m M c reaction time solvent| Meod | M
PnBA | educt| "nBAAzide n(GPC NPrBA-Azide alkyne21 catalyst TBTA DIPEA power cGPC NMR | PDIY | yield
[mg] [g- mol7] temperature [mi] [g/mol] | [g/mol]
CuBr
0.163 mmol | 0.196 mmol 33 pmol 0.49 mmol 16 h 194 mg
a 49 pmol THFE
41a 15a 310 1900 20w 1400 2300 1.2
10.9 mmol/l | 49.9 mg 7.0 mg 17.3 mg 87 uL 55 °C 15 0
1 equ. 1.2 equ. 0.3 equ. 0.2 equ. 3 equ. e
[Cul(P(OEY))]
0.313 mmol | 0.626 mmol 63 urmol 63 pmol 0.94 mmol 17 h 490 mg
41b% | 15b | 1032 | 3300 H 30W THFE | 2000 | 3800 | 1.2
15.7 mmol/l | 160.0 mg 22.3mg 33.4 mg 168 uL o 20
55°C 47.5 %
1 equ. 2 equ. 0.2 equ. 0.2 equ. 3 equ.
Cul(P(OE
0.133 mmol | 0.266 mmol [ 2(7 (mo?))] 27 pmol | 0.40 mmol 17 h 600 mg
41c* | 15¢ | 1070 | 8000 = 30 W I | 8600 | 10900 | 11
6.7 mmol/l 68 mg 9.5 mg 14.1 mg 71 pL 55 °C 54.3 %
1 equ. 2 equ. 0.2 equ. 0.2 equ. 3 equ.
CuBr
0.333 mmol | 1.00 mmol 66.7 pmol | 1.33 mmol 16 h 796 mg
b 0.333 mmol THF
42a 16a 1165 3500 20 W 1700 4600 1.3
16.7 mmol/l | 255.3 mg 47.8 mg 35.3mg 237.8 uL 55°C 20 611 o
1 equ. 3 equ. 1 equ. 0.2 equ. 4 equ. -
CuBr
0.87.9 pmol | 0.35 mmol 35.2 urmol 17.6 pmol | 0.352 mmol 17 h 490 mg
42b° | 16b | 2004 | 22800 el 20 W THE | 25500 | 20600 | 1.1
5.9 mmol/l 89.4 mg 5.0 mg 9.3 mg 62 pL o 15
55°C 24.0 %
1 equ. 4 equ. 0.4 equ 0.2 equ. 4 equ.

2 Monofunctional PnBAS” bifunctional PnBAs:* molecular weight of the azide-functionalized preour® external calibration with PS standards.
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Table 39 Experimental details for the synthesis of barGtacid-functionalized PnBAs (PnBA-BA) via azidime-“click” reactions.

reaction time

MeneaAzide | M ¢ solvent | Mgpc® | M .
PnBA | educt| "nBAAzide n(GPC NenBA-Azi alykne22 catalyst TBTA DIPEA ower GPc NMR | pp @ ield
[mg] | [g-morl] | Preaacde 4 4 terﬁperature [ml] | [g/mol] | [g/mol] y
0.308 mmol 82.2m CuBr 62 pmol | 0.924 mmol 651.0 m
s3a | 150 | 1018 | 3300 |— “™ o308 mmor| " . o THE | 2700 | 3400 | 1.2 il
25.7 mmol/l | 0.37 mmol 442 mg | 32.9mg 165 pL 55 °C 12 ' .
o 0
1 equ. 1.2 equ. 1 equ. 0.2 equ. 3 equ.
CuBr
0.133 mmol 35.6 mg 27 pumol | 0.399 mmol 17 h 790.0 mg
0.133 mmol THE
43b 15c¢ 1066 8000 20 W 9400 10200 1.2
11.1 mmol/l | 0.16 mmol 19.1 mg 143mg| 71.2uL 55 °C 12 2.5 o
1 equ. 1.2 equ. 1 equ. 0.2 equ. 3 equ. =
CuBr
0.287 mmol | 191.3 mg 86 pmol | 1.15 mmol 17 h 590 mg
0.287 mmol THE
44a 16a 1005 3500 20 W 4700 4700 1.2
19.1 mmol/l | 0.861 mmol | 41.2mg | 45.6 mg 205 pL 55 °C 15 .
o 0
1 equ. 3 equ. 1 equ. 0.3 equ. 4 equ.

3 Monofunctional PnBAS’ bifunctional PnBAs:* molecular weight of the azide-functionalized presour® external calibration with PS standards.
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Table 40 Experimental details for the synthesis of Hamilteedge-functionalized PnBAs (PnBA-HW) via azidkyale-“click” reactions.

m M c reaction time solvent| Meacd | M
PnBA | educt| = "nBA-Azide n(GPC NPnBA-Azide alkyne24 catalyst TBTA DIPEA power GPC NVR 1 pDIY | yield
[mg] [g- mol7] temperature [ml] [a/mol] | [g/mol]
CuBr
0.061 mmol | 0.064 mmol 0.012 mmol | 0.183 mmol 17 h 152.0 mg
45a | 15c | 597 9800 0.061 mmol 20 W THF 1 10200 | 10800 | 1.1
7.6 mmol/l 47.6 mg 8.8 mg 6.3 mg 33 uL . 8 '
55 °C 23.7%
1 equ. 1.05 equ. 1 equ. 0.2 equ. 3 equ.
CuBr
0.274 mmol | 0.273 mmol - 54.8 pmol | 0.822 mmol 17 h 412.0 mg
0.274 mmol THE
45b | 15b 930 3400 20W 4200 4000 1.1
22.8 mmol/l | 203.0 mg 40.0 mg 30.7 mg 147 pL o 12
55°C 36.4 %
1 equ. 1 equ. 1 equ. 0.2 equ. 3 equ.
CuBr
0.185 mmol | 0.389 mmol 74 pmol 0.74 mmol 17 h 610.0 mg
0.185 mmol THE
46a | 16a 795 4300 20 W 7 5800 5500 1.1
26.4 mmol/l 289 mg 26.5 mg 39.3 mg 134 pL 55 °C 57.0 %
1 equ. 2.1 equ. 1 equ. 0.4 equ. 4 equ.

2 Monofunctional PnBAs” bifunctional PnBAs;* molecular weight of the azide-functionalized presour® external calibration with PnBA standards.
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