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Abstract: The effect of the molecular structure on the reactivity of four first-generation linear-dendritic block copol-
ymers derived from Jeffamines and bearing amine end groups is presented and discussed. Different parameters were
investigated via chemical modifications and nuclear magnetic resonance analysis, showing that chain length, hydro-
philic/hydrophobic character, and flexibility of the central oligoether block did not produce any change in the amine
moiety reactivity. In contrast, the type of branches and the nature of the amine end groups strongly affected the reac-
tivity in an unusual manner. In fact, the copolymer bearing aromatic amine end groups showed better reactivity than

those based on aliphatic counterparts.
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Introduction

In linear-dendritic copolymers both moieties produce strong
effects on the characteristics and the behavior of these kind
of macromolecules and give rise to the formation of a mac-
romolecule with modified and promising properties.'?
Thus, it has been reported that while the presence of the
dendritic portion in a copolymer decreases its viscosity, the
presence of the linear polyether increases its flexibility.’ Jef-
famines for instance, i.e. linear oligo(ethylene oxide) or
poly(propylene oxide) molecules bearing amine end-groups,
have been extensively used as building blocks in the prepa-
ration of different materials, since they can be easily modi-
fied in order to improve their properties, such as hydrophilic/
hydrophobic balance* and biocompatibility.” Branched jef-
famines have also been found to contribute in improving the
final properties of different materials, such as conductivity.®
They also offer the possibility to handle the glass transition
temperature (7,) values for a system with similar crosslink
density.” Moreover, in comparison with linear-linear block
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copolymers, linear-dendritic block copolymers have shown a
distinct self-assembly behavior because of the higher asym-
metry between the dendritic moieties and the linear seg-
ment 5!

The synthesis of dendritic first- and second-generation
jeffamines (G1 and G2, respectively) bearing aliphatic amine
end-groups has been reported and showed that the ensuing
macromolecules displayed a lack of reactivity.'” In fact,
long reaction times and high temperatures were necessary to
synthesize the dendritic products. In addition, the dendritic
G2 jeffamine showed lower reactivity than their G1 homo-
logues. The reactivity of the latter was even lower than that
of the unmodified jeffamines. Similar features were observed
for other products, where -NH, groups are located in den-
drimers or dendritic moieties.”*"* However, the synthesis
of a different linear-dendritic copolymer bearing aromatic
amine groups in the dendritic fragments was also reported
and showed to be more reactive than the aliphatic counter-
parts,'® which is unusual for such functional groups. It has
been suggested that this unusual reactivity could be
because these amines are implied in the formation of intra-
and/or inter molecular hydrogen bonds of different nature
and extends. '
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Based on these reports, the present work investigates the
effect of the molecular structure on those intra- and/or inter
molecular hydrogen bonds and how they could affect the
reactivity of the first generation tetra-amine dendritic jef-
famines. Thus, four different linear-dendritic copolymers
containing combinations of diverse cores and dendritic frag-
ments were synthesized and studied through a combination
of chemical methodologies (chemical derivatization and
crosslinking polymerization) and characterized spectro-
scopically ('H NMR, one and two dimensional nuclear
overhauser effect spectroscopy (NOESY) and rotating-
frame overhauser effect spectroscopy (ROESY) experi-
ments). Specifically, on the one hand, the structure of the
central segment was varied keeping the type of branches
and the end functional groups (same dendritic growth)
constant in order to study the effect of the length and the
nature (hydrophobic versus hydrophilic) of the linear oli-
goether central block, and, on the other hand, while the lin-
ear block (jeffamine) remained unchanged, the branches and
the nature of the terminal groups were modified (different
dendritic growth) to evaluate how the nature of the amine
groups (aliphatic versus aromatic) affects the behavior of
the macromolecules.

Experimental

Synthesis of the Copolymers and Di-2,5-furylene Vinylene
(DFYV). All dendritic jeffamines used in the present study
were synthesized following reported procedures. Thus, com-
pounds 1, 2, and 3 were synthesized as previously described,'?
whereas compound 4 and di-2,5-furylene vinylene (DFV)
were obtained according to a published procedure."”

Formation of Networks Through Crosslinking Poly-
merization. The preparation of polyureas was carried out as
follow: the chosen tetra-amine core (1.0 mmol) was dis-
solved in dimethyl sulfoxide (DMSO) (10 mL) in a flask
equipped with a magnetic stirrer and a nitrogen inlet. The
solution was stirred at room temperature for 1 h before add-
ing dropwise a solution of methyl phenyl diisocyanate oli-
gomer (MDI) with 2.7 eq./mol (1 mmol in 2.5 mL of DMSO).
The reaction mixture was stirred for 24 h, then an excess of
methanol (MeOH) was added to the reaction medium in
order to neutralize the excess of isocyanates, thus forming
soluble urethane molecules. Finally, the reaction medium was
submitted to Soxhlet extractions with MeOH to purify and
quantify the gel fraction. It is worth mentioning that the
quantity of the methanol-MDI-adducts (di- and tri-urethanes)
was calculated from the reaction stoichiometry, in order to
determine the gel fraction of each polyurethane network
prepared.

"HNMR, 1D and 2D NOESY and ROESY Studies. NMR
spectra were recorded on a Briiker Avance 11 (400.16 MHz,
5 mm BBI 1H/D-BB Z- grad Z8202/0349 probe) spectrom-
eter. One and two-dimensional NOESY and ROESY exper-
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iments were performed on a 25 mM copolymer solution at
298 K using pulsed field gradient sequences for signal selection.
The solvents used were water-d,, methanol-d;, or DMSO-dj
(Aldrich).

The following acquisition parameters were used: i) 2D-
ROESY: with cw spinlock for mixing, phase sensitive, water
suppression, using a 3-9-19 pulse sequence with gradients
p15=250 ms, p1=7.9 pus and a relaxation delay of 2 s; ii) 2D-
NOESY: 2D homonuclear correlation via dipolar coupling
(it may be due to NOE or chemical exchange), phase sensi-
tive, with gradient pulses in mixing time, with several mix-
ing times ranging from 200 to 900 ms and a relaxation delay
of 3 s; iii) 1D selective ROESY: with cw spinlock for mix-
ing, using selective refocusing with a shaped pulse of p15=
250 ms, d1=1s; iv) 1D selective NOESY: using selective
refocusing with a shaped pulse (dipolar coupling may be
due to NOE or chemical exchange) d1 of 1s.

The spectra were processed using standard Bruker pro-
grams. The following processing parameters were applied:
i) 2D-ROESY: SI=2K and 1K (in F2 and F1, respectively),
WDW=QSINE function in both domains, LB=0.0 and 0.3
Hz; ii) 2D-NOESY: SI=2K and 1K (F2/F1), WDW=QSINE
function in both domains, LB=2.0 and 0.3 Hz; iii) 1D
selective ROESY: SI=32K, WDW=EM function, LB=1.0;
iv) 1D selective NOESY: SI=32K, WDW=EM function and
LB=1.0.

Results and Discussion

Figure 1 shows the four synthesized first generation lin-
ear-dendritic block copolymers containing three different
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Figure 1. Family of tetra-amines prepared from different jeffam-
ines. In compound 2, b~ 9.0 anda+ ¢ ~ 3.6.
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jeffamines as central segments and two different dendritic
growths, namely:

i) 4,7,10-trioxa-1,13-tridecanediamine, a poly(ethylene oxide)
backbone with a molecular weight of 220, is a flexible and
hydrophilic short segment which was used to synthesize
compound 1;

ii) O,0’-bis(2-aminopropyl) poly(ethylene glycol), jef-
famine ED600 with a molecular weight of ~600, was used
in the synthesis of 2 in order to maintain the hydrophilic
character and the flexibility of the central block, while
increasing its length. This longer linear segment would offer
the system the possibility to hold the two dendritic moieties
far enough to avoid their direct intra-molecular interaction;

iii) O,0’-bis(2-aminopropyl) poly(propylene glycol), jef-
famine D230 with a molecular weight close to 230, has
approximately the same length as that of the first one, but with
much lower hydrophilicity and flexibility than those associ-
ated with previous structures. This molecule was employed
in the synthesis of 3;

iv) 4,7,10-trioxa-1,13-tridecanediamine was also used to
obtain compound 4. This allowed to keep the length, the
flexibility and the hydrophilic character of the central block

(compared with compound 1), while the type of ramifica-
tion and the nature of the end functional groups were modi-
fied, introducing stiff dendritic moieties and aromatic amines.

All tetra-functional jeffamines prepared in this work pre-
sented a similar solubility in most common solvents, viz.
good solubility in water, DMSO and MeOH, very poor sol-
ubility in DMF (even non-soluble aggregates appear after
some hours at room temperature), and insolubility in THF
and all tested chlorinated solvents. As expected, the solubil-
ity of these extremely hygroscopic copolymers was higher
in polar solvents.

Study of the Reaction Between the Synthesized Tetra-
Amine Jeffamines and the Aldehyde-Containing Chro-
mophore DFV. A comparative reactivity investigation was
carried out through Schiff’s base formation between the dif-
ferent tetra-functional jeffamines and the aldehyde-contain-
ing chromophore DFV. Several reaction conditions were
assayed to prepare the products, viz. solvent-free, different
solvents, stoichiometry, temperatures and reaction times.
Table I summarizes the conditions tested for the reaction
between compound 1 and DFV. The same reaction condi-
tions were studied for all the other tetra-functional jeffam-

Table 1. Reaction Conditions for the Reaction Between Tetra-Amine Jeffamine 1 and DFV

1/DFV“ (eq./eq.)  Solvent (mL) Et;N (mL) Medium T(°C) t (h) Yield (%)
1 1/1 EtOH (2) - - reflux 24 0
2 111 EtOH (5) --- --- reflux 24 0
3 1/1 EtOH (10) reflux 24 0
4 1/1 EtOH (10) -—- HCOOH; Molec. sieves reflux 24 0
5 1/3 EtOH (2) - HCOOH; Molec. sieves reflux 24 0
6 1/1 MeOH (3) - - reflux 48 0
7 1/1 MeOH (5) - - reflux 48 0
8 11 MeOH (5) - HCOOH; Molec. sieves reflux 48 0
9 11 MeOH (8) --- --- reflux 48 0
10 11 MeOH (8) --- HCOOH; Molec. sieves reflux 48 0
11 1/1 MeOH (8) 1 --- reflux 48 0
12 1/1 MeOH (8) 1 Molec. sieves reflux 24 0
13 1/1 MeOH (8) 1 TEOF” reflux 24 0
14 1/3 MeOH (3) 0,5 --- reflux 48 0
15 1/3 MeOH (8) 0,5 - reflux 72 0
16 1/3 MeOH (8) 0,5 TEOF reflux 72 0
17 1/3 DMSO (3) --- - reflux 24 0
18 1/3 DMSO (3) - TEOF reflux 24 0
19 1/3 DMSO (3) - HCOOH reflux 24 0
20 7z - vacuum 90 24 0
21 7 - --- vacuum 90 24 0

“DFV refers to di-2,5-furylene vinylene. "TEOF refers to triethyl orthoformate.
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ines (not shown).

None of aliphatic tetra-amine reacted under any condition.
However, compound 4 reacted with DFV in the absence of
solvent and under vacuum, yielding the corresponding
Schiff’s tetra-base. The degree of conversion of compound
4 reached 90%, as calculated from the '"H NMR spectrum,
and the yield of this reaction was 85% what is consistent
with previously reported data."”

Study of the Reaction Between the Synthesized Jeffamine
Tetra-Amines and the Isocyanate-Containing Derivative
(MDI). Qualitative and comparative studies were conducted to
evaluate the reactivity of the jeffamine tetra-amines with an
isocyanate-containing derivative. Usually, isocyanates dis-
play a much higher reactivity than aldehydes toward amines.'®
The experiments consisted in the chemical reaction between
each jeffamine and a polyisocyanate. For this purpose, a
commercial methylene diphenyl diisocyanate oligomer (MDI)
with a functionality of 2.7 was used to produce polymeric
networks. The reaction between each copolymer and MDI
was carried out following the same experimental proce-
dures, described above.

The reactions between MDI and 1, 2, and 3, respectively,
did not yield any gel fraction, whereas with 4 formed a cross-
linked product with a gel fraction of 100%, as determined
by the mass balance after extraction with MeOH or DMSO.

From these results, compound 4, which bears aromatic
amines was found to be more reactive than the corresponing
aliphatic tetra-amines.

"H NMR Studies. Figure 2 shows the 'H NMR spectrum
of the tetra-amine derivative 1, using water-d, as solvent
and focusing on the region between 1.8 and 3.8 ppm. This
spectrum can be divided in three regions:

i) the signals in the region between 1.8 and 2.2 ppm,
assigned to the protons belonging to methylene groups located
between two methylene groups, i.e., -CH,CH,CH,- specifi-
cally: protons d and g in Figure 2;

ii) the signals between 2.9 and approximately 3.5 ppm,
attributed to the protons belonging to methylene groups
placed between another methylene group and an amine (pri-
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Figure 2. "H NMR spectrum of compound 1 in water-d, in the
region between 1.8 and 3.8 ppm.
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mary or tertiary), i.e., H,N-CH,CH,CH,N=(protons h) and
H,N-CH,CH,CH,N=(protons e and f in Figure 2);

iii) finally, the signals between 3.5 and 3.7 ppm, attributed
to the protons belonging to methylene groups incorporated
between another methylene group and an oxygen atom from
the oligoether linear segment, i.e., -O-CH,CH,- (protons a,
b and ¢ in Figure 2).

Figure 2 shows that in the spectrum of 1 there are signals
with different resolution belonging to the same molecule.
To evaluate the influence of the concentration of compound
1 on the quality of the spectrum, a new 'H NMR spectrum
of 1 was recorded using a sample that was diluted tenfold.
The resulting spectrum (not shown) was identical to that
shown in Figure 2, indicating that the concentration of the
sample did not affect the spectral resolution.

In addition, "H NMR spectra of 1 were recorded in deuter-
ated MeOH and DMSO. Methanol is a good donor and a
good acceptor for hydrogen bonding, while DMSO is only a
good acceptor. The spectra of compound 1 using methanol-
dj as solvent showed a similar broadness in all signals (Fig-
ure 5(b-1)), whereas the spectra recorded using DMSO-dj
showed once again different resolution for different protons
(Figure 9(b-1)).

A different degree of solvation of the copolymer blocks
directly affects their mobility, causing differences in the
peak resolutions within the "H NMR spectrum. Thus, it has
been reported that the mobility of protons located in the
interior of aggregates (i.e. in the core of micelles) is hin-
dered to such an extent that the width of the corresponding
NMR signal undergoes broadening of the order of hundreds
of Hz."**

It is important to emphasize that even using water-d, as
solvent (which is a good solvent for compound 1) and diluting
progressively the sample, different signals from the same
copolymer presented different resolutions in the ensuing
spectra. Thus, while the signals belonging to protons a, b,
and ¢ were sharp and well resolved, signals from protons d,
e, f, g, and h were broad (Figure 2). This shows that the oli-
goether segment is well solvated, while the terminal arms
are less so. A lower solvation induces reduced mobility, which
in the case of jeffamines and in accordance with Dusek,” is
due to the formation of aggregates through strong hydrogen
bond interactions involving the -NH, end-groups. These intra-
and inter-molecular associations induce a high sterical hin-
drance on the terminal functional groups, thus rendering jef-
famines less reactive.”'

Similar results were obtained for compound 2 and 3, as
seen in Figure 3(a) and (b). Additionally, the spectrum of
compound 3 showed that all the signals had broadened,
since the central segment is less hydrophilic, despite the fact
that 3 was still soluble in water-d,.

Figure 4 shows the '"H NMR spectrum of compound 4 in
water-d,, where all the signals were now sharp and well
resolved, which suggests that the entire molecule was well
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Figure 3. '"H NMR spectra of compounds 2 (a) and 3 (b) in
water-d, in the region between 0.45 and 4.2 ppm.
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Figure 4. '"H NMR spectrum of compound 4 in water-c>. SRP
refers to the solvent residual peak.

solvated, including the terminal functional groups (-NH,).
Therefore, it can be expected that in this case, the amine
end-groups should be accessible for further chemical reaction.

1D and 2D NOESY and ROESY Studies. Homonuclear
two-dimensional NOE spectroscopy (2D NOESY), and its
selective 1D analogue employing pulsed field gradients for
signal selection, are used as powerful tools in 3D structural
elucidation. With improved instrument sensibility and sta-
bility, the 2D NOESY experiment finds extensive applica-
tions in routine small-molecule (M,, <1,000 daltons) studies.
Moreover, gradient-selected 1D transient NOE experiments
have made a significant impact on small-molecule studies,
in particular because of their high quality resolution. This experi-
ment efficiently removes those signals not arising from the
NOE.”
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Alternatively, the rotating-frame overhauser effect spec-
troscopy (ROESY) is a useful analogue of the NOE differ-
ence experiment. ROESY experiments also correlate protons
that are close to each other in space.”> 2D ROESY and 1D
selective experiments are also used.

An additional feature of 2D NOESY and ROESY spectra
is that they can conveniently be represented as 1D spectra
by extracting the selected rows from the original spectra,
thus making possible a direct and straightforward compari-
son between the normal '"H NMR spectra and the respective
1D NOESY and ROESY counterparts, as well as with the
1D selective NOESY and ROESY experiments.

Based on the previous results, where all differences were
found to be exclusively between the aliphatic and the aro-
matic tetra-functional jeffamine derivatives, we focused these
studies exclusively on compound 1, since compound 4 did
not show lack of reactivity or aggregation through hydrogen
bonding. A series of 2D and 1D selective NOESY as well as
ROESY experiments was thus carried out to gain a deeper
insight about aggregates (three-dimensional structures) that
compound 1 and/or 4 may form in solution. To this end, three
different solvents were used, namely: methanol-d,, water-d,
and DMSO-d;. Only these three solvents were used given
that they were the only ones dissolving the compounds. The
use of these solvents was also based on the properties afore-
mentioned, water and methanol are good donors and accep-
tors for hydrogen bonding, while DMSO is only a good
acceptor; as well as MeOH and DMSO have organic groups
whereas water do not.

Methanol-d, as Solvent: Figure 5(a) shows the 'H-'"H 2D
NOESY spectrum of 1 with a mixing time of 800 ms, while
Figure 5(b) shows a comparison between the "H NMR spec-
trum of 1 (i) and the 1D representation of the extracted rows
(ii to vi) from the 'H-'H 2D NOESY spectrum. In Figure
5(b-ii), the multiplet at 3.67 ppm belonging to protons a, b,
and c is arbitrarily presented in a positive phase, thus show-
ing the correlated signals in a negative phase. It can be seen
in this case, that protons d, e, f, g, and h are correlated to
protons a, b, and c.

It was assumed that the relative intensity for a selected
signal and its correlated one gives information about how
strong or weak this correlation is. The higher the intensity of
the correlated signals, the closer to a selected signal these
protons are. For example, protons a, b, and ¢ showed a
stronger correlation with signals d, e, and f than with pro-
tons g and h, suggesting that protons a, b, and ¢ were spa-
tially closer to protons d, e, and f than to those labeled g and
h. Although the simple experiments carried out in this work
are not sufficiently powerful to provide a precise estimate of
the distances between the correlated protons, it is possible to
affirm that these are not longer than 4-5 A%

Figure 5(b-iii) shows that protons f and e (signal at 3.35
ppm, arbitrarily in a positive phase) are weakly correlated
with protons d, g, and h. Next, it can be seen in Figure 5(iv)

Macromol. Res., Vol. 20, No. 8, 2012



Eftect of the Molecular Structure on the Reactivity in a Family of Tetra-Amine Compounds Derived from Jeffamines

F1 [ppm]

25

T

I e e e B
35 25 F2 [ppm]

(b)

3.6

fe h i .

J'n.'l || N’h 9 d I)
VLS N

————

34 32 30 28 26 24 22 20 ppm

Figure 5. 'H-'H 2D NOESY spectra of compound 1 in methanol-d, with a mixing time of 800 ms. (a) 2D NOESY spectra. (b) Compar-
ison between the assigned 'H NMR spectrum of 1 (i) and the rows extracted from the 2D NOESY spectrum (ii to vi). Solvent residual

peak (S.R.P.) refers to the solvent residual peak.

that protons h (at 3.1 ppm and arbitrarily in a positive phase)
are strongly correlated with protons e, f, and g. Protons g
(2.22 ppm, arbitrarily in a positive phase) are strongly cor-
related with protons e, f, and h, as shown in Figure 5(b-v).
Finally, Figure 5(vi) shows that protons d (at 2.1 ppm and
arbitrarily in a positive phase) are strongly correlated with
protons a, b, ¢, e, and f.

NOESY correlations are frequently observed between
protons separated by only a few chemical bonds due to
their proximity in space. For instance, in compound 1, it is
not surprising to find that protons d showed through-space
correlation with protons ¢ and e, as well as protons g with
f and h. However, it is important to point out that in meth-
anol, protons h (located at the very end of the dendritic
arms) were correlated with protons a, b, and ¢ (at the cen-
tral part of the central block) and with e (at the end of the
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Figure 6. Comparison between the assigned 'H NMR spectrum
of 1 in CD;0D (i) and the corresponding 1D selective NOESY

spectra (ii to vi). S.R.P. means the solvent residual peak.
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central block), as previously mentioned and shown in Fig-
ure 5(b).

This result suggests that protons h are close through-space
to protons located in the linear central-block. A reason for
this vicinity is the hydrogen bonds that terminal -NH, groups
may form with the oxygen atoms from the ether central
block, as well as with the tertiary amine nitrogen atoms. These
bonds could be intra- and/or inter-molecular, but in any
case, they would always involve the terminal -NH, groups
into hindered aggregates, thus reducing or limiting their
reactivity.

To corroborate the previous results, we also performed 1D
selective NOESY studies. Figure 6 shows the comparison
between the "H NMR spectrum of 1 in methanol-d, (i) and
1D selective NOESY spectra (ii to vi). The most important
information was obtained from: a) spectrum ii, where pro-
tons a, b, and ¢ (from the central block) were correlated
with f, g, and h (from the dendritic arms); b) spectrum iv
where protons h were correlated with a, b, and c¢; and c)
spectrum v where protons g were correlated with protons a,
b, and c. All these results are in agreement with the idea
of aggregation through hydrogen bond formation.

Another 'H-'"H 2D NOESY spectrum of 1 with a mixing
time of 250 ms was recorded to obtain additional informa-
tion about the system. The results were in agreement with
the above evidence, although no further information was
obtained.

Complementary studies were also carried out by 2D ROESY
and 1D selective ROESY experiments (Figures S1 and S2
in the Supporting Information). Once again, they showed to
be in agreement with all the previous results.

Water-d, as Solvent: It has already been shown that com-
pound 1 presented a reduced reactivity in water.'>'® Although
water was not used as solvent in any of the reaction condi-
tion investigated in the present work, it was interesting to
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Figure 7. (a) '"H-"H 2D NOESY spectra of compound 1 in water-d, with a mixing time of 900 ms. (a) 2D NOESY spectra. (b) Compari-
son between the assigned '"H NMR spectrum of 1 (i) and the rows extracted from the 2D NOESY spectrum (ii to vi).

study the behavior of this compound in water, since it could
provide additional information about hydrogen bonding for-
mation even in water, which is an excellent donor and
acceptor for such interactions.

A 'H-'H 2D NOESY spectrum of compound 1 was
recorded using water-d, as solvent with a mixing times of
800 ms, as shown in Figure 7, which also presents the corre-
sponding 1D extracted rows compared with the '"H NMR
spectrum.

Figure 7(b) shows the comparison between the assigned
'"H NMR spectrum of 1 in water-d, and the 1D extracted
rows from the 'H-'H 2D NOESY spectrum with a mixing
time of 800 ms, shown in Figure 7(a). The most important
information concerning aggregation via hydrogen bonds
was obtained from: (a) spectra ii and iii, where it can be
detected that protons a, b, and ¢ (from the central part of the
linear central-block) were weakly correlated through-space
with protons d, e, f, and h (d and e are at the end of the lin-
ear block, while f and h are part of the dendritic arms); and
(b) spectrum vi, where protons g from the dendritic arms
were weakly correlated with a, b, and ¢ from the central part
of the lineal central-block.

The corresponding 'H-'H 2D NOESY experiment with a
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Figure 8. Comparison between the assigned 'H NMR spectrum
of 1 in water-d, (i) and the corresponding 1D selective NOESY
spectra (ii) belonging to protons d.
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mixing time of 200 ms was in agreement with the previous
results (Figure S3 in the Supporting Information). 1D
selective NOESY experiments fully agreed with the previ-
ous results, as it can be seen in Figure S4 in the Supporting
Information. 1D selective ROESY experiments, however,
were not only in agreement with NOESY experiments, but
also gave complementary information. Figure 8 shows a
comparison between the assigned 'H NMR (i) and 1D
selective ROESY (ii) spectra of compound 1 belonging to
protons d. In spectrum ii the signal corresponding to pro-
ton d is arbitrary presented in a positive phase, thus show-
ing that protons d were weakly through-space correlated
with protons h, which is once again suggesting the exist-
ence of aggregates via hydrogen bonds involving the ter-
minal -NH, groups and the oxygen atoms from the linear
oligoether and/or the tertiary amines.

DMSO-d; as Solvent: As previously pointed out (entries
17 to 19 in Table I), 1 did not react under any condition
involving DMSO as the solvent. Therefore, we decided to
explore the behavior of copolymer 1 in this solvent, hoping
to gain further information on aggregates or hydrogen bond
formation, but also about the through-space correlations
involving the hydrogen atoms belonging to amine end-groups
and other protons in the rest of the structure.

Figure 9 shows the 'H-'"H 2D NOESY spectra of com-
pound 1 in DMSO-d; using a mixing time of 200 ms, where
(a) corresponds to the 2D NOESY spectra and (b) shows the
assigned 'H NMR spectrum compared to the rows extracted
from the 2D NOESY spectra. In both cases, the most impor-
tant regions are shown, namely from 1.8 to 4.0 ppm and
from 7.5 to 9 ppm.

This study corroborated the previous results. However,
the most relevant new information is presented in Figure
9(b), which shows the protons spatially correlated to hydro-
gen atoms from the amine end-groups (NH). It can be seen

Macromol. Res., Vol. 20, No. 8, 2012
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Figure 9. (a) 'H-"H 2D NOESY spectra of compound 1 in DMSO-d, with a mixing time of 200 ms. (a) 2D NOESY spectra. (b) Compar-
ison between the assigned '"H NMR spectrum of 1 (i) and the rows extracted from the 2D NOESY spectrum (ii) belonging to NH pro-

tons. S.R.P. means solvent residual peak.

that protons in NH (arbitrary presented in a positive
phase) were strongly correlated to those labeled h and g
(located at the end and center, respectively, of the dendritic
arms, but before the amine end-group) and weakly
through-space correlated with protons f (located at the
very beginning of the dendritic arms). This evidence also
confirmed the occurrence of aggregation through hydro-
gen bond formation.

In addition, other complementary studies were carried
out, such as 'H-'H 2D NOESY spectra with a mixing time
of 800 ms and 2D ROESY experiments (Figures S5 and S6
in the Supporting Information). They completely agreed with
the conclusions reached from the previous results.

In a previous study,'® we reported the synthesis and the
non-linear polymerization of a photo-cross-linkable tetra-
functional jeffamine. This monomer was obtained through
Schiff’s base formation from the respective tetra-amine
modified jeffamine and a photo-active chromophore bear-
ing an aldehyde group. It was established then that the
Schiff’s tetra-base could only be synthesized with aromatic-
bearing amine end-groups.

The present work investigated the effect of the molecular
structure on the reactivity of first-generation tetra-amine
dendritic jeffamines. Thus, three factors were studied to
evaluate the reactivity of the synthesized tetra-amine jef-
famines, namely:

1) the hydrophilic/hydrophobic balance of the oligoether,

ii) the length of the central block, and

iii) the nature of the moiety directly linked to the amine
end-group (aliphatic or aromatic).

Both chemical studies carried out by reacting each jeffam-
ine with DFV and MDI, respectively, showed that only
compound 4 reacted. Compound 4 bears aromatic amine
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end-groups attached to a stiff moiety (aromatic ring), while
compounds 1, 2, and 3 display aliphatic amines at the end of
flexible arms, which grew from 4,7,10-trioxa-1,13-tride-
canediamine for compound 1, O,0"bis(2-aminopropyl) poly
(ethylene glycol) for compound 2, and O,0"-bis(2-amino-
propyl) poly(propylene glycol) for compound 3. Whereas
compound 1 and 2 differ by the length of their central blocks,
compound 1 and 3 do so by the hydrophilic character of
their linear segments.

The lack of reactivity of compounds 1, 2, and 3 under the
present conditions can be explained by the marked flexibil-
ity of both moieties (central oligoether and end arms) and
the highly basic character of the aliphatic amines. These
structural features favor the generation of aggregates via strong
intra- and/or inter-molecular hydrogen bonds,?' which hinder
accessibility and consequently reduce reactivity. These results
are consistent with those reported by Dusek and co-workers
on jeffamines,?' and those dealing with self-assembly, aggrega-
tion and gelation of dendrimers with hydroxyl and amines
groups at the surface.”*%

"H NMR is often used to detect and study aggregation
processes.'”? In this investigation, the broadening of the
signals associated with moieties bearing amino groups pro-
vided strong evidence that aggregation did take place
through the systematic use of 'H-'H 2D and 1D selective
NOESY and ROESY experiments in three different sol-
vents. The results pointed to the fact that the end of the den-
dritic arms were localized at a distance lower than 4-5 A
from the -CH,- belonging to the central oligoether. This
finding may be explained by the formation of hydrogen
bonds between the -NH, and the oxygen atoms and/or ter-
tiary amines from the central block. Even when it was not
possible to determine if the hydrogen bonds were intra- or
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inter-molecular or a combination of them, it was clear that
the terminal amine groups were involved into such an asso-
ciation, possibly aggregates, and were neither free, nor accessi-
ble to react.

Additional evidence supporting the lack of reactivity of
tetra-functional jeffamines due to aggregation was the fact
that compound 1 did react when conditions were favor-
able.">'® 1 was indeed used as the starting material for the
synthesis of a second generation linear-dendritic copolymer
(octa-amine jeffamine) via Michael addition with acryloni-
trile, followed by catalytic hydrogenation.”” The reaction
conditions for a Michael addition are in fact very different
from with those used to synthesize Schiff’s bases or poly-
ureas from aldehydes and isocyanates, respectively. The
synthesis of the octa-nitrile jeffamine (precursor for the
octa-amine jeffamine) via Michael addition could be eas-
ily optimized to prevent aggregation, by changing solvents
and/or adding different chemical compounds to increase
the ionic strength, modify the dielectric constants, shift the
equilibrium and/or catalyze the reactions, among others.*
These strategies were not always applicable to the conden-
sation of amines with aldehydes or isocyanates, due to the
chemical nature of the functional groups, the specific reac-
tion mechanisms, the solubility of each reactant, etc..
Finally, it was established that changes in the central oli-
goether segment did not influence significantly the reac-
tivity in these contexts.

Conversely, the presence of aromatic moieties in com-
pound 4 provided higher stiffness to the dendritic arms. Sec-
ondly, the aromatic amines (in copolymer 4) are less basic
than its aliphatic counterparts (copolymers 1, 2, and 3). These
two effects together caused compound 4 to be less prone to
form hydrogen bonding than its aliphatic analogues, thus
leaving the amino groups more accessible and available to
react. This is in agreement with a) the '"H NMR spectra,
where all signals corresponding to compound 4 were well
resolved, evidencing that both moieties (linear and dendritic
segments) were well solvated by the solvent, thus enhanc-
ing a high mobility of the entire molecule in solution, as
shown in Figure 4, and b) the NOESY and ROESY experi-
ments, where no correlations were found between the den-
dritic part and the linear segment.

Conclusions

The four first-generation linear-dendritic block copoly-
mers bearing primary amine end groups synthesized in this
study displayed an unusual behavior in that the aromatic
tetra-functional jeffamine (4) exhibited a much higher reac-
tivity than its aliphatic homologues, in the context of the
specific tested reactions. The reason for this difference was
that the aliphatic tetra-amine jeffamines underwent aggrega-
tion through strong intra- and inter-molecular hydrogen
bonds, rendering them inaccessible to the potential reac-
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tants. It was shown that their chain length, the hydrophilic/
hydrophobic character, as well as the flexibility of their oli-
goether central blocks, did not modify this lack of reactivity.
In contrast, the presence of a stiff moiety in the form of an
aromatic ring reduced considerably the occurrence of hydro-
gen bonds, thus leaving the -NH, functional groups accessi-
ble to react.
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