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ABSTRACT: Linear polyurethanes (PUs) having alkyne groups located along the backbone have been synthesized
by reacting two different alkyne-functionalized diols with a diisocyanate compound. 'H NMR and FTIR proved
the presence of these functional groups and the ability for the introduction of an elevated and controllable amount
of functional groups that do not interfere with the PU chemistry. TGA measurements demonstrated that the
incorporated alkyne diol in the PU materials strongly improves the final char yield. In the second part of the
work, the copper catalyzed Huisgen 1,3-dipolar cycloaddition was undertaken between the alkyne-functionalized
PUs and a variety of azide compounds such as benzyl azide and different fluorinated azide compounds, resulting
in side-chain functionalized PUs with varying degree of functionalization. 'H NMR spectra clearly indicated the

quantitative yields of the “click” reaction.

Introduction

Since polyurethanes (PUs) have been discovered by Bayer
in the 40s,' many academic and industrial research groups from
all over the world have enlarged this field. PUs” are mostly,
but not only, based on the reaction between diisocyanatates,
diols and polyols. The wide range of starting compounds leads
to the synthesis of materials with different and unique properties.
The targeted applications are numerous such as in the field of
automobile, medicine, comfort, buildings, paintings, coatings,
adhesives and packaging.’ Additionally, the chemistry of
polyurethanes allows for the synthesis of foams (flexible and
rigid) or thermoplastic polymers, depending on their synthetic
conditions. Nowadays, thermoplastic PUs have found a growing
interest since the mechanical, thermal and chemical properties
can be tailored by the choice and composition of the starting
compounds. Actually, much research is focused on the degrad-
ability and the recycling of such materials due to their intense
production.* More recently, much attention is shown for the
development of functional polyurethanes because it is expected
that they lead to applications that are outside of the PU market,
thus giving rise to additional functionality to the end materials.

To introduce functionalities within the PU materials, few
possibilities can be considered. One route to obtain functional
polyurethanes is the use of monofunctional compounds (alcohol
or isocyanate), which lead to polymer chain terminations with
the functional group at the chain end and to a reduced molecular
weight. The end-chain modification of the PU can also be
performed after its formation. For instance, hydroxyethyl
(meth)acrylate has been employed for the modification of a
NCO-functionalized polyurethane leading to UV-cross-linkable
polyurethane (meth)acrylate (PUA).>® The UV-cured PUA
coatings received considerable attention for their resistance to
accelerated weathering or exposure to light for instance.”® A
similar strategy led to the elaboration of amino-functionalized
PUs starting from the reaction between an excess of hexam-
ethylene diisocyanate (HDI) and propylene glycol.” The isocy-
anate functions in the PU, located at the end-chains, were
successively hydrolyzed with triphenylsilanol and water. These
so-obtained amino-functionalized PUs may be afterward used
for coatings, adhesives, sealants.” Surface modification of
isocyanate-functionalized PUs was also reported in order to

* Corresponding author. E-mail: filip.duprez@ugent.be.

10.1021/ma800189z CCC: $40.75

incorporate different functional groups such as sulfonate or
amine. '’

Second, the functional group can be directly introduced during
the process (one-pot procedure) by using a functional building
block. Nevertheless, careful attention should be paid toward the
inertness of the introduced functional groups during the poly-
urethane process to avoid secondary reactions, making the
materials unusable for the desired final applications. For
instance, the introduction of amino groups into PU requires
protection/deprotection steps. Recently, the preparation of PUs
bearing pendant amino groups starting from HDI, poly(e-
caprolactone) (PCL), and a modified poly(ethylene glycol)
(PEG) has been described.'' The approach consists in the
reaction of dihydroxyl PEG with NH,-protected aspartic acid
(Asp) leading to a prepolymer PEG—Asp—PEG. Then, the
consequent reaction between HDIL, PCL and the amino-protected
PEG—Asp—PEG allowed for the formation of PU with a low
loading of pendant amino groups after an ultimate deprotection
step. At the same time, Endo et al.'> prepared PU bearing
hydroxyl groups in the side chain (PHUs) by reacting a
bifunctional cyclic carbonate with a diamine, after which the
hydroxyl groups were converted into functionalized urethane
groups with the help of functionalized isocyanates. In medicine,
functional PUs are widely studied since it was established that
PU shows relatively good in wvitro blood compatibility in
comparison to other polymeric films.'* For example, Kim et
al.'* synthesized heparin-immobilized polyetherurethanes con-
taining pendant ester groups from a NCO-prepolymer and
diethyl bis(hydroxymethyl)malonate. The obtained ester-func-
tionalized PU was then chemically modified to obtain either
heparin or PEG—heparin as side groups. Another way that was
largely explored consists of the functionalization of PUs by
hydrogen removal of the urethane group (i.e., NH) of the
material using for example, a drastic treatment based on sodium
hydride (NaH).'>™'® In general, the chemical modification of
such functional polymers can also suffer of a certain lack of
efficiency since the reactivity of functional groups may be
affected by the structure of the polymer and also by the
efficiency of the chemical reactions used. For the past few years,
this efficiency was intensively studied in the area of polymer
chemistry since, in 2001, Sharpless and co-workers>® introduced
innovative approaches, named “click” chemistry, allowing
quantitative reactions. Among the listed reactions, Huisgen 1,3-
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dipolar cycloadditions between an azide and an alkyne com-
pound have been widely explored due to, among others, its
efficiency, versatility and inertness toward other functional
groups. The use of a copper catalyst leads to a tremendous
acceleration of the reaction at room temperature.>-** Since the
first report of ‘“click” chemistry in polymer chemistry by
Hawker, Sharpless and co-workers,?? the construction of well-
defined and complex macromolecular architectures via “click”
chemistry has been a strongly growing field of research.**’
Relating to the PU field, Qin et al.?® very recently reported the
elaboration of polyurethanes using the combination of 2.4-
toluene diisocyanate (TDI) and chromophore-functionalized
diols. Nevertheless, the authors first synthesized these diols by
the 1,3-dipolar azide—alkyne cycloaddition prior to their
incorporation in the PU. These polymers were studied as organic
second-order nonlinear materials for their further application
in the field of high-speed electro-optic devices.

The aim of the present work was to develop an efficient way
for the elaboration of alkyne-containing PUs by the introduction
of alkyne diols during the PU process. Because of the resistance
of the alkyne group toward the usual reaction conditions and
functional groups during the PU synthesis, it was foreseen that
an universal class of functionalized PU materials could be
prepared. The ultimate step is the functionalization of the PUs
via “click” chemistry with the help of functional azide com-
pounds, leading to a wide range of properties starting from the
same compounds. To achieve this goal, two different alkyne-
containing diols have first been synthesized. Then, alkyne-
functionalized linear PUs with controllable alkyne loadings and
variable molecular weight have been prepared. Finally, the
postmodification has been done using the Huisgen 1,3-dipolar
cycloadditions with several azide compounds in order to obtain
new PU materials with properties that are directed via the azide
compound.

Experimental Section

Materials. Sodium azide (99%, Acros), copper(I) bromide
(99.99%, Aldrich), copper(Il) sulfate, SH,O (99+%, Acros),
L-ascorbic acid sodium salt (Nay., 99%, Acros), N-2-(bromoeth-
yl)phthalimide (98%, Alfa Aesar), N,N,N',N',N"-pentamethyleth-
ylenetriamine (PMDETA, 99+%, Fluka), butane-1,4-diol (BDO,
99+%, Acros), Zonyl FSO-100 (Aldrich), hexamethylene diiso-
cyanate (HDI, 98%, Aldrich), dibutyltin dilaureate (95%, Fluka),
methane sulfonyl chloride (99.5%, Acros), hydrazine monohydrate
(98%, Acros), dimethylformamide (DMF, HPLC grade, Fisher) and
dimethyl sulfoxide (DMSO, HPLC grade, Acros) were used as
received. The compounds benzyl azide (BzNj3),>® 3,5-bis(hy-
droxymethyl)- 1-propargyloxybenzene (PBM),*°1,1,1,2,2,3,3,4,4,5,5,6,6-
tridecafluoro-8-azidooctane,*' and 2,2-di(prop-2-ynyl)propane-1,3-
diol (DPPD)** were synthesized according to the literature.
Triethylamine (HPLC grade, Aldrich), tetrahydrofuran (THF, HPLC
grade, Aldrich) and ethyl acetate (EtOAc, HPLC grade, Aldrich)
were distilled prior to use.

Instrumentation. '"H NMR spectra were recorded at 25 °C, with
a Bruker Avance 300 spectrometer. Thermogravimetric analysis
(TGA) was performed with a Mettler Toledo TGA/SDTAS851e
instrument under air atmosphere at a heating rate of 20 °C/min
between 25 and 800 °C. Infrared spectra were obtained with ReactIR
4000 instrument (Mettler Toledo AutoChem ReactIR™) using a
silicone probe (SiComp, optical range = 4400—650 cm™!). Mo-
lecular masses and molecular mass distributions were measured
using gel permeation chromatography (GPC) using N,N-dimethy-
lacetamide (DMA) as solvent and LiBr (0.42 g/L) with a flow rate
fixed at 1 mL/min and a temperature of 50 °C (with poly(methyl
methacrylate) standards).

Synthesis of N-2-(Azidoethyl)phthalimide (PHT—N3). N-2-
(Bromoethyl)phthalimide (10 g, 40.97 mmol) in a mixture of DMF/
water (120 mL, 9/1 v/v) was charged in a round-bottom flask. Then,
1.5 equivalent of sodium azide (59 mmol, 3.84 g) was introduced
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and the reaction mixture was allowed to stir at 60 °C for 1 day.
The mixture was then cooled to room temperature and a minimum
of 5 extractions against ether was done. The combined ether layers
were dried with magnesium sulfate and the solvent removed in
vacuum, yielding a yellowish powder that was further dried under
vacuum overnight (yield = 95.0%). 'H NMR (300 MHz, CDCls):
0 = 3.57 ppm (t, 2H, CH,—CH,—N3;), 3.87 ppm (t, 2H,
CH,;—CH,;—N3), 7.71 ppm (dd, 2H, Ar—H), 7.84 ppm (dd, 2H,
Ar—H). FTIR (ATR): »(N3) = 2111 ecm™!, »(C=0) = 1710 cm™ ..

Synthesis of Zonyl—N3. Zonyl—Nj3 was synthesized in two steps
from hydroxyl chain terminated fluorinated surfactant Zonyl—FSO-
100 (M, ~725 g/mol, with (CF,),, n ~ 8 and (CH,CH,0),, x ~ 8
from “F and 'H NMR analysis).>*** In a 250 mL round-bottom
flask, Zonyl (20 g, 1 equiv) was dissolved in freshly distilled THF
(100 mL). Then, freshly distilled triethylamine (4.22 mL, 1.1 equiv)
was added and the temperature fixed at 0 °C. Methane sulfonyl
chloride was introduced dropwise (3.65 g, 1.15 equiv). After the
addition, the reaction mixture was allowed to stir at room
temperature overnight. Triethylamine salt was filtered off and the
filtrate was evaporated under vacuum. This intermediate compound
was not further purified and in a second step, it was dissolved in
ethanol (100 mL) containing sodium azide (2.69 g, 1.5 equiv). The
reaction was stirred overnight at reflux. Then, solvent was removed
and both ether and water were added to the mixture allowing
extractions. The combined organic layers were dried with magne-
sium sulfate and the solvent removed in vacuum, yielding a brown
liquid (yield = 85%). 'H NMR (300 MHz, CDCl3): 6 = 2.41 ppm
(m, CF,—CH,—), 3.39 ppm (t, CH>—N3), 3.5—3.8 ppm (m,
O—CH,—CH,—0). FTIR (ATR): ¥(N;3) = 2100 cm™ .

Typical Synthesis of Linear  Alkyne-Containing
Polyurethane. In a round-bottom flask were introduced 1 equiv of
HDI, 1 equiv of a diol (or a predetermined mixture of two diols),
and freshly distilled EtOAc. The mixture was degassed by bubbling
nitrogen for 15 min and heated at 50 °C in a preheated oil bath.
Then, dibutyltin dilaureate (approximately 20—30 uL) was added,
and the reaction was allowed to stir under inert atmosphere for
2 h. During its formation, the PU slowly precipitates in the medium,
and the obtained polymer was then filtered off and extensively
washed with EtOAc and acetone to remove all unreacted com-
pounds. The synthesized material was dried under vacuum overnight
prior to further characterizations such as GPC or NMR.

Typical Huisgen 1,3-Dipolar Cycloaddition onto Linear
Polyurethane. In a round-bottom flask, the alkyne-functionalized
PU (1 equiv of alkyne functions) was charged with the azide
compound (2 equiv), the solvent (DMSO or DMF) and the copper
catalyst based on either CuBr/PMDETA (0.1 equivalent each
according to the alkyne content) or CuSO4, SH,O/Nay. (0.05 and
0.1 equiv, respectively). The reaction was performed overnight
under nitrogen atmosphere at 50 °C. The resulting modified material
was precipitated in diethyl ether and dried under vacuum overnight
prior to further characterizations.

Deprotection of Phthalimide-Functionalized PU. In a round-
bottom flask, the phthalimide-functionalized PU (1 eq.) was
dissolved in DMF. A solution of hydrazine monohydrate in DMF
was slowly added to the reaction mixture. Then, the temperature
was fixed at 70 °C for 4 h. The reaction mixture was cooled down
to room temperature and the PU was precipitated into diethyl ether.
The polymer was filtered off and dried under vacuum prior to
characterizations.

Results and Discussion

Synthesis of Alkyne-Functionalized Polyurethanes. Since
their discovery, the functionalization of PU materials has been
a challenge in order to elaborate new highly interesting materials
that are finding their applications in various fields. In this study,
linear alkyne-functionalized PUs have been synthesized and
characterized by conventional characterization techniques, after
which they are modified via “click” chemistry. The described
strategy consists in incorporating alkyne functions in the PU
by the introduction of alkyne-functionalized diols in the feed

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226

227

228
229
230
231
232
233
234
235
236



ohio2/yma-yma/yma-yma/yma99907/yma4137d07z | xppws | 23:ver.6 | 5/20/08 | 15:15 | Msc: ma-2008-00189z | TEID: kbg00 | BATID: ma7b03

237
238
239
240

241
242
243
244
245
246
247
248
249
250
2561
252
253

254
255
256
257
258
259
260
261
262
263
264
265

266
267
268
269
270

Macromolecules, Vol. xx, No. x, XXXX

“Click” Chemistry as a Promising Tool C

Chart 1. Diols Involved during the PU Process and Azide Compounds Used for the Copper-Catalyzed Huisgen 1,3-Dipolar

Cycloaddition
///
Il
(e} Nj
JeoN
HO—" " ~—OH é
HO OH
3,5-bis(hydroxymethyl)-1- Benzylazide
propargyloxybenzene 2,2-di(prop-2-ynyl)propane-1,3-diol (BzN3)
(PBM) {DPPD)

0
CQN/\M FaC{CF2},CHy~CHa N
o
N-(2-azidoethyl)phthalimide T”de"a"(“T"g,’;g'_";‘f';"’°°ta“e
(PHT-N3) 3

Table 1. Synthesis of Linear PUs Starting from HDI and the
Building Block PBM

composition char

(mol %)? M Tso yieldf
entry reference PBM/BDO/HDI (g/mol) PDI® (°C) (%)
1 PU—PBM-50 50/0/50 8100 1.33 302 239
2 PU—PBM-25 25/25/50 14700 2.58 303 128
3 PU—-PBM-8 8/42/50 60007  d 304 5.1

4 PU—-PBM-0 0/50/50 e e 299 1.4

“ Indicated values relate to the amount of incorporated PBM (mol %) in
the final material. ® Final composition determined by 'H NMR in
DMSO-ds. © Determined by GPC calibrated with PMMA standards. 4 The
resulting trace is out of the calibration window, and only the peak weight
(Mp) could be determined. “ Not soluble in GPC solvent. / Temperature at
5% weight loss and final char yield, as determined by TGA. Heating ramp:
20 °C/min under air from 25 to 800 °C.

of the polycondensation. For this purpose, one monoalkyne diol,
3,5-bis(hydroxymethyl)-1-propargyloxybenzene (PBM) and a
dialkyne diol, 2,2-di(prop-2-ynyl)propane-1,3-diol (DPPD), were
synthesized according to the literature®*>? (Chart 1).

First, the monoalkyne diol (PBM) was mixed with hexam-
ethylene diisocyanate (HDI) in ethyl acetate. According to the
desired PBM loading, a predetermined amount of butane-1,4-
diol (BDO) is added to the mixture. Then, the temperature was
fixed at 50 °C and one drop of tin catalyst was added. As a
result of the use of ethyl acetate as solvent, the PU polymer is
precipitating during its formation after few minutes, leading to
macromolecules having a low molecular weight, which facili-
tates the characterization by 'H NMR. Table 1 summarizes the
results of the synthesized PUs with varying amounts of PBM
(50, 25, and 8 mol %, entries 1—3, Table 1) and also a blank
PU (0 mol % of PBM) synthesized from HDI and BDO (entry
4, Table 1).

Figure 1 shows a typical '"H NMR spectrum obtained from
PU—PBM-25. The typical resonance of the alkyne proton
appears at 3.55 ppm proving that the functionalized diol has
been incorporated in the polymer without any side reaction.
Moreover, the peak at 7.2—7.3 ppm corresponds to hydrogens
linked to the nitrogen atoms from the urethane groups. It clearly
indicates that all expected peaks are present, either from the
BDO, the PBM, or the diisocyanate. Moreover, by taking into
account the integration of peaks at 4.75 ppm (2H, —CH; from
PBM), 3.9 ppm (4H, —O—CH, from BDO) and 2.9 ppm (4H,
—NH—CHj; from HDI), the molar ratio between BDO and PBM
could be determined.

The elaborated PUs were also characterized by FT-IR
spectroscopy to further prove the incorporation of the function-
alized alkyne diol in the materials. In Figure 2, the IR spectra
display the overlay of the starting alkyne diol PBM and the
synthesized PU—PBM-25.

F3C-{CF2}HCH,~CHZ-0F CHa-CH, N,
X y

Zonyl-N3

The spectrum corresponding to the PU—PBM-25 (upper
spectrum, Figure 2) shows typical bands, on one hand at 1737
cm™! corresponding to the carbonyl function from the urethane
groups and, on the other hand at 2220 cm™!' (C=C) and 3290
cm™! (C=C—H) relating to the terminal alkyne functions present
in the material. The thermal stability of the synthesized
functionalized PU was studied by thermogravimetric analysis
(TGA) measurements.

As shown in Figure 3 (top), all synthesized PUs are stable
up to 300 °C. The initial decomposition temperature, defined
as 5% weight loss (data in Table 1), are similar, showing that
the incorporation of PBM in the material does not affect the
thermal behavior at the early stage of the thermal decomposition
process. However, it can be observed from the overlay that for
a higher PBM content in the PU, the overall final char yield is
increasing up to 25%. Thus, PBM may act at the same time as
a stabilizer agent as already reported elsewhere. Indeed, alkyne
groups are known to act as a cross-linker upon heating by
creation of reticulated alkenes and can participate in a reaction
of cyclotrimerization making the materials flame-retardant.*>-°
This is ascribed to the formation of char on the upper part of
the material, which prevents the formation of volatile compounds
from the inner part. In addition, terminal alkynes have also been
used to elaborate high-performance polymers and composites.>”
When final char yields were plotted against the amount of
incorporated PBM (Figure 3, bottom), a linear relationship was
surprisingly observed, meaning that a structure—property rela-
tionship may exist that can justify the above-mentioned explana-
tion about the thermal stability of alkyne-functionalized mate-
rials. Moreover, the stability of the materials has been studied
after heating them at 200 °C for 30 min. '"H NMR measurements
(data not shown) after this degradation study showed no change
meaning that the PUs are stable in these conditions and
especially that the alkyne functions are still available for further
reactions.

The same strategy has been employed to incorporate in the
PU a diol bearing two alkyne functions per repeating unit
(Scheme 1).

The reactivity of DPPD was examined by elaborating a
soluble PU starting from DPPD and HDI (entry 1, Table 2) as
shown in Scheme 1. Then, BDO was introduced in the feed of
the polycondensation to obtain a PU with 15 mol% of DPPD
(entries 2 and 3, Table 2).

Figure 4 shows the overlay of the starting diol DPPD and
the PU—DPPD-15.

The IR spectrum of DPPD (upper spectrum) indicates the
presence of the alkyne function due to the low intense band at
2120 cm™! (C=C) and the shoulder at approximately 3270 cm™!
(C=C—H) next to the intense OH stretching. Additionally, the
spectrum corresponding to the PU—DPPD-15 shows the ap-
pearance of three intense bands at 1700 cm™! from amide I
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Figure 1. '"H NMR spectrum (300 MHz, DMSO-de) of PU-PBM-25.
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2220
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Figure 2. FT-IR spectra of the starting diol PBM and PU—PBM-25.

(C=O0 stretching vibrations) of the urethane, at 1540 cm™! from
the amide I (C—N stretching vibrations) and at 1258 c¢cm™!
belonging to the amide III (C—N deformation).

The thermal stability of such materials was also examined
by TGA. It reveals that all synthesized PU—DPPD are stable
up to 250 °C or higher. In contrast to the previous series
(PU—PBM), at the early stage of the degradation process
(250—350 °C), the incorporation of DPPD makes the material
more sensitive to the heating as observed in Figure 5.

Nevertheless, as observed in the case of PBM-functionalized
PUs, the incorporation of the dialkyne diol DPPD leads to high
char-yielding materials. The most notable difference between
both series (PU—PBM and PU—DPPD) is the decomposition
temperature at about 300 °C for the series PU—PBM and at
250 °C for the series PU—DPPD. This can be ascribed to the
presence of an aromatic compound (PBM), which affords more
rigidity to the whole structure compared to the aliphatic
compound DPPD. The thermal behavior of the alkyne-contain-
ing PUs is promising since it shows that the yields of flammable
and volatile components from the thermal degradation of the

100+
80+
& 60
E
=
= 40-
PU-PBM-50
20
--..PU-PBM-25
0
T T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800
Temperature (°C)
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|
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g
B 151
3 -
gm- /
®
£
[ 5 /I
]
°
T T v T T T T T T T
0 10 20 30 40 50

Incorporated PBM (mol%)

Figure 3. Top: TGA curves of the PU—PBM (heating ramp: 20 °C/
min under air from 25 to 800 °C). Bottom: Final char yield of the
PU—PBM series versus the mol % of PBM incorporated in the material.

PUs are low and may satisfy the requirements for acting as flame
retardants.

“Click” Reactions onto Alkyne-Functionalized Linear
PUs. The postmodification of PU side-chains, allowing to tune
the properties of the resulting polymers, has been a great
challenge due to quite low conversions that are mainly caused
by the steric hindrance or the nature of the reaction involved.
Therefore, the quantitative copper(l) catalyzed azide—alkyne
cycloadditions appears to be a promising approach to achieve

342
343

344
345
346
347
348
349
350



ohio2/yma-yma/yma-yma/yma99907/yma4137d07z | xppws | 23:ver.6 | 5/20/08 | 15:15 | Msc: ma-2008-00189z | TEID: kbg00 | BATID: ma7b03

351
352
353
354

Macromolecules, Vol. xx, No. x, XXXX

“Click” Chemistry as a Promising Tool E

Scheme 1. Synthesis of PU—DPPD Based on HDI, BDO, and DPPD.

|| || H()\’/&\V//\C)F
+ + tin dibutyl dilaurate
OCN\/\/\/\NCO EtOAc, 50°C

HO OH

Table 2. Synthesis of Linear PUs Starting from HDI and the
Building Block DPPD

composition” char

(mol %) M’ Tse!  yield?

entry reference DPPD/BDO/HDI (g/mol) PDI? (°C) (%)
1 PU—-DPPD-50 50/0/50 4800 2.66 258 9.9
2  PU—-DPPD-15 15/35/50 8800 1.86 287 55
3 PU-DPPD-O 0/50 /50 c c 299 14

“ Final composition determined by 'H NMR in DMSO-dj. * Determined
by GPC calibrated with PMMA standards. ¢ Not soluble in GPC solvent. ¢

Temperature at 5% weight loss, determined by TGA. Heating ramp: 20
°C/min under air from 25 to 800 °C.

DPPD

2120

PU-DPPD-15

1540
1258

1700

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

Figure 4. FT-IR spectra of the starting diol DPPD (up) and the
PU—DPPD-15 (down).
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— PU-DPPD-50
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----- PU-DPPD-0
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Temperature (°C)

Figure 5. TGA curves of the polyurethanes functionalized with the
dialkyne diol DPPD (heating ramp: 20 °C/min under air from 25 to
800 °C).

such modifications.>*?” The availability of the alkyne functions
present in the previously synthesized PUs has been studied by

carrying out the “click” reaction with several azides (Scheme
2).

it

H o)
O)ﬁ/N\/\/\/\HJ%O/\/\/O}W
y z

o} x O
PU-DPPD

Scheme 2. General Scheme of the Huisgen 1,3-Dipolar
Cycloadditions between Alkyne Containing PU and Azide
Compound

/WPU il

The “click” reactions were carried out either in DMSO at
50 °C or in DMF at 60 °C in combination with common copper
catalyst systems such as Cu'Br/PMDETA or CuSO4/Nays.
These solvents were used in order to maintain the PU solubility,
while the copper catalysts were chosen as a function of their
efficiency toward the “click” reaction. In this study, several azide
compounds (Chart 1) were used in a 2-fold excess such as
benzyl azide (BzN3), N-(azidoethyl)phthalimide (PHT—N3),
tridecafluoro-8-azidooctane (TDFO—Nj3) or Zonyl—Nj. The
results of the coupling reactions between PBM-based PUs and
the organic azide compounds are reported in Table 3.

R-Ns

copper catalyst

A first screening was performed with PU—PBM-50 in
different reaction conditions. First, the reaction of BzN5, which
can be considered as a model compound, was undertaken and
the precipitated PU was then analyzed by '"H NMR in DMSO-
ds. Figure 6 shows the overlay of the 'H NMR spectra of the
starting material PU—PBM-50 (lower spectrum, Figure 6) and
the final material obtained after the dipolar cycloaddition with
benzylazide (PU—PBM-50—Bz) (upper spectrum, Figure 6).

The arrow in Figure 6 clearly indicates the shift of the alkyne
proton at 3.5 ppm (5, lower spectrum) to 8.2 ppm (5', upper
spectrum), which corresponds to the proton linked to the formed
triazole ring. Also, news peaks appear at 5.5 ppm (6', CH; from
BzN3) and at 7.3—7.4 ppm (7', aromatic protons from BzN3),
proving the success of the reaction. The complete disappearance
of the alkyne proton at 3.5 ppm (Figure 6, lower spectrum)
reveals that the reaction was quantitative. The same conclusions
could be drawn from the reaction between BzN3; and PU—PBM-
25. Also, N-(azidoethyl)phthalimide (PHT—N3) was allowed to
react with PBM-based PUs using CuSO4/Na,s. as copper
catalyst in DMF at 60 °C. As shown in Table 3, the “click”
reactions with PU—PBM-50 and PU—PBM-25 occurred in a
quantitative way since no peak from the starting alkyne proton
could be detected in the final material by 'H NMR.

Phthalimide-based compounds are often used as an amine-
protecting group®®#° and a simple deprotection step via
hydrazine treatment is performed*' (Scheme 3). For instance,
O’Shea et al.*? prepared bromo-terminated polystyrene (PS-Br)
by ATRP, which was then treated with potassium phthalimide
followed by the hydrazinolysis in order to obtain amino-
terminated polystyrene (PS—NH,). In the present case, it can
be a very promising way to obtain PUs functionalized with
reactive primary amino groups. PU—PBM-25 was reacted with
a solution of hydrazine in DMF at 70 °C. The 'H NMR spectra
are shown in Figure 7.
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Table 3. Results of the “Click” Reacfions onto PBM-Based Polyurethanes

PU sample azide compound catalyst M, (g/mol) yield® (%) char yield® (%)

PU—-PBM-50 BzN;3 CuBr/PMDETA? 11600 >99 14.1
PHT—N; CuSO4/Nay © 11400 >99 15.6
TDFO—Nj3 CuSO4/Nay © 7800 >99 22.0
Zonyl—Nj3 CuSO4/Nay © 14100 f 2.16

PU—-PBM-25 BzN; CuBr/PMDETA” 24700 >99 18.5
PHT—N; CuSO4/Nay © 18300 >99 11.2
TDFO—Nj3 CuSO4/Nay © 16000 >99 21.1

“ Starting materials: PU—PBM-50: M, = 8100 g/mol, PDI = 1.33. PU-PBM-25: M,
» CuBr/PMDETA: 0.1 equiv, DMSO, 50 °C. ¢ CuSO4/Nays.: 0.05 and 0.1 equiv, respectively, DMF, 60 °C. 9 Determined
¢ Determined by '"H NMR in DMSO-dg. / Partially soluble in DMSO-ds. ¢ Determined by TGA analysis. Heating

azide (2 equiv), time = overnight.
by GPC calibrated with PMMA standards.
ramp: 20 °C/min under air from 25 to 800 °C.

= 14700 g/mol, PDI = 2.85. Reaction conditions: PU (1 equiv),

5y NN
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&
0 3 H,0
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N 03! 2’3,OYHN\/\/\/\ B
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-
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Figure 6. '"H NMR spectra (300 MHz, DMSO-d;) of the starting polymer PU—PBM-50 (lower spectrum) and the final PU after the “click” reaction

with BzNj3 (upper spectrum).

Scheme 3. General Scheme for the Hydrazinolysis of the Phthalimide-Based Materials

RR

CH2 2
CH2 1 CH2
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CH, 2' $H2
CHy 1’ CH,

copper catalyst

Between both 'H NMR spectra, three major differences were
observed, among which the clear disappearance of the peak at
7.8 ppm corresponding to the phthalimide groups of PU—PBM-
25—PHT (3, lower spectrum, Figure 7). The other changes
related to a chemical shift due to the change of the chemical
environment of two methylene protons between the triazole ring
and either the phthalimide group or amino group. As a
consequence, the methylene protons at 4.65 ppm and 4.05 ppm
(2 and 1 respectively, lower spectrum, Figure 7) were shifted
to 4.45 ppm and 3.9 ppm respectively (2" and 1’ respectively,
upper spectrum, Figure 7). Thus, ethylamino-functionalized PU
was obtained via the strategy in which the first step involves
the “click” reaction of an amino precursor onto the PU and the
second step is a deprotection step. A direct anchoring of an
amine to the PU via the cycloaddition process could also be
considered with the help of 1-azidoethylamine. Nevertheless,
this azido compound is explosive and therefore difficult to obtain

because of the low C/N ratio® (i.e., 2/4). In principle, another
safer azide containing the amino compound could be synthesized
and used in the cycloaddition reaction to obtain amino-
functionalized PUs in one step.

Last attempts of the series of PU—PBM were undertaken with
fluorinated azide compounds in order to enlarge the concept of
functionalized PUs by grafting hydrophobic pendant chains
along the backbone of the PUs. TDFO—Nj3, which was
synthesized from the iodide derivative, was allowed to react
with both PU-PBM-50 and PU—PBM-25 using copper sulfate
and sodium ascorbate (Table 3). In both cases, the 'H NMR
revealed the appearance of the triazole proton. Integrations of
this specific peak and the others from the PU backbone fit well,
proving again the quantitative character of the “click” reactions.
Thus, the high hydrophobicity of the fluorinated compound did
not affect the dipolar cycloaddition.
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Figure 7. '"H NMR spectra (300 MHz, DMSO-ds) of PU=PBM-25—PHT (down) and PU~PBM-25—NH, (up).

\
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PDI=1.35 Mp = 8 900 g/mol

PDI=1.33

12 13 14 15 18 17

Retention time (min)

Figure 8. GPC traces of the starting material PU—PBM-50 and
PU—PBM-50—Zonyl.

Finally, also another azide compound was used, namely
Zonyl—Nj3. This compound was synthesized from commercially
available hydroxy-functionalized Zonyl FSO-100, which is a
low molecular weight block copolymer having a first block
based on a perfluoroalkyl chain followed by a second poly(eth-
ylene glycol) block (Chart 1). Zonyl FSO-100 is currently widely
used in applications such as improved wetting agent, lubricant,
antifogging and pigment compatibilizer in inks.*’ In the present
work, Zonyl—N3 was reacted with PU—PBM-50. As mentioned
in Table 3, the resulting PU was only partially soluble in the
NMR solvent, making the measurement not suitable. Neverthe-
less, the change of solubility may be an indirect proof of the
grafting process by “click” chemistry. On the other hand, Figure
8 represents the overlay of the GPC traces of PU—PBM-50 and
the resulting PU with their macromolecular characteristics such
as number average and peak molecular weight and polydisper-
sity index (PDI). A shift of the macromolecular species toward
lower retention time is clearly shown. Also, the peak molecular
weight is largely increasing proving that the fluorinated com-
pound has been grafted to the PU backbone via the alkyne
functions.

It can also be noticed from Table 3 that after the “click”
reaction all the functionalized PUs have a higher number-
average molecular mass than the starting PU—PBM-50 and
PU—PBM-25, showing the success of the grafting reaction. As

Table 4. Results of the “Click” Reactions onto DPPD-Based

Polyurethanes”

char
azide M, yield? yield®

PU sample compound catalyst” (g/mol) (%) (%)
PU—DPPD-50 BzNj; CuBr/PMDETA 9140 >99  12.0
PHT—N3  CuBr/PMDETA 6250 >99 17.0

PU—DPPD-15 BzNj3 CuBr/PMDETA 16900  >99 7.0
PHT—N3;  CuBr/PMDETA 10200 >99 124

TDFO—N3; CuBr/PMDETA 13400 f 17.2

“ Starting materials: PU—DPPD-50: Mn = 4800 g/mol, PDI = 2.66.
PU—DPPD-15: M, = 8300 g/mol, PDI = 2.01. Reaction conditions: PU
(1 equiv), azide (2 equiv), time = overnight. © CuBt/PMDETA: 0.1 equiv
each, DMF, 60 °C. © Determined by GPC calibrated with PMMA standards.

4 Determined by '"H NMR in DMSO-d6. ¢ Determined by TGA analyses.
Heating ramp: 20 °C/min under air from 25 to 800 °C./ The final material
not soluble in NMR solvent.

an exception, PU—PBM-50—TDFO (PU—PBM-50 after the
“click” reaction with TDFO—N3) has a slightly lower molecular
mass (M, = 7800 g/mol, Table 3) than the starting material.
This can be attributed to the change of hydrodynamic volume
of the obtained macromolecules, which have quite hydrophobic
side-chains.

To further prove the concept of functionalized polyurethanes,
“click” reactions were also performed with the other series of
materials, i.e. PU—DPPD, having two alkyne functions per
DPPD unit. Their reactivity toward BzN3 and PHT—N3 were
studied using CuBr/PMDETA as catalyst system. Table 4
summarizes the results obtained during the “click” reactions with
PU—-DPPD-50 and PU—DPPD-15.

The “click” reaction between BzN; and PU—DPPD was
executed with the experimental conditions described in Table
4. The reaction with BzNjs led to quantitative yields with both
PU—DPPD-50 and PU—DPPD-15 and an increase of the
molecular weight was observed in both cases by GPC. These
materials PU—DPPD were also allowed to react with PHT—N3.
As mentioned in Table 4, quantitative yields were observed by
'"H NMR in DMSO-dg leading to materials bearing phthalimide
groups on the side-chains of the polyurethanes. In Figure 9,
the overlay of 'H NMR spectrum corresponding to starting
PU—DPPD-15 and PU—DPPD-15—PHT is represented.
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Figure 9. "H NMR spectra (300 MHz, DMSO-d6) of the starting polymer PU—DPPD-15 (lower spectrum) and PU—DPPD-15—PHT (upper spectrum).

New peaks appear at 7.7—7.8 and 4.6 ppm (6" and 4', upper
spectrum) corresponding, respectively, to the grafted phthalimide
group onto the PU and to the methylene protons close to the
triazole ring. Second, a peak also appears at 7.9 ppm (3', upper
spectrum) proving the formation of the triazole ring. Moreover,
the protons corresponding to the two CH, groups at 2.2—2.4
ppm near the terminal alkyne functions (2, lower spectrum) have
been completely shifted to 2.4 ppm (upper spectrum) proving
the success of the ‘“click” reaction. Finally, the measured
integrations fit very well when taking into account the molar
composition of the PU. Relating to the TGA measurements
(Table 4), it appears that the final char yields of all “clicked”
PUs are again quite higher than the starting material.

Additionally, the cycloaddition reaction between TDFO—Nj3
and PU—DPPD-15 was undertaken (Table 4) in order to
synthesize highly hydrophobic materials. It was observed that
the material PU—DPPD-15—TDFO was insoluble in DMSO,
making the "H NMR analysis not feasible. Nevertheless, from
TGA measurements, a high char yield was obtained (i.e., 17.2%,
Table 4), which may indicate the presence of fluorinated grafted
side-chain along the PU backbone.

Conclusions

PUs bearing alkyne functions as pendant groups have been
synthesized by incorporating an alkyne diol (PBM and DPPD)
during their elaboration. This resulted in PUs with a variable
amount of “clickable” functions. Moreover, it has been proved
by TGA measurements that such PUs have a high thermal
stability and that the final char yield is proportional to the alkyne
content in the material. In a second step of the research, the
Huisgen 1,3-dipolar cycloaddition was employed by reacting
these alkyne functionalized materials with several azide com-

pounds in the presence of a copper catalyst. After the success
of the “click” reaction with BzN3, amine and fluorinated
compounds have been attached to the PUs. In almost all cases,
a quantitative yield was obtained as observed by 'H NMR,
leading to PUs with new functionalities in the side-chain of the
backbone. We are currently studying the use of PU based on
polyols, the kinetics of the “click” chemistry reaction and the
surface properties of the corresponding PU coatings. This
concept of universal functionalized PU is believed to afford new
classes of PU materials with easily adaptable physical properties
by making use of readily accessible azide compounds.

Acknowledgment. The authors would like to thank the TWT
(The Institute for the Promotion of Innovation through Science and
Technology in Flanders, Belgium), the Belgian Program on
Interuniversity Attraction Poles initiated by the Belgian State, Prime
Minister’s office (Program P6/27) for the financial support and the
company Recticel NV (Wetteren, Belgium) for the fruitful discus-
sions.

References and Notes

(1) Bayer, O. Angew. Chem. 1947, 59, 257-272.

(2) Backus, J. K.; Blue, C. D.; Boyd, P. M.; Camm, F. J.; Chapman, J. H.;
Eakin, J. L.; Harasin, S. J.; McAffe, E. R.; McCarty, C. G.; Nodelman,
N. H.; Rieck, J. N.; Schmelzer, H. G.; Squiller, E. T. Encycl. Polym.
Sci. Eng. 1988, 13, 243.

(3) Randall, D.; Lee, S. The Polyurethanes Book; John Wiley & Sons:
New York, 2002.

(4) Zia, K. M.; Bhatti, H. N.; Ahmada, 1. React. Funct. Polym. 2007, 67,
675-692.

(5) Velankar, S.; Pazos, J.; Cooper, S. L. J. Appl. Polym. Sci. 1996, 62,
1361-1376.

(6) Digar, M. L.; Hung, S. L.; Wen, T. C.; Gopalan, A. Polymer 2002,
43, 1615-1622.

513
514
515
516
517
518
519
520
521
522
523

524
525
526
527
528
529
530

531
532
533
534
535
536
537
538
539
540
541
542
543
544
545



ohio2/yma-yma/yma-yma/yma99907/yma4137d07z | xppws | 23:ver.6 | 5/20/08 | 15:15 | Msc: ma-2008-00189z | TEID: kbg00 | BATID: ma7b03

546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580

PAGE EST: 84
Macromolecules, Vol. xx, No. x, XXXX

(7) Decker, C.; Zahouily, K. J. Polym. Sci., Part A: Polym. Chem 1998,
36, 2571-2580.
(8) Decker, C.; Moussa, K.; Bendaikha, T. J. Polym. Sci., Part A: Polym.
Chem 1991, 29, 739-747.
(9) Mager. M. US Patent, US 2006/0004173 A1, 2006.
(10) Park, K. D.; Kim, Y. S.; Han, D. K.; Kim, Y. H.; Lee, E. H.; Suh,
B. H.; Choi, K. S. Biomaterials 1998, 19, 851-859.
(11) Xie, Z.; Lu, C.; Chen, X.; Chen, L.; Hu, X.; Shi, Q.; Jing, X. Eur.
Polym. J. 2007, 43, 2080-2087.
(12) Ochiai, B.; Sato, S.-I.; Endo, T. J. Polym. Sci., Part A: Polym. Chem.
2007, 45, 3408-3414.
(13) Lambda, N. M. K.; Woodhouse, K. A.; Cooper, S. L. Polyurethanes
in Biomedical Applications: CRC Press, Boca Raton, FL, 1998; Vol.
158.
(14) Wan, M.; Baek, D. K.; Cho, J.-H.; Kang, 1.-K.; Kim, K. H. J. Mater.
Sci.: Mater. Med. 2004, 15, 1079-1087.
(15) Grasel, T. G.; Cooper, S. L. J. Biomed. Mater. Res. 1989, 23, 311-
338.
(16) Sivriev, H.; Georgiev, G. S.; Borrisov, G. Eur. Polym. J. 1990, 26,
73-76.
(17) Goddard, R. J.; Cooper, S. L. J. Polym. Sci., Part B: Polym. Phys.
1994, 32, 1557-1571.
(18) Flemming, R. G.; Capelli, C. C.; Cooper, S. L.; Proctor, R. A.
Biomaterials 2000, 21, 273-281.
(19) Ruggeri, V.; Francolini, I.; Donelli, G.; Piozzi, A. J. Biomed. Mater.
Res., Part A 2007, 81A, 287-298.
(20) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem., Int. Ed.
2001, 40, 2004-2021.
(21) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew.
Chem., Int. Ed. 2002, 41, 2596-2599.
(22) Tornge, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67,
3057-3064.
(23) Wu, P.; Feldman, A. K.; Nugent, A. K.; Hawker, C. J.; Scheel, A.;
Voit, B.; Pyun, J.; Frechet, J. M. J.; Sharpless, K. B.; Fokin, V. V.
Angew. Chem., Int. Ed. 2004, 43, 3928-3932.

“Click” Chemistry as a Promising Tool I

(24) Hawker, C. J.; Wooley, K. L. Science 2005, 309, 1200-1205.
(25) Binder, W. H.; Kluger, C. Curr. Org. Chem. 2006, 10, 1791-1815.
(26) Sumerlin, B. S.; Tsarevsky, N. V.; Gao, H.; Golas, P.; Louche, G.;
Lee, R. Y.; Matyjaszewski, K. ACS Symp. Ser. 2006, 944, 140.
(27) Fournier, D.; Hoogenboom, R.; Schubert, U. S. Chem. Soc. Rev. 2007,
36, 1369-1380.

(28) Li, Z.; Zeng, Q.; Li, Z.; Dong, S.; Zhu, Z.; Li, Q.; Ye, C.; Di, C.; Liu,
Y.; Qin, J. Macromolecules 2006, 39, 8544-8546.

(29) Coessens, V.; Nakagawa, Y.; Matyjaszewski, K. Polym. Bull. 1998,
40, 135-142.

(30) Joralemon, M. J.; O’Reilly, R. K.; Matson, J. B.; Nugent, A. K.;
Hawker, C. J.; Wooley, K. L. Macromolecules 2005, 38, 5436-5443.

(31) Szonyi, F.; Cambon, A. J. Fluorine Chem. 1989, 42, 59-68.

(32) Eglinton, G.; Galbraith, A. R. J. Chem. Soc. 1959, 889-896.

(33) Perrier, S.; Jackson, S. G.; Haddleton, D. M.; Ameduri, B.; Boutevin,
B. Tetrahedron 2002, 58, 4053-4059.

(34) Perrier, S.; Jackson, S. G.; Haddleton, D. M.; Améduri, B.; Boutevin,
B. Macromolecules 2003, 36, 9042-9047.

(35) Morgan, A. B.; Tour, J. M. Macromolecules 1998, 31, 2857-2865.

(36) Bertini, F.; Audisio, G.; Kiji, J.; Fujita, M. J. Anal. Appl. Pyrolysis
2003, 68—69, 61-81.

(37) Knudsen, R. L.; Jensen, B. J. High Perform. Polym. 1996, 8, 57-66.

(38) Ing, H. R.; Manske, R. H. F. J. Chem. Soc. 1926, 2348-2351.

(39) Gabriel, S. Ber. Dtsch. Chem. Ges. 1887, 20, 2224-2236.

(40) Sheehan, J. C.; Bolhofer, W. A. J. Am. Chem. Soc. 1950, 72, 2786—
2788.

(41) Weimer, M. W.; Fréchet, J. M. J.; Gitsov, 1. J. Polym. Sci., Part A:
Polym. Chem. 1998, 36, 955-970.

(42) Postma, A.; Davis, T. P.; Moad, G.; O’Shea, M. S. React. Funct.
Polym. 2006, 66, 137-147.

(43) www.dupont.com/zonyl.

MAS800189Z

581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

612



