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Abstract

Polyacrylamide (PAAm) hydrogels are obtained in an efficient and controlled manner by means of photocrosslinking of linear PAAm chains
which are functionalized with dimethylmaleimide (DMMI) groups. The reaction is conveniently performed in the presence of thioxanthone
disulfonate as a triplet sensitizer.

The fundamental investigation of the photoreaction on the basis of model compounds shows that the dimerization of DMMI groups in aque-
ous solution leads to asymmetric products instead of the expected cyclobutane derivatives. Nevertheless, crosslinking occurs in a well controlled
manner without perceptible side reactions. The systematic analysis of the progress of the reaction by means of UV—vis spectroscopy indicates
that the rate of dimerization is simply proportional to the concentration of sensitizer and the intensity of irradiation. The dimerization reaction
can be interrupted at any intermediate stage by discontinuing the UV irradiation in order to study the system as it changes from a semi-dilute
polymer solution to a fully crosslinked gel.

The network formation was investigated macroscopically by rheology and microscopically by multiple-quantum NMR experiments. The
results clearly indicate that the formation of active network strands occurs in proportion with DMMI conversion. The crosslinking efficiency
varies markedly with concentration, but is surprisingly high (>60% at 80 g L™"), while the length of the network chains seems to be independent

of concentration.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogels formed by crosslinking of water-soluble poly-
mers have gained increasing importance during the last de-
cades. They provide the basis for a variety of applications in
fields like super-absorbent polymer technology, chromatogra-
phy, or electrophoresis. Moreover, their potential in biophysics
and nanotechnology, e.g., for controlled drug release or en-
zyme treatment, is still being explored.

One of the most important non-ionic, water-soluble syn-
thetic polymers for the preparation of crosslinked structures
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is polyacrylamide (PAAm) [1—4]. The usual way to build-up
PAAm networks is the free radical crosslinking copolymeriza-
tion of acrylamide with N,N'-methylendiacrylamide or another
suitable crosslinker [1,5]. However, the so-obtained networks
often turn out to be relatively inhomogeneous [6—8]. An alter-
native for PAAm network formation could be to start out from
semi-dilute solutions of well-defined functionalized linear
PAAm molecules, which are subsequently crosslinked by se-
lectively connecting the functional groups. It is an advantage
of the latter method that in this case the crosslinking occurs
in a random manner and, moreover, that the properties of
the physically entangled system and the chemically cross-
linked network structure can be consistently compared.
Achieving the crosslinking of existent linear polymer
chains through a photochemical reaction offers a convenient
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feature in this respect: the reaction is readily controlled by
adjusting the irradiation conditions, and its progress can be
stopped, if desired, by interrupting the light exposure. The sys-
tem can thus be studied and characterized at any intermediate
stage on its path from sol to gel, before resuming the
irradiation.

In this work, use of the photochemical [2 + 2] dimerization
of dimethylmaleimide (DMMI) side groups was made as
sketched in Fig. 1. A sensitizer, thioxanthone disulfonate,
was employed to enable the photoreaction by irradiation
with long-wave UV light. Although photochemical crosslink-
ing reactions have been utilized several times to prepare vari-
ous types of swollen hydrogels [9—13], there are no reports on
a detailed and fundamental examination of the reaction mech-
anism when pendent DMMI groups are used to crosslink
PAAm, and on the development of the network structure in
such systems. The aim of the present study is therefore to pro-
vide such fundamental knowledge. First, the DMMI dimeriza-
tion reaction in aqueous solution is studied on low molecular
weight model compounds. Then, we investigate the kinetics
of the gelation process when PAAm hydrogels are formed
by means of DMMI side group dimerization, focusing in par-
ticular on the possibilities for monitoring and controlling the
progress of the reaction. Finally, rheological measurements
and multiple-quantum NMR experiments provide information
on the network structures on a macroscopic and a microscopic
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Fig. 1. Scheme of the copolymerization of acrylamide (AAm) with N-(N'-
acryloyl-2-aminoethyl)-dimethylmaleimide (DMMIAAm) and illustration of
the sensitized photocrosslinking of the copolymer.

scale, respectively. They indicate that the hydrogels thus
obtained are formed in a very efficient and controlled way.

2. Theoretical background and strategy for the present
work

Suitable groups which undergo photodimerization and
can therefore be used for photocrosslinking of accordingly
functionalized polymers comprise cinnamate (and related)
moieties [14—27], coumarins [28—33], and maleic acid
derivatives like dimethylmaleimide (DMMI) [34—49]. One
of the major drawbacks of cinnamates, besides advantageous
features such as controlled reversibility of the dimerization
[22], is the photochemically induced cis/trans isomerization
resulting in a noticeable decrease of the quantum yield of pho-
tocrosslinking [39]. A second shortcoming is their susceptibil-
ity to radical reactions, which precludes them from being used
in radical copolymerizations. Coumarins and DMMIs do not
show these disadvantages. We chose to employ DMMI-
functionalized PAAm because of the higher polarity and water
solubility of this group, and because of favorable spectro-
scopic and electronic properties.

Photochemical [2 + 2]-cycloaddition reactions can princi-
pally start from both the excited singlet (S;) and the triplet
(Ty) states of one of the two molecules eventually forming
the dimer. In the first case, the reaction occurs in a concerted
action, originating from a syn exciplex that is stabilized by
secondary orbital interactions and yields cyclodimers in the
stereospecific cis form. The reaction from the T, state, on
the other hand, proceeds in a stepwise manner. Starting from
a triplet-exciplex having a long lifetime, the addition occurs
via an intermediate 1,4-diradical with wide geometry that fi-
nally relaxes to the ground state (Sy), where the second bond
is formed. Dimeric products thus obtained are a mixture of
cis and (favored) trans isomers.

The energy of the excited singlet state of DMMI is consid-
erably higher than that of the triplet state. Direct excitation of
DMMI requires short-wave UV light which might as well
cause unwanted degradation of the polymer chains. It is there-
fore advantageous to proceed from the T, state, which can be
reached by energy transfer from an excited, suitably chosen
sensitizer. The S; and T, states of the sensitizer molecule
have to be closer together with their energies between those
of the S; and the T, states of DMMI. Fig. 2a shows a scheme
of such a sensitized process. After excitation of the sensitizer
to its S; state by comparatively long-wave UV light, it can un-
dergo intersystem crossing to its slightly lower T; state and
subsequently transfer the triplet energy to the substrate
(DMMI), from which the dimerization reactions proceed.
This way of effectively achieving a high population of the
T, state as a starting point for photochemical reactions was
described by Hammond et al. [5S0—54]. Suitable sensitizer
molecules are aromatic ketones since they generally show
a combination of strong spin-orbit coupling, leading to high
quantum yield of intersystem crossing, and small energy
gaps between the S; and the T, states. In addition, their nt*
or ¥ triplet states provide sufficiently high energy levels
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Fig. 2. Mechanism of sensitized [2 4 2]-cyclodimerization according to
(a) Hammond et al. [50—54] and (b) Schenck et al. [53,56].

and lifetimes [55] to enable effective energy transfer to
a substrate.

A slightly different mechanism of sensitized photoreactions
was suggested by Schenck et al. [53,56], who assumed forma-
tion of an intermediate adduct between sensitizer and substrate
as depicted in Fig. 2b.

The majority of aromatic ketones possesses nm* triplet
states. These molecules can undergo various types of side re-
actions such as hydrogen abstractions or Paterno-Biichi addi-
tions [57,58]. Molecules with mtrt* triplet states are therefore
preferred as sensitizers, because unwanted reactions can be
largely excluded. There have been several studies showing
that the T, state of thioxanthones in polar media corresponds
to a 7trv* transition [59,60]. Thioxanthones have been widely
used for photosensitization and initiation purposes [61,62].
The energy of their T, state is relatively high [50,63] and
only marginally less than that of S;. Intersystem crossing
occurs with high quantum yield [63—65], and they show
adequately long triplet lifetimes [59]. In the present work,
we employed the sodium salt of thioxanthone disulfonate.
The sulfonate groups only act in terms of increasing the water
solubility without affecting the spectral properties significantly
[59,66].

Besides allowing for mild irradiation conditions by shifting
the excitation towards longer wavelengths, the usage of a sen-
sitizer has the second advantage that the concentrations of the

light absorbing species and of the reacting species can be
adjusted independently. This is necessary in order to keep
the absorbance in the utilized wavelength range small enough
to ensure constant irradiation conditions over the whole reac-
tion vessel, particularly when big, yet spatially homogeneous
samples are to be prepared.

3. Experimental
3.1. Materials

3.1.1. N-(2-Hydroxyethyl)-dimethylmaleimide (HE-DMMI)

HE-DMMI was synthesized in similar manner as described
in Ref. [39] by heating a solution of 75 mmol 2-aminoethanol
(Aldrich) and 75 mmol dimethylmaleic anhydride (Aldrich) in
200 mL toluene (Aldrich) for 2 h at 120 °C on a water trap.
After removing the solvent, the crude product was purified
by solid-state distillation at 110 °C/0.05 mbar with a cooling
water temperature of about 70 °C to give HE-DMMI as a whit-
ish solid in quantitative yield that was characterized by 'H and
3C NMR spectroscopies.

"H NMR (400 MHz, CDCl5): 6 = 1.97 (s, 6H, 2CH3), 2.78
(br, 1H, OH), 3.61—3.81 (m, 4H, HO—(CH,),—DMMI) ppm.

“C NMR (100 MHz, CDCl3): 6= 8.7 (CH3), 40.8 (HO—
CH,—CH,—DMMI), 61.2 (HO—CH,—CH,—DMMI), 137.4
(C=C0), 172.6 (C=O0) ppm.

3.1.2. N-(N'-Acetyl-2-aminoethyl)-dimethylmaleimide

A solution of 8 mmol N-acetyl-2-diaminoethane (Lancas-
ter, purified by solid-state distillation at 70 °C/0.1 mbar with
a cooling water temperature of about 50 °C) and 8 mmol
dimethylmaleic anhydride (Aldrich) in 50 mL toluene (Al-
drich) was heated for 3 h at 120 °C on a water trap. After
removing the solvent, the crude product was purified by
recrystallization from hexane/ethyl acetate (1:1) to give N-
(N'-acetyl-2-aminoethyl)-dimethylmaleimide as a whitish
solid in quantitative yield that was characterized by 'H and
13C NMR spectroscopies.

'"H NMR (400 MHz, DMSO-dg): 6 =1.72 (s, 3H, H;C—
CONH), 1.89 (s, 6H, H;C—C=C—CHj,), 3.15 (dt, /=
6.1 Hz, 2H, CONH—CH,—CH,—DMMI), 3.41 (t, *J = 6.0 Hz,
2H, CONH—CH,—CH,—DMMI), 7.92 (t, °J=5.8 Hz, 1H,
CONH) ppm.

3C NMR (100 MHz, DMSO-dg): 6 =8.5 (C=C—CHj),
22.5 (CH3—CONH), 369 (CONH—CH,—CH,—DMMI),
37.3 (CONH—CH,—CH,—DMMI), 136.6 (C=C), 169.4
(CH3—CONH), 171.7 (ring C=0) ppm.

3.1.3. Sodium thioxanthone-2,7-disulfonate (TXS)

TXS as introduced by Gupta et al. [67] was chosen as wa-
ter-soluble triplet sensitizer. Its properties have been studied
by Kronfeld and Timpe [59], whose approach for synthesis
and characterization was followed here. The product was ob-
tained as a mixture with Na,SO, containing about 4 wt.%
TXS (sodium salt).
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3.1.4. N-(N'-Acryloyl-2-aminoethyl)-dimethylmaleimide
(DMMIAAm)

Synthesis of DMMI-functionalized acrylamide (DMMIAAm)
[44] was performed essentially according to Ref. [46]: one
amine group of 2-diaminoethane (Fluka) was blocked with
Boc (Fluka), the other one was then reacted with dimethylmaleic
anhydride (Aldrich), and, after removing the protecting group,
the amine group was reacted with acryloyl chloride (Merck).
The following purification steps for the intermediate com-
pounds and the final product were applied: BocNH—(CH,),—
NH, was purified by vacuum distillation at 58 °C/0.1 mbar,
BocNH—(CH,),—DMMI was recrystallized from water/etha-
nol (1:1), HbN—(CH,),—DMMI was intensively washed with
methylene chloride and DMMIAAm was purified by recrystal-
lization from hexane/ethyl acetate (1:1).

3.1.5. Poly(AAm-co-DMMIAAm)

Four high molecular weight samples of P(AAm-co-
DMMIAAm), herein abbreviated as PAAm—DMMI, with vary-
ing amounts of DMMI moieties ranging from 0.7 to 2 mol%
were prepared by free radical copolymerization as depicted in
Fig. 1 in the following manner adopted from Ref. [68].

An aqueous solution of 800 mL containing a total
of 368 mmol of the monomers acrylamide (Merck) and
DMMIAAm in the ratios summarized in Table 1 as well as
11.5 mmol of sodium formate (Fluka) as a chain transfer agent
[68,69] was flushed with nitrogen for about 10 min at 30 °C.
The polymerization was initiated by the addition of 0.1 mol%
(relating to the total amount of monomers) of potassium perox-
odisulfate (Aldrich) and 0.25 mol% of N,N,N',N'-tetramethyl-
ethylenediamine (TEMED, Fluka) in the form of small amounts
of appropriately concentrated aqueous solutions. Several mech-
anisms of decomposition of the initiator/accelerator system are
discussed in the literature [70,71]. While the reaction was run-
ning at 30 °C under nitrogen atmosphere, aliquots were with-
drawn from the mixture and dropped into an excess of
methanol in order to check for precipitation. This was done ev-
ery minute in the beginning and at longer intervals later. When
a perceptible precipitation was noticed, the reaction was inter-
rupted by precipitation into a 10-fold excess of methanol con-
taining about 2 wt.% of concentrated hydrochloric acid.
Conversions achieved by this procedure were about 5% in all
cases treated in this work. The corresponding reaction times

Table 1

are listed in Table 1. The crude product was isolated by filtra-
tion, washed with methanol, redissolved in water, and dialyzed
against water for about 10 days. Finally, the purified polymer
was isolated by freeze-drying. The obtained copolymers were
characterized by "H NMR spectroscopy.

'H NMR (400 MHz, D,0): 6=0.80—2.60 (br, xH, all
backbone protons + DMMI methyl protons), 3.00—3.70 (br,
4H, CONH—(CH,),—DMMI) ppm.

The compositions of the copolymers were estimated from the
integrals of the corresponding NMR signals. Setting the integral
of the broad signal at 3.00—3.70 ppm to 4, the mole ratio of
AAm and DMMIAAm groups in the copolymer is obtained
from the integral x of the broad high field NMR signal (0.8—
2.6 ppm) in the following manner: x was first reduced by 9
(3 backbone protons plus 6 methyl protons in each DMMIAAm
residue) and afterwards divided by 3 (3 protons per acrylamide
residue). The resulting number is the ratio AAm/DMMIAAm in
the copolymer. Table 1 summarizes the results for the four pre-
pared samples discussed in this work. Also compiled in Table 1
are the molecular weights obtained via SEC and measurements
of intrinsic viscosity. The fact that they decrease with increasing
DMMIAAm fraction indicates that DMMIAAm might act as
a controlling agent here (q.v., [45]).

3.2. Characterization

UV —vis absorption spectra were obtained on a Jasco V-550
spectrometer.

High resolution 'H and '*C NMR spectra were recorded on
a Bruker Avance 400 digital FT spectrometer at 400 and
100 MHz, respectively. Chemical shifts are reported in ppm rel-
ative to internal tetramethylsilane (6 = 0.00 ppm) for organic
solvents and relative to internal H,O (0 =4.79 ppm [72])
when D,O was used as the solvent. Abbreviations: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, br = broad.

Mass spectra were recorded on a Hewlett—Packard HP5989
MS engine with 70 eV electronic ionization.

SEC measurements were performed commercially by Poly-
mer Standards Service GmbH (PSS Mainz, Germany) utilizing
PSS Suprema columns with an eluent composed of 0.1 mol L ™'
NaCl/0.1 vol.% TFAc. Calibration was performed with pullu-
lan standards. Hence, molecular weights are obtained as appar-
ent pullulan equivalent values.

Compositions of reaction mixtures for copolymerizations of AAm with DMMIAAm, as well as characteristic data of the obtained low-conversion products

Name of sample Composition of the reaction mixture

Characterization of the resulting low-conversion products

AAm  DMMIAAm Reaction Integral x in 'H DMMIAAm MYP My Mw/My ] M’
(mol%)  (mol%) time* (min) NMR (rel. number fraction in the (gmol™ ") (gmol™) (mLg™ " (gmol™")
of protons) copolymer (mol%)
PAAM—DMMIL.0 99.0 1.0 35 428.71 0.71 361500 920000  2.55 245.175 640000
PAAM—DMMIL.5 98.5 15 60 275.78 1.11 301000 775500  2.58 198390 480000
PAAM—DMMI2.0 98.0 2.0 50 201.75 1.53 241500 574500 238 192.190 460000
PAAM—DMMI2.5 97.5 25 75 158.97 1.96 207500 531000  2.56 162,726 370000

# Reaction times were adjusted to give conversions of about 5% in each case.

" Molecular weights were obtained as apparent pullulan equivalent values by SEC, as well as viscosity averages from the intrinsic viscosities in solutions of
0.5 mol L™ NaCl at 20 °C employing Mark—Houwink—Sakurada parameters as reported by McCarthy et al. [73].
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Measurements of solution viscometry were made on poly-
mer solutions with concentrations of 0.5, 1, 1.5 and 2 gL7l
at 25 °C using an Ubbelohde viscometer with a capillary diam-
eter of 0.36 mm. The solvent employed was an aqueous solu-
tion of 0.5 mol L™' NaCl in each case. Intrinsic viscosities
were estimated with the aid of Huggins plots. For calculation
of the viscosity average molecular weight, Mark—Houwink—
Sakurada parameters reported by McCarthy et al. [73] were
used.

3.3. Irradiation conditions

The light source employed in most of the photochemical di-
merization and crosslinking reactions was a 100 W xenon
short arc lamp (Osram XBO), providing a broad and relatively
unstructured spectrum in the range of 200—500 nm. By using
two different optical filters, suitable wavelength ranges were
selected: a broad-band pass filter of type BG25 (Reichmann
Feinoptik GmbH, Brokdorf, Germany) enabled the efficient
excitation of the thioxanthone sensitizer while simultaneously
blocking UV light with A <310 nm, while a narrow-band
interference filter of type 380FS10-50 (LOT Oriel, Darmstadt,
Germany) was chosen for selective excitation at (383 &
5.6) nm when high intensity was not necessary or appropriate.
Fig. 3 shows the UV—vis absorption spectra of HE-DMMI and
of TXS in water together with the transmittance curves of the
two filters. Irrespective of which filter is employed, there is
overlap only with the long-wave absorption band of TXS.
This choice of conditions ensures that the DMMI moieties
cannot be excited directly, but only via energy transfer from
the TXS sensitizer.

3.4. Model reactions

An aqueous solution of 50 mL containing 8 mmolL™" of
HE-DMMI and 0.08 mmol L™ of TXS was irradiated through
the band pass filter BG25 in a 100 mL round-bottomed flask
for about 45 h. Thereby, the formation of a small amount of
a white precipitate was observed. At several intervals during
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Fig. 3. UV—vis spectra of N-(2-hydroxyethyl)-dimethylmaleimide (HE-
DMMI) and sodium thioxanthone disulfonate (TXS) in water as well as trans-
mittances of the optical filters used in mechanistic and kinetic investigations of
the PAAm—DMMI crosslinking.

irradiation, aliquots were withdrawn via syringe and analyzed
by UV—vis spectroscopy using quartz cuvettes with a layer
thickness of 0.1 mm (Hellma). When no further conversion
was detected (after 45 h), the irradiation was stopped. The pre-
cipitate was isolated by filtration to yield about 5 mg of a white
solid, while approximately 95 mg of a second whitish solid
was obtained by vacuum evaporation of the solvent from the
filtrate. (Note that part of this solid is Na,SO,4 contained in
the sensitizer.) Both products were characterized without fur-
ther purification by 'H and '*C NMR spectroscopies in D,O
(originally dissolved product) and DMSO-d¢ (precipitate) as
well as by mass spectrometry.

3.4.1. Precipitated product

"H NMR (400 MHz, DMSO-dg): 6 = 1.09 (s, 12H, 4CH3),
3.51—3.62 (m, 8H, 2(HO—(CH,),—N)), 4.93 (t, >/ =5.2 Hz,
2H, 20H) ppm.

13C NMR (100 MHz, DMSO-dg): 6 =12.1 (CHj), 41.1
(CH,—N), 48.7 (cyclobutane—C), 56.8 (CH,—OH), 177.7
(C=0) ppm.

m/z (EI) =338 (IM] ™, 23).

3.4.2. Dissolved product

"H NMR (400 MHz, D,0): 6 = 1.19 (d, *J = 7.4 Hz, 3H, up-
per CH3 in right ring in Fig. 5b), 1.34 (s, 3H, CH3), 1.50 (s, 3H,
CH3), 3.12 (q, 37=6.8 Hz, 1H, methine H in right ring in
Fig. 5b), 3.54—3.63 (m, 4H, HO—(CH,),—N in right ring
in Fig. 5b), 3.69—3.75 (m, 4H, HO—(CH,),—N in left ring in
Fig. 5b), 6.05 (d, 2/=0.7Hz, 1H, olefinic), 6.43 (d,
2J=0.7Hz, 1H, olefinic) ppm.

13C NMR (100 MHz, D,0): 6 =11.1 (upper CHj3 in right
ring in Fig. 5b), 14.9 (lower CH; in right ring in Fig. 5b),
17.5 (CH3 in left ring in Fig. 5b), 40.9 (CH,—N), 50.1 (left
C of ring linkage in Fig. 5b), 50.9 (right C of ring linkage
in Fig. 5b), 58.0 (OH—CH,), 124.7 (C=CH,), 139.2
(C=CH,), 170.8 (upper C=O0 in left ring in Fig. 5b), 179.7
(lower C=0 in right ring in Fig. 5b), 181.5 (upper C=0 in
right ring in Fig. 5b), 182.0 (lower C=O0 in left ring in
Fig. 5b) ppm.

miz (EI) =338 (IM]*, 7).

A similar experiment was performed in the presence of
8 mmol L™' acetamide serving as a model compound for
polyacrylamide. Also, dimerizations of N-(2-aminoethyl)-
dimethylmaleimide and of N-(N'-acetyl-2-aminoethyl)-dime-
thylmaleimide were carried out using similar conditions.

3.5. Photoinduced crosslinking

To study the kinetics of the crosslinking reaction, aqueous
solutions containing 50 g ™' of PAAm—DMMI1.5 and a vari-
able amount of sensitizer were irradiated in quartz cuvettes of
thickness 0.1 mm. The amount of TXS was adjusted to be 1—
100% relating to the concentration of DMMI chromophores.
UV spectra were recorded at suitable intervals. For the irradi-
ation experiments, a set-up mounted on an optical bench was
used to ensure high reproducibility of the arrangement and
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spacing of light source, filter(s) and specimen. The light inten-
sity was checked frequently during the test series by measure-
ment with a photodiode. Two series of measurements were
conducted using either of the two optical filters specified
above.

In another test series, the influence of light intensity on the
reaction kinetics was analyzed. Attenuation of intensity was
achieved by using cascades of the filter 380FS10-50 plus
a varying number of additional BG2S5 filters. Relative intensi-
ties of 100% (83.0 £0.8)%, (69.5 £+ 1.3)%, and (58.2 £ 1.5)%
could be adjusted in the wavelength range of (383 + 5.6) nm,
with 100% corresponding to about 0.1 mW cm 2. The concen-
tration of PAAm—DMMI1.5 was 50 gL™! and an equimolar
amount of TXS relating to that of DMMI moieties was used
in this case.

As characteristic values, the half-lives of DMMI conversion
were determined from the UV spectra as described in Section
4.2.1, and their dependencies on light dose and concentration
of sensitizer were examined.

3.6. Rheology under UV exposure

Oscillatory measurements of the elastic modulus G’ as
a function of proceeding crosslinking were performed on
a Physica MCR500 plate—plate rheometer (plate diameter
8 mm) equipped with a measurement cell of type P-PTD-UV
featuring a UV-transparent lower plate, under which a light
guide was positioned. Hence, irradiation of the sample was
possible during a running measurement, and the rise of the
elastic modulus with progressive DMMI dimerization could
be determined. As a UV source, an EXFO Novacure 2100
mercury arc lamp was employed, producing a high irradiation
intensity of about 15mWcm™2 at the sample position.
Specimens were aqueous semi-dilute solutions of PAAm—
DMMI2.0 with concentrations of 20, 40, 60 and 80 gLfl.
The amount of TXS was 1 mmol L™ in each case.

Measurements were performed at 25 °C at a frequency of
4 Hz and shear amplitude of 0.5%, which was small enough
to ensure linear viscoelastic behavior. The layer thickness
(plate—plate distance) was 0.1 mm. The following protocol
was used to establish a reproducible sample history:

1. annealing at 25 °C for 30 s,

2. shearing at constant rate for 2 s (to break inner structures,
ia.),

3. annealing without deformation for 300 s (to allow for
structural recovery, i.a.),

4. oscillation without UV exposure for 30 s,

. oscillation under UV irradiation for 300 s,

6. oscillation without UV exposure for 30 s.

|91

To quantify the conversion of DMMI with time at these in-
tense illumination conditions, samples of the 60 g L' solution
were placed in 0.1 mm quartz cuvettes and irradiated on the
same set-up for 0, 20, 55, 110, and 240 s. DMMI conversion
was estimated by analyzing the corresponding UV spectra as
described further below (see Section 4.2.1).

3.7. Proton multiple-quantum NMR

"H MQ NMR measurements were performed on a Bruker
minispec mp20 with By = 0.5 T at 25 °C. The adjustment pro-
cedures and pulse sequences applied are specified in Refs.
[74—76]. For this study, 90° pulses were set to 1.7 us and 64
scans were recorded on each sample. Specimens were fully
crosslinked samples of PAAm—DMMI1.0 at concentrations
of 20, 40, 60, and 80 g L~ 'in D,0O in 10 mm OD NMR tubes.
The filling height was limited to 7 mm to ensure sufficient
field homogeneity over the whole sample when placed in the
centre of the rf coil. The samples had been crosslinked by ir-
radiating them for 32 h in front of a 6 W laboratory UV lamp
of type NU-6K1 (Konrad Benda Laborgerite u. Ultraviolett-
strahler, Wiesloch, Germany) providing spatially homoge-
neous illumination in the spectral range of (365 4-20) nm.
Irradiation intensity was about 0.5 mW cm 2. The long irradi-
ation time was necessary to achieve complete reaction, since
the samples contained only 10 umol L™" of TXS to ensure
a transmittance of >90% at 383 nm, thus avoiding the build-
up of a gradient of crosslink density across the tube. Complete
conversion of the crosslinking process was verified by UV—vis
measurements on aliquots of the test solutions that were
placed in 0.1 mm cuvettes and irradiated parallel to the
NMR tubes.

4. Results and discussion

4.1. Photoinduced dimerization of DMMI in aqueous
solution

The photoinduced dimerization of DMMI in an aqueous
medium was studied using N-(2-hydroxyethyl)-dimethylma-
leimide (HE-DMMI) as a simple water-soluble model com-
pound. Thioxanthone disulfonate (TXS) was employed as
a photosensitizer. The concentration of HE-DMMI was chosen
to match the one typically present in polymeric systems, e.g.,
ina 50 gL ™" semi-dilute solution of a PAAm—DMMI having
a degree of functionalization of about 1 mol%. The progress of
the reaction was followed by UV—vis spectroscopy. Spectra
depicted in Fig. 4 show that the absorption band of the mono-
meric HE-DMMI at around 230 nm decreases significantly
with irradiation time, while another band appears at 205 nm
which must be due to the dimeric product. All spectra inter-
cept in isosbestic points at 209, 246, and 261 nm. This means
that the spectra measured during the experiment are linear
combinations of the spectra of the pure monomeric and
dimeric compounds, and that the extent of conversion can be
deduced from them.

Former studies on this reaction in organic media performed
by Schenck et al. [28] and Zweifel [39] revealed that the di-
meric product is the symmetric cyclobutane derivative in trans
form, suggesting that a triplet intermediate occurs according to
the Hammond mechanism. This mechanism was also dis-
cussed for comparable maleimide dimerizations [43,66] as
well as for dimerizations of dimethylmaleic anhydride [77].
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Fig. 4. UV—vis spectra taken at different reaction times to monitor the prog-
ress of the DMMI dimerization in an aqueous solution of 8 mmol L™' HE-
DMMI sensitized by 0.08 mmol L' TXS.

In our dimerization experiment in an aqueous system, two
products could be distinguished. One minor compound ap-
peared as a white precipitate during the reaction, while the
other major one was isolated from the solution. NMR analyses
of these two compounds (results given in 3.4) clearly show
that they are different. The structures derived from the NMR
spectra correspond to isomeric forms of a HE-DMMI dimer,
which are depicted in Fig. 5. The symmetric cyclobutane de-
rivative (Fig. 5a), which is the sole product when the photodi-
merization is carried out in organic solvents, is only formed as
a byproduct in aqueous solution, while the major product is the
asymmetric dimer shown in Fig. 5b. Formation of the latter
compound requires the shift of a hydrogen atom at an interme-
diate reaction stage. Its structure is clearly proven by the sig-
nals at 3.12 ppm (methine hydrogen) and at 6.05 and 6.43 ppm
(olefinic hydrogens) in proton NMR as well as by the signals
at 124.7 and 139.2 ppm (olefinic carbons) in '>*C NMR. No in-
dication for residual educt was found in either of the NMR

a
(a) o o
HO\/\N N/\/OH
0 o)
(b)
o 0
HO~—— H ———OH
0 0

Fig. 5. Structures of dimers formed in TXS-sensitized photodimerization of
HE-DMMI in aqueous solution: (a) precipitate and (b) dissolved product.

spectra, indicating that the dimerization reaction is complete
after sufficient irradiation time.

A rerun of the reaction in D,O as solvent showed no isoto-
pic effect on results. This proves that the H-shift is occurring
within the intermediate dimer complex. According to the
Hammond model, this kind of process can be allocated to
the T, excited dimer that has a wide geometry and is therefore
prone to undergo side reactions before returning to the ground
state Sy. In several other photochemical homo- and hetero-
cycloaddition reactions [78—80], similar behavior was observed
and explained on the basis of H-shifts in an intermediate triplet
excimer.

Employing different model compounds such as N-(2-ami-
noethyl)-dimethylmaleimide and N-(N’-acetyl-2-aminoethyl)-
dimethylmaleimide in the photodimerization process in an
aqueous medium gave results similar to those obtained with
HE-DMMI. There was no precipitate appearing, but the
NMR spectra of the products isolated from solution showed
that they were mixtures of the corresponding asymmetric
and symmetric dimers with the asymmetric compound ap-
pearing in large excess. These observations show that the
formation of the asymmetric dimer is favored when the
photodimerization proceeds in aqueous solution, while only
unpolar media seem to favor the formation of the symmetric
cyclobutane derivative. In either case, however, there is a
100% formation of dimers. This means that the photoreaction
can be used to crosslink accordingly functionalized polymers,
although the chemical structures of the crosslinks generated
are different.

To ensure that the dimerization of the DMMI moieties is
the only reaction occurring in the polymer system upon irradi-
ation, the model reaction was repeated in the presence of
acetamide, regarded to represent PAAm functionalities. There
have been some reports suggesting that amide groups can
undergo Paterno-Biichi analogous reactions [81] or photo-
cleavage followed by subsequent interconnection processes.
However, our experiments did not show any evidence for
such side reactions. While the two isomeric dimers were de-
tected in comparable ratio as in the last experiment, the
NMR signals of acetamide were found to be unchanged in
the mixture. Additionally, mass spectra showed no peaks
that could be addressed to hetero-addition products (e.g., no
peak at m/z =228 that might be interpreted as the M" peak
of an HE-DMMI—AcNH, adduct). Hence, unwanted side
reactions do not occur to an extent exceeding the analytical
sensitivity. There was also no evidence for further reactions
of the DMMI dimers, even though most of them carry olefinic
bonds.

4.2. Photoinduced crosslinking of P(AAm-co-
DMMIAAm)

4.2.1. UV—vis analysis

We exemplify the UV-spectroscopic analysis of the prog-
ress of crosslinking by considering a semi-dilute solution of
the sample PAAmM—DMMIL.5 (conc. 50 gL~") containing
10 mol% TXS, relating to the concentration of DMMI
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Fig. 6. UV—vis spectra recorded during crosslinking of a system of 50 g L~' PAAm—DMMII.5 in aqueous solution containing 10% TXS, related to the amount of
DMMI moieties, at irradiation times of 0, 10, 20, 30, 40, 50, 70, 90 and 150 min. The inset shows the corresponding difference spectra obtained after subtraction of

separately recorded and suitably scaled spectra of pure PAAm and TXS.

moieties. Fig. 6 shows the UV spectra recorded after several
periods of irradiation. There is a shoulder at around 230 nm
that decreases with irradiation time and that can be assigned
to the DMMI moieties. It is superimposed on a strong back-
ground resulting from PAAm. Also recognized, albeit weak,
are the absorption bands of TXS at 270, 310, and 380 nm,
whereby the latter band is used for the initiation of the photo-
reaction. By subtraction of separately recorded spectra of pure
sensitizer and PAAm solutions that were scaled to coincide
with the composite spectrum in the regions of 382 nm (sensi-
tizer) and 201 nm (PAAm), the signal of the DMMI side
groups and their dimers could be extracted, as depicted in
the inset of Fig. 6. Obviously, there is a strong similarity to
the spectra obtained for the reaction of the low molecular
weight model compounds shown in Fig. 4: the signal of the
original DMMI moieties at 229 nm decreases, while the
band at 205 nm due to the dimeric products is enhanced.
Again, all spectra intercept within an isosbestic point at
209 nm and therefore are linear combinations of the spectra
of the pure reactants and their dimeric products, corresponding
to t=0 and = o, respectively. The conversion of the reac-
tion, y(¢), can be obtained via

y(1) = (A1) = A(0))/(A() — A(0)), (1)

where A(f) denotes the absorbance at time #, with A(0) and
A() being the initial and final values. In principle, Eq. (1)
holds for every wavelength, but A =229 nm (maximum of
DMMI absorption) is used expediently because the absorption
change is strongest at this wavelength.

To check for the accuracy and reproducibility of this spec-
troscopic procedure, two experiments were performed in par-
allel on the dimerization of the model compound HE-DMMI
(8 mmol L™" in aqueous solution containing 1 mmol L™
TXS), where one solution contained only reactant and sensi-
tizer, while the other one was supplemented with 50 gL ™'

PAAm in addition. The strong background absorbance of
PAAm did not impair the analysis perceptibly, and identical
conversion data were obtained within +1%.

As a further check, spectra were recorded on aqueous solu-
tions of 20, 40, 60 and 80 gL' of the polymer sample
PAAM—DMMI2.0 and 1 mmol L™' TXS in 0.1 mm cuvettes.
Spectra were also recorded on the fully crosslinked samples af-
ter extensive irradiation. Fig. 7 shows the absorbances of the
DMMI moieties at A =229 nm that were separated from the
composite spectra in the manner described above, as a function
of the initial concentration of pendent DMMI groups. The re-
sults indicate excellent proportionality even at high concentra-
tions, where the amount of DMMI is leading to differential
absorbances exceeding 2 (for the unreacted solution) and the
background absorbance due to polymer is high. The two lines
are well represented by A(0) = 14800 L (mol cm)_1 CDMMI
and A(%) =3460 L (mol cm)fl cpmmi, respectively.

=229 nm)
o

A pumi(A

0 2 4 6 8 10 12 14 16 18
¢ pymi / (mmol L)

Fig. 7. Background-corrected absorbances at 229 nm of aqueous PAAm—
DMMI2.0 solutions at concentrations of 20, 40, 60, and 80gL71 before
(full circles, full line) and after complete crosslinking (open circles, dotted
line) in 0.1 mm quartz cuvettes.
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4.2.2. Influence of the amount of sensitizer and light dose on
gelation kinetics

DMMI conversion, y(¢), was determined as a function of ir-
radiation time for solutions containing the same amount of
polymer (50 gL~! PAAm—DMMI|1.5) and variable quantities
of sensitizer, ranging from 1 to 100% relating to the concen-
tration of DMMI moieties. For one series, the incident light
was made rather monochromatic (4 = 383 nm) by using the in-
terference filter, while for a second series the broad-band pass
filter was applied (4 > 310 nm) and the intensity was higher.
From each course of conversion versus time, the half-life, 7,
was determined. Fig. 8a shows a plot of 1/7 versus the relative
concentration of sensitizer. The data points for each series of
measurements fall approximately on a straight line passing
through the origin. This indicates that the rate of reaction is
proportional to the concentration of sensitizer within experi-
mental uncertainty. Perceptible deviations only occur at the
highest TXS concentrations. The slopes of the two lines de-
picted are in a ratio of 1:10. The overlap integrals between
the absorption band of TXS having its maximum at 382 nm
and the transmittance curves of the filters (cf. Fig. 3) are esti-
mated to be in a ratio of 1:12, which is in reasonably close

o irradiation with filter BG25
o irradiation with filter 380FS10-50

0 10 20 30 40 50 60 70 80 90 100
(crxs/Commn) / %
(b)
0.004 -
0.0035 -
0.003 A
< 0.0025
w
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0.0005
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Fig. 8. Influence of (a) the amount of sensitizer and (b) irradiation intensity on the

half-life of DMMI dimerization in a 50 gL' solution of PAAm—DMMII.5

in water. Linear fits in (a) are represented by (1/7)ggps = 3.9 % 107% s (erxs/

comm/% and (1/T)3gors1050=3.9 x 107> s (crxs/commn)/%. In (b), the

molar concentration of TXS was identical to that of DMMI groups. The linear
fit herein is represented by (1/7) = 3.7 x 107357 Lo/ %.

agreement. Hence, the rate of reaction is also roughly propor-
tional to the intensity of light which can be absorbed by the
sensitizer.

To check the second point in a more systematic way, Fig. 8b
shows reciprocal half-lives versus relative light intensity for
one selected composition (50 gL' PAAm—DMMI1.5, 100%
TXS). The attenuation of intensity was achieved by using filter
cascades. Although the number of data points is limited, it
becomes obvious that 1/7 is proportional to intensity.

These results demonstrate clearly that the crosslinking reac-
tion can be well controlled by adjusting the amount of sensi-
tizer and the intensity of irradiation. The rate of DMMI
conversion is proportional to either of these two parameters.
This means that the quantity of dimers (crosslinks) formed
is directly related to the light dose absorbed by TXS mole-
cules. Within the parameter space covered by our experiments,
the transfer of energy from the excited sensitizer to the DMMI
moieties, resulting in the formation of dimers, is occurring
with constant efficiency.

Because of this simple dependency, it is possible to reduce
the concentration of sensitizer and increase the duration and/or
intensity of irradiation in return, in order to achieve identical
conversion. This is particularly necessary when the layer
thickness becomes large. The concentration of sensitizer
then has to be adjusted to ensure sufficient transmittance
through the sample layer to avoid formation of a gradient
(e.g., in the NMR experiments).

Two additional observations need to be mentioned: none of
the large number of UV spectra that were collected in the con-
text of the present work showed any evidence for photobleach-
ing of TXS. The corresponding absorption bands remained
equally strong even when very high illumination intensities
were utilized (e.g., in theology under UV exposure, cf. next
chapter). Also, there was no evidence for oxygen-quenching
within the systems studied. Kinetic experiments conducted
on nitrogen-flushed samples and on samples under air gave
identical results. These facts demonstrate that the TXS-
sensitized photoreaction is rather robust.

4.3. Rheological characterization of the gelation process

The oscillatory shear modulus was measured during the
photochemically induced gelation process on samples contain-
ing PAAm—DMMI2.0 at concentrations of 20, 40, 60, and
80 gL', as well as 1 mmolL™" of TXS. Note that the UV
irradiation in these runs was considerably more intense than
in the other experiments (cf. Section 3.6).

The equilibrium (zero frequency) shear modulus, G, is
related to the effective network density of a gel, v, by:

G :fl/effRT, (2)

where fis a structure factor, which can be equated to 1/2 in the
case of tetrafunctional crosslinks in swollen networks. v.g is
the molar number of network strands per volume, which is
twice the molar number of crosslinks per volume. The quantity
actually measured was the storage modulus G’ (4 Hz), and also
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the corresponding loss modulus, G” (4 Hz). If G’'>G", the
storage modulus is close to the equilibrium modulus and can
be used to estimate vg.

Fig. 9 shows the temporal course of G’ for a 60 g L' semi-
dilute sample of PAAm—DMMI2.0 during irradiation. Initially,
we have a polymer solution, and the finite storage modulus
reflects the temporal entanglement network. Shortly after the
onset of irradiation, G’ rises steeply and finally approaches a pla-
teau value. (G” is remaining below 50 Pa throughout the exper-
iment.) This course is due to the formation of the permanent
network structure via dimerization of the DMMI moieties. To
compare the conversion of DMMI moieties with the rise of G,
the chemical conversion in samples irradiated under exactly
identical conditions for some selected irradiation periods was
determined by UV—vis spectroscopy and plotted in the same
graph. The development of both quantities occurs in a strictly
parallel manner. Hence, the formation of elastically effective
crosslinks is proportional to the DMMI conversion.

The plateau values of G’ for the whole series of experi-
ments are listed in Table 2 together with other characteristic
data. From G’, the effective network density, v.;, was deter-
mined, while the molar concentration of DMMI moieties
equals the theoretical network density, vy,. The ratio of the
tWO, Veg/Vy, 1s thus a measure of crosslinking efficiency. The
results in Table 2 show that the efficiency is around 16% at
low polymer concentration, presumably because most dimer-
izations are formed intramolecularly, but rises distinctly with
rising concentration up to more than 60% for the 80 gL'
system. The crosslinking efficiency achieved with this photo-
chemical procedure is therefore by far greater than that
observed when polyacrylamide gels are made by crosslinking
copolymerization [7].

4.4. Characterization of the network structures by
multiple-quantum NMR

4.4.1. Basic principles of proton NMR of networks
In general, the proton line shape, or, equivalently, the trans-
verse relaxation behavior of the proton NMR signal of
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Fig. 9. Temporal course of G’ measured by rheology under UV exposure (con-
tinuous line) and conversion of pendent DMMI groups measured by UV—vis
spectroscopy (full circles) for an aqueous 60 gL ™' semi-dilute sample of
PAAM—DMMI2.0 with 1 mmol L™" TXS.

Table 2
Plateau values of G’ (4 Hz) in the fully crosslinked state of semi-dilute
PAAm—DMMI2.0 hydrogels and crosslinking efficiencies derived thereof

o ., —_ ’ H
CPAAm—DMMI20 CDMMI = Vi G’ (Pa) vegr Efficiency of

(gL™h (mmol L™ (mmol L™")  crosslinking ve/vy, (%)
20 4.17 815  0.66 15.8
40 8.34 2092 1.69 20.2
60 12.51 6730  5.43 43.4
80 16.68 12835 10.36 62.1

polymers or networks far above their glass transition temper-
ature or in the swollen state, reflects the timescale of the chain
dynamics and also the presence of restrictions to the dynamics,
i.e., the presence of crosslinks. Isotropically mobile, uncon-
nected chains (e.g., sol), which fluctuate rapidly, contribute
a slowly relaxing component (narrow line), while network
chains fluctuate slightly anisotropically due to the constraints
imposed by the crosslinks, and thus exhibit a significantly
faster relaxation (broader line). Therefore, the different com-
ponents of a swollen network can be differentiated.

The reason for the broader lines of network chains is ulti-
mately related to the fact that their NMR response is partially
solid-like, i.e., dipolar interactions are only incompletely aver-
aged out. Note that in solids, strong dipolar interactions lead to
very broad lines, while they are totally averaged out in the case
of isotropically mobile liquids. The presence of crosslink-
induced residual dipolar couplings (D.) in a network (a
“soft”” solid) leads to the accelerated relaxation behavior as
compared to a normal liquid. Theory shows that the magnitude
of the residual dipolar coupling is inversely proportional to the
chain length between the crosslinks and thus directly propor-
tional to the crosslink density [76,82]. Its precise measurement
is therefore highly worthwhile. Technically speaking, the in-
tensity decay process in a relaxation experiment is in this
case due to coherent spin evolution (dipolar dephasing) rather
than “‘real” fast-motion-induced relaxation. Since true relaxa-
tion processes always act simultaneously with the dipolar
dephasing, making analyses of relaxation curves model-
dependent, it is advantageous to directly measure the residual
dipolar couplings in an experiment where their presence leads
to a quantifiable intensity build-up rather than a decay. In this
respect, multiple-quantum (MQ) NMR has evolved as one of
the most quantitative approaches, as not only absolute values
of D, but also its distribution can be measured [74—
76,83,84].

4.4.2. Analysis of the MQ NMR data: component separation
The MQ NMR experiment yields a double-quantum inten-
sity, Ipo(Tpg), that is dependent on the product of the residual
dipolar coupling and the evolution time, Tpq, under a specific
MQ pulse sequence. In a concurrent experiment (that differs in
the so-called phase cycle of the receiver), a reference intensity,
LH(Tpo), is measured, which belongs to that part of the total
magnetization that has not yet evolved into double-quantum
coherences. It contains a complementary contribution from
dipolar coupling modulated magnetization of the network (a
part of the dipolar spin evolution process), and also all
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contributions from more mobile non-network components. It
should be mentioned that the experiments were conducted
on a low-field instrument, where both intensities can be deter-
mined from an average over the initial 100 ps of the feature-
less FID after a 90° pulse that follows the actual MQ pulse
sequence, during which time the signal did not decay apprecia-
bly [75].

The sum of DQ and reference intensities, Ismq = Ipo(Tpo) +
Let(Tpg), was normalized according to Ismo(Tpe=0)=1.
Then, a contribution termed C-fraction could be separated
by fitting the long-time tail of the decaying function to a
single exponential with initial amplitude f- and relaxation
time 7c. The C-fraction corresponds to very mobile compo-
nents such as solvent and sol that have the longest relaxation
time. It is not of major interest here and was subtracted from
Ismo.

A second contribution (B) that is polymeric in nature but
elastically inactive and can be associated with dangling chains,
loops and related structures, has to be subtracted as well, for
instance in a way described earlier (e.g., Ref. [83]). The reli-
able fitting of this second contribution, which also decays ap-
proximately exponentially, was in our case challenged by the
fact that the corresponding relaxation time 7g is very close
to the relaxation time of the /smo(7pg) intensity of the pure
network component (A) under the given conditions, even
though this component is not network-like and does not con-
tribute to the DQ intensity build-up. This is so because the
ultimately isotropic segmental motions of this component occur
on a timescale that is similar to that of the network chains, as
opposed to the faster and isotropically mobile sol part C. In
this case, an alternative approach had to be taken that makes
use of the fact that the final DQ intensity of the network part
has to evolve to the same level as the corrected reference inten-
sity, i.e., Ipo/Ismq,corr = Inpg = 0.5 as 7pg — * [76,83,85].
This condition was met by multiplying the C-corrected sum in-
tensity Ismo(Tpg) by a constant factor, 1 — fg, chosen such that
the so-called normalized DQ build-up curve, I,po(Tpg), ap-
proaches the theoretically expected value of 0.5 in its long-
time limit. The contribution of effective network chains (A)
to the total signal intensity is then simply given by
fa=1—fg —fc. It should be noted that several experiments
conducted at 80 °C yielded the same results for the different
fractions within experimental accuracy. However, the relaxa-
tion times 7, and 7g were then different such that the
B-component could be extracted by direct tail fitting.

Table 3 shows a listing of the fractions of the three compo-
nents A, B, and C as well as their apparent relaxation times at
25 °C. 7¢ values are in the range of several hundred ms, while
the common 7, = 7g is around 10 ms. Besides a roughly con-
stant portion of about 20% sol and solvent in all samples, f4 is
distinctly increasing with rising polymer concentration on the
expense of fg. This is another indication of the fact that the
higher the polymer concentration, the more is the formation
of elastically effective crosslinks favored over the formation
of intramolecular linkages leading to loops, etc. fa is thus con-
sidered a measure of crosslinking efficiency and complements
and confirms nicely the results obtained by rheology (cf.

Table 3
Results of MQ NMR experiments on semi-dilute samples of PAAm—
DMMI1.0 in the fully crosslinked state (solvent: D,0)

coaam—pmmirLo (€LY fa (%) fu (%) fo (%) Tag (ms) 7c (mS) Dy (Hz)

20 115 565 320 142 1369.9 85.1
40 324 486 190 11.1 404.9 109.6
60 404 404 192 104 423.7 128.9
80 440 318 242 8.9 2519 1272

fas f, and fc are the fractions of network chains, dangling chains etc., and sol,
respectively, 74, Tg, and 7¢ are the corresponding relaxation times, and D, is
the residual dipolar coupling parameter. All data correspond to 7 =25 °C.

Table 2). Note that rheological and MQ NMR measurements
were performed on PAAm samples which differ in DMMI
content by a factor of about 2. This shows that the amount
of dimerizable moieties within the precursor chains has only
a minor effect on the relative amount of elastically effective
junctions formed, while the influence of polymer concentra-
tion is much more significant.

4.4.3. Analysis of the network fraction

Fig. 10 shows the DQ build-up curves of the network com-
ponent in the gel samples studied, obtained after appropriate
normalization as just described. The build-up of I,pq with
Tpq depends on the residual dipolar coupling constant, D,
in the following way:

1 2
]nDQ(Dres) 5(1 - CXP{ ngesTIZDQ}) (3)

D, in turn is, as mentioned above, inversely related to the ap-
parent chain length between restrictions [74,82,84]. In general,
a distribution of chain lengths and, hence, a distribution of
coupling constants needs to be considered. For the evaluation
of our data, a gamma distribution was assumed as discussed in
detail in Ref. [76]. It is ideally expected in a system with fixed
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Fig. 10. Normalized DQ build-up curves obtained from MQ NMR characteri-
zation of semi-dilute PAAm—DMMII.0 samples in their fully crosslinked
states at concentrations of 20 (V ), 40 (A ), 60 (O),and 80 g L~'(0O) in D,O.
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chain length between crosslinks and a Gaussian distribution of
end-to-end distances.

27 Dres — D,
27|Dres| 31D, /(2B c) (4)

The experimental /,po(Tpg) data were then fitted in the region
of I,pg < 0.45 by numerically integrating over the entire range
of D,.s =0... 0 to give a mean value of a relatively broad dis-
tribution (the width of a gamma distribution depends on its av-
erage, whereby no additional fitting parameter is introduced).
Results of these fits are shown in Fig. 10 as full lines, and the
average coupling constants are included in Table 3.

The coupling constants and the courses of /,po(Tpg), re-
spectively, are quite similar for all PAAm—DMMI gels in
this series, despite of different concentrations and crosslinking
efficiencies. This indicates that the mean lengths of active net-
work chains are similar, and a consideration of the crosslink-
ing mechanism can explain this finding: a linkage between two
polymer chains is only formed upon dimerization of two
DMMI side groups and, therefore, the chain length between
crosslinks (and its distribution) is essentially predetermined
by the given random spacing of DMMI moieties along the ini-
tial polymer chains. Of course, this argument holds only when
conversion is complete.

The experimental finding also implies that dimerizations
which are not generating elastically active network chains
are not leading to chain extension to any appreciable extent.
This is a surprising and important observation in view of the
marked variation of the A fraction determined by MQ NMR
or the crosslinking efficiency, respectively, with polymer con-
centration. The necessity to assume a broad distribution of
coupling constants according to Eq. (4) to attain reasonable fit-
ting of the build-up curves is in accord with previous observa-
tions on swollen networks [85]. While distributions due to
variations in the chain length between crosslinks as well as
the distribution expected on the basis of a Gaussian distribu-
tion of end-to-end distances are screened by the cooperativity
of the chain motions (‘“‘packing’’) in unswollen elastomers,
such effects, as well as topologically induced swelling hetero-
geneities, reappear in swollen networks [76,85,86].

5. Conclusions

Photochemical crosslinking of DMMI-functionalized PAAm
provides an efficient way to synthesize hydrogels in a selective
and controlled manner. We have shown that the photodimeri-
zation of DMMI moieties in aqueous solution yields predom-
inantly asymmetric products instead of the initially expected
cyclobutane derivatives, known from the reaction in organic
solvents. However, the dimerization reaction occurs without
perceptible side reactions and can be readily controlled by
the intensity and duration of UV irradiation and the concentra-
tion of sensitizer. It is therefore very well suited to crosslink
a polymer solution at will if the initial polymer is equipped
with such functional groups. The gelation process can be

interrupted at any stage by discontinuing the UV irradiation
in order to study the system as it changes from a semi-dilute
polymer solution to a fully crosslinked gel.

The conversion of DMMI moieties into dimers is easily
quantified by UV spectroscopy. Since not all such chemical
linkages are elastically effective, methods to determine the
crosslinking efficiency were applied. On a macroscopic scale,
the rheological measurement of the shear modulus is a measure
for the density of effective network chains. Comparison with
the amount of dimerized DMMI units shows that the crosslink-
ing efficiency is around 16% when a solution containing
20 gL~" of functionalized polymer is crosslinked, and rises
to more than 60% at a concentration of 80 g L™'. These effi-
ciencies are surprisingly high in view of the fairly small con-
centrations and markedly exceed the values typically attained
when gelation occurred by crosslinking copolymerization of
monomer and crosslinker.

The macroscopic determination of crosslinking efficiency
is supported by MQ NMR experiments yielding information
on the fraction of monomer units present in elastically effec-
tive network chains. Quantification of these, becoming possi-
ble because of the residual dipolar coupling between such
units, gave values comparable to the ones obtained by rheol-
ogy. Furthermore, the MQ NMR measurements indicate that
the average length of active network chains is just slightly
dependent on crosslinking efficiency or concentration, a fact
that can be traced back to the importance of the spacing of
functional groups along the initial polymer chains. Hence,
the results of spectroscopic analysis, rheology and MQ
NMR experiments produce a consistent picture of PAAm
network formation through sensitized photodimerization of
pendent DMMI groups.
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