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The kinetic behaviour of the photo-induced copper() catalyzed azide—alkyne cycloaddition (CuAAC)
reaction was studied in detail using real-time Fourier transform infrared (FTIR) spectroscopy on both a
solvent-based monofunctional and a neat polymer network forming system. The results in the solvent-
based system showed near first-order kinetics on copper and photoinitiator concentrations up to a
threshold value in which the kinetics switch to zeroth-order. This kinetic shift shows that the photo-
CuAAC reaction is not susceptible from side reactions such as copper disproportionation, copper(i)
reduction, and radical termination at the early stages of the reaction. The overall reaction rate and
conversion is highly dependent on the initial concentrations of photoinitiator and copper(i) as well as

Received 15th July 2016, their relative ratios. The conversion was decreased when an excess of photoinitiator was utilized compared

Accepted 23rd August 2016 to its threshold value. Interestingly, the reaction showed an induction period at relatively low intensities.

DOI: 10.1039/c6cp04950h The induction period is decreased by increasing light intensity and photoinitiator concentration. The reaction

trends and limitations were further observed in a solventless polymer network forming system, exhibiting a
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1 Introduction

Click chemistry refers to a set of high yielding and selective
reactions with limited or easily removable byproducts which
proceed under simple reaction conditions.! In addition to the
ease and versatility associated with these reactions, a few click
reactions are initiated by light, affording spatiotemporal control of
product formation. One of the most widely used click reactions
is the copper(1) catalyzed azide-alkyne cycloaddition (CuAAC)
reaction.>® In the CuAAC reaction, the copper(i) catalyst is
typically introduced by the in situ reduction of copper(u) into
copper())*” or by the direct addition of copper(i) salt in the
presence of a base which immediately triggers the azide-alkyne
cycloaddition reaction.®” Despite its utility in applications
requiring bio-orthogonal reactions,® the CuAAC reaction had
previously lacked the temporal control characteristic of other
photo-enabled click reactions, such as the thiol-ene'® and
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similar copper and photoinitiator threshold behaviour.

thiol-yne’"'? radical-mediated reactions as well as the

photocaged-base-thiol-Michael addition.?

In the last decade, there have been considerable efforts
to trigger the CuAAC reaction using light. One of the most
straightforward routes is to simply reduce the copper catalyst
from copper(un) to copper(i) using a photochemical scheme.
Ritter and Konig were the first to reduce copper(u) using a
photosensitizing system,'* which was later extended to non-
aqueous conditions by Tasdelen and Yagci.'® The photo-CuAAC
reaction was further demonstrated in systems capable of under-
going a light-initiated CuAAC polymerisation by Adzima et al.*®
thereby enabling photolithography and photo-functionalization."”

Despite the impact of the photo-CuAAC reaction in bio-
conjugation and more broadly in materials systems, the kinetic
behaviour and the limitations of this reaction are still relatively
unexplored. Mainly, understanding how and why the copper
catalyst, photoinitiator, and light intensity affect its rate in
monofunctional, solvent-based systems as well as network
forming systems is critical for practical applications of this
reaction. In the work presented here, we investigate the reaction
conditions that affect photo-CuAAC kinetics and examine its
limitations. We identify the key variables associated with the
photo-CuAAC reaction and provide insight in controlling the
reaction rate and extent. Moreover, these results are shown in
both solvent based model systems and polymer network-forming
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reactions, thus demonstrating their broad applicability. Impor-
tantly, the reaction kinetics show distinct and unique behaviour
as compare to the traditional, non-photo CuAAC reaction. Over-
all, both the quantitative and qualitative trends contained herein
will inform users of the photo-activated CuAAC reaction of
suitable reaction conditions for applications in both solution-
based systems and bulk polymer networks.

2 Experimental
2.1 Materials

The following chemical compounds were used without further
purification: 1-dodecyne (Sigma Aldrich), methyl 2-azidoacetate
(Sigma Aldrich), copper sulphate pentahydrate (Sigma Aldrich),
bis(2,4,6-trimethylbenzyoyl)}-phenylphosphineoxide (Irgacure 819)
(Ciba), N,N-dimethylformamide (Fisher Scientific), N,N,N',N',N"-
pentamethyldiethylenetriamine (Sigma Aldrich), and copper
chloride (Sigma Aldrich).

2.2 Monitoring reaction kinetics

A Nicolet Nexus 670 Series Fourier transform infrared (FTIR)
spectrometer was used in conjugation with a SL-2 sealed liquid
cell equipped with calcium fluoride windows (International
Crystal Laboratories). Solutions containing the reactants,
1-dodecyne and methyl 2-azidoacetate, the copper catalyst
(CuS0,4-5H,0), and Irgacure 819 were prepared in DMF and
stirred for at least 30 minutes. The reaction system is depicted
in Scheme 1. Typical reaction systems contained 110 mM of
1-dodecyne and methyl 2-azidoacetate and 10 mM of copper(i)
and photoinitiator. Aliquots of the reaction system were
injected in the liquid cell which was then mounted on the
FTIR. After 30 seconds the liquid cell was irradiated using an
OmniCure Series 2000 lamp that was filtered using a 405 nm
band pass interference filter, equipped with a 200 Watt mercury
arc bulb (Lumen Dynamics), which started the reaction. The
reaction kinetics were monitored via the reduction of the
methyl 2-azidoacetate (azide) peak between 2080 and 2150 cm™*
which exhibits a maximum at 2109 cm™* (see ESI, Fig. S1). Using
a Beer’s Law type analysis, the area under the peak is directly
proportional to the concentration of the species at a constant
path length which was constant throughout the experiments at
0.1 mm. The decrease in the concentration of methyl 2-azidoacetate
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Scheme 1 Photo-CuAAC reaction system: 1-dodecyne reacts with
methyl 2-azidoacetate in the presence of copper sulphate pentahydrate

and Irgacure 819 in DMF under 405 nm incident light to produce the
triazole product.
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over the first two minutes of the reaction represented an average
initial rate of the reaction and was calculated for each sample. All
rate law experiments were performed in triplicate.

2.3 Polymerisation

The polymer application experiments used bis(6-azidohexyl)(1,3-
phenylenebis(propane-2,2-diyl))dicarbamate (monomer 1; Fig. 1),
and 1-(prop-2-ynyloxy)-2,2-bis(prop-2-ynyloxymethyl)butane
(monomer 2; Fig. 1) which were synthesized from literature
procedures found in ref. 18 and 17, respectively, and their
structure confirmed by NMR (see ESI,f Fig. S2 and S3). The
reactants were mixed stoichiometrically with respect to the azide
and alkyne functional groups. A copper chloride N,N,N',N',N"-
pentamethyldiethylenetriamine (PMDETA) ligand was synthesized"®
to act as the copper(n) source (structure 3, Fig. 1) and dissolved in
trace (<1 wt%) methanol. Irgacure 819 was used as the photo-
initiator (structure 4, Fig. 1,). The components were mixed under
high speed using a DAC 150.1 FVZK Flacktek Speed Mixer. The
conversion in these experiments were monitored via the alkyne
near-IR peak between 6430 and 6570 cm™ " where the trialkyne has a
peak at 6507 cm ™" (see ESLT Fig. $3).*° All polymer samples were
placed between glass slides and separated with a spacer of 0.12 mm
thickness. The structure of the monomers, catalyst and photo-
initiators used in the polymerisation system is shown in Fig. 1.

3 Results and discussion

The reaction kinetics and mechanism for the CuAAC reaction
have been studied in detail since its discovery in 2002.>?
Depending on the concentration of copper, the reaction rate
dependence on reactant concentration follows one of two
behaviours: first-order rate dependence on the azide and alkyne
concentrations at non-catalytic copper concentrations and
roughly zero-order rate dependence on azide and alkyne
concentration when copper is at catalytic concentrations.>*

[C = CJ'N3]' [Cu' ]’
rate
[C = C°[N;)° [Cu”]2 cat Cu
The observed second-order scaling in copper at catalytic
concentrations has led to the hypothesis that a dinuclear copper
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N3\/\/\/\O)J\N N)ko/\/\/\/N3
//\o o/\\ /Na 0 0
— O}C —N-Cuig p

2 AN
3 4

Fig. 1 Monomers, catalyst and photoinitiator used in the polymerisation
system. (1) Bis(6-azidohexyl)(1,3-phenylenebis(propane-2,2-diyl))dicarbamate
(2) 1-(prop-2-ynyloxy)-2,2-bis(prop-2-ynyloxymethyl)butane (3) CuCl,—
PMDETA (4) Irgacure 819.
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Scheme 2 Potential reactions involved in photoinitiating the CuAAC
reaction. Once the radicals (R*) are generated through light activation of
a photoinitiator (Pl), they can either (1) react with oxygen forming peroxy
radicals, (2) terminate by reacting with other radicals, or (3) reduce
copper(i) into copper(). (4) Copper(l) could then either be reduced further
to form copper(0) or (5) react with another copper()) molecule to yield
copper(i) and copper(0) via disproportionation. (6) Finally, the azide could
decompose into nitrene and nitrogen gas under UV or near UV-light.

intermediate is formed, which has been supported by DFT calcu-
lations®* and, more recently, by direct experimental evidence.**”**
Copper(n) is typically formed in situ from copper(1) using an
excess of a reducing agent, such as sodium ascorbate, which
also helps in alkyne deprotonation.?® It has been shown that
the reducing agent does not influence the kinetics of the
reaction and can be used in large excess, suggesting that the
production of copper() is not limiting in these traditional
CUAAC reactions.”® Introducing photoinitiation to the CuAAC
system can have several potential effects on the reaction pathway
(Scheme 2). Upon incident irradiation, a photoinitiator (PI) will
form radicals (R*) that will subsequently undergo several presumed
reactions. (1) The radical could react with oxygen (O,), forming a
peroxy radical as is prevalent in free radical polymerisation. These
peroxy radicals have a much lower reducing potential than benzoyl
or phosphinoyl radicals and would slow the reaction rate.”” While
oxygen inhibition is common in polymers involving phosphinoyl
radicals,”® at both low and high intensities oxygen was not observed
to inhibit the photo-CuAAC system (see ESLt Fig. S4). (2) The
radical could react with another radical to undergo radical-radical
termination (ie., radical recombination). This reaction pathway is
limited by the concentration of radicals produced at a certain time.
(3) If the redox potential of the radical is sufficient, it can reduce
copper(u) to copper(1), which will then enter the CuAAC reaction
cycle as a catalyst; this is the ideal or desired reaction pathway to
initiate the CuAAC reaction. (4) Similarly, the radical can further
reduce copper() to copper(0). Beyond side reactions of radicals,
(5) copper(1) can undergo copper disproportionation in which two
copper(1) molecules will react, forming copper(u) and copper(0).>°
(6) Finally, azide decomposition under UV or near UV-light is a
potential reaction pathway in which the azide forms a reactive
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Fig. 2 Copper and Irgacure 819 kinetic scaling effects. Varying copper(i)
concentration (square) at constant photoinitiator concentration at 10 mM
and varying photoinitiator concentration at constant copper concentration
(circle) at 10 mM at 5 mW cm~2 of 405 nm light. The concentrations of
1-dodecyne and methyl 2-azidoacetate were kept constant at 110 mM.
Copper(n) scaled to (1.15 + 0.08) between 1 and 20 mM and shifted to
(0.07 £ 0.08) beyond 20 mM. Irgacure 819 scaled to (1.07 & 0.03) between
1 and 5 mM and shifted to (0.03 + 0.03) beyond 5 mM.

nitrene and nitrogen gas.>**' With respect to this latter mechanism,

methyl 2-azidoacetate was observed to not undergo significant
decompositions in DMF when exposed to 405 nm light for
100 minutes of the reaction (see ESI,} Fig. S5).

Rate law studies, where key components of the photo-CuAAC
reaction are varied, reveal kinetic behaviour that is different
than that observed in traditional CuAAC reactions. While azide
and alkyne concentration variations predictably had a negligible
effect on the reaction rate, which is consistent with CuAAC
kinetic behaviour in the absence of accelerating ligands>' (see
ESL T Fig. S6 and S7), the copper concentration reaction depen-
dence yields a near first-order scaling (1.15 £+ 0.08) for lower
concentrations as shown in Fig. 2. While the first-order scaling
in copper concentration is atypical for a CuAAC reaction, similar
scaling has been previously observed where an accelerating ligand
is included. This behaviour was attributed to weak-donor environ-
ments in which the binuclear copper-ligand complex remains
intact.®® In our system, it is unlikely that the first-order scaling is
attributed to the reaction environment as DMF would constitute a
strong-donor environment. Interestingly, the first-order scaling in
copper has also been reported in other photo-initiated CuAAC
reaction schemes. For example, Ritter and Konig reported a first-
order scaling in copper(i) concentrations using dihydroflavin as a
photoreducing agent.™ Song et al. furthermore found a first-order
dependence in copper concentrations using bulk photo-initiated
CUAAC chemistries.'® This scaling appears characteristic of photo-
CuAAC reaction schemes that utilize an in situ photoinitiator.
At higher concentrations of copper(u), once the initial copper(u)
concentration is roughly double the initial photoinitiator, there is
an abrupt transition to near zeroth-order kinetics. A scaling of
(0.07 £ 0.08) with respect to initial copper(u) concentration is
observed in this regime. We define the threshold value as the
concentration in which the kinetics switches from first-order to
zeroth-order. This transition likely accompanies the transition of
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copper(n) to a limiting reactant with respect to the photoinitiator.
It also would imply that the formation of copper(i) is largely
irreversible, as excess amounts are not required to continuously
reduce the copper(u) back to copper(i). Furthermore, the zeroth-
order kinetics copper(u) concentration threshold suggests that
copper disproportionation (Scheme 2, reaction (5)) is slow relative
to the photo-CuAAC reaction, since the addition of excess initial
copper(u) would have shifted the equilibrium towards copper(r)
formation and resulted in an increasing reaction rate rather than
a zero-order plateau.

Fig. 2 further reveals that the role of the photoinitiator on
the kinetics of the photo-CuAAC system is dissimilar from a
copper(n) reducing agent typically employed in CuAAC reactions.
Again, a near first-order rate scaling of (1.07 + 0.03) on the initial
photoinitiator concentration is observed until a threshold of
5 mM photoinitiator is reached, where the scaling shifts to
(0.03 £ 0.03). This transition to zero-order kinetics implies that
copper(u) has become the limiting reagent. This scaling is
similar to the behaviour observed above with varying initial
copper(u) concentrations, and in this case the zero-order reac-
tion rate threshold suggests that further reduction of copper()
to copper(0) by reaction with radicals (Scheme 2, reaction (4)) is
not significant. If further reduction was important to the initial
kinetics, increasing the amount of photoinitiator would
have decreased the initial reaction rate. The protection of the
copper(i) species from further reduction could be due to the
formation of a stable copper(i)-acetylide complex or the triazole
acting as a ligand. While radical-radical termination (Scheme 2,
reaction (2)) is most likely occurring at increased concentrations
of photoinitiator, it also does not appear to affect the initial rate
of the photo-CuAAC reaction. If this recombination reaction
were influencing the initial rate of the photo-CuAAC reaction,
an increase in initial photoinitiator concentrations would have
decreased the initial reaction rate.

Fig. 2 clearly demonstrates that the kinetic behaviour is
dictated by the amount and relative ratio of copper(n) and
photoinitiator concentrations in the system. As discussed, the
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other radical reactions (Scheme 2, reactions (1), (2), and (4)) do
not influence the rate of the reaction where the initial rate in
a photo-CuAAC system is dependent on the formation of
copper(i) via the reduction of copper(u) with photoinitiator
radicals (Scheme 2, reaction (3)), which is justified through
the threshold values obtained above. The threshold value in
copper(u) concentration is always double the concentration of
Irgacure 819, and likewise the threshold value of Irgacure 819 is
always half the concentration of copper(u) in the system, as
depicted in Fig. 3a and b. This indicates that one photoinitiator
molecule is capable of reducing two copper(n) molecules to
copper(r) in our system, which is consistent with the capability
of Irgacure 819 to cleave into four radicals,* including two
phosphinoyl radicals which have a strong copper(u) reducing
potential. Moreover, the kinetics of the process are enhanced by
increasing the concentration of copper(n) and photoinitiator
given that the ratio between them remains constant (Fig. 3c).
While the initial rates of the photo-CuAAC reaction are
unchanged beyond the copper(u) and photoinitiator threshold
values, the overall conversion of the reaction system is affected
by the relative copper(u) to photoinitiator ratios present in the
system. Increasing the concentration of initial copper(u) in the
system above a threshold value of photoinitiator in the system
does not affect the overall conversion of the reaction (Fig. 4a).
This implies that disproportionation reaction do not play a
significant role in the photo-CuAAC reaction. However, increasing
the amount of photoinitiator relative to the copper(u) concen-
tration threshold has a deleterious effect on the overall conversion
(Fig. 4b). We hypothesize that excess photoinitiator is reacting
with copper(1) to form copper(0) at a later stage of the reaction
(i.e., Scheme 2, reaction (4)); when a large excess of photoinitiator
molecules was used, the solution turned a dark brown color after
irradiating which is indicative of copper(0) formation. Increased
radical recombination as the reaction progresses may also be
occurring due to the large excess of photoinitiator radicals at high
intensities (i.e., Scheme 2, reaction (2)). Indeed, in the extreme
case of increasing the concentration of photoinitiator 40 times
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Fig. 3 Copper(i)/Irgacure 819 ratio effects on the photo-CuAAC reaction using 110 mM methyl 2-azidoacetate and 1-dodecyne in DMF at 10 mW cm™

2

(405 nm filtered light). (a) Adding copper (i) above its threshold value does not influence the reaction kinetics. Similar kinetic behaviour is observed when
the concentration of photoinitiator is constant at 3 mM and copper() is increased from 7 mM to 15 mM (closed square and circle). The reaction rate of
25 mM of copper(i) and 15 mM of copper(i) at constant photoinitiator concentration at 7 mM is also the same (open square and circle). (b) Adding
photoinitiator above its threshold value does not increase the reaction rate. The reaction rate of 3 mM copper(i) with 3 and 7 mM of Irgacure 819 are
identical (closed square and circle). The reaction rate of 7 mM copper(i) with 7 and 15 mM of Irgacure 819 are also identical (open square and circle).
(c) When both copper(i) and Irgacure 819 are increased in an equimolar ratio from 3 mM copper(i) and 3 mM [-819 (square) to 7 mM copper(i) and 7 mM
Irgacure 819 (circle) to 15 mM copper(i) and 15 mM Irgacure 819 (triangle), the reaction rate increases.
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Fig. 4 Final conversion effects of increasing copper(i) and photoinitiator
concentrations in a photo-CuAAC system. (a) At a constant 1-dodecyne
and methyl 2-azidoacetate concentration at 110 mM and Irgacure 819
concentration at 10 mM, adding copper between 10 mM and 100 mM
resulted in a final conversion that ranged between 94 and 98%. (b) At a
constant 1-dodecyne and methyl 2-azidoacetate concentration at 110 mM
and copper(i) concentration at 10 mM, adding Iragacure-819 in the system
between 10 mM and 100 mM decreased the final conversion from 94% to
76% after 40 minutes.

that of initial copper(u), the reaction exhibits a drastic decrease
in the overall conversion where it plateaued at 20% conversion
after 25 minutes of reaction time (see ESL,1 Fig. S8). This further
illustrates how the photoinitiator interaction with copper is
different than an in situ reducing agent such as sodium ascorbate,
which can be used in excessive quantities.>****

The photo-CuAAC reaction exhibits two different behaviours
depending on the light intensity used (Fig. 5). In the high
intensity regime, the kinetic behaviour, threshold values, and
scaling of copper(n) and photoinitiator are unchanged as a
function of intensity (see ESL 1 Fig. S9 and S10). Intensity
directly impacts the rate of photolysis and thus the rate of
radical formation in conventional photopolymerisations. Since
the selected intensity only affects the rate of radical formation,
the reaction rate independence at and above 5 mW cm >
indicates that the rate determining step is not the rate of
radical formation, but rather the CuAAC cycle itself. For lower
intensities, however, the photoreduction must be occurring at
similar or slower rates to the CuAAC reaction, and thus the
overall reaction rate has a much more complex dependence
on the initial copper(n) and photoinitiator concentrations.
Consequently, the copper(u) and photoinitiator scaling is altered,
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Fig. 5 The effects of varying intensity on the initial rate of the photo-
CUAAC reaction. The concentration of Irgacure 819 and copper(i) were
10 mM and the concentration of 1-dodecyne and methyl 2-azidoacetate

were constant at 110 mM each. The intensity did not significantly influence

the kinetics above 5 mW cm™2.

and furthermore the characterization of the reaction in terms
of the initial ratio of copper(u) to photoinitiator is no longer
possible.

In the low intensity regime, the photo-CuAAC system exhibits
a delay before the onset of the decrease in azide concentration.
While this induction period has been observed in other photo-
CuAAC systems, it had been generally attributed to potential
oxygen inhibition effects.*® Through argon purging experiments,
there was no evidence of oxygen inhibition in our samples at low
intensities (see ESILf Fig. S11). The induction period at low
intensities could moreover be attributed to the slow kinetics of
radical formation at low intensities; the photo-CuAAC reaction
would require a build-up of radicals to convert copper(u) to
copper(i). As mentioned above, this is unlikely since the kinetics
of copper(u) to copper(1) conversion in the presence of phos-
phinoyl radicals for photo-CuAAC reactions was found to be
extremely rapid.*® Furthermore, this period may be an indication
that the triazole product acts as a ligand for the copper(i) species;
once a small amount of triazole forms, autoacceleration of the
reaction is achieved due to the stable copper(i) ions formed.
Alternatively, an induction time has been observed in traditional
CuAAC reactions, which was attributed to the nature of the
copper-ligand and copper-anion interactions with the alkyne
species as discussed by Jin et al®” Finally, a relatively simple
explanation of the induction period is that the copper(u) is
quenching the photoinitiating system. Therefore, as copper(u)
is converted to copper(1), the reaction rate would accelerate as
suggested in Scheme 3. It should be noted that the quenching of
photoinitiating ketones by metal cations (including copper
cations) has been reported in literature.**°

The induction period appears to be dependent on the
absorbency and quantum yield of the photoinitiator used in a
photo-CuAAC reaction as discussed by Tasdelen et al*® This
would explain why the induction period is significantly reduced
by increasing photoinitiator concentrations. Indeed, increasing
the concentration of the photoinitiator increased the rate of
radical generation which effectively shifts the intensity-driven
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Scheme 3 Suggested photoinitiation scheme in which the copper(i)
source can quench the photoinitiator triplet state (PI*) before it forms
radicals. Once this inhibition is overcome, the photoinitiator (PI) can form

radicals (R*) which then reduce copper(i) to copper() catalysing the
CUuAAC reaction.

threshold values as shown in Fig. 6. While adding copper(u) to
the monofunctional system did not influence the induction
period significantly, an increase in the induction time was
observed in the bulk polymer system when the amount of
copper was increased at a low intensity (see ESI,t Fig. S12).

The kinetic trends in these solvent-based, model systems are
also observed in solventless, bulk photopolymerisations that
use copper ligands to catalyze the CuAAC chemistries. Since
copper(u) is not miscible in the neat monomer systems, we use
CuCl,-PMDETA along with Irgacure 819 to demonstrate the
compositional variation effects in a network forming poly-
merisation (i.e., the photo-CuAAC reaction of monomer 1 and
monomer 2). The threshold value effects of Irgacure 819 is
demonstrated in Fig. 7a, where increasing the concentration of
photoinitiator in the system beyond a constant amount of
CuCl,~PMDETA (1 wt%) is negligible. However, when both
copper(n) and photoinitiator concentrations are increased
simultaneously at a 1: 1 molar ratio, the kinetics of the reaction
are notably increased as depicted in Fig. 7b.

Similar to model systems, a threshold value in intensity is
observed in network forming systems, as shown in Fig. 8. In
contrast to other radical-initiated polymerisations,”** increasing

2.5mMPI
5mM PI

10 mM PI
20 mM PI
35 mM PI
70 mM PI

O v A 00°
0.1 QOVZAA:OQOC’O::BUD“ r
o
0.0 {g88&¢aBEmm="""" . . L
0 5 10 15 20 25
Time (min)

Fig. 6 Photoinitiator concentration effects in the low intensity regime:
varying the concentration of Irgacure 819 from 2.5 mM to 70 mM at a
constant copper(i) concentration at 10 mM and methyl 2-azidoacetate
and 1-dodecyne constant at 110 mM. The intensity used was 0.5 mW cm 2
of 405 nm filtered light. Increasing the concentration of photoinitiator
from 2.5 mM to 70 mM decreased the inhibition time from 3 minutes to
less than 15 seconds and increased the reaction rate significantly.
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Fig. 7 Kinetic results in polymerising systems using Irgacure 819 and
CuCl,-PMDETA along with monomers 1 and 2 as the reactants and at a
constant intensity of 10 mW cm~2 of 405 nm wavelength light and a
sample thickness of 0.12 mm. The grey, shaded area represents the time
(5 min) before the light was turned on. (a) Threshold value in photoinitiator
applies in network forming systems. When the concentration of photo-
initiator is increased beyond half that of copper(i), from a 1:2 mol ratio
Irgacure 819 : CuCl,-PMDETA (square) to an equimolar ratio (circle) and
then a 2:1 mol ratio (triangle), there was little increase in the reaction rate.
(b) When the concentration of photoinitiator and copper(il) where
increased in equimolar concentrations from a 0.5 wt% of copper(i)
(square) to 1 wt% copper(i) (circle) to 3 wt% ratio (triangle), the rate of
the reaction significantly increases.

the light intensity beyond a threshold value does not increase the
polymerisation rate. In our system this threshold was observed
beyond 20 mW cm™> where the polymerisation kinetics become
independent of the rate of radical formation.

4 Conclusions

The kinetic behaviour of the photo-CuAAC reaction shows two
different regimes of behaviour. In the first, the photoreduction
of copper(n) is much faster than the kinetics of the CuAAC
reaction. Here, the initial reaction rate is increased by increasing
the concentrations of the photoinitiator until the photoinitiator is
in excess, and zero-order behaviour is observed. Near first-order
kinetics is observed in with respect to copper(u) concentrations.
Consequently, first-order behaviour is also observed with respect
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Fig. 8 Varying intensity in polymer systems using Irgacure 819 and
CuCl,-PMDETA along with monomers 1 and 2 as the reactants using
405 nm wavelength and a sample thickness of 0.12 mm. The grey, shaded
area represents the time (5 min) before the light was turned on. When the
intensity was increased beyond 20 mW cm™2, the reaction rate did not
significantly change.

to photoinitiator when copper(u) is in excess. This threshold
behaviour is indicative of the robust nature of the photo-CuAAC
reaction in this regime as several potential side reactions
appear to be largely suppressed and the reaction is highly
selective towards forming the desired copper(1) catalyst. However,
while using excess photoinitiator in the system does not affect the
initial rate, it does significantly decrease the overall conversion of
the reaction, implying that further reduction of copper() to copper
metal does play a role in the kinetics. This behaviour is signifi-
cantly different from typical in situ reducing agents such as sodium
ascorbate, which can be used in large excess when compared to
the copper catalyst amount.

In the second regime, the copper(u) reduction reaction
appears to occur on a similar timescale to the CuAAC reaction,
which significantly complicates the observed behaviour and the
scale of the rate law with regards to the initial copper(n) and
photoinitiator concentrations. Furthermore, an induction period
is observed in these systems which is significantly decreased
by increasing the concentration of the photoinitiator used or
the intensity of light. It is hypothesized that the induction period
is due to copper(n) quenching of the triplet state of the
photoinitiator.

The kinetic trends observed in the solvent system were
extended to a solvent-free polymer network system. This photo-
polymerisation shows similar results to the solvent system
kinetics, which further emphasizes the importance of the
copper and photoinitiator threshold values and its impact on
controlling the reaction rate in different photo-CuAAC reaction
schemes. While the photochemical reduction used in the
photo-CuAAC reaction shares some steps in common with
conventional photopolymerisations, the nuances of the CuAAC
reaction give it much different behaviour. Unlike radical reactions,
the zero order behaviour observed provides some interesting
opportunities for applications requiring dark cure post exposure
and low intensity curing. Furthermore, while this behaviour does
occur in the “high light intensity” regime reported here, it must
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be noted that these light intensities are one to two orders of
magnitude less than that used in many industrial applications.
This fact implies that were these materials to show better perfor-
mance than conventional photopolymers, the curing chemistry
should not limit their implementation.
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