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Rational Design of Photo-cleavable Alkoxyamines for Polymerization and Synthesis 
Nicholas S. Hilla and Michelle L. Cootea* 

Theoretical calculations have been performed in order to investigate the impact of different substitution patterns on predicted photoreactivity of alkoxyamines 
fused to an anthraquinone chromophore. Amino and hydroxy groups (similar to those which have been previously synthesized) are introduced and their effect 
on excited state energies and charge transfer is assessed. Analogous to formally oxidized alkoxyamines, the charge-separated nNπ*state can undergo mesolytic 
cleavage or bimolecular or SN2 reactions with nucleophiles, according to the substitution patterns and other reagents present. While homolytic cleavage is in 
principle promoted by triplet ππ* states, the accessible ππ* triplet states in this system are centered on the chromophore and unreactive. We show that the 
reactive nNπ* state, which bears a negative charge, is stabilized by hydroxy substitution while amino substitution will destabilize it. After mesolysis to a carbon 
centred radical, the nitroxide radical re-forms; however, when carbocations are produced the remaining open-shell singlet is stable and unable to undergo 
coupling with the carbocation.  

Introduction 

Nitroxide-mediated polymerization (NMP) is an important 
industrial process, used for controlling the molecular weight 
and architecture in free-radical polymerization.1-3 It works by 
establishing a dynamic equilibrium between the active 
propagating radical and a dormant alkoxyamine (Scheme 1). 

 
Scheme 1. Nitroxide mediated polymerization 

A key drawback with nitroxide mediated polymerization, 
however, is the requirement for elevated temperatures can 
promote unwanted side reactions.4-13 As a result, the 
development of photochemical NMP (PNMP) is an important 
goal as the activation of the nitroxide species by light, rather 
than thermal energy, can occur at ambient reaction 
conditions that will reduce energy costs as well as the 
prevalence of side reactions.14-16  
Unfortunately, the development of effective PNMP agents 
for a wide range of monomer units has proven difficult, with 
recent experimental work demonstrating that NMP-like 
reactivity is highly dependent on both the choice of 
chromophore and choice of monomer unit.14-20 Recently we 
studied two systems that are able to control some but not all 
classes of monomer tested,15, 17 and have shown that this 
variable behaviour may be in part due to a preference for 
mesolytic rather than homolytic dissociation (Scheme 2).21  
Mesolytic cleavage, which occurs from the 𝑛!𝜋∗ rather than 
𝜋𝜋∗ or 𝑛#𝜋∗ excited states, results in the formation of a 
radical and a cation. The ultimate location of these species is 
dependent on the respective stabilities of these species, i.e. 
nitroxide radical and carbocation versus oxoammonium 
cation and carbon-centred radical. Only the former pathway 

leads to effective PNMP, the latter at best leading to 
initiation of cationic polymerization. 
Whilst potentially detrimental to NMP reactivity, the 
prevalence of mesolytic cleavage does offer synthetic 
opportunities. Recently, experimental and theoretical work 
demonstrated that oxidized alkoxyamines are capable of 
alkylating, even methylating, nucleophiles under oxidative 
conditions.22-25 These processes required formal oxidation, 
performed electrochemically. A simpler approach would be 
to use PNMP agents primed to undergo mesolytic cleavage. 
Here, we aim to design organic, photoactive alkoxyamines 
that can be tuned to enhance mesolytic cleavage, for use in 
photochemical alkylation reactions.  

 
Scheme 2. Alternative homolysis and mesolysis photocleavage pathways of 
azaphenalenes, as studied in Ref 21. Note that the diradical of the ππ* is 
drawn across the O–R bond to emphasize that diradicals centered on the 
chromophore do not undergo homolytic cleavage. 
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Scheme 3. Anthraquinone-Alkoxyamine substitution variations considered in this study. 

 

COMPUTATIONAL METHODOLOGY 
Electronic structure calculations were performed with the 
Gaussian 16.E01 software package.26 All open- and closed-
shell SCF calculations were performed with density 
functional theory (DFT), and excited state energies and 
electrostatic surfaces were obtained with TD-DFT. As in our 
previous study,21 the meta-GGA, M06-2X density 
functional27 was employed alongside the 6-31+G(d,p) basis 
set for all types of calculation, as this combination of 
functional and basis set has been shown to produce ground 
and excited state energies with qualitative accuracy.28 
Solvent effects were obtained with the SMD universal 
solvent model,29 using ethyl ethanoate as the solvation 
environment so as to mimic a bulk acrylic monomer-like 
solvent. For ground state reactions, gas-phase Gibbs free 
energies were calculated using ideal gas partition functions 
and combined with solvation energies so as to obtain 
solution Gibbs free energies via thermocycle; for the excited 
states, energies in solution were obtained directly. Free 
energies were also obtained directly for the singlet-triplet 
energy gaps, to ensure the correct states were being 
optimised. 

RESULTS AND DISCUSSION 

Excited States of Anthraquinone-Alkoxyamines  

As our initial test set, we considered the anthraquinone-
alkoxyamines in Scheme 3. These species are simple 
derivatives of known PNMP agents14-20 but use a 
chromophore that is an established Type II photoinitiator 
that can be tuned through ring substitution.30-34 As leaving 
groups we consider models of the propagating radical in 

styrene (STY), ethyl propanoate (EP) and ethyl isobutyrate 
(EIB) polymerization, as well as methyl (Me), so as to 
evaluate the potential for photoactivated methylation. For 
brevity, the different structures are named throughout to 
reflect the substitution of the anthraquinone moiety.  

 
Figure 1. Simplified Jablonski diagram for AQ-Me 

Figure 1 shows a simplified Jablonski diagram for AQ-Me. 
The extensive conjugation, keto groups, and nitrogen 
heteroatom present in the alkoxyamines studied give rise to 
𝜋𝜋∗, 𝑛#𝜋∗, and 𝑛!𝜋∗ low-lying excited states, respectively. 
The 𝜋𝜋∗ and 𝑛#𝜋∗ states are centred on the anthraquinone 
moiety and are thus unreactive toward NO–R scission. TD-
DFT calculations show that the energies of these states are 
largely unaffected upon introduction of the 2,2,5,5-
tetramethyl-1-pyrrolidinyloxy moiety, due to the lack of 
conjugation between the different sources of electrons 
(Figure 2). Although centred on the N–O group, the energy 
of the lowest 𝑛!𝜋∗ states, are also relatively unaffected by 
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the different R-groups bonded to the alkoxyamine moiety 
(Figure 2). 
 

 
Figure 2. 𝑛!𝜋∗, 𝑛#𝜋∗, and 𝜋𝜋∗ excited state energies for anthraquinone, and 
alkoxyamine-based derivatives. 

The excited state capable of leading to mesolytic NO–R 
cleavage is the 𝑛!𝜋∗ state. As seen in Figure 1, this can occur 
directly from S3(𝑛!𝜋∗), or via intersystem crossing from 
S7(𝜋𝜋∗) to T7(𝑛!𝜋∗). The 𝑛!𝜋∗ excited state results in the 
transfer of a non-bonding electron from the nitrogen atom 
into the 𝜋∗-system of the anthraquinone, resulting in a 
biradical charge-separated state. The radical cation centred 
on the nitrogen therefore possesses the valency necessary 
for mesolysis. This phenomenon is shown in Figure 3, an 
electrostatic potential (ESP) difference plot that shows that, 
upon excitation to the 𝑛!𝜋∗ state, there is a build-up of 
negative charge on the anthraquinone moiety and a 
concomitant build-up of positive charge around the nitrogen 
atom.  
 

Figure 3 a) Change in electrostatic potential upon excitation to 𝑛𝜋∗ excited state of 
methyl-anthraquinone-alkoxyamine. Blue regions correspond to a decrease in 
electrostatic potential, and red regions correspond to an increase in electrostatic 
potential, upon excitation. b) Spin density of methyl-anthraquinone-alkoxyamine 
radical cation. 

However, compared with the equivalent, formally oxidized 
radical cation (Figure 3b), the positive charge shown in 
Figure 3a is more diffuse. This raises an interesting 
conundrum. On the one hand, as the 𝑛!𝜋∗ state becomes 
increasingly stabilised and increasingly charge-separated, 
the properties around the N-O-R moiety should approach 
that of the formally oxidized radical cation, and mesolysis 
should be promoted. On the other, as seen in Figure 1, 

stabilization of S3(𝑛!𝜋∗ ) would in principle bring its energy 
closer to that of T6(ππ*), and thus would be expected to 
promote intersystem crossing to the triplet manifold and 
thus to unreactive ππ* and 𝑛#𝜋∗ triplet states. A solution to 
this problem is to stabilize S3(𝑛!𝜋∗ ) to such an extent that 
its energy drops significantly below T6(ππ*). This is the aim 
of the next section. 
 

Effect of Hydroxy- and Amino- Functionalisation on 
Anthraquinone and Anthraquinone-Alkoxyamine Properties 

There are two ways of increasing the charge-separation and 
stabilizing 𝑛!𝜋∗: stabilizing the formation of either the 
radical anion or cation. Due to the limited scope for 
structural variation around the nitrogen, it is simpler to 
stabilize the anthraquinone 𝜋-system and radical anion. This 
stabilization will be demonstrated by a decrease in vertical 
excitation energy of the 𝑛!𝜋∗ state, an increase in the 
component of the excited state dipole moment along the 
vector that describes the change in electron density, and an 
increase in localization of the radical cation on the nitrogen 
atom. Our previous work employing anthraquinone 
derivatives for visible light photoinitiation highlighted the 
role of substitution in stabilizing key radical anion and radical 
cation intermediates necessary for Type II initiation.30-34 
Here, similar substitution patterns are used with the 
anthraquinone-alkoxyamines and their subsequent effects 
are assessed (Figure 4).  
 

 
Figure 4. Average change in 𝑛#𝜋∗ excitation energy (eV), relative to 
unfunctionalized anthraquinone-alkoxyamine, for amine (red) and hydroxyl 
(blue) functionalized (STY-, EP-, EIB-, Me-) anthraquinone-alkoxyamine 

Figure 4 shows that amine and hydroxyl groups have 
opposite effects on the 𝑛!𝜋∗ vertical excitation energies; 
specifically, hydroxyl groups stabilise, and amine groups 
destabilise, this excited state. These effects of substitution 
are best demonstrated in Figure 5, which clearly shows the 
blue, positive charge density being “pushed” from the 
anthraquinone onto the alkoxyamine moiety, as the 
functionalization pattern moves from amine to alcohol 
groups. This is a clear indication that the extent of charge 
separation is increasing with the increase in stability of the 
radical anion, and the reactivity of the 1258-THAQ 𝑛!𝜋∗ 
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state should resemble that of the formally oxidized species 
more closely than that of 1458-TAAQ or unfunctionalized 
AQ. As predicted, the observed (de)stabilization of these 
states is also observed in the size of the 𝑛!𝜋∗ state dipole 
(Table 1) In each case, the results of the extreme cases, 1458-
tetraaminoanthraquinone alkoxyamine and 1258-
tetrahydroxyanthraquinone alkoxyamine are shown; other 
structures studied are shown in the SI.  
 

 
Figure 5. Change in electrostatic potential upon excitation to 𝑛𝜋∗ excited state of 
methyl-anthraquinone-alkoxyamine derivatives with (a) amino substitution, (b) no 
substitution, (c) hydroxyl substitution. 

Table 1. Ground and excited state dipole moment x-components, corresponding to 
the direction of charge transfer upon excitation to 𝑛#𝜋∗ state 

 

State 
1458-TAAQ-

Me 
AQ-Me 

1258-THAQ-
Me 

S0 0.4351 0.4797 0.1408 
Sn(𝑛!𝜋∗) 3.0294 7.6674 8.0705 

 
It is clear that the nNπ* state is significantly stabilised upon 
hydroxy substitution due to the sigma withdrawing 
properties of the hydroxy groups; conversely the electron 
donating amino substituents destabilize it. While 
stabilization of nNπ* makes it more accessible and more 
reactive to mesolysis, it is important to consider competing 
intersystem crossing to the triplet manifold. To this end, 
simplified Jablonski diagrams for the two extreme cases, 
1458-tetraaminoanthraquinone alkoxyamine and 1258-
tetrahydroxyanthraquinone alkoxyamine are shown in 
Figure 6. In both cases the orbitals are re-ordered compared 
with the unsubstituted anthraquinone alkoxyamine with the 
net effect that the 1𝑛!𝜋∗ - 3𝜋𝜋∗  increases. This increase will 
limit ISC and promote reactivity on the singlet surface, which 
is then favoured by hydroxy substitution. 
So far, attention has been drawn to the impact of 
functionalization on the nNπ* excited state energy, and 
below the potential reactivity of these states is explored and 
discussed. A key issue one may expect from any reactivity 
stemming from population of the nNπ* is the population of 
the state itself. As shown in Table S2, and as expected, the 
oscillator intensities of the symmetry-forbidden 1nNπ* 
transitions are significantly smaller than that of the 1ππ*, 
symmetry-allowed transitions. Importantly for nNπ* 

reactivity, however, the “forbidden” transition is weakly 
allowed (oscillator intensities are non-zero), and therefore 
direct population of nNπ* states, whilst spectroscopically 
dark compared to ππ* states, will take place to a measurable 
and useful extent. This is supported experimentally in the 
work by Barner-Kowollik et al.,35 which showed how direct 
population of “dark” nNπ*, achieved with a tuneable laser, 
led to an increase in per-photon reaction efficiency. 
Fluorescence and phosphorescence from singlet and triplet 
excited states may also lead to a decrease in, or may even 
prevent, excited state reactivity. It is fair to say, however, 
that fluorescence ought not to be an issue from a 1nNπ* 
state, as the inefficient coupling (from low oscillator 
intensity) to the ground state that prevents its efficient 
population will also prevent efficient fluorescence. 
Phosphorescence is more difficult to predict, as from Figure 
6 there are multiple low-lying triplet excited states in these 
functionalized systems. In the case of 1258-THAQ, the 
system in which we expect the properties of the 1nNπ* 
excited state to be promoted, the closest triplet state is 
T6(nNπ*). From El-Sayed, we expect intersystem crossing to 
this state to be slow. 

 

 

Figure 6. Simplified Jablonski diagrams for 1258-THAQ-Me (top) and 1458-TAAQ-Me 
(bottom). For 1258-THAQ,  the lowest S(nNπ*) state and nearest triplet state 
T6(nOπ*) have the same orbital symmetry and intersystem crossing would be 
expected to be slow based on El-Sayed rules. For 1458-TAAQ-Me there is no low-
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lying S(nNπ*) state and this molecule would be predicted to be unsuitable for 
mesolytic reactivity. 

 

 
Figure 7. SN2 mechanism and relative free energies for ground state (red), oxidized (black), and zwitterionic (blue) anthraquinone-alkoxyamine.  

Promotion of Alkylation.  

Recently we showed that oxidized TEMPO-methyl is a potent in 
situ methylating agent in the presence of nucleophiles.25  
Quantum chemistry calculations and isotopic labelling suggest 
an SN2 mechanism, resulting in the transfer of a methyl cation 
to form the methylated nucleophile and the corresponding 
nitroxide radical. The activation barrier of the SN2 reaction is 
shown to be significantly decreased upon oxidation, compared 
with the same reaction on the ground state singlet surface. 
Closed and open-shell calculations on the ground state and 
radical cation anthraquinone alkoxyamines, respectively, 
demonstrate that similar catalysis of the SN2 methylation 
mechanism can be expected upon formal oxidation (Figure 7). 
In reality, the 𝑛!𝜋∗ excited state exists as a zwitterionic 
biradical species, however accurately modelling this species is 
difficult with standard TD-DFT methods. It is well established 
that TD-DFT fails with charge-transfer excited states, and 
optimization of transition states of excited states, especially 
those higher into the excited state manifold.36 Instead, the 
reactivity of the 𝑛!𝜋∗ state is explored here as a ground state 
zwitterionic species. To this end, a negatively charged boron 
trifluoride (BF3) functional group is attached to the 
anthraquinone moiety close to the nitroxide moiety, resulting 
in a through-space electrostatic stabilization effect of the 
localized radical cation. The relative energies for the 
zwitterionic reaction are also shown in Figure 7. Due to the 
stabilization of the anthraquinone-alkoxyamine-methyl radical 
cation the activation energy of the SN2 reaction increases 
slightly, however the calculations suggest that the positive-
negative electrostatic interaction would not drastically alter the 
photoreactivity around the alkoxyamine. 

On the Fate of the Anthraquinone-centred Radical Anion  

So far, calculations and discussion have focussed on the 
formation and reactivity of the charge-separated 𝑛!𝜋∗ excited 
state. If upon mesolysis the anthraquinone derivatives are to be 
chemically useful, for example in PNMP, the relaxation of the 
anthraquinone-centred radical anion, in combination with 
either the oxoammonium or nitroxide radical, is important to 
consider. Figure 8 illustrates the immediate products formed 
upon mesolysis from the 𝑛!𝜋∗ state, by removal of either a 
cation or radical, and the Aufbau resonance structures that 
minimize the number of unpaired electrons. 

 
Figure 8. Formal products of photo-mesolysis and isoelectronic resonance 
structures. 

The cleavage pathway to form the carbocation proved the 
simplest to study. The oxygen-centred anion (black, top 
structure, Figure 8), is a singlet; the biradical anion can either 
be a triplet or an open-shell singlet. Optimization of the 
biradical triplet state can be used for a subsequent broken-shell 
DFT calculation, which uses the optimized triplet orbitals as an 
SCF guess for a singlet calculation. This approach yielded the 
open-shell, biradical singlet species. In each case the open-shell 
singlet biradical is more stable than the closed-shell oxygen-
centred anion, sitting 70.2, 93.6 and 134.9 kJ mol–1 below the 
closed shell species for 1,4,5-TAAQ, AQ and 1,2,5,8-THAQ 
respectively. The consequence of the stability of the singlet 
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biradical is the lack of ionic recombination between the 
carbocation and oxygen centred anion, as the nitroxide radical 
will persist. The radical anion, however, could be oxidised by 
coinitiators as has been reported previously.30-34 
For the radical zwitterion, broken-shell DFT calculations are 
more difficult as both resonance structures exhibit the same 
charge and spin multiplicity. An alternative approach to finding 
a non-Aufbau SCF solution is to use the Intermediate Neglect of 
Differential Overlap (INDO) occupancy guess, which 
unfortunately simply results in convergence to the nitroxide 
radical SCF solution for each of the three species, suggesting 
that there is no low-lying zwitterionic solution present (black, 
bottom structure, Figure 8). Time-dependent approaches are 
also not viable due to severe spin-contamination issues when 
performed on open-shell species. However, given the apparent 
stability of the nitroxide radical this seems the most likely 
product. Relaxation upon mesolysis to this species would allow 
for continued controlled radical polymerization. Alternatively, 
in an alkylation reaction the nitroxide would be inert. 

CONCLUSIONS 
To conclude, a range of anthraquinone-functionalized 
alkoxyamines have been studied using DFT and TD-DFT, and 
predictions have been made about their respective 
(photo)reactivities. With good leaving groups, these reagents 
undergo mesolytic cleavage which is favoured by hydroxyl-
functionalization. The products of mesolytic cleavage are either 
carbon-centred radicals or carbocations, with the only the 
former favouring nitroxide-mediated polymerization. Based on 
our experimental studies of oxidative cleavage, radical 
formation is expected to occur for (meth)acrylate 
polymerizations, while for styrene polymerization cationic 
products may be implicated. More importantly, the methyl 
alkoxyamines are predicted to be excellent candidates for 
photochemical methylation, analogous to our recently 
published electrochemical procedure.25 Synthetic work in this 
direction is currently underway.  
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