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The phototriggered ring-opening polymerisation of L-lactide is demonstrated for the first time using a photocaged tetramethylguanidine.
The catalytic activity of the free guanidine was also investigated,
showing it to be active for the polymerisation of d-valerolactone
and e-caprolactone in the presence of a thiourea cocatalyst.

Aliphatic polyesters have been widely investigated as biodegradable polymers in a range of industries (e.g. fibers, food
packaging) as well as the biomedical field (e.g. medical
implants, drug delivery etc.).1,2 Within this context, the ringopening polymerisation (ROP) of cyclic (di)esters is the typical
technique employed when polymers with controlled molecular
weight and low dispersity are desirable, with organometallic
catalysts being most commonly utilised for this process.3,4
However, these catalysts are generally sensitive to water and/or
oxygen, are toxic and can be diﬃcult or costly to remove from the
polymeric product.5,6 Hence, the first report of an organocatalyst
for the ROP of lactide by Hedrick and coworkers7 triggered great
advances in the area of organocatalysis,8–11 which has been
proven to be a versatile alternative to metal based catalysts,
displaying low toxicity, long shelf life, and being easily removed
from the resulting polymers.8,12
Beyond controlling the molecular weight and dispersity of
polyesters, externally regulating the polymerisation initiation
has the potential to determine the polymer structure and the
properties of the resulting materials.13 This regulation can be
promoted by light, which is a non-invasive stimulus able
to provide spatiotemporal resolution by inducing chemical
reactions through the selection of appropriate wavelengths.14
This approach has been previously implemented to prepare
sophisticated materials where the precise control of the space
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is essential, such as microelectronic devices15 and DNA
microarrays.16,17 In addition, the use of light as a stimulus has
been widely investigated in the preparation of non-biodegradable
polymers by controlled radical polymerisations (CRP) to provide
specific surface modifications and create complex structures for
various applications.18–20 Metters and coworkers, for example,
reported the use of photo-CRP to graft poly(methacrylic acid)
(PMAA) into silicon wafers with spatially defined gradient of density
by varying the irradiation exposure time across the surface.21 The
PMAA films were then functionalised with arginine–glycine–
aspartic acid (RGD) peptide sequence that allowed to control
the degree of specific cell adhesion by changing the RGD density.
Although numerous examples of photo-CRP have been reported
so far, the utilisation of photoinduced processes in the preparation of biodegradable polymers such as aliphatic polyesters and
polycarbonates has been hardly explored.
In this context, a few examples of photocaged organocatalysts
(i.e. passive organocatalysts able to be activated upon irradiation)
were reported for the photoinduced ROP of lactones. Wang and
coworkers demonstrated the use of a tetraphenylborate salt
of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) which, under UV
irradiation at 254 nm, generated a free base (TBD) that was
able to catalyse the polymerisation of e-caprolactone (e-CL) in a
controlled manner.22 However, this system required high-energy
light source, which can be harmful to biological systems, in
addition to presenting limited penetration depth.23 Following
this work, our group demonstrated the use of triarylsulfonium
hexafluorophosphate salts to photogenerate acid (365 nm
UV light), that in turn promoted the cationic polymerisation of
e-CL, d-valerolactone (d-VL), and trimethylenecarbonate (TMC).24
However, the polymerisation was shown to be slow, with a loss of
control being observed at monomer conversions above 50%. In
addition, this catalyst was not active to produce polylactide
(PLA), a bio-based polymer that is of high importance in the
industrial and biomedical areas.25
Herein, we describe the application of 2-(nitrophenyl)propoxycarbonyl-1,1,3,3-tetramethylguanidine (NPPOC-TMG), a photobase generator (PBG) that releases TMG upon 320–400 nm light,
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Scheme 1 Phototriggered ROP of L-lactide using NPPOC-TMG under
320–400 nm irradiation.

in the phototriggered ROP of L-LA (Scheme 1). The photoremovable protecting group NPPOC has been efficiently and widely
used in the photo-controlled release of amines and alcohols
under low energy UV light,26–28 whereas the use of TMG as a ROP
catalyst has been only reported for N-butyl N-carboxyanhydride
using alcohol initiators.29 However, we anticipated that this
commercially-available superbase would also catalyse the ROP of
cyclic (di)esters in a similar fashion as other acyclic guanidines30,31
as a consequence of its high pKa (TMG pKa = 23.4).32 Therefore,
we report the use of a new organocatalyst for the ROP of cyclic
(di)esters that, once attached to a photo-protecting group,
efficiently provide temporal control over the polymerisation
initiation of L-LA, which opens space for further exploration in
the preparation of complex macromolecular architecture and
function for advanced applications.33
Prior to investigating the photocaged TMG in the polymerisation of cyclic (di)esters, we evaluated the catalytic activity
of the free guanidine. For the polymerisation of L-LA, a monomer
conversion of 93% was achieved in 2.5 h when 1 mol% of TMG
was used ([L-LA]0 = 2 M, [L-LA]0/[BnOH]0 = 50), comparable to that
mediated by amidines such as 1,8-diazabicyclo[5.4.0]undec-7ene (DBU) but lower in activity compared to the most active
guanidines such as TBD or phosphazene bases (Table 1).34–37
The linear increase of ln([L-LA]0/[L-LA]) with time (Fig. S1, ESI†),
as well as the linear relationship between the number-average
molecular weight (Mn) and the monomer conversion (Fig. 1), and
the degree of polymerisation (Fig. S2, ESI†), with the dispersity (ÐM)
remaining low throughout the polymerisations, demonstrated the
high control over this polymerisation system. However, although
the ROP of d-VL and e-CL catalysed by TMG was investigated in a
similar way, TMG was not active enough for these polymerisations
even at 5 mol% of catalyst loading. To overcome this, a thiourea (TU)

Table 1

Fig. 1 Number-average molecular weight (Mn, (filled symbols)) and
dispersity (ÐM = Mw/Mn; empty symbols) against monomer conversion
for the ROP of L-LA (’,&; [L-LA]0/[BnOH]0/[TMG]0 = 50/1/0.5), d-VL
( , , ([d-VL]0/[BnOH]0/[TMG]0/[TU]0 = 30/1/1.5/1.5)), and e-CL ( , ,
[e-CL]0/[BnOH]0/[TMG]0/[TU]0 = 25/1/1.25/1.25).

cocatalyst was utilised as it has shown to activate the carbonyl
group in the monomer unit by hydrogen bonding, which
has proved to increase the polymerisation rate when used in
combination with a tertiary amine.34,38 Similarly to the case of
DBU-catalyzed ROP,34 d-VL polymerised considerably faster when
a catalyst system of TMG : TU (5/5) was utilised in comparison
to TMG alone, achieving a monomer conversion of 93% in 23 h
([d-VL]0 = 2 M, [d-VL]0/[BnOH]0 = 30). Nevertheless, for e-CL, this
system required 15 days to promote a monomer conversion of
96% ([e-CL]0 = 2 M, [e-CL]0/[BnOH]0 = 25). Finally, the polymerisation of both d-VL and e-CL was shown to proceed in a
controlled manner even at high monomer conversions, affording
polymers with low dispersities and high end-group fidelity, as
evidenced by 1H NMR spectroscopy and matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-ToF MS)
(Fig. S5–S8, ESI†). These findings indicated that the polymerisation
utilising TMG involved a general-base, alcohol activation mechanism
in a similar manner to that postulated for DBU.34
Following the demonstration that the superbase TMG provided good control over the ROP of cyclic (di)esters, we turned
our attention to exploiting NPPOC as a photoprotecting group
for TMG. The photocatalyst was prepared in a single step via
the amidation of 2-(2-nitrophenyl)propyl chloroformate with
TMG.39 The photolysis of NPPOC-TMG was then investigated
under 320–400 nm UV irradiation, using concentrations similar
to those applied for the polymerisation studies using free TMG.
The release of TMG, which was monitored by 1H NMR spectroscopy, reached 80% in 45 min for a 20 mM solution of NPPOCTMG in either CDCl3 or C6D6, whilst the photolysis of a 100 mM

ROP of L-LA, d-VL, and e-CL catalysed by TMG and NPPOC-TMG, and combinations with TU

Entry

Monomer

Catalysta (loading (mol%))

[M]0/[I]0b

Time (h)

Conversionb (%)

Mnc (kg mol 1)

ÐMc

1
2
3
4
5

L-LA
d-VL
e-CL
L-LA
d-VL

TMG (1)
TMG/TU (5/5)
TMG (5/5)
NPPOC-TMG (1)d
NPPOC-TMG/TU (5/5)e

50
30
25
50
20

2.5
23
360
3
76

93
93
96
90
34

10.6
3.7
4.7
9.9
—

1.05
1.10
1.12
1.05
—

a
Loading relative to monomer. b Determined by 1H NMR spectroscopy. c Obtained from SEC analysis in CHCl3, calibrated against polystyrene
standards. d After 15 minutes under 320–400 nm UV irradiation. e After 3 hours under 320–400 nm UV irradiation.
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Fig. 2 Size exclusion chromatograms of PLLA prepared by irradiating the
polymeric solutions containing NPPOC-TMG that were initially kept in the
dark over 1, 2, 5 and 9 days (CHCl3, RI).

solution was considerably slower, providing the same conversion in 3 h. These results showed that the use of either CDCl3 or
C6D6 had no effect on the photodegradation rate, which was very
dependent on the concentration of the PBG (Fig. S9, ESI†). This can
be attributed to undesirable effects, such as scattering and absorption that decrease the efficiency of the photochemical process when
high concentrations of the chromophore are used.14,40
Initial investigation of the phototriggered ROP of L-LA
comprised on using a polymeric solution of L-LA, benzyl alcohol
and NPPOC-TMG in CDCl3 ([L-LA]0 = 2 M, [L-LA]0/[BnOH]0 = 50,
NPPOC-TMG = 1 mol%) and maintaining it in the dark. Analysis
by 1H NMR spectroscopy showed that no polymerisation occurred
after 24 h in the absence of light, whereas, upon 15 min irradiation, the superbase was released, which triggered the ROP of L-LA
that then proceeded to 90% monomer conversion after 3 h in
the dark (Fig. S10, ESI†). Even though the polymerisation rate
was lower compared to the one achieved using the guanidine
alone, probably as a result of the incomplete release of the active
catalyst into the solution, the resulting polymer showed a Mn of
9.9 kg mol 1 with a narrow dispersity (ÐM = 1.05), which was in
good agreement with the polymers prepared with free TMG as

Fig. 3
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catalyst. To further demonstrate that the reaction only occurred
upon UV irradiation, four polymeric solutions were maintained
in the dark for a determined number of days (1, 2, 5 and 9 days),
after which they were individually irradiated with UV light for
15 minutes and quenched after 3 h. In all cases, the monomer
conversion, and Mn and ÐM values were very similar, which
confirmed that no polymerisation occurred even after 9 days in
the dark (Fig. 2 and Table S1, ESI†). This finding indicated that
UV light irradiation was essential to trigger the ROP of L-LA.
Besides, no polymerisation took place after irradiation in
the absence of NPPOC-TMG, which further demonstrated the
requirement of both PBG and UV light to induce the polymerisation. The photoinduced ROP of L-LA displayed a linear
increase of the ln([L-LA]0/[L-LA]) with the time, which indicated
that no side reactions occurred by the presence of the nitrostyrene main byproduct formed during the photodeprotection
of TMG and therefore supported that the mechanism for the
polymerisation remained the same as the one using free TMG
(Fig. S11, ESI†). Hence, the polymerisation was as well controlled as the ROP catalysed by free TMG, with a high end-group
fidelity being evidenced by MALDI-ToF MS analysis (i.e. a single
distribution attributed to sodium cationised PLLA initiated
from benzyl alcohol was observed (Fig. 3)).
Finally, although the irradiation time necessary to release
TMG was relatively high for a 100 mM solution of NPPOC-TMG
(43 h), the phototriggered ROP of d-VL was also investigated in
similar conditions to those described for L-LA. Accordingly,
a solution of d-VL, benzyl alcohol and NPPOC-TMG in C6D6
([d-VL]0 = 2 M, [d-VL]0/[BnOH]0 = 20, NPPOC-TMG/TU = 5 : 5 mol%)
was monitored by 1H NMR spectroscopy, which showed no
polymerisation occurring after 24 h in the dark. The polymeric
solution was then maintained under UV irradiation for 3 h, thus
inducing the ROP of d-VL although in a considerably lower rate
than that observed with the free base (34% monomer conversion
after 76 h). TU showed to be stable when exposed to UV light for
3 h, which indicated that the slower polymerisation was caused by
the incomplete release of TMG.

MALDI-ToF MS spectrum of PLLA. Reaction conditions: [L-LA]0/[BnOH]0/[NPPOC-TMG]0 = 25/1/0.25, 15 minutes under 320–400 nm irradiation.
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In conclusion, we have demonstrated both the first application
of the commercially-available TMG superbase for the ROP of L-LA
and other cyclic ester monomers and the use of a photocaged
analogue, NPPOC-TMG, to induce the ROP upon UV irradiation.
The polymerisation is conducted with a high level of control
over the molecular weight with narrow dispersities resulting
in well defined polymers. The ability to generate polyesters by
ROP on-demand after exposure to UV/visible light presents
opportunities to expand the utility of spatiotemporal control
by light-initiated polymerisation to this important class of
renewably-source polymers for a diverse range of advanced
applications.
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