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ABSTRACT

In the search of new molecular switches structurally related to Green Fluorescent Protein (GFP) chromophore
and based on a 3-phenylbenzofulvene scaffold, we found that some of them were stable in the ordered crystalline
state, but in the disordered amorphous state, PEGylated derivative ethyl (E)-6-[2-[4-
(2,5,8,11,14,17,20,23,26,29-decaoxatriacontyl)-1H-1,2,3-triazol-1-yl]ethoxy]-1-(2-oxopyrrolidin-3-ylidene)-3-
phenyl-1H-indene-2-carboxylate [(E)-VC1801] underwent spontaneous polymerization leading to random co-
polymer materials with molecular oxygen, but containing homo-polymer sequences. Thus, NMR spectroscopy
and dynamic light scattering techniques were employed to gain information about the self-assembly process of
(E)-VC1801 in the relatively disordered state in which polymerization occurs, and the results highlighted the
importance of the aromatic specific interaction in the aggregation process. Very interestingly, the study of the
interaction of benzofulvene derivative (E)-VC1801 with light revealed that UV excitation could induce photo-
chemical reactions in the solid state with the formation of new species showing increased emission features. The
analysis of the irradiated films showed that along with the photoisomerization reaction of (E)-VC1801 into the
corresponding (Z)-VC1801, also a polymerization process occurred. Intriguingly, the polymerization reaction
was more efficient in the presence of atmospheric oxygen than in the sample irradiated under reduced oxygen
content, and the photophysical features of the corresponding polymeric materials were significantly different.
These differences in the emission features supported the existence of differences in the composition of the
samples such as their content in homo-polymer sequences.

Introduction

able to polymerize spontaneously in the solid-state and in highly
concentrated solutions in the apparent absence of any catalysts and/or

The development of synthetic strategies focused on the preparation
of single crystals of large-size polymer has recently received a great deal
of attention [1-7]. In general, topochemical polymerization strategies
are based on monomers able to self-organize into ordered structures (in
solid-state and/or in solution) through the formation of weak intermo-
lecular non-covalent interactions such as hydrogen bonding, n-n stack-
ing, CH-n, and hydrophobic interactions [8-12].

The concept of topochemical polymerization was related in our
laboratories to the spontaneous polymerization of 3-phenylbenzoful-
vene derivatives (i. e. 6-MO-BF3k in Fig. 1) [13-39].

These compounds represented intriguing examples of monomers
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initiators. The interpretation of the results of these studies led to the
development of a mechanistic hypothesis, which we called “affinity
polymerization” [19,23,33]. Within this hypothesis, we assumed that
n-n stacking interactions among the monomers could play a pivotal role
in the initial process of affinity recognition preluding spontaneous
polymerization.

The so-called light-driven molecular switches (LDMSs) are chemical
entities able, as a result of a light stimulus, to interconvert between at
least two different isomeric structures, which are characterized by
distinct absorption features [40,41]. Thus, in the aim of converting light
into mechanical motion, a great design effort has involved both isolated
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molecules and 2D ordered supramolecular structures [42-52]. For
instance, in overcrowded olefins, [53,54] light energy produces the
rotation of a part of the molecule with respect to the remaining portion
through the isomerization of an exocyclic double bond [55]. A great
number of investigations was devoted to regulate the speed of the
rotation, [53-55] the absorption features, [56,57] and the quantum
yield of isomerization [58]. Moreover, other research efforts were
focused on increasing the stability of the photoswitches, [59] on
evolving from photoswitches to light-driven molecular rotors, [60,61]
and on modulating the solubility in different solvents [62-64].
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Within this research topic, our efforts were focused on the design,
synthesis, and computational characterization of new LDMS mimicking
the behavior of the retinal chromophore within the rhodopsin pocket
[65-69] or the structure of the Green Fluorescent Protein (GFP) fluo-
rophore (Fig. 1) [70-72].

Recently, we reported on GFP-like chromophores based on a 3-phe-
nylbenzofulvene scaffold VC1775 and VC1801, which were demon-
strated to absorb visible (blue) light (in their neutral form) and to
photoisomerize in the picosecond time scale [73]. Moreover, PEGylated
derivative VC1801 showed the propensity to self-assemble in water at
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Fig. 1. Structures of some benzofulvene derivatives.
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the concentrations above its critical aggregation concentration (CAC)
with the formation of several heterogeneous populations of nano-
aggregates. In particular, populations showing small mean diameters
(from 3 to 10 nm) were present along with other components showing
greater dimensions (around 30 and 200 nm), and aggregation appeared
to affect the photochemical features in the aqueous environment [73].

In the present paper we show that while simple benzofulvene de-
rivative VC1775 was stable in the ordered crystalline state, PEGgylated
derivative VC1801 appeared to undergo spontaneous polymerization in
the disordered amorphous state. Thus, the spontaneous polymerization
process was investigated in terms of its possible mechanism and the role
of factors such as aggregation state, interaction with light, and presence/
absence of molecular oxygen.

Results and discussion
Spontaneous polymerization of VC1801

3-Phenylbenzofulvene molecular switch (E)-VC1801 was resynthe-
sized in a number of different batches by following the already published
procedure [73]. These successful experiments allowed us to demonstrate
the robustness of the synthetic procedure and to further optimize it.

Compound (E)-VC1801 was stored as a red-orange glassy solid in
closed vial at room temperature and was initially demonstrated to be
stable in these conditions. This stability and the consequent apparent
lack to the tendency toward the spontaneous polymerization typical of
the benzofulvene derivatives was explained with the presence of the
bulky pyrrolidinone moiety directly attached to the exocyclic double
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bond usually involved in the spontaneous polymerization. However,
during the advancement of the characterization studies we observed the
progressive formation of polymeric materials in the vials containing the
more recently synthesized lots of (E)-VC1801. Thus, the early synthe-
sized batches were analyzed by NMR spectroscopy, which confirmed the
occurrence of the spontaneous polymerization in the solid state. As ex-
pected, the 'H NMR spectrum of a poly-VC1801 sample obtained by
spontaneous polymerization in the solid state showed broad signals
(Fig. 2), which were up-field shifted with respect to those present in the
spectrum of the corresponding monomer (E)-VC1801, supporting the
polymeric nature of the poly-VC1801 sample.

Moreover, the structure of the broad signals and the lack of signals at
around 9 ppm suggested the presence of oligomeric species in which the
polymerization mechanism involved the exocyclic double bond con-
necting the pyrrolidinone moiety to the indene one. In fact, the presence
of a signal at around 9 ppm in the spectrum of monomer (E)-VC1801
was explained with the coplanarity of the pyrrolidinone ring with the
indene moiety that placed the aromatic H-7 proton in the deshielding
cone of the pyrrolidinone carbonyl group as suggested by the structure
of (E)-VC1775 obtained by crystallographic studies [73]. The apparent
lack of broad signals in the aromatic region at around 9 ppm was
interpreted with the deplanarization of the pyrrolidinone-indene system
because of the break of the exocyclic double bond (i. e. the change in
hybridization from sp2 to sp3) occurring during the oligomerization
process.

The comparison of the corresponding 13¢ NMR spectrum (Fig. 3),
showing a better resolution, further supported our assumption about the
polymeric nature of the poly-VC1801 sample obtained by spontaneous
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Fig. 2. Comparison of the 'H NMR spectrum (CDsOD, 600 MHz) of the poly-VC1801 sample obtained by spontaneous polymerization in the solid state (top trace)
with that of corresponding benzofulvene derivative (E)-VC1801 (CD3;0D, 600 MHz, bottom trace).
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Fig. 3. Comparison of the '*C NMR spectrum (CD3OD, 150 MHz, top trace) of the poly-VC1801 sample obtained by spontaneous polymerization in the solid state
(top trace) with that of the corresponding benzofulvene derivative (E)-VC1801 (CD3OD, 150 MHz, bottom trace).

polymerization in the solid state.

However, the quality of 13C NMR spectrum was insufficient to gain
significant information about the structure of poly-VC1801. Thus,
MALDI-TOF mass spectrometry experiments were performed to obtain
the necessary relevant structural information. The best mass spectrum
was recorded in reflectron mode using malononitrile as the matrix and is
displayed in Fig. 4.

The MALDI-TOF mass spectrum shows a series of significant peaks at
m/z values of around 935, 951, 953, 967, 969, and 987 Da with intervals
corresponding to the mass of oxygen atoms. Thus, the monomeric unit of
the poly-VC1801 could bear one, two, three, or four oxygen atoms
producing sodiated ions at the mass peaks 935.6, 951.6, 967.6 and
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983.6, respectively. Moreover, similar patterns were observed at higher
molar mass values corresponding to dimers and trimers. Table 1SI (see
Supporting information) shows the calculated and experimental masses
of the oligomeric species observed. Therefore, on the bases of the
MALDI-TOF mass data we assumed that poly-VC1801 sample obtained
by spontaneous polymerization in the amorphous solid state (i. e.
transparent thick film) was a copolymer with molecular oxygen
(—0-0-) linked to the polybenzofulvene monomeric units. Our findings
suggested that the covalent bond between carbon and peroxide units (C-
0-0-) in the backbone of polybenzofulvene chains was labile during the
desorption and ionization processes occurring in MALDI-TOF MS anal-
ysis, as previously observed by Nakano et al. in a copolymer consisting
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Fig. 4. MALDI-TOF mass spectrum of the poly-VC1801 sample obtained by spontaneous polymerization in the solid state recorded in reflectron mode using

malononitrile as a matrix.
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of dibenzofulvene (DBF) and molecular oxygen (—O—0O-) units [74]. In
agreement with the results obtained by Nakano et al., the analysis of the
peak patterns corresponding to dimeric and trimeric species revealed the
existence of non-oxidized homo-polymeric sequences and of sequences
showing low oxygen contents. These results led us to assume for poly-
VC1801 obtained by spontaneous polymerization the structure of a
random co-polymer with molecular oxygen containing homo-polymeric
sequences along with those of the alternate co-polymer. The presence of
the peroxide bonds (—O—0O-) along the chains was confirmed by FT-IR
spectroscopy, which showed peaks at 1130, 1000, and 870 cm™!
(Fig. 1SI, see Supporting information) attributed to the stretching of
these moieties. The broad peak between 3300 and 3500 cmwas
assigned to the stretching of the —-OH and —O-OH functional groups.
To further evaluate its polymeric nature, the poly-VC1801 sample
obtained by spontaneous polymerization in the solid state was charac-
terized by size exclusion chromatography (SEC) (Fig. 2SI), using THF as
the eluent (1 mL/min). The analysis of the SEC trace (Fig. 2SI) confirmed
that the poly-VC1801 sample obtained by spontaneous polymerization
in the solid state was constituted by low molar mass oligomers in
agreement with the results obtained by NMR studies and MALDI-TOF
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measurements. An average number molecular weight (Mn) of about
2300 g/mol was calculated by applying the calibration curve build with
polystyrene standards.

DSC analysis of poly-VC1801 showed that this polymer presented a
glass transition temperature (Tg) at about —22 °C and an endothermic
melting process in the range between 30 and 90 °C (Fig. 3SI).

Thus, rather surprisingly, the steric bulk produced by the presence of
the pyrrolidinone moiety directly attached to the exocyclic double bond
of the 3-penylbenzofulvene scaffold appeared to be compatible with the
spontaneous polymerization mechanism (Scheme 1).

We previously assumed that the spontaneous polymerization of
benzofulvene derivatives occurs through a two-step mechanism we
called “affinity polymerization” [33]. During the first step, the benzo-
fulvene monomers mutually recognize and interact (as in a crystalliza-
tion process) with the formation of relatively ordered supramolecular
systems (i. e. columnar aggregates). The aggregate architecture is
determined by the establishment of different short-range interactions (i.
e. specific aromatic interactions), and, when the intermolecular distance
and the orientation of the monomers are suitable, the polymerization
mechanism becomes operative and starts as a domino reaction
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Scheme 1. Hypothetical mechanism for the spontaneous polymerization of benzofulvene derivative VC1801.
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(polymerization step). Thus, the ordered orientation of the monomers
within the columnar aggregate could affect the enchainment of the
resulting polymer [39].

A pivotal role in the aggregation process, aggregate architecture,
polymerization, and polymer features was assumed for the pendant
phenyl ring of the 3-phenylbenzofulvene moiety that appeared to be
capable of establishing specific aromatic (i. e. T-shaped) interactions
[33].

In the case of the spontaneous polymerization of the benzofulvene
molecular switch VC1801, the presence of molecular oxygen appeared
to play a pivotal role in determining the nature of the resulting polymer.
In the aggregate state, the biradical intermediate generated by the
excited state could be assumed to react with molecular oxygen or with
another VC1801 molecule producing a random co-polymer with mo-
lecular oxygen containing homo-polymeric sequences.

Thus, aggregation state, interaction with light, and presence/absence
of molecular oxygen could be assumed to play a role in the spontaneous
polymerization of VC1801.

Aggregation of VC1801

In our previous work, the aggregation features of (E)-VC1801 in
water were characterized by pyrene fluorescence analysis, DLS, cryo-
TEM, and TEM [73]. Fluorescence analysis with pyrene as the probe
allowed us to determine a critical aggregation concentration (CAC)
value of 0.069 mg/mL [73]. Rather surprisingly, DLS analysis of a water
solution at the concentration value of 0.1 mg/mL (just above its CAC)
showed the propensity of (E)-VC1801 to generate several heterogeneous
populations of nanoaggregates [73]. The cryoTEM investigations per-
formed on a 10 mg/mL water solution (concentration well above its
CAC) confirmed the presence of heterogeneous populations of spherical
particles with a large preponderance of small particles showing di-
mensions in the range 10-80 nm. Finally, TEM investigations performed
by negative staining with uranyl acetate on the same sample used in the
cryoTEM studies confirmed the presence of heterogeneous populations
of spherical particles with a large preponderance of small and very small
particles [73].

In order to refine the studies published in our previous paper, [73]
DLS measurements were performed in relatively concentrated disper-
sions (i. e. 4.0, 2.5, and 0.5 mg/mL) well above the critical aggregation
concentration. The results (Table 1) confirmed the formation in water of
populations showing small mean diameters (from 9-10 nm) along with
other components showing greater dimensions (around 83-87 and
360-588 nm) [73].

This heterogeneity was rather surprising and could be rationalized in
terms of the presence of multiple supramolecular architectures in the
nanoaggregates. In other words, we assumed that the self-assembling
process could be driven by two dominant interactions such as z-x
stacking interactions among the 3-phenylbenzofulvene aromatic sys-
tems and the H-bond interactions between the pyrrolidinone rotating
head (seen in the crystal structure of compound (E)-VC1775). These
interactions could play roles of different importance with one being
dominant over the other.

Table 1

Mean hydrodynamic diameter and polydispersity index values of the nano-
particles present in the dispersion of VC1801 in water at room temperature and
different concentration values from 4.0 to 0.5 mg/mL.

Concentration  Mean size Mean size Mean size Polydispersity
(mg/mL) + sd (nm) + sd (nm) + sd (nm) index (PDI)
4.0 8.81 + 83.06 + 588.4 + 0.678 + 0.034
0.44 8.25 26.57
2.5 10.72 + 82.86 + 476.7 + 0.598 + 0.015
0.54 4.14 21.83
0.5 9.34 £ 86.64 + 360.2 + 0.490 + 0.024
0.47 4.33 18.54
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Thus, 1 NMR spectra were recorded on the (E)-VC1801 dispersions
showing the same concentration values spanning one order of magni-
tude from 4.0 to 0.5 mg/mL (well above the CAC value) and variable
times after the dissolution.

The system underwent aggregation processes leading to large and
not well-resolved NMR signals, as it is typical for macrosystems. This
behavior was found to be stable and did not change over time. Moreover,
in this concentration range well above the CAC value (i. e. 4.0-0.5 mg/
mL), the 'H NMR spectra appeared only marginally affected by the
concentration value. Thus, this observation taken together with the re-
sults obtained from the DLS measurements suggested that the aggrega-
tion processes in water did not appear to be affected by the
concentration value in the range from 4.0 to 0.5 mg/mL.

The assignment of the 'H NMR signals of (E)-VC1801 spectra in
CDCl3, CD30D or D50 was performed by COSY and NOESY experiments
and is shown in Table 2SI. 2D NOESY spectra in D2O were recorded with
different mixing times (200, 400, and 600 ms) to highlight the presence
of aggregates and to obtain structural information. Indeed, the (‘H-'H)
NOESY spectrum depends on the tumbling rate of the molecule, which is
roughly proportional to the molecular weight, but also depends on its
polarity as well as the polarity and viscosity of the solvent. For large
molecules, the NOESY cross peaks have the same sign as the diagonal
peaks. The NOESY spectrum of (E)-VC1801 (Fig. 4SI) shows that the
cross and diagonal peaks have the same sign as for large molecules.
These experimental data confirm the presence of aggregates.

From the analysis of the NOESY spectrum it is possible to understand
the spatial proximity between protons and their interaction through
space. Strong NOE couplings were observed between all aromatic pro-
tons (Hy, Hp, Hy 5 ¢, H4 and Hs) and the other protons of the chain (Hp,
Hg, Hp, Hy1). The dipolar couplings between the methyl group (Ha) and
Hr as well as between Hp and the aromatic protons (Hy,s,¢) are of
fundamental importance to suggest a n-stacking interaction. In partic-
ular, the dipolar coupling CH3-Ha-Hp indicates an anti-parallel stacking
interaction.

The presence of aggregates influences the molecular motions in so-
lution, and to study the non-selective relaxation rate RY® as a function of
temperature allows us to confirm the motion of the system in solution.
Fig. 58I (see Supporting information) shows the RY® relaxation rate of
the aromatic protons Hg and Hp, which relax with a dipolar relaxation
mechanism, as a function of temperature. For both protons, the relaxa-
tion rate increases with increasing temperature (range 290-313 K),
indicating that the molecular motion characterizing the system is slow
(mgte > 1). These experimental data confirm that (E)-VC1801 aggre-
gates in solution and that the aggregate is characterized by slow motion
conditions, a behavior similar to that of low molecular weight proteins
[75,76].

To obtain information about the behavior of (E)-VC1801 in water at
very low concentrations well below the CAC value, 'H NMR spectra
(Fig. 5) were performed on the (E)-VC1801 dispersion showing different
concentration values spanning more than two orders of magnitude from
5.0 (i. e. well above the CAC value) to 0.01 mg/mL (well below the CAC
value).

The comparison shown in Fig. 5 suggested that the self-assembling
process involving (E)-VC1801 in water appeared to depend by the
concentration. In fact, at very low concentration values (i. e. 0.01 mg/
mL) the signals of the aromatic protons appeared to be better resolved.
Moreover, a progressive splitting appeared to involve the signals
assigned to the protons of the phenyl substituent, suggesting that a
possible specific aromatic interaction could drive the aggregation at low
concentration. In other words, we assumed that at very low concentra-
tion values such as 0.01 mg/mL (well below the CAC value) the phenyl
substituent could be able to establish a specific aromatic interaction
leading to the formation of very small aggregates, which could be unable
to host the pyrene used in the CAC measurements by fluorescence
analysis. The idea suggested by Fig. 5 is that the aggregation process
involving (E)-VC1801 is present also at very low concentration values
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Fig. 5. Comparison of the aromatic regions of the 'H NMR spectra (500 MHz) obtained with water dispersions of (E)-VC1801 showing different concentration values
spanning more than two orders of magnitude from 5.0 (top trace) to 0.01 mg/mL (bottom trace).

with the formation of very small aggregates featuring relatively simple
architectures based on aromatic specific interactions. These aggregates
are capable of growing in architecture complexity and dimensions with
the increasing of the concentration up to the formation of the heterog-
enous system typical of the high concentration values.

It is noteworthy that specific aromatic interactions (i. e. T-shaped)
and antiparallel orientation of the bicyclic aromatic nucleus are recur-
rent motifs in the aggregation and polymerization of the benzofulvene
derivatives [16,33].

A similar aggregation behavior was observed also in the meth-
anol-water system (Fig. 6).

The comparison shown in Fig. 6 suggested that (E)-VC1801 was
molecularly dissolved in methanol, and the progressive addition of
water induced aggregation. The splitting of the signals assigned to the
protons of the phenyl substituent is visible just in the presence of small
amount of water, where the line broadening suggests the formation of
small aggregates. This observation supports the importance of the spe-
cific aromatic interaction just in the first phase of the aggregation pro-
cess involving (E)-VC1801. Moreover, the specific up-field shifting of
the signals assigned to protons 2'/6' appeared to support their interac-
tion with the n-electron cloud of an aromatic counterpart as expected in
a T-shaped specific aromatic interaction.

Interaction of VC1801 with light

The interaction of benzofulvene molecular switch (E)-VC1801 with
light was studied in the first instance by assessing its absorption and
emission features. As previously reported, [73] diluted methanol solu-
tions of (E)-VC1801 displayed an absorption maximum at 280 nm with a

shoulder at about 355 nm and a weaker broad band at 430 nm (Fig. 7,
bottom).

Upon irradiation with an UV-A lamp (irradiance 300 pW/cmz) the
absorption spectrum showed a significant reduction of the shoulder at
355 nm, accompanied by the increase in absorbance at 330 nm and 270
nm, with a slight decrease and blue-shift of the 430 nm band, as evi-
denced by the Aa spectra (Fig. 7, top). On the other hand, the emission of
the methanol solution was very weak (broad band centered at 420 nm)
and after UV-A irradiation its intensity showed a slight increase
(Fig. 6SI).

These results suggested that the optical features of the benzofulvene
molecular switch (E)-VC1801 molecularly dispersed in methanol were
moderately affected by the irradiation with UV-A light at 365 nm in
agreement with the results previously obtained with the closely related
(E)-VC1775 [73]. In particular, we previously showed that the irradia-
tion of this latter compound produced the double-bond isomerization in
the pico-second scale with the formation of the corresponding (Z)-dia-
stereomer showing absorption features very similar to those shown by
(E)-VC1801 [73].

Thus, to evaluate the photochemical behavior of (E)-VC1801 in the
molecularly dispersed form, its solutions in CD30D were irradiated with
monochromatic light centered at different wavelengths (i.e. 330, 360,
and 460 nm), while 14 NMR spectra were recorded at regular time in-
tervals to ascertain the effects of the irradiation (see Figs. 7SI-9SI).

The kinetic trend of these experiments showed a progressive
decrease of the signals attributed to (E)-VC1801 in favor of those
attributed to (Z)-VC1801. As expected, the signal referred to proton 7
underwent a significant change in its chemical shift value from 9.02 ppm
to approximately 7.25 ppm due to its exit from the de-shielding cone of
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Fig. 6. Comparison of the aromatic regions of the 'H NMR spectra (500 MHz) obtained with dispersions of (E)-VC1801 showing different proportions of water

and methanol.
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Fig. 7. Absorption spectra (bottom) of a methanol solution of (E)-VC1801 (c =
0.39 mg/ml, cell path 0.5 cm) as prepared (black line) and after 11 h of UV-A
irradiation (red line). Top: Absorbance variation Ax of the solution after UV-A
irradiation for 1 h (blue line) and 11 h (red line).

the carbonyl group of the pyrrolidinone ring.
Interestingly, in the compositions of the photostationary states (PSS)

of derivative VC1801 (Fig. 8) the Z isomer proportion of approximately
66 % obtained after excitation at 360 nm was higher than those obtained
after excitation at 330 nm (53 %) and 460 nm (42 %) respectively (see
Table 2).

Finally, the PSS solutions were stored at room temperature in the
dark for a few days without displaying a significant change in the E/Z
composition. This behavior suggested the presence of a remarkable
interconversion thermal barrier between the two isomers.

Differently from the solutions, (E)-VC1801 in the solid state (i. e. cast
films) showed both absorption and emission properties strongly
dependent on the UV exposure. In Fig. 9, the absorption spectrum of a
cast film of (E)-VC1801 is compared for the pristine film (top) and after
exposure to monochromatic (330 nm, 3 mW/cmz) UV irradiation (bot-
tom) for 150 min.

The film absorption spectrum displays two broad bands at about 290
nm and 460 nm. After UV exposure, the absorbance of the 460 nm band
decreases and shifts to 440 nm, while a shoulder at about 360 nm reveals
the increase of absorbance in the 330-360 nm region.

Very interestingly, the effect of UV irradiation on the emission
properties was impressive. In fact, the very weak emission of the pristine
film (broad band at 610 nm) changed during the measurement when UV
excitation light was employed, turning into a bright blue emission after
few minutes of exposure (Fig. 9 bottom and Fig. 10a). In particular, the
growth of two new emission bands (a narrow band at 412 nm and a
broad band centered at 550 nm) was observed in the first minutes,
displaying a nearly linear growth with the irradiation time in the first
hour. The 412 nm band was observed to grow with a faster rate with
respect to the 550 nm one, as shown in the inset of Fig. 10a). By exposing



A. Donati et al.

N N 2
“ Iy N=N

‘ (2)-vc1801

,,A__J S._,UL"JJL ,,,,,,,,,,,,,,,

European Polymer Journal 257 (2026) 115033

I S I UL W | N
{ I\ * ’J ﬂ n J
A b& Il ,UJJJ . ) (0 LT S, | N
|
1)
L _ _ ‘\,JLJ“'\ _ ,l Y LﬁQ, . t.‘ AN
w“ \ ‘ ‘ Acetone
E-7
A
- - J 58 )‘t,,fﬁ,l\ —) hJ 'k e - I AT~
QTS 9‘.0 8:5 8t0 7.'5 7“0 GTS 6t0 SiS 4i5 4?0 3?5 3t0 ZTS 2:0 1?5 1f0 0‘.5

5.0
f1 (ppm)

Fig. 8. Comparison of the 'H NMR spectra (400 MHz, CD30D) of (E)-VC1801 (bottom trace) with the mixture of the E and Z isomers at the PSSs reached after
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Table 2
Schematic summary of E/Z ratio in the PSS composition mixtures obtained
during the photoisomerization experiments of (E)-VC1801 in CD30OD.

330 nm 360 nm 460 nm

E/Z ratio time E/Z ratio time E/Z ratio time
required required required

48:52 57 h 34:66 120 h 60:40 72h

the cast film to a second irradiation cycle, the increase of the intensity
reached a plateau in about 150 min (see the inset of Fig. 10a).

In summary, as shown in Fig. 10, after 150 min of UV exposure, the
main emission of the film was centered at 412 nm (narrow band) and
was excited at 330 nm, while a weaker band at 550 nm was selectively
excited at 440 nm (Fig. 9 bottom and Fig. 10b). Such a behavior suggests
that the UV excitation is able to induce photochemical reactions in the
solid state, producing new species, one with emission at 412 nm and one
with emission at 550 nm, both possessing increased emission capability
with respect to the pristine compound (E)-VC1801.

To obtain information about the photochemical reactions in the solid
state, the effects of the interaction of compound (E)-VC1801 with light
in the amorphous solid state (i. e. films) were studied by 'H NMR
spectroscopy experiments. Thus, solutions of (E)-VC1801 in deuterated
methanol were initially prepared in two separate Pyrex NMR tubes and
analyzed by 'H NMR spectroscopy (t = 0). In order to evaluate the role
played of the ambient oxygen, the solutions were then carefully
concentrated under a nitrogen stream to afford amorphous solids of
compound (E)-VC1801. One NMR tube was left open (open tube
experiment, OTE) to allow the film to be exposed to atmospheric oxygen,
and to reproduce the conditions used in the above-described irradiation
studies. On the other hand, the second tube was immediately sealed with
an NMR tube cap (sealed tube experiment, STE) in the attempt of
excluding the presence of oxygen into the film. Both samples were
irradiated under continuous rotation for 24 h in a UV-A chamber

pristine

UoISSIWT PazZIewIoN

uv
exposed

Normalized Optical Absorption

200 300 400 500 600 700
Wavelength (nm)

800

Fig. 9. Normalized absorption (black lines) and PL spectra of a (E)-VC1801
cast film deposited from methanol solution before (top) and after 150 min of
irradiation of the film at 330 nm (bottom). PL spectra of the pristine film were
obtained at Aex = 450 nm (top, red line), and the vertical arrows indicate the
excitation wavelengths for the irradiated film (bottom, Aex = 330 nm blue line;
hex = 440 nm, green line).

equipped with two G15T8 Hg UV-A lamps (2 x 15 W) since the optical
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Fig. 10. (a) Effect of the first irradiation cycle (Aex = 330 nm, 3 mW/cm?) on the PL of a cast film of (E)-VC1801 (each spectrum was recorded after 5 min exposure,
from bottom to top). The inset shows the PL intensity at Aem; = 412 nm (blue) and Aem = 525 nm (green) in the first (0-55 min, solid squares) and second (0-150 min,
open squares) irradiation cycle. (b) PL (solid lines) and PLE (dashed lines) of a cast film of (E)-VC1801 after the second cycle of irradiation at 330 nm. A¢x = 330 nm
(blue) and Aex = 440 nm (green); Aem = 412 nm (blue) and Aep = 525 nm (green).

properties of compound (E)-VC1801 support the use of UV-A region. of the photochemical treatment (Fig. 11).
After irradiation, the amorphous solids were redissolved in deuterated The comparison of the resulting 'H NMR spectra with that of the
methanol and analyzed by 'H NMR spectroscopy to evaluate the effects starting (E)-VC1801 suggested that along with the photoisomerization
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Fig. 11. Comparison of the aromatic regions of the 'H NMR spectra (400 MHz, CDs0D) recorded after irradiating amorphous solids of (E)-VC1801 with UV-A light
both in the sealed tube experiment (middle trace) and in the open tube experiment (top trace). The bottom trace shows the aromatic region of the '"H NMR spectrum
(400 MHz, CD30D) obtained with starting (E)-VC1801 sample.
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reaction of (E)-VC1801 into the corresponding (Z)-VC1801, also a
polymerization process appeared to occur in both OTE and STE.
Notably, the polymerization reaction appeared to be more efficient in
the presence of oxygen (OTE), as the sample showed a lower residual
content of monomeric (E)-VC1801 and (Z)-VC1801, while the sample
irradiated in the sealed tube (STE) showed a higher residual content of
monomeric (E)-VC1801 and (Z)-VC1801. Moreover, the photophysical
features of the corresponding materials appeared to be significantly
different in terms of both PL and PLE spectra (Fig. 10SI).

Thus, MALDI-TOF mass spectrometry measurements were performed
to assess the differences existing in the composition of the polymeric
materials obtained in the different conditions. The best mass spectra
were recorded in reflectron mode using malononitrile as the matrix and
are displayed in Fig. 12.

In agreement with the results observed in the polymer obtained by
spontaneous polymerization, the MALDI-TOF MS spectra showed series
of significant peaks at m/z values of around 935, 951, 953, and 967 Da
with intervals equivalent to the mass of oxygen atoms. Thus, the
monomeric unit of the polymer obtained by UV-A irradiation of VC1801
films could bear one, two, or three oxygen atoms leading to sodiated ions
corresponding to the mass peaks 935.5, 951.5, and 967.5, respectively
(see Table 1SI). Moreover, the analysis of the peaks corresponding to
dimeric and trimeric species confirmed the presence of sequences
showing lower oxygen contents with respect to those expected for an
alternated co-polymer. FT-IR analysis (Fig. 1SI, spectra b and c)
confirmed the presence of the peroxide bond and the different oxidation
degree of the two samples. In fact, the intensity of the bands at 1130,
1000, and 950 em™! increased with the relative amount of peroxide
bond in the copolymer chains. These results confirmed the tendency of
benzofulvene derivative VC1801 to copolymerize with molecular oxy-
gen to afford random copolymer materials containing homo-polymeric
sequences. The attempts done in excluding molecular oxygen from the
film during the irradiation experiments (i. e. STE) failed in providing the
homo-polymer, but as already observed by NMR studies, they depressed
the polymerization reaction. These results appeared to suggest that the
formation of poly-VC1801 homo-polymer could be hindered by steric
hindrance reasons, which could be mitigated by the intercalation of

935 5{VHO)-Ma*
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molecular oxygen also when present in low amount as in STE. However,
the difference in the emission features observed in the polymer samples
obtained by UV-A irradiation of VC1801 films in the presence/absence
of atmospheric oxygen supported the existence of differences in the
chemical composition of the samples. These differences are visible in the
MALDI-TOF spectra (Fig. 12), which allowed us to assume the existence
of different oxidation degrees in the two polymeric samples. In other
words, the two poly-VC1801 samples could differ for their content in
homo-polymer sequences.

Conclusion

Recently, we described GFP-related chromophores based on a 3-phe-
nylbenzofulvene scaffold capable of absorbing visible light and photo-
isomerizing in the picosecond time scale, and in which aggregation
appeared to affect the photochemical features.

These compounds were found to be stable in the ordered crystalline
state, but in the disordered amorphous state, (E)-VC1801 appeared to
undergo spontaneous polymerization to provide random copolymer
materials containing homo-polymer sequences along with those in
which the polybenzofulvene monomeric units are intercalated with
molecular oxygen as in an alternate co-polymer.

The aggregation propensity of (E)-VC1801 leading to the formation
of micelles in water provided us with the opportunity of characterizing
the aggregation process by NMR spectroscopy and dynamic light scat-
tering (DLS) techniques. Thus, in the present work, these techniques
were employed to gain information about the self-assembling process in
the relatively disordered state in which polymerization appeared to
occur. These studies highlighted the importance of the specific aromatic
interaction in the aggregation process of (E)-VC1801.

The interaction of benzofulvene derivative (E)-VC1801 with light
was studied both from the point of view of the photophysical and
photochemical features. Interestingly, the optical features of this ben-
zofulvene molecular switch differed deeply on the bases of its aggre-
gation state. In particular, the photophysical features of (E)-VC1801
molecularly dispersed in methanol were moderately affected by the
irradiation with UV-A light, and 'H NMR experiments demonstrated that
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Fig. 12. Comparison of the MALDI-TOF mass spectra recorded in reflectron mode using malononitrile as the matrix with the samples of poly-VC1801 obtained by
UV-A irradiation of VC1801 in the solid state (i. e. film). Top: spectrum recorded with the polymeric material obtained in the open tube experiment. Bottom:
spectrum recorded with the polymeric material obtained in the sealed tube experiment.
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the irradiation of molecular dispersions produced the double-bond
isomerization with the formation of the corresponding (Z)-diastereomer.

On the other hand, in the solid state (i. e. cast films) both absorption
and emission properties were strongly dependent on the UV exposure. In
fact, the effect of UV irradiation on the emission properties was
remarkable, suggesting that UV excitation could induce photochemical
reactions in the solid state with the formation of new species (one with
emission at 412 nm and one with emission at 550 nm) showing
increased emission features. 'H NMR analysis of the irradiated films
showed that along with the photoisomerization reaction of (E)-VC1801
into the corresponding (Z)-VC1801, also a polymerization process
appeared to occur. Moreover, the polymerization reaction was more
efficient in the presence of atmospheric oxygen than in the sample
irradiated under a reduced oxygen content, and the photophysical fea-
tures of the corresponding polymeric materials appeared to be signifi-
cantly different in terms of both PL and PLE spectra. These differences in
the emission features supported the existence of differences in the
composition of the samples such as their content in homo-polymer
sequences.

EXPERIMENTAL SECTION

NMR spectroscopy studies. The NMR spectra were recorded with a
Bruker DRX-400 AVANCE, or a Bruker DRX-600 AVANCE III spec-
trometers. The proton NMR experiments were performed at 298.0 K
accumulating 128 FIDs with 16 K data points and a spectral width of 8
kHz. A 90° excitation pulse (8.0 ps) was used with a relaxation delay of
1.5s.

The spin-lattice relaxation rates (R;) were measured using the (180°-
7-90°-t), sequence. The 7 values used for non-selective experiments were
the following: 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4,0.8,1, 1.4, 2, 3,
4,5, 8, 20 s respectively, and the delay time (t) was 20 s. The maximum
experimental error in the relaxation rate measurements was 5 %.

The NOESY experiments were acquired using the NOESYESGPPH
sequence (Nuclear Overhauser Effect Spectroscopy with excitation
sculpting using gradients and phase cycling), which represents one of
the most widely employed variants of two-dimensional experiments for
samples in aqueous solution, particularly when efficient water signal
suppression is required. This sequence combines the classical three n/2
pulse scheme of two-dimensional NOESY with an excitation sculpting
module based on field gradients and selective pulses, enabling more
efficient and less perturbing water suppression compared to traditional
methods. The acquisition parameters consisted of 2048 points in the
direct dimension and 256 complex points in the indirect dimension, with
three different mixing time (200, 400 and 600 ms).

All NMR experiments were processing with MestReNova software.

Matrix assisted laser desorption/ionization time of flight
(MALDI-TOF) mass spectra were recorded by a 4800 Proteomic
Analyzer (Applied Biosystems, MA, USA) MALDI-TOF/TOF instrument
equipped with a Nd:YAG laser at a wavelength of 355 nm with < 500 ps
pulse and 200 Hz firing rate, operating in reflectron mode. The accel-
erating voltage was 15 kV. External calibration was performed using an
Applied Biosystems calibration mixture consisting of polypeptides with
different molar mass values. The irradiance was maintained slightly
above the threshold to obtain a mass resolution of about 4000-6000
fwhm. Mass accuracy was about 50 ppm. Several matrices [i. e. 1,8,9-
anthracenetriol (dithranol); a-Cyano-4-hydroxycinnamic acid (CHCA);
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononi-
trile (malononitrile); trans-3-indoleacrylic acid (IAA)] were used. The
best mass spectra were recoded using malononitrile o dithranol as a
matrix.

Differential Scanning Calorimetry (DSC) measurements were
carried out by a TA Instruments Q100 DSC calorimeter. The instrument
was calibrated evaluating the melt purity of an Indium standard
(156.6 °C and 28.45 J/g). samples were heated from —90 °C up to 160 °C
with a heating rate of 10 °C/min, under N3 flow (50 mL/min).
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Fourier Transform Infrared (FT-IR) spectra were recorded by a
Perkin-Elmer Instruments (Milan, Italy), the Spectrum One FT-IR Spec-
trometer having a lithium tantalate (LiTaO3) single crystal detector. The
spectra were acquired in the Middle Infrared (4000-400 cm™?) in mo-
dality transmittance and processed through the software Spectrum One.
Anhydrous KBr pellets of each sample (1 %w) were accurately prepared
under vacuum using an evacuable Pellet Die system and hydraulic press
applying a p of 5 tons of 1 min.

Size exclusion Chromatography (SEC) were performed by a SEC
Azura P6.1 apparatus (made in Germany) equipped with precolumn
TSKgel guard Super H-L (982 T) ad five TSKgel Super H columns
(H5000, H4000, H3000, H2500 and H1000) — 6.0 mm ID x 150 mm,
using THF as solvent (1.0 ml/min). The SEC curves were elaborated with
the program Clarity.

Dynamic light scattering (DLS). Particle size distribution and
polydispersity index were determined using a Zetasizer Ultra RED sys-
tem (Malvern, UK) with a backscatter (173°) detector angle. All samples
were measured in triplicate. Analysis of results was performed by ZS
Explorer software by Malvern Panalytical, that employs Cumulants
analysis.

Photophysical characterization studies. UV-vis absorption
spectra are obtained with a Perkin Elmer Lambda 900 spectrometer. PL
spectra are obtained with NanoLog composed by a iH320 spectrograph
equipped with a Synapse QExtra charge-coupled device, by exciting
with a 450 W Xe lamp monochromated with a double grating Gemini
180. The spectra are corrected for the instrument response. Irradiation
at 330 nm is performed by exposure to the Xe lamp light mono-
chromated (slit 2 mm) with a Gemini 180 double monochromator.

Photochemical characterization studies in solution. Solutions of
(E)-VC1801 in CD30D contained into 5 mm NMR Pyrex tubes were
irradiated with a monochromatic light centered at the appropriate
wavelength (330, 360, and 460 nm) by mean of a tunable light source
Zolix (TLS2-X300PU-G, 300 W UV Xenon Light Source with mono-
chromator Omni-A2047i) at room temperature for the suitable time
while 'H NMR spectra were recorded at regular time intervals to
ascertain the effects of the irradiation.

Photochemical characterization studies in the solid state. Solu-
tions of (E)-VC1801 in deuterated methanol were initially prepared into
separate 5 mm NMR Pyrex tubes and analyzed by 'H NMR spectroscopy
(t = 0). The solutions were then carefully concentrated under a nitrogen
stream to afford amorphous solids of compound (E)-VC1801. Some
NMR tubes were left open to allow the exposure to atmospheric oxygen,
whereas some other tubes were immediately sealed with NMR tube caps
to allow the experiment to be conducted under oxygen-free conditions.
The samples were irradiated in a UV-A Multyrays chamber equipped
with two G15T8 Hg UV-A tubes (2 x 15 Watt) under continuous rotation
for 24 h. After irradiation, the amorphous solids were redissolved in
deuterated methanol and analyzed by 'H NMR spectroscopy.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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