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Advanced functional polymeric materials based on spiropyrans (SPs) feature multi-stimuli responsive
characteristics, such as a change in color with exposure to light (photochromism) or acids
(halochromism). The inclusion of stimuli-responsive molecules in general — and SPs in particular — as
main-chain repeating units is a scarcely explored macromolecular architecture compared to side chain
responsive polymers. Herein, we establish the effects of substitution patterns on SPs within
(ADMET)
polymerization. We unambiguously demonstrate that varying the location of the ester group (-OCOR)
on the chromophore, which is essential to incorporate the SPs in the polymer backbone, determines the
photo- and halochromism of the resulting polymers. While one polymer shows effective photochromism

a homopolymer main-chain synthesized via head-to-tail Acyclic Diene METathesis

and resistance towards acids, the opposite — weak photochromism and effective response to acid - is
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Accepted 25th January 2024 observed for an isomeric polymer, simply by changing the position of the ester-linker relative to the

benzopyran oxygen on the chromene unit. Our strategy represents a simple approach to manipulate the

DOI: 10.1039/d35c06383f stimuli-response of main-chain SP bearing polymers and highlights the critical importance of isomeric
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Introduction

Spiropyrans (SPs), typically containing a benzopyran (chro-
mene) covalently connected to a heterocyclic moiety via the
spiro-carbon (Fig. 1), constitute a well-known and extensively
studied class of multi-stimuli-responsive chemical structures.*
The ring-closed structure of SPs is typically the thermodynam-
ically stable isomer, which can reversibly transform to the ring-
opened form upon exposure to various stimuli, such as light
irradiation, pH or mechanical force.">* The stimuli-responsive
SP transformation is accompanied by a vivid color change
(i.e., colorless to colored or vice versa) and a large polarity
difference (i.e., apolar (hydrophobic) to polar/zwitterionic/
merocyanine (hydrophilic) form or vice versa). Since the first
report of synthetic spiropyrans at the beginning of the 20™
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molecular constitution on main-chain stimuli-sensitive polymers as emerging materials.

century,” chemists have integrated SPs into polymers, harness-
ing their responsive properties to generate advanced dynamic
functional materials.>*” Exemplary applications are smart
coatings,* pH/metal ion or force sensors,'* " drug delivery,'*
lithography'>'® or shape-changing materials."”

Most stimuli-responsive moieties are tethered directly to the
polymer chain as either pendant groups - or to a far lesser
extent - as main-chain active groups via ester and amide
bonds.'*** In the realm of SPs, the type of the substituents
decorating the SPs, e.g., electron-withdrawing or electron-
donating, has a potentially significant influence on the
stimuli-sensitiveness of SPs-based polymers.>** However, the
impact of ester groups located at different sites of SPs' aromatic
moieties (regioisomers) has not been investigated. In fact - to
our best knowledge - only two studies explore substituent
location variations of the polymerizable group on the benzo-
pyran moiety, leading to different levels of stretching-induced
ring-opening and isomerization of the covalently embedded
SP units."** However, the SPs-based monomers were designed
such that the SP moiety and the ester group of polymerizable
handles were connected via a methylene group (-CH,-) to the
chromene moiety."*® Critically, the effect of these designs on
the resulting photo- and pH-responsive properties was not
explored. Interestingly, nitro-substituted SPs (NO,-SPs) have
frequently been explored, most likely due to the resulting red-
shifted electronic absorption and an enhanced quantum effi-
ciency induced by the electron-withdrawing group.””*®

Chem. Sci., 2024, 15, 3687-3697 | 3687


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc06383f&domain=pdf&date_stamp=2024-02-29
http://orcid.org/0000-0003-2256-0423
http://orcid.org/0000-0001-7335-3497
http://orcid.org/0000-0002-4683-0515
http://orcid.org/0000-0002-6745-0570
https://doi.org/10.1039/d3sc06383f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06383f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015010

Open Access Article. Published on 26 January 2024. Downloaded on 7/29/2025 11:05:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

oy ok
S

indoline

=5
©j\\ Psps
é

Psp

% .ch
g c_romene }/J
| == Q)
[o] N O 7 \p O [ ]
1
£ )\r\
2 PSP4
]
L
o

Ester-substituted Pgp

Halochromism

Fig. 1 General structures of four main-chain polymers derived from
four regioisomers of a spiropyran scaffold. The sole difference among
these regioisomers is the relative position (with respect to the ben-
zopyran oxygen) of the ester group (—~OCOR) on the chromene moiety
of the spiropyran. We demonstrate dramatic effects of these minor
difference on the photo- and halochromism of the resulting polymers.
Note that the covalent connection to the chromene moiety can be
realized through the carbonyl carbon (-COOR), which is critically
different from our design.

Remarkably, in the current literature, the electrochemical
contribution of other groups, e.g., esters, is often ignored.
However, tuning the properties of responsive macromolecular
materials via subtle alterations of their chemical structures is
undoubtedly a powerful avenue to establish varied property
profiles with synthetic ease. Herein, we demonstrate such
structural variations and their effect on the resulting material
properties, opening a facile route to an advanced class of SP-
containing responsive polymer systems.

Main-chain SP-based polymers possess — just as their well-
explored side chain equivalents - photo and pH- responsive-
ness, yet offer additional exclusive qualities, such as mecha-
nochromism' and potentially larger motion change®** upon
the ring-opening of SPs. Synthetically, however, just a limited
number of methods, e.g., Ring-Opening (Metathesis) Polymeri-
zation (ROP*/ROMP*) or Suzuki polycondensation,*
employed to install SP moieties into the polymer backbone.
Here, we employ head-to-tail Acyclic Diene METathesis
(ADMET) polymerization to construct SP main-chain polymers.

We thus introduce the synthesis of four main-chain poly-
mers (Pspi, Psps, Psps and Pgp,) derived from four regioisomers
of SPs via ADMET polymerization and investigate their photo-
and acid-responsive properties. These polymers differ only in
the substitution location on the SP's benzopyran (chromene)
moiety (0-, m-, p- and m'- position, corresponding to Pgp;, Pgps,
Pgps and Pgp,, respectively, refer to Fig. 1 and 2) of the ester
group (-OCOR, where R contains a polymerizable handle,
inserting the chromophore into the polymer main chain). Note
that the benzopyran ring is substituted with the ester oxygen (-
OCOR) rather than the carbonyl carbon (-COOR) of the ester
group reported elsewhere for small structures.*® To our best

were
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knowledge, we report SPs bearing an ester group (-OCOR)
substituted at either the m or m’ position (refer to Fig. 1 and 2)
for the first time. The synthetic accessibility of all four substi-
tution sites allows us to systematically study the influence of
regio-isomers on the stimuli response of SPs. Interestingly, our
results show that such minor structural differences have
dramatic effects on the solution photo- and acid-responsiveness
of the SP moieties of these polymers. Particularly, while Pgp, is
relatively photo-inactive yet acid sensitive, the complete oppo-
site behavior is observed for Pgp,. Psp, responds rapidly to acids
(i.e., CF;COOH and CH;SO3H), followed by Pgp; and Pgps.

Results and discussion
Synthesis

Initially, we designed four ADMET monomers, containing four
spiropyran regioisomers as main-chain moieties. The handle
containing the acrylate group is placed at the indoline
nitrogen, while the phenyl ring of the chromene moiety is
substituted with an ester group containing the olefin handle at
one of the four sites, o-, m-, p- and m'-, yielding monomer Mgp;,
Mgp,, Mgp; and Mgpy, respectively (Fig. 2). The selective cross-
metathesis using a Hoveyda-Grubbs 2"? generation catalyst
(HG-II) between the acrylate and olefin functional groups
affords the main-chain polymer Pgpy, Pspy, Pspz and Pgpy from
the respective monomers (refer to the ESI for full synthesis
protocol and characterization of monomers and polymers,
Section 2 and 97). The sectional 'H NMR spectra in Fig. 2
unambiguously evidence the formation of the internal acrylate
bond (proton resonances at 6 = 5.75 and 6.92 ppm) from the
cross-metathesis, while leaving the SP chromophores chemi-
cally intact. The apparent number-average molar mass (M,,) of
these polymers falls in the range of (7500-22000) g mol *
(Fig. 2, bottom and Table 1), in line with other stimuli-
responsive polymers synthesized via ADMET polymeriza-
tion.*>*® Interestingly, during the polymerization, we observed
gelation of the reaction mixture of Mgp, when dichloro-
methane (DCM) was used as solvent. Gelation was prevented
by using 1,2-dichlorobenzene (DCB) as solvent instead,
successfully obtaining polymer Pgp, (Fig. 2B). Although the
mechanism for the gelation of Mgp, in DCM solution is
unclear, we speculate that the general structure of Mgp, with
the ester group at the m-position of the benzopyran ring
(Fig. 2) might allow for a ligand-exchange reaction with the Ru-
based HG-II catalyst which could gradually decompose in
DCM solvent.*” On the basis of the observed molar masses (M,,)
of the four polymers (Table 1), the acrylate and the olefin
handles in Pgp; are in an optimal orientation, enabling rapid
polymerization and affording relatively high M,, compared to
the other three isomeric polymers. The substitution-site
dependence of M, in ADMET polymerization is also observed
in hydrazone-based main-chain polymers.*

With regard to the optical properties of the four polymers,
there is an insignificant difference in terms of the peak
absorption band (Aa,) in DCM, corresponding to the m-m*
transition of the chromene moiety, close to the values reported
for halogen- and ether-substituted SPS (Amax = (297-299) nm,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis and characterization of main-chain spiropyran-based polymers. Top: synthesis via head-to-tail ADMET polymerization and H
NMR sectional spectra (600 MHz, 32 scans, CDClz) of monomers and polymers: (A1) Mgp; and Pspy, (B1) Msp, and Pspp, (C1) Mgps and Psps, (D1)
Msps4 and Pspa. Full 1D and 2D NMR spectra are provided in the ESI, Section 9.1 The assignment of the proton resonances was assisted through the
analysis of 1D and 2D NMR spectra of precursors and desired products as described in ESI, Section 9.1 Details of the polymerization conditions
can be found in the ESI, Section 2.1 Bottom: dimethylacetamide (DMACc)-size exclusion chromatography (SEC) traces of Pspy (A2), Psp, (B2), Psps
(C2) and Pspy4 (D2).

Table 1).>* The molar absorptivity of the SP chromophore at A« Fundamentally, the closed- and open-conformation switching of
(f.e., €max) for Pspi, Psps, Psps and Pgp, varies between SPs is a complex process, as there are several possible transient
3700 M~ cm ™" and 4700 M~ " ecm ™", respectively (Table 1). states, which have been subjected to careful experimental and
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Table 1 Molar mass, dispersity, and optical properties of Psps, Pspa,
Psps and Pspy

MyYgmol ™' MS%gmol™ B* Apa’nm  epn’/M 'em
Pgpy 11000 17 000 1.6 297 4130
Pgp, 8000 12 000 1.6 299 4630
Pspz 22000 39000 1.9 299 3710
Peps 7500 10500 1.5 298 3850

“ Dimethylacetamide (DMAc)-size exclusion chromatography (SEC)
the basis of poly(methyl methacrylate) (PMMA) calibration. In
dichloromethane (DCM) at 25 °C.

theoretical investigation.*** Briefly, the photo-induced trans-
formation of SPs first takes place via the cleavage of the labile C-O
spiro bond, followed by E/Z-isomerization around specific bonds
(Scheme 1) to form the merocyanine (MC) form (opened form).*> In
the presence of a strong acid, the protonation of spiro oxygen and
the subsequent isomerization generates thermally stable species
(MCH").”> However, probing the switching mechanism is not the
main aim of the current study. Instead, we explore the effect of the
molecular design on the switching efficiency of SPs main-chain
polymers. Specifically, we reveal the effect of the location of the
ester group on the chromene moiety on photo- and halochromism.
We exploit the intense color difference between the spiropyran
(closed-form, colorless) and the MC/MCH' form (opened-form,
colored), monitored by UV-vis spectroscopy, to compare the
photo- and pH-responsive properties among Pgpy, Pspy, Pspsz and
Psp,, underpinned by careful 'H NMR spectroscopic analysis.

Photochromism

Initially, we conducted the irradiation of the four polymer
solutions (50-150 uM) in dichloromethane (DCM) at ambient
temperature (25 °C). We selected a wavelength of 330 nm
(monochromatic) to minimize unfavorable side reactions, such
as photodegradation. The UV-vis spectra in Fig. 3 demonstrate
the different photochromism of the investigated polymers.
There is almost no vivid color change of the Pgp; polymer
solution unless when irradiated with relatively large number of
photons (N,) (N, = 6.0 x 10*° photons) (Fig. 3A). In contrast, the

] = @,
N ) \ L7 L \—R o {\E) |
N O - 2 —
LA hvzm o = -
1
P
s (Z)-Mc ENe
(Z) -
2
@\)\ / _Rz — ’ (\) N
NHO N HO
- (2-MCH* (E)-MCH*

Scheme 1 Simplified mechanism of photo- and acid-induced ring-
opening and isomerization of SPs. The (2)-MC/MCH* and (E)-MC/
MCH* can adopt other conformations via rotation around the a- and
y-bond. Details of the stimuli-responsive mechanism can be found in
ref. 1, 2 and 39-44.
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UV-vis spectra of Pgp,, Pspz and Pgp,s display new and strong
absorption bands in the visible region (Fig. 3B-D) upon irradi-
ation. It is noticeable in the case of the latter polymers that
beside an emerging absorption peak centered at around 458-
477 nm, there is an absorption band lying at lower wavelengths
close to 380-390 nm, suggesting the existence of at least two
isomers of the opened form, e.g., (2)- and (E)-isomers of MC
(Scheme 1). Intriguingly, the color of the Pgp; solution in DCM
gradually turned yellow in the dark after long time exposure to
330 nm irradiation (N, = 6.0 x 10" photons) (Fig. 3A). We
cannot exclude the solvent contributions, e.g., from DCM, to the
photochromism of SPs, as frequently reported in the
literature.**** Nevertheless, it is worth noting that the pristine
polymer solutions in DCM did not show any change in color at
25 °C in the dark, excluding solvatochromism as the root cause
of the color change. However, to our surprise, the irradiation
performed in other solvents, ie., toluene and dimethylaceta-
mide (DMAc), did not trigger a noticeable response from all four
polymers (UV-vis spectra shown in Fig. S71). We chose toluene
and DMAc alongside DCM as solvents for the irradiation study
due to the good solubility of the polymers in these solvents
which are of different polarity.

Protic solvents capable of forming H-bonds, such as meth-
anol, can stabilize the merocyanine (MC) form, thus facilitating
the photo-induced SP — MC conversion process.*®
the four SP-based polymers reported in our work are hydro-
phobic and do not dissolve in such protic solvents. Toluene and
DMAc do not possess H-bonding capabilities. In addition,
which may react with the
opened form of spiropyran induced by Lewis acid addition.>
However, it is not relevant to our case where no Lewis acid was
added in the irradiation study. Even though DCM is not a protic
solvent, its role as a very weak H-donor was previously re-
ported,* which may be a contributing factor for the color
change observed for Pgp,, Pgps, Psps under 330 nm irradiation in
DCM. However, we cannot discard the possibility of UV-induced
degradation of the halogenated solvents, e.g., CH,Cl,, CHCl;,
into halogen acids, e.g., HCI, that can cause the change in color
of these polymer solutions owing to the generally acid-sensitive
characteristics of SPs. For instance, Sommer and colleagues

However,

DMACc can act as a Lewis base*°

reported the in situ generation of acid from DCM-d, and chlo-
roform-d under sonication, which was responsible for the
chromism of the reported SP-based polymers in the respective
solvents.*>%?

To confirm the possible in situ generation of halogen acid
under UV-irradiation, we conducted control experiments in
which only the blank DCM solvent was irradiated with an exact
number of photons previously applied for each SP-based poly-
mer solution, after which the stock polymer solution was
rapidly added to the UV-exposed solvent. Psp; in post-irradiated
DCM shows a gradual increase in the visible absorption region
(Amax = 439 nm), which is identical with the irradiated Pgp;
solution mentioned above (Fig. 3A, E and I). Thus, the acid-
induced ring-opening and isomerization observed for Pgp,
takes place in the dark after 330 nm irradiation (6.0 x 10"
photons). In the case of Pgp, and Pgpz, the HCI formed in situ
also co-contributes to the color change (compare Fig. 3B, C, F,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
The red dashed lines denote the spectra recorded post 330 nm irradiatio

(A—D) UV-vis spectra of Psps, Psp2, Pspz and Pspy4 solution in DCM, recorded before and after 330 nm monochromatic irradiation at 25 °C.

n; the purple solid lines represent the spectra recorded immediately after

330 nm irradiation; the green solid lines indicate the spectra recorded after 500 nm irradiation of the 330 nm irradiated solutions. (E-H) UV-vis
spectra recorded upon addition of Psps, Psp2, Pspz and Psps, to 330 nm irradiated DCM blank solvents. Molar concentrations were between 50 and

150 uM. Enlargements of UV-vis spectra in (A—H) are available in the ESI

, Fig. S8.1 The laser power at 330 and 500 nm irradiation was kept at 6.5

mW + 5.2% and 8.5 mW =+ 13%, respectively. (I-L) Plots of Apmc/Asp vs. time for Pspy, Pspp, Psps and Pspy, respectively. Note that the protonated
form of MC (MCH™) also exists but is grouped into the ‘MC’ label in Ayc (i.e., absorbance of the opened form) for the sake of simplicity. The
absorbance of the ‘'MC’ label in this case (Amc) corresponds to the A« Of the colored species in the visible range, and the Asp refers to the
absorbance at Amax Of the respective spiropyran. The Auc/Asp ratio is used instead of Auc to factor in the concentration difference between
experiments assuming Amc/Asp ~ Cmc/Csp With emc/esp = constant. The number of photons (Np) was converted into time via eqn S1.1 The gray
areas in (J—L) highlight the actual photochromic response of polymer solutions upon 330 nm irradiation.

G, ] and K). However, Pgp, appears to be barely affected in the
irradiated blank solvent (Fig. 3D, H and L). Therefore, these
results allow to conclude that Pgp, is the most photo-active
polymer, while Pgp; is insensitive to solution photo-
irradiation. In other words, the substitution site of the ester
group on the chromene moiety does indeed critically influence
the photochromic properties of the main-chain polymers. It
should be noted that the comparison made here is qualitative,
yet sufficiently convincing. Based on UV-vis spectra alone
(Fig. 3), we cannot quantify the ratio of the opened-form
induced by irradiation. However, irradiation of higher concen-
trated solutions (close to 0.96 mM in DCM-d,) with 330 nm laser
light did not cause any change in the "H NMR spectra, probably

© 2024 The Author(s). Published by the Royal Society of Chemistry

due to the low efficiency of the photo-induced SP — MC
transformation at higher concentrations (millimolar vs. micro-
molar), also noted by Ballester and colleagues for a similar
spiropyran compound.®

The colored state of the opened-form can be quenched via
visible light irradiation (A = 500 nm, P = 8.5 mW =+ 13%)
(Fig. 3B-D). However, as can be seen in Fig. 3B-D, while the
absorption at around (450-480) nm completely disappears
under 500 nm irradiation, the shoulder absorption band close
to 390 nm persists. The incomplete visible light-induced
colored to colorless reversion may be due to the stabilizing
effect from either acidic protons or the solvent (DCM). In
addition, we note the contribution of the polymer backbone to

Chem. Sci., 2024, 15, 3687-3697 | 3691
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the thermal stability of the opened-form.>® To avoid the impact
from the in situ forming acid (HCl), we performed the irradia-
tion in thin films (solid-state) to expand the potential applica-
tion scope of the polymers on the example of polymer Pgp,.
Under similar irradiation condition (A = 330 nm, N, = 1.5 X
10", P = 6.5 mW =+ 4.0%), the color of the polymer film on
a quartz slide turned yellow, detectable with the naked eye.
Indeed, the recorded UV-vis spectrum (Fig. S21) revealed a new
broad absorption band in the visible region (up to 650 nm),
suggesting SP — MC transformation in the solid state.
However, the solid-state UV-vis spectrum of the MC is vastly
different from the solution one, likely due to the intermolecular
stacking of the formed MC species in the confined environment
in the polymer film. Nevertheless, we have demonstrated the
feasibility of solid-state photochromism of the SP-based poly-
mer, i.e., Pgpy.

Halochromism

The different responses of the polymers to the photogenerated
acids indicate the strong effect of the molecular architecture on
the halochromism of the main-chain polymers, which we
systematically investigated with the addition of two acids with
different pK, (trifluoroacetic acid, CF;COOH (TFA), pK, = 0.23,*
methanesulfonic acid, CH3SOsH (MsOH), pK, = —1.9)*” to the
polymer solutions in DCM. To avoid the acids affecting the
polymer chain, such as cleavage of ester bonds, we added only
1.0 molar equivalent of either TFA or MsOH (with respect to the
SP core) to the polymer solutions. The colorimetric response
was monitored by UV-vis and "H NMR spectroscopy. As shown
in Fig. 4A-C, the solution of Pgp, swiftly changes color upon TFA
addition, reaching an equilibrium within 3 hours. Equilibration
of the color changing process took significantly longer for Pgp,
and Pgp3. The observed color change is due to the formation of
MCH".* In contrast to Pgp;, Psp,, and Pgp;, the Pgp,4 solution was
hardly affected by TFA addition (Fig. 4D), which is opposite to
the strong photochromism of Pgp, discussed above.

Upon the addition of the stronger acid, i.e., MSOH (pK, =
—1.9),” the change in absorbance is significantly larger than in
the case of TFA addition, except for Pgp, which remains largely
unaffected (compare Fig. 4A-D and E-H). The absorption
spectra of these MCH" species also feature a major absorption
band within the 440-465 nm range and a shoulder at around
376-393 nm (Fig. 4), indicating the existence of different stable
isomers, e.g., (Z)- and (E)-MCH" (Scheme 1). The varied sensi-
tivity towards acids of these polymers is a strong indication of
different pK, values of the respective phenolate anions upon
ester substitution of the chromene ring. To compare the
kinetics of the halochromic processes for Pgp;, Psp, and Pgps, we
qualitatively compared the curvature of the (normalized)
absorbance (at A of MCH") vs. time plot (Fig. 4I-N). For both
TFA (pK, = 0.23)** and MsOH (pK, = —1.9)*” addition, Pgp, is the
most responsive polymer, followed by Pgp; and Pgp; which show
slightly different rates of response (Fig. 4I-N).

If one compares the acid-induced and the photo-induced UV-
vis spectra of Pgp, and Pgp; in DCM (Fig. 3 and 4), no prominent
shift ((3-4) nm) in the peak and shoulder absorption in the
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visible region can be observed. For nitrospiropyrans, a large
spectral shift between the protonated MC (MCH") and the MC
form was reported.®® In the case of our ester-substituted main-
chain SPs, the presence of the ester groups might bridge the
electronic differences between the MC and MCH' forms.
Alternatively, the H-bonding stabilization from the solvent, i.e.,
DCM, might equalize the spectral characteristics of the MC and
MCH".

To quantify the ratio of the MCH" species in each polymer,
we replicated the study using more concentrated solutions
(close to 0.97 mM of SP moiety in CD,Cl,) for '"H NMR
measurements. Accordingly, comparison of the integral values
of protons e (6 = 4.25 ppm) and f (6 = 3.25-3.60 ppm) in the
closed-form (as shown in Fig. 2 and S3-S67) with those in the
opened-form gives the percentage of MCH" species (Fig. S3-
S6t). Approximately 50% of the spiropyran moieties in Pgp,
transformed into the opened form (MCH') upon addition of
TFA (1.0 eq.), twice as high as for Pgp; (25%) under identical
conditions (Fig. S4 and S5t). Similar to Pgps, the determined
value for Pgp, is 29%, whereas only 9% was recorded for Pgp,
(Fig. S1 and S6f1). The relative amount of MCH" increases
further when MsOH is added instead: close to 75% of MCH" for
Pgps, Psp, and Pgp; and only 10% for Pgp, (Fig. S3-S67). Inter-
estingly, although the former polymers show the same ratio of
MCH" species induced by MsOH addition at equilibrium, the
absorbance or molar absorptivity of the MCH" in the case of
Pgp, appears to be much higher than Pgp, and Pgps. Thus, the
ester-substitution pattern affects not only the acid sensitivity of
SPs, but also the molar absorptivity of the resulting MCH". In
addition, the highly polar nature of MCH" can lead to aggre-
gation in solution at high conversion,” as indicated by Dynamic
Light Scattering (DLS) results for the MsOH-added polymer
solutions (Fig. S11). Further, addition of 2.0 eq. of triethyl amine
(Et;N) fully reverted the MCH™ to the closed-form, as evidenced
by "H NMR spectroscopy (Fig. S3-S67).

The experimental results discussed above clearly point to the
significant role of the ester group substituted on the chromene
ring beside the contribution from the solvent polarity. Since the
chromene ring directly attaches to the oxygen of the ester (-
OCOR), the ester group serves as a moderate electron-donating
group (EDG), directing electrons to the ortho- and para-position
(relative to that EDG) of the phenyl ring. However, the same
phenyl ring is at the same time substituted with two other
groups, Le., the spiro oxygen (in the closed-form) or the
phenolate oxygen (in the opened-form) and the ethene bridge (-
C=CR’, R” contains the indoline moiety), which are also EDGs.
Thus, there are three EDGs on the phenyl ring under discussion
(Scheme 2). Depending on their relative positions on the ring,
the electron density of the phenolate oxygen (O™) (forming upon
ring-opening) may be different. During the photochromism of
SPs, we hypothesize that the merocyanine form is more stable
when electrons on the phenolate oxygen are directed to the ring
or elsewhere (i.e., lower electron density on the O™ group).®® In
Pgp, — which is the most photoresponsive polymer - the O™ and
the ester groups are meta-substituted to each other, but ortho-
substituted to the ethene bridge (Scheme 2), thus facilitating
the synergistic pushing of electrons from these two groups to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Halochromism of Pgspy, Pspa, Psps, Psps in DCM from UV-vis spectroscopy. (A—D) TFA addition (1.0 eq.), (E-H) MsOH addition (1.0 eq.).

Time until equilibration is indicated. Molar concentration of SP moiety:

upon acid addition. Normalized absorbance was used in (M and N) to

100-150 pM. (I-N) Comparison of the kinetics among four polymers
enable a qualitative comparison of the response rate of the polymers

toward TFA and MsOH acid. The Aucn+/Asp ratio is used instead of Aucy+ to factor in the concentration difference between experiments
assuming Amcn+/Asp ~ Cuch+/Csp With emcri+/esp = constant. Aucy+ refers to the absorbance (A4) of the MCH™* form at Amay in the visible range, and

Asp refers to the absorbance of the pristine SP at Apax-

the ethene bridge, effectively reducing the electron density on
the O™ group. On the basis of this logic and in consideration of
the steric hindrance at the o-position, the poor photochromic
property observed for Pgp; can be explained (Scheme 2).
Meanwhile, a less electron density in the phenolate oxygen also
suggests a less susceptibility to protonation, agreeing well with
the experimental result for Pgp,, which is the most acid-resistant
among the four polymers studied. In the same manner, Pgp; is

© 2024 The Author(s). Published by the Royal Society of Chemistry

supposed to be the most acid-sensitive. Nevertheless, Pgp,
surpasses Pgp, in terms of halochromism. Close inspection of
the Pgp, structure suggests possible hydrogen bonding of the
phenolate O~ and the carbonyl oxygen (of the ester) to the
proton from acids and DCM solvent (Scheme 2), perhaps
making Psp, more sensitive towards acids than Pgp;. In addi-
tion, the substitution of the ester group at the p-position with
respect to the ethene bridge - where E/Z isomerization takes
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Scheme 2 Possible impacts of the ester group substituted at one of the four possible positions on the chromene moiety (o-, m-, p- and m’-, with
respect to the benzopyran oxygen) on the stability of the opened-form of spiropyran, impacting the photo- and halochromism. We hypothesize
that the resulting photo- and halochromism of the four polymers in DCM solutions originate from a complex combination of electronic effects
(induction and resonance), steric hindrance and hydrogen-bonding capability caused by the regio-substitution of the ester (~-OCOR) group. The
relative orientation of the phenolate (O™)/phenolic (OH) oxygen, the ethene bridge and the ester group (which are all electron-donating groups
(EDGs)) may influence the electron densities on these groups. In the case of Pspy and Pgps, for instance, both the ethene bridge and the ester
groups are at either ortho-/ortho- or ortho-/para-positions with respect to the phenolate oxygen and vice versa. Thus, the former groups can
synergistically direct electrons to the phenolate oxygen. There exists also a possibility for the phenolate oxygen (which is a much stronger EDG)
to redirect electron density to the other two groups. For Psp,, the steric contribution from the ester group and the possible electronic repulsion
between the phenolate oxygen (O7) and the carbonyl oxygen in the ester group may further reduce the photochromic response of the polymer
compared to Psps. However, upon protonation, a possible hydrogen bonding between these two groups can be established, co-contributing to
the strong halochromism of Psps. In the case of Pspp and Pspy, the phenolate oxygen is meta-substituted with respect to the ester group. Thus,
these two EDGs can cooperatively push electron density to the ethene bridge, leading to lower electron densities on the phenolate oxygen
(which means stronger photochromism). With regard to the observed halochromism, Psp, and Psp,4 are expected to be inactive or significantly
less responsive compared to Psp; and Pspz. However, while the prediction holds true for Psps, Psp, responds fastest to acid-addition. Upon careful
structural analysis, we submit that the possible intermolecular interaction with the solvent (DCM), i.e., hydrogen-bonding, and the geometry of
the ester group (which also functions as the connecting arm) beside the electronic contribution, lead to the unexpected performance of Psp,.
Within all four polymers, the ester group in Psp; is at the para-position with respect to the ethene bridge, where E/Z-isomerization takes place
upon ring-opening. In terms of steric hindrance, such a substitution site is the most ideal and thus does not interfere with the E/Z-isomerization
at the ethene bridge. The term "ortho-directing” refers to the electron-donation from the substituent under consideration to its ortho-position.

place upon ring-opening in Pgp, — is the most ideal among all Furthermore - since the phenolate O~ group is a much
four polymers in terms of steric hindrance, facilitating the stronger EDG than the ester group - the substitution of the ester
isomerization process in Pgp,. Nevertheless, an in-depth theo- group at ortho- and para-position respective to the O™ group - as
retical study, which is out of scope of this work, is required to seen in Pgp; and Psp; — might make the ester group function as
fully understand the role of such ester substituents (-OCOR). an electron-receiving group. As a result, the carbonyl oxygen of

3694 | Chem. Sci., 2024, 15, 3687-3697 © 2024 The Author(s). Published by the Royal Society of Chemistry
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the ester might become more prone to protonation, leading to
cleavage of the ester group. Indeed, the Size Exclusion Chro-
matography (SEC) traces recorded for Pgsp; and Pgp;3 (Fig. S3 and
S51) show a drastic reduction in M, upon addition of the strong
acid, i.e., MsOH, whereas Pgp, and especially Pgp, stay relatively
unaffected under the same conditions. The 'H NMR spectra
(Fig. S3 and S51) of Pgpy and Pgps solutions upon addition of
MsOH followed by quenching with Et;N also indicate some
degree of degradation. Since the chromophore and the acrylate
C=C bonds remain intact upon quenching with Et;N, the
degradation (if applicable) is highly likely due to the hydrolysis
of the main-chain ester group on the chromene moiety. Polymer
chains generally break in the middle of the chain owing to
entropic reason, which leads to a large shift in the apparent
molar mass despite only a minor degree of hydrolysis.** The FT-
IR spectrum of MsOH-added Pgp; — which showed the largest
shift in the SEC - suggests only little ester hydrolysis (Fig. S9F).
Thus, in addition to the inherit photo- and acidochromism of
SPs, the position of the ester group (-OCOR) on the chromene
moiety of SPs may complementarily affect its hydrolysis
induced by acids.

Conclusions

We herein introduce the synthesis of main-chain polymers
derived from four regional isomers (Psp1, Psps, Psps and Pgpy) of
spiropyrans via head-to-tail ADMET polymerization. The photo-
and halochromism of these polymers are highly dependent on
the position of the ester group (-OCOR) on the phenyl ring of
the chromene, which is essential to incorporate the stimuli
responsive spiropyrans in the main chain. While Pgp, (ester
group (-OCOR) in the m’-position) responds fastest under UV
irradiation, no pronounced response is observed under acidic
conditions (addition of 1.0 eq. of CF;COOH (TFA) or CH3SOsH
(MsOH)). In contrast, Pgp, (ester group (-OCOR) in the o-posi-
tion) reacts relatively fast to an acid stimulus, yet at the same
time is inactive towards UV exposure. Both Pgp, and Pgp; (ester
group (-OCOR) at m-position and p-position, respectively) are
responsive toward irradiation and acids. These characteristics
are clearly attributed to the change in the substitution site of the
ester group on the benzopyran (chromene) moiety. The herein
discussed findings thus allow to manipulate and fine-tune the
properties of stimuli responsive spiropyran-based main-chain
polymers for specific applications, requiring limited synthetic
effort. We anticipate the influence of substitution extends
towards other stimuli such as metal ions and force. Critically,
our results demonstrate the significance of small isomeric
molecular variations in conjunction with transitioning from
side-chain decorated to main-chain based macromolecular
architectures, including their potential for finely modulating
the characteristics of stimuli responsive polymeric materials.
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