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1. Introduction

Supramolecular assembly of dendronized
spiropyrans in aqueous solutions into nanospheres
with photo- and thermo-responsive chiralitiest

Shanbin Qi, Xueting Lu, Wenli Mei, Guanglei Gu, "8 Wen Li & * and Afang Zhang "= *
Tailoring the amphiphilicity of a molecule through external stimuli can alter the balance between self-
association and repulsion, resulting in different propensities for its assembly. Here we report on the supra-
molecular assembly of a series of dendronized spiropyrans (DSPs) in water. These DSPs carry 3-fold den-
dritic oligoethylene glycols (OEGs) with either methoxyl or ethoxyl terminals for different hydrophilicities,
and contain an Ala—Gly dipeptide to provide the chirality. These dendronized amphiphiles form supra-
molecular nanospheres in aqueous solutions with remarkable induced chirality to a level of 1.0 x 10° deg
cm? dmol™ . They can be tuned reversibly through photoisomerization of the spiropyran moieties from
the hydrophobic SP form into the hydrophilic MC form, and can even become chirally silent through ther-
mally mediated collapse of the dendritic OEGs. Photoisomerization of the spiropyran moieties in these
DSPs is accompanied by simultaneous changes of UV absorption, fluorescence emission, supramolecular
chirality and aqueous solution colors. These supramolecular nanospheres exhibit characteristic thermo-
responsive behavior due to thermal collapse of the dendritic OEGs with their cloud point temperatures
(Tcps) being dependent on the overall hydrophilicity of the molecules and also the aggregate mor-
phologies resulting from how dendritic OEGs are wrapped around the aggregates. Both photo-
irradiation-mediated isomerization of the spiropyran moieties and thermally mediated dehydration and
collapse of the dendritic OEGs influence the amphiphilicity of these DSPs and their solvation by water,
leading to varied driving forces for their assembly. NMR, circular dichroism (CD) and fluorescence spec-
troscopy techniques, as well as DLS and AFM techniques are combined to follow the supramolecular
assembly and illustrate the aggregation mechanism. All experimental results demonstrate that the revers-
ible chirality of the aggregates originates from the balance between dendritic OEGs and spiropyran moi-
eties against water solvation.

molecules is important in manipulating the assembly,
especially when associations play pivotal roles in controlling

Amphiphilic dendritic macromolecules have been proven to
show appealing features in supramolecular assembly.” The
major structural characteristics of dendritic macromolecules
include their monodispersity, nonlinear topology and multiva-
lency, which make a big difference compared to conventional
polydisperse polymers in assemblies and their assembled mor-
phology control.?> Non-linear topological structures from den-
dritic macromolecules afford the molecular segments different
packing parameters, resulting in abundant ordered phases in
bulk®*® or in solutions.””® Multivalency from dendritic macro-
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morphologies of the assemblies.® The supramolecular chiral
assembly of amphiphilic dendritic macromolecules revealed
that, due to the multivalent dendritic structures, amphiphilic
dendritic macromolecules can form non-covalent hexameric
macrocycles with variable diameters to fit guest molecules,
which spontaneously stacked in one-dimension to form chiral
tubules'® or were able to encapsulate a double-stranded DNA
molecule through electrostatic interactions for helical co-
assembly."*

Stimuli-responsive ~ supramolecular  assemblies  have
attracted considerable attention recently in fabricating intelli-
gent supramolecular materials."*™* Among them, the photo-
responsive supramolecular assembly has received particular
attention,”>"”  and  photo-chromophores, = such  as
azobenzene and spiropyran,”>*' have been extensively
investigated. Spiropyran derivatives are interesting for their
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photo-responsive assembly, mainly because they can isomerize
through UV irradiation from the spiropyran (SP) form (non-
charged and more hydrophobic, non-fluorescent, colorless) to
the merocyanine (MC) form (charged and more hydrophilic,
fluorescent, colored pink). This isomerization is reversible,
and the MC state can be isomerized back into the SP state
upon heating or photo-irradiation with visible light.>>>* The
isomerization kinetics of spiropyrans is dependent on steric
hindrance generated through molecular interactions, and is
also related to the physical microenvironment due to the
dielectric constants of solvents.>”*” Therefore, photoisomeri-
zation of spiropyran derivatives has been utilized through
switchable supramolecular assembly for various purposes,
such as fabrication of photoresponsive organogels with switch-
able fluorescence,”® formation of vesicles in water showing
light-fueled reversible expansion,> fabrication of light-respon-
sive micelles for drug delivery,®*® and mimicking the
dynamic nature of the native ECM to promote cell
mechanotransduction.®

The combination of stimuli-responsive behaviors in supra-
molecular chiral assembly provides a convenient way to tune
the supramolecular assembly and simultaneously modulate
the supramolecular chirality.*>*> Photoresponsive chiral mole-
cules have been found to be able to switch the helical orien-
tation in cholesteric liquid crystals upon light stimulation.*®*”
Temperature is a clean tool and can be easily manipulated,
which has often been used as a stimulus in supramolecular
chiral assembly of polymers, aimed at fabricating smart chiral
materials.*®*° That's why thermoresponsive features are also
attractive for the supramolecular assembly of small
molecules.’”*! In addition, supramolecular assembly in
aqueous solutions is a very important regulation of biological
properties and functions,**** which makes thermoresponsive
chiral assembly even more attractive for bioapplications.

We recently found that through dendronization with 3-fold
dendritic oligoethylene glycols (OEGs), polymers exhibited
unprecedent thermoresponsive behavior with fast phase
transitions.***® Furthermore, crowded dendritic OEGs around
the polymer backbones provided characteristic shielding
effects to the interiors from protonation®” or host-guest inter-
action,”® and even biodegradation by enzymes.***° In
addition, this shielding effect can be significantly enhanced in
dendronized microgels® or hydrogels®® through intermolecu-
larly cooperative interactions. Through combination with
3-fold dendritic OEGs, amphiphilic dendronized tetraphenyl-
ethylenes form fluorescent thermoresponsive spheres in water
with switchable chirality.>® In this work, a series of amphiphi-
lic dendronized spiropyrans (DSPs) were synthesized, which
were constructed from dendritic OEGs, dipeptides and spiro-
pyran (Chart 1a). The dendritic OEGs afford hydrophilicity and
the intrinsic thermo-responsiveness, the dipeptides from
glycine and alanine contribute to the chirality, while the spiro-
pyran moiety contributes to hydrophobicity and photo-respon-
siveness. These DPSs exhibit moderate water solubility,
making it possible to investigate their supramolecular chiral
assembly in aqueous solutions. Thanks to the dendritic OEGs
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Chart 1 |Illustration of supramolecular assembly of the dendronized
spiropyrans (DSPs) (a) in aqueous solutions into chiral spheres with chir-
alities dually tunable by irradiation and temperature (b).

and photo-responsive spiropyran moieties, the supramolecular
assemblies in water from DSPs exhibit dually responsive be-
havior to both photo-irradiation and temperature, and their
chiralities can be reversibly tuned (Chart 1b).

2. Experimental section
2.1 Materials

Active ester 1 was synthesized according to the literature
method"™ through esterification of 2-(3',3'-dimethyl-6-nitro-
spiro[chromene-2,2"-indolin]-1"-yl)ethanol with 4-nitrophenyl
chloroformate. Dendritic compounds MeG1, EtG1l and
MeG1-OH were synthesized according to previous reports.**
Dipeptides Boc-GA-OH, Boc-AG-OH and H-GA-OMe were syn-
thesized by typical solution peptide synthesis methods
according to previous reports.”® Dichloromethane was dis-
tilled from CaH, for drying. Tetrahydrofuran (THF) was dis-
tilled successively from Na and LiAlH, for drying. Other
reagents were purchased from Alfa Aesar, Sigma-Aldrich or
TCI, and used without further purification. All syntheses
were performed under a nitrogen atmosphere. Macherey-
Nagel precoated TLC plates (silica gel 60 G/UV 254,
0.25 mm) were used for thin layer chromatography (TLC)
analysis. Silica gel 60 M (200-300) was used as the station-
ary phase for column chromatography.

This journal is © The Royal Society of Chemistry 2023
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2.2 Instrumentation and measurements

NMR spectra were recorded on a Bruker AV500 spectrometer
(*H: 500 MHz; ">C: 125 MHz). Chemical shifts were given in
ppm and referenced to residual solvent signals. Two-dimen-
sional NOESY spectra were recorded in D,O with a mixing time
of 400 ms. High resolution MALDI-TOF-MS analyses were per-
formed on IonSpec Ultra instruments. AFM experiments were
carried out on a Bruker NanoScope VIII Multi-Mode operated in
peak force mode with an “E” scanner (scan range 15 pm X
15 pm) at room temperature in air. Samples were prepared by
dropping on mica or through directly coating the solution onto
mica using a pipette. Circular dichroism (CD) measurements
were performed on a JASCO J-815 spectropolarimeter with a
thermally controlled 1 mm quartz cell (1 accumulation, continu-
ous scanning mode, scanning speed: 500 nm min~", data pitch:
0.5 nm, response: 1 s, band width: 4.0 nm). Fluorescence emis-
sion spectra were recorded using a Horiba Jobin Yvon
Fluorolog-3 fluorescence spectropolarimeter with excitation at
535 nm. Fluorescence measurements were carried out in a
10 mm path length cuvette with a solution concentration of
0.15 mg mL™". UV/Vis measurements were recorded on a JASCO
V-750 spectrophotometer equipped with a thermostatically regu-
lated bath. Dynamic light scattering measurements were per-
formed on a Zetasizer Nano-ZS analyzer (Malvern Instruments)
with an integrated 4 mV He-Ne laser (1 = 633 nm), which used
backscattering detection (scattering angle 6 = 90°).

2.3 Synthesis

Compound 2a. Compound MeG1 (1.50 g, 2.53 mmol) and
DiPEA (0.65 g, 5.05 mmol) were dissolved in dry DCM (15 mL).
At the same time, Boc-GA-OH (0.69 g, 2.78 mmol) and HOBt
(0.41 g, 3.06 mmol) were dissolved in dry DCM (15 mL) and
stirred in an ice salt bath for 20 min. These two solutions were
then mixed. After stirring for 10 min, EDC-HCl (0.97 g,
5.05 mmol) was added to the mixture, and the reaction was
carried out under a nitrogen atmosphere overnight while
increasing the temperature to room temperature. The residue
was washed with saturated sodium bicarbonate and potassium
bisulfate, successively. The organic phase was dried over anhy-
drous magnesium sulfate. After evaporating the solvents, the
crude product was purified by silica gel column chromato-
graphy (DCM/MeOH, 50/1, v/v) to furnish a colorless oily sub-
stance 2a (1.56 g, 75%). "H NMR (DMSO-d,): § = 8.32 (t, 1H),
8.03 (d, 1H), 6.95 (t, 1H), 6.53 (s, 2H), 4.34-4.23 (m, 1H), 4.19
(d, 2H), 4.01 (dt, 6H), 3.77-3.69 (m, 4H), 3.68-3.62 (m, 2H),
3.62-3.47 (m, 21H), 3.42 (q, 6H), 3.23 (d, 9H), 1.36 (s, 9H), 1.24
(d, 3H). *C NMR (CDCl,): § = 172.05, 169.76, 156.33, 152.59,
137.44, 133.75, 107.02, 80.31, 72.23, 71.90, 71.87, 70.66, 70.62,
70.59, 70.53, 70.46, 70.43, 70.40, 69.76, 68.71, 59.01, 58.96,
48.97, 44.34, 43.26, 28.28, 17.93. HR-MS (ESI): m/z calcd for
C3sH71016N, [M + NH,]": 839.4860, found: 839.4850.

Compound 2b. Compound 2a (1.00 g, 1.22 mmol) and TFA
(2.39 g, 24.33 mmol) were dissolved in dry DCM (20 mL) at
0 °C, and the mixture was stirred at room temperature over-
night. The reaction was quenched by adding an excess amount
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of methanol. Evaporation of all solvents under vacuum
afforded 2b as a pale-yellow oil and this was used without
further purification.

Compound SP-GA-MeG1. Compound 2b (0.88 g, 1.22 mmol)
and TEA (0.15 g, 1.46 mmol) were dissolved in dry DCM
(15 mL) and stirred in an ice salt bath for 15 min. Compound
1 (0.94 g, 1.83 mmol) dissolved in dry DCM (10 mL) was
dripped into the mixture in an ice salt bath. The mixture was
stirred overnight under nitrogen with light protection. After
washing with saturated sodium chloride, the organic phase
was dried over anhydrous magnesium sulfate and the crude
product was purified by silica gel column chromatography
(DCM/MeOH, 30/1, v/v) to obtain a red viscous product (0.62 g,
46%). "H NMR (DMSO-dg): 6 = 8.90 (s, 1H), 8.33 (s, 1H), 8.21
(s, 1H), 8.12 (s, 1H), 8.03-7.90 (m, 1H), 7.38 (s, 1H), 7.23-7.03
(m, 3H), 6.87 (d, 1H), 6.80 (t, 1H), 6.70 (d, 1H), 6.52 (s, 2H),
6.07 (d, 1H), 4.46 (s, 2H), 4.28 (s, 1H), 4.18 (s, 2H), 4.05 (s, 4H),
3.95 (d, 3H), 3.76-3.48 (m, 35H), 3.22 (d, 9H), 1.24 (d, 6H),
1.08 (s, 3H). >C NMR (DMSO-d,): § = 172.65, 169.34, 169.29,
159.55, 156.88, 152.48, 146.87, 140.99, 136.52, 135.95, 135.14,
128.45, 128.11, 126.15, 123.27, 122.53, 122.18, 119.75, 119.28,
115.91, 106.95, 105.99, 72.20, 71.74, 71.72, 70.42, 70.31, 70.29,
70.24, 70.17, 70.06, 69.45, 68.66, 62.06, 58.49, 52.81, 48.92,
43.81, 42.87, 42.28, 26.12, 19.99, 18.71, 18.68. HR-MS (ESI):
m/z caled for Cs4H,70:0NsNa [M + Na]: 1122.5105, found:
1122.5110.

Compound 2c. Similar to the synthesis of 2a from EtG1
(1.70 g, 2.67 mmol), DiPEA (0.69 g, 5.35 mmol), Boc-GA-OH
(0.72 g, 2.94 mmol), HOBt (0.44 g, 3.234 mmol) and EDC-HCl
(1.03 g, 5.35 mmol), the product was obtained as a colorless
oil (1.55 g, 67%). 'H NMR (DMSO-d): & = 8.33 (t, 1H), 8.04 (d,
1H), 6.96 (t, 1H), 6.53 (s, 2H), 4.32-4.23 (m, 1H), 4.19 (d, 2H),
4.11-4.00 (m, 4H), 3.99-3.90 (m, 2H), 3.77-3.69 (m, 4H),
3.68-3.62 (m, 2H), 3.60-3.39 (m, 32H), 1.36 (s, 9H), 1.24 (d,
3H), 1.13-1.03 (m, 9H). >C NMR (CDCl;): § = 171.91, 169.68,
156.31, 152.65, 137.55, 133.66, 107.05, 80.31, 72.25, 70.69,
70.64, 70.61, 70.59, 70.51, 70.46, 69.81, 69.77, 68.77, 66.63,
48.98, 44.40, 43.26, 28.28, 17.91, 15.18, 15.15. HR-MS (ESI):
m/z caled for C4H,;046N, [M + NH,]": 881.5329, found:
881.5320.

Compound 2d. Similar to the synthesis of compound 2b
from compounds 2c¢ (1.00 g, 1.16 mmol) and TFA (2.64 g,
23.15 mmol), the product was obtained as a pale-yellow oil,
which was directly used for the next reaction without further
purification.

Compound SP-GA-EtGl. Similar to the synthesis of
SP-GA-MeG1 from compound 2d (0.88 g, 1.15 mmol), com-
pound 1 (0.89 g, 1.73 mmol) and TEA (0.14 g, 1.39 mmol), the
product was obtained as a red viscous liquid (0.65 g, 49%). "H
NMR (DMSO-d¢): 6 = 8.32 (s, 1H), 8.21 (d, 1H), 8.11 (t, 1H),
7.99 (dd, 1H), 7.37 (q, 1H), 7.17 (dd, 1H), 7.14-7.06 (m, 2H),
6.87 (d, 1H), 6.80 (t, 1H), 6.69 (dd, 1H), 6.52 (s, 2H), 6.07 (dd,
1H), 4.27 (td, 1H), 4.18 (t, 2H), 4.12 (dt, 1H), 4.04 (dd, 4H),
3.95 (q, 2H), 3.78-3.68 (m, 4H), 3.67-3.60 (m, 4H), 3.57 (q,
7H), 3.50 (ddd, 13H), 3.47-3.38 (m, 15H), 1.35-0.97 (m, 18H).
13C NMR (DMSO-d) § = 172.65, 159.54, 156.88, 152.47, 146.86,
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140.99, 136.51, 135.95, 135.14, 128.45, 128.10, 126.15, 123.27,
122.50, 122.18, 119.75, 119.27, 115.91, 106.95, 105.97, 105.76,
72.21, 70.41, 70.32, 70.24, 70.17, 69.70, 69.67, 69.45, 68.67,
68.61, 66.00, 62.06, 52.81, 48.94, 42.87, 42.28, 26.12, 19.98,
18.68, 15.57. HR-MS (ESI): m/z calcd for Cs;Hg30,9NsNa [M +
Na]': 1164.5574, found: 1164.5574.

Compound 3a. Similar to the synthesis of compound 2a
from MeG1 (1.50 g, 2.53 mmol), DiPEA (0.65 g, 5.05 mmol),
Boc-AG-OH (0.69 g, 2.78 mmol), HOBt (0.41 g, 3.06 mmol) and
EDC-HCI (0.97 g, 5.05 mmol), the product was obtained as a
colorless oil (1.27 g, 70%). "H NMR (DMSO-dq): 6 = 8.22 (t, 1H),
8.13 (t, 1H), 7.10 (d, 1H), 6.54 (s, 2H), 4.20 (d, 2H), 4.12-4.04
(m, 4H), 3.96 (t, 3H), 3.79-3.68 (m, 6H), 3.68-3.62 (m, 2H),
3.62-3.55 (m, 6H), 3.54-3.46 (m, 12H), 3.46-3.39 (m, 6H), 3.23
(d, 9H), 1.33 (s, 9H), 1.17 (d, 4H). "*C NMR (DMSO-d¢): § =
173.66, 169.25, 152.48, 136.59, 135.06, 106.21, 78.76, 72.19,
71.74, 70.42, 70.31, 70.23, 70.18, 70.07, 69.47, 68.70, 58.51,
42.81, 42.35, 18.14. HR-MS (ESI): m/z calcd for C3gHg,0,6N3Na
[M + Na]": 844.4414, found: 844.4415.

Compound 3b. According to the synthesis procedure for
compound 2b from 3a (1.00 g, 1.22 mmol) and TFA (2.39 g,
24.33 mmol), the product was obtained as a pale-yellow oil,
which was directly used for the next reaction without further
purification.

Compound SP-AG-MeG1. Similar to the synthesis of
SP-GA-MeG1 from compound 3b (0.87 g, 1.21 mmol), compound
1 (0.94 g, 1.81 mmol) and TEA (0.15 g, 1.45 mmol), the product
was obtained as a red viscous liquid (0.75 g, 56%). "H NMR
(DMSO-de): & = 8.24 (dd, 2H), 8.19-8.08 (m, 2H), 7.99 (dd, 1H),
7.49 (dd, 1H), 7.17 (d, 1H), 7.15-7.06 (m, 2H), 6.87 (dd, 1H), 6.81
(t, 1H), 6.67 (t, 2H), 6.53 (d, 2H), 6.06 (t, 1H), 4.27-3.88 (m, 14H),
3.74-3.68 (m, 5H), 3.68-3.61 (m, 3H), 3.58 (ddd, 6H), 3.51 (ddd,
12H), 3.45-3.38 (m, 7H), 3.24-3.20 (m, 9H), 1.20 (d, 6H), 1.08 (s,
3H). *C NMR (DMSO-d): 6 = 173.02, 172.99, 168.81, 168.77,
159.18, 155.94, 152.12, 146.56, 146.44, 140.64, 136.25, 135.60,
135.57, 134.70, 128.18, 128.02, 127.73, 125.81, 122.93, 122.14,
121.85, 119.40, 118.93, 118.88, 115.55, 106.61, 106.55, 105.90,
71.85, 71.39, 71.37, 70.06, 69.94, 69.88, 69.82, 69.71, 69.11, 68.33,
61.81, 61.50, 58.14, 55.03, 52.48, 52.46, 50.25, 50.19, 42.59, 42.38,
42.02, 25.70, 19.66, 19.60, 17.98, 17.92. HR-MS (ESI): m/z caled
for Cs4H,,01oNsNa [M + Na]': 1122.5105, found: 1122.5107.

Compound 4a. Similar to the synthesis of compound 2a
from MeG1-OH (1.50 g, 2.46 mmol), DiPEA (0.58 g,
4.48 mmol), H-GA-OMe (0.36 g, 2.24 mmol), HOBt (0.37 g,
2.71 mmol) and EDC-HCI (0.94 g, 4.92 mmol), the product was
obtained as a colorless oil (1.33 g, 72%). "H NMR (DMSO-d): &
= 8.66 (t, 1H), 8.38 (d, 1H), 7.21 (s, 2H), 4.30 (t, 1H), 4.18-4.11
(m, 4H), 4.10-4.04 (m, 2H), 3.90 (dd, 2H), 3.80-3.72 (m, 4H),
3.71-3.65 (m, 2H), 3.64-3.46 (m, 21H), 3.45-3.39 (m, 6H), 3.23
(d, 9H), 1.29 (d, 3H). >C NMR (DMSO-d,): § = 173.49, 169.35,
166.18, 152.21, 140.47, 129.35, 106.84, 72.32, 71.73, 70.43,
70.31, 70.21, 70.07, 69.38, 68.81, 58.50, 55.39, 52.35, 48.01,
42.58, 17.54. HR-MS (ESI): m/z caled for C;;He,O16N3[M +
NH,]": 768.4125, found: 769.4119.

Compound 4b. Compound 4a (1.00 g, 1.36 mmol) was dis-
solved in MeOH/H,O (5/1, v/v, 18 mL), and then LiOH-H,O

18056 | Nanoscale, 2023, 15, 18053-18067

View Article Online

Nanoscale

(0.57 g, 13.60 mmol) was added at 0 °C and the mixture stirred
for 6 h under a nitrogen atmosphere. The pH value of the
crude product was adjusted to 2-3 with saturated potassium
bisulfate and extracted with ethyl acetate. The organic phase
was dried over anhydrous magnesium sulfate. After filtration,
the product was obtained through evaporation as a colorless
oil (0.88 g, 90%), which was directly used for the next reaction
without further purification.

Compound MeG1-GA-SP. Compound 4b (0.88 g, 1.19 mmol),
2-(3',3"-dimethyl-6-nitrospiro[chromene-2,2"-indolin]-1-yl)ethanol
(0.63 g, 1.79 mmol) and DMAP (0.03 g, 0.24 mmol) were
dissolved in dry DCM (15 mL). After stirring at 0 °C for 30 min,
EDC-HCI (0.46 g, 2.38 mmol) was added and the mixture was
stirred overnight under a nitrogen atmosphere. After washing
with saturated sodium bicarbonate, the crude product was
purified by silica gel column chromatography (DCM/MeOH,
40/1, v/v) to afford the product as a red viscous liquid (0.70 g,
55%). '"H NMR (DMSO-d): & = 8.65 (d, 1H), 8.37 (d, 1H), 8.22
(d, 1H), 7.99 (dd, 1H), 7.20 (d, 3H), 7.12 (d, 2H), 6.91-6.84 (m,
1H), 6.81 (t, 1H), 6.73 (t, 1H), 6.03 (dd, 1H), 4.34-4.18 (m, 2H),
4.11 (d, 5H), 4.06 (t, 2H), 3.96-3.80 (m, 2H), 3.74 (s, 4H), 3.67
(s, 2H), 3.63-3.38 (m, 27H), 3.22 (d, 9H), 1.30-1.14 (m, 6H),
1.08 (d, 3H). *C NMR (DMSO-dq): § = 172.99, 172.95, 169.36,
169.34, 166.23, 166.18, 159.51, 159.46, 152.23, 152.20, 146.91,
146.75, 141.05, 140.52, 140.50, 135.98, 135.95, 129.35, 128.76,
128.55, 128.08, 126.19, 123.30, 122.28, 122.22, 122.13, 119.89,
119.26, 119.24, 115.94, 107.02, 106.89, 106.82, 106.80, 72.33,
71.73, 70.43, 70.31, 70.22, 70.07, 69.38, 68.81, 62.86, 62.75,
58.50, 52.84, 48.04, 47.99, 42.65, 42.32, 42.12, 26.12, 19.98,
19.93, 17.56, 17.42. HR-MS (ESI): m/z caled for Cs3H;,0,0N,Na
[M + Na]': 1093.4839, found: 1093.4843.

3. Results and discussion
3.1 Synthesis and characterization of DSPs

Four DSPs, ie., SP-GA-MeG1, SP-GA-EtG1, SP-AG-MeG1, and
MeG1-GA-SP, were designed. They carry in their peripheral
dendrons either ethoxyl or methoxyl units to contribute
different hydrophilicities, while aiming at different phase tran-
sition temperatures. The dipeptides from glycine (G) and
alanine (A) were selected due to their preference for strong
hydrogen bond formation,>® aimed at transferring enhanced
chirality to the spiropyran units. Both dendritic OEG and spir-
opyran units were connected to the dipeptides through
different terminals, aimed at examining the structural effect
on the supramolecular assembly and induced chirality. Their
synthesis was based on conventional amidation or esterifica-
tion, as outlined in Scheme 1. Amidation of Boc-GA-OH with
amino-cored dendritic OEG afforded the corresponding den-
dronized dipeptides 2a and 2¢, whose Boc groups were depro-
tected by TFA in quantitative yields. Through amidation with
active ester 1, the deprotected dendronized dipeptides were
transferred into the corresponding dendronized spiropyrans
SP-GA-MeG1 and SP-GA-EtG1 in excellent yields. For the DSP
with an inverted peptide sequence, SP-AG-MeG1 was prepared

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr03729k

Published on 18 ottobre 2023. Downloaded on 09/11/2025 22:49:18.

View Article Online

Nanoscale Paper
g O,N o
ozN@ o . HO ™ oS a @okomN 2
o’ci { > i"~o
0N ) ON
RO (OR /~OR
o (0 0
o s 0
0 o 0
H O H O O HO
b c
RO_Q PP NH, *+ BocHN™YN[OH — XHN’\(N‘)LN/_QO\_/O\_/O\_/OR i No~o XN~y Ny QR QPR
0 0 O : H o 07 HO : R o
o Ko Co
o~ Lo Co
RO~ Cor NO, Cor
MeG1: R = Me Boc-GA-OH 2a: R =Me, X =Boc SP-GA-MeG1: R = Me
d
EtG1: R = Et 2b:R = Me, X = H SP-GA-E{G1: R = Et
2c: R=Et, X=Boc
d
2d:R=Et, X=H
(" OMe ("OMe
70 0
70 /0
0 o
LREB,, o H O o1 HoO
MeG1 + BocHN X OH —— XHNJ\fN‘)LN O_Q_ 0O OMe c N\”OJLNJ\TNJN O\_/Ouo\_/OMe
0 H (0] (O H O H [¢]
Co Lo
&g &(&
NO.
Boc-AG-OH 3a: X = Boc OMe 2 SP.AGMeG OMe
d
3b:X=H
MeO™ MeO™ MeO’\
o ° 0
9 ™
O?) ’g o~
o R %me 2+ me0 0 0 o@#o N2 e o wo
MeO_ O O O G HNTpyome AAS H/\[(SN\:)LOX = MeOL/O\_/O\_/Ob—‘(NNH\)LO/\/N
0 : : .
0 o) o jo H O Yo
o % 2
) (o]
MeO- MeO ¥ O,N
MeG1-OH H-GA-OMe MeG1-GA-SP

Scheme 1 Synthetic procedure for dendronized spiropyrans. Reagents and conditions: (a) DCM, TEA, 0-25 °C, overnight (53%); (b) DCM, HOB,
DiPEA, EDC-HCL, 0-25 °C, overnight (79%); (c) DCM, 1, TEA, 0-25 °C, overnight (56%); (d) DCM, TFA, 0-25 °C, overnight (100%); (e) 4b, EDC-HCI,
DMAP (55%); and (f) MeOH, H,O, LiOH-H,0O, 0-25 °C, overnight (90%). Abbreviations: DCM = dichloromethane, DiIPEA = diisopropylethylamine,
DMAP = 4-dimethylaminopyridine, EDC-HCLI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, HOBt = 1-hydroxy-1H-benzotriazole,

TEA = triethylamine, and TFA = trifluoroacetic acid. Abbreviation for amino acids: G for glycine and A for alanine.

following a similar procedure affording an overall yield of
around 50%. In order to examine the effects of the hydrogen
bond on the assembly and supramolecular chirality, MeG1-
GA-SP, which contains only two amide linkages, was syn-
thesized while the former three DSPs contain three amide lin-
kages. All new compounds were characterized by 'H and '*C
NMR spectroscopy (Fig. S1-S8f) and mass spectrometry
(Fig. S9-5167), and their spectra are shown in the ESL

3.2 Supramolecular assembly of the DSPs in aqueous
solutions

The supramolecular assembly of these DSPs in aqueous solu-
tions was first examined with "H NMR spectroscopy. As shown

This journal is © The Royal Society of Chemistry 2023

in Fig. 1a for SP-GA-MeG1, protons from the DSP were well
resolved in THF-dg, indicating that there was no obvious aggre-
gation in the good solvent of THF. However, the presence of
poor solvent water led to worse resolutions from the protons.
For example, when the water fraction in THF (f,,) was higher
than 80 vol%, signals for protons corresponding to the dendri-
tic OEGs in the range of 3.2-3.8 ppm started to become
broader. Even signals of protons from the peptide and spiro-
pyran moieties disappeared when f,, increased to 90%, indicat-
ing that these moieties should have been tightly wrapped
under these conditions due to the obvious aggregation.

The assembly of these DSPs in aqueous solutions was
further investigated with dynamic light scattering (DLS). In
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https://doi.org/10.1039/d3nr03729k

Published on 18 ottobre 2023. Downloaded on 09/11/2025 22:49:18.

Paper

View Article Online

Nanoscale

- )
Meo e ffu h § 0.
(@) 0 o o o LN - NS
o ¢ " o f P SP-H
o g
MeO. g s
. a ON
SP-H cte+f+h+i b 9]
d o, f, = 100%
s— () B " |~ S o S S SUSS S —
*| *
, 0 .'\L#*_W ol | fe=95%
N _
\ f, = 92%
| ﬂ
ML Lyl f,=80%
N ' !
| |
B T P | J‘ t " . l AN {I,-.Il'[l 4"\,»; o Ad .‘; — .I, u I - fw:of%,

Chemical Shift (ppm)

(b)
1.0 SP-GA-MeG1
SP-GA-EtG1
0.8 SP-AG-MeG1
MeG1-GA-SP
2 0.6
[72]
=
8
<€ 041
0.24
0.0
30 100 200 400 700 2000
Radius (nm)

(c)

~ 601

‘s

£ 404

©

L 201

o

o 0N N

g 0

As)

<+ 204 .

o SP-GA-MeG1 in H,0

= 401 SP-GA-EtG1 in H,0 g

& SP-AG-MeG1inH,0 [2 €
MeG1-GA-SP in H,0 =
SP-GA-MeG1inTHF [ 1 ’g

Lo 2

200 300 400 500 600
Wavelength (nm)

Fig. 1 Assembly of DSPs in various solvents at 10 °C. (a) "H NMR spectra of SP-GA-MeG1 in a mixture of D,O/THF-dg at 10 °C with different volume
fractions of water, f,,. C = 1.0 mg mL™. (b) DLS results of DSPs in aqueous solutions. C = 0.15 mg mL™2. (c) CD spectra of DSPs in different solvents.

C=03mgmL™

order to avoid the possible isomerization of the spiropyran
moieties in water to form the merocyanine (MC), the aqueous
solutions of the DSPs were first irradiated with visible light
prior to the measurements. As shown in Fig. 1b, hydrodynamic
radii (Rps) for the four DSPs, SP-GA-MeG1, SP-GA-EtGl,
SP-AG-MeG1, and MeG1-GA-SP, were found to be 481, 391,
213, and 276 nm, respectively, indicating the intensive aggre-
gation of these DSPs in water. The Ry, values for different DSPs
are obviously different, suggesting that the molecular structure
plays an important role in their assembly. Factors that influ-
ence the tendency for these DSPs to aggregate include the
overall hydrophilicity and amphiphilicity of the DSPs. More
hydrophilicity leads the DSPs to form aggregates with slightly
larger sizes when compared to the more hydrophobic ones.
Enhanced amphiphilicity for the DSPs with methoxyl term-

18058 | Nanoscale, 2023, 15,18053-18067

inals causes the pronounced aggregation to form aggregates
with much larger sizes.

The chirality of the supramolecular assemblies was exam-
ined with circular dichroism (CD) spectroscopy. As shown in
Fig. 1c, there was no induced Cotton effect for SP-GA-MeG1 in
THF in the range of 350-450 nm, which corresponds to the
spiropyran chromophore, suggesting that no ordered aggre-
gates were formed in the good solvent THF. In contrast, inten-
sive Cotton effects were observed for all four DSPs in the poor
solvent water. As shown in Fig. 1c, the intensity of the positive
Cotton effect at 380 nm for SP-GA-MeG1 reached 5.8 x 10° deg
em® dmol™, which is much larger than that for SP-GA-EtG1
(2.1 x 10° deg ecm® dmol™"). This large difference of the
induced chirality between SP-GA-MeG1l and SP-GA-EtG1
suggests that the large polarity difference between dendritic

This journal is © The Royal Society of Chemistry 2023
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OEGs with hydrophilic methoxyl terminals and the hydro-
phobic spiropyran moiety for SP-GA-MeG1, when compared to
that between dendritic OEGs with fewer hydrophilic ethoxyl
terminals and the hydrophobic spiropyran moiety for
SP-GA-EtG1, should be helpful in enhancing the aggregation
of DSPs in water, leading to tight packing of the molecules
and enhanced chirality. Furthermore, the supramolecular chir-
ality is dependent on the amphiphilic structures and how the
dipeptide segment was connected. For example, when invert-
ing the amino acid sequence in the dipeptide from GA to AG
as in SP-AG-MeGl, the supramolecular chirality was inverted
as shown in Fig. 1c. At the same time, the intensity of the
Cotton effect also reduced to —2.6 x 10° deg cm® dmol ™,
suggesting that the alternating position of the chiral center in
the peptide had significant influence on the supramolecular
chiralities of DSPs. In the case of MeG1-GA-SP, which contains
only two amide linkages, the weakest supramolecular chirality
was obtained (—1.0 x 10° deg cm® dmol "), indicating that the
H-bond of the amides plays a crucial role in the assembly of
the DSPs and the chirality transfer. The concentration depen-
dence of Cotton effects of the aggregates in aqueous solutions
was checked, and the CD spectra of SP-GA-MeG1 are shown in
Fig. S17.7 When the concentration increased from 0.2 mg
mL™" to 0.7 mg mL™", the induced chirality also increased
greatly from 4.0 x 10° to 11.2 x 10° deg cm” dmol ™", suggesting
that the increase of DSP concentration should have enhanced
the assembly for the spiropyran moieties with more tightly
bound aggregations.

Atomic force microscopy (AFM) was used to check the mor-
phologies of the assemblies from DSPs in water. Before
measurements, all samples (the same as for DLS measure-
ments) were spin-coated on mica substrates and kept overnight
in the dark. Typical AFM images are shown in Fig. 2.
Nanospheres with sizes of 430, 755, 510 and 325 nm were
observed for SP-GA-MeG1, SP-GA-EtGl, SP-AG-MeG1, and
MeG1-GA-SP, respectively. Due to the softness of the aggre-
gates, they were strongly absorbed on the polar mica substrates
with much larger diameters than their heights. It is necessary
to point out that the aggregate sizes from AFM measurements
are much smaller than those from DLS measurements, since
partial dehydration can’t be avoided during the sample prepa-
ration for AFM measurements.

3.3 Isomerization of the DSPs in aqueous solutions through
photo-irradiation

It has been well documented that the isomerization of spiro-
pyrans is dependent on many factors, ranging from intrinsic
features including molecular polarity or external conditions
including temperature, photo-irradiation, and even solvent
polarity. Therefore, the possible isomerization of these DSPs
was checked first in their aqueous solutions in the dark. As
shown in Fig. 3a, the absorbance at 516 nm increased gradu-
ally with time for all four DSPs in water. This indicates that
DSPs can automatically isomerize into the MC state,
suggesting that the strong polar environment created by water
provides the driving force for these molecules to transfer from

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Morphologies of the assemblies from DSPs. AFM images on mica
from aqueous solutions of SP-GA-MeGl (a), SP-GA-EtGl (b),
SP-AG-MeG1 (c) and MeG1-GA-SP (d). C = 0.15 mg mL™%, scale bar =
2 pm.

the hydrophobic SP state to the charged and more hydrophilic
MC state. Alternatively, automatic isomerization of these DSPs
from the SP to MC state in water indicates that the dendritic
OEGs cannot provide sufficient shielding effects to the spiro-
pyran interiors even in their aggregated states. This is quite
surprising, since we found that densely packed dendritic OEGs
can protect and provide shielding to their interiors,**™*® and
this shielding effect can be significantly enhanced in the
aggregated state.”” It is necessary to note that the isomeriza-
tion of these DSPs in water in the dark is reversible. Through
photo-irradiation with visible light, they transferred back to
the initial hydrophobic SP state.

The isomerization of these DSPs was further examined
through photo-irradiation over different timescales with UV
light (1 = 254 nm). SP-GA-MeG1 was taken as an example. As
shown in Fig. 3b, the absorbance at 516 nm increased with UV
irradiation time, indicating a continuous transformation from
the SP state to the MC state. Simultaneously, the solution color
gradually turned deep pink, as shown in Fig. 3c. This isomeri-
zation is reversible, since exposure to visible light (4 > 450 nm)
can quickly induce the isomerization from the MC state back
to the SP state (Fig. 3d). Reversibility of the transformation
between SP and MC states was checked through alternate
irradiation with UV and visible light. As shown in Fig. 3e,
SP-GA-MeG1 exhibited excellent stability and can be reversibly
isomerized between SP and MC states for more than ten
cycles. Similar photoisomerization between SP and MC states
through irradiation with UV and visible light was observed for
SP-GA-EtG1, SP-AG-MeG1 and MeG1-GA-SP, as shown in
Fig. S18.1 Therefore, the isomerization kinetics of the DSPs
was investigated, and the results are plotted in Fig. 3f and g
for SP - MC and MC — SP, respectively. The results are sum-
marized in Table 1. For isomerization from the hydrophobic
SP state to the hydrophilic MC state, both aggregates from
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https://doi.org/10.1039/d3nr03729k

Published on 18 ottobre 2023. Downloaded on 09/11/2025 22:49:18.

Paper
(a)
—— SP-GA-MeG1
2.0 —sP-GA-EtG1
E —— SP-AG-MeG1
© MeG1-GA-SP
©
[{e]
s
©
(0]
o
f =
©
Q
2
S
1723
Q
<
0.0

0 5000 10000 15000 20000 25000
Time (s)

(c)

(@ 20 £ ——UV 600 s
o and then shift to
gm Vis5s
3 ——Vis10 s

1.5 5% Vis 155
© Zoo Vis 20's
o < ETR ‘sg) 90 ~———Vis25s
5 Vis30's
£1.0 Vis 50 s
8 ——Vis70s
g ‘ ——Vis 90 s
0.5
0.04 T T T ——
300 400 500 600
Wavelength (nm)
() = SP-GA-MeG1
01 \ = SP-GA-EtG1
= SP-AG-MeG1
= 1 MeG1-GA-SP
<
<2
<
< 31
£
-4
-5

0 150 300 450 600 750
Time (s)

0o 10 20 30 60

View Article Online

Nanoscale
®) 20
=== -original
0.6 Vis 2 min
© L and then shift to
04 ) UvV30s
1.5 s . ——Uuveos
© 60.2{ - —— UV
o s ' UV 120s
S 50.0{ - ——UV180s
2 1.0 38 0 150 300 450 uvV240s
] < Time (s) UV 300 s
o ——UV360s
< g ——uvans
0.5
0.04

300 400 500 600
Wavelength (nm)

120 180 240 300 360 600s

e)0.6
© 0 = Vis
c 0.54
c
© 041
v
© 0.3
3
=
8 0.24
2
g 0.14
0.04
0 2 4 6 8 10
Cycles
(9) = SP-GA-MeG1
04 = SP.GAEtGH
= SP-AG-MeG1
MeG1-GA-SP

0 20 40 60
Time (s)

Fig. 3 Isomerization of DSPs. Absorbance of DSPs at 516 nm with time in the dark (T = 22 °C) (a), UV/vis spectra of SP-GA-MeGl1 in water after
irradiation with UV light (b) and photographs of the corresponding solutions (c), UV/vis spectra of SP-GA-MeGL1 in water after re-irradiation with
visible light (d), absorbance at 516 nm after alternate irradiation with UV and visible light (e), and kinetics plots of isomerization for the DSPs through
irradiation with UV light (f) and re-irradiation with visible light (g). Insets in (b) and (d): plots of absorbance at around 516 nm against irradiation time.

Auv = 254 nm; Ayis > 450 nm; T =10 °C. C = 0.15 mg mL™%.

SP-GA-MeG1 and SP-AG-MeG1 showed much slower kinetics
than that from SP-GA-EtG1. This suggests that DSPs carrying
dendritic OEGs with hydrophilic methoxyl terminals exhibit
slower isomerization than their counterparts with hydrophobic
ethoxyl terminals, mainly due to their tight aggregation. For
MeG1-GA-SP with fewer amide bonds, its isomerization from

18060 | Nanoscale, 2023, 15, 18053-18067

SP to MC is also quite fast, suggesting that the weak hydrogen
bonding in DSPs is helpful for the isomerization. This again
suggests that loose packing of the molecules within the aggre-
gates is favorable for their isomerization from the SP to MC
state. However, SP-GA-MeG1, SP-GA-EtG1l and SP-AG-MeG1
showed similar isomerization kinetics from the MC to SP state

This journal is © The Royal Society of Chemistry 2023
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Table 1 Isomerization kinetics of the DSPs

Samples SP-GA-MeG1 SP-GA-EtG1 SP-AG-MeG1 MeG1-GA-SP
kspomc X 1072 571 —6.8+0.276 —9.18 + 0.120 —5.66 + 0.169 —10.54 + 0.208
Rsp_mc 0.98865 0.99864 0.99031 0.9934

knvicsp X 1072571 —8.861 * 0.225 —10.372 * 0.269 —9.126 * 0.251 —6.789 + 0.0878
R’\oosp 0.98865 0.99864 0.99031 0.9934

when irradiated with visible light. Only MeG1-GA-SP exhibited
much slower kinetics, suggesting that the loose packing of
dendritic OEGs in the aggregates can’t provide sufficient
hydrophobic microenvironments to drive isomerization from
the hydrophilic to hydrophobic state. The above observation
indicates that dendronization with dendritic OEGs can provide
a convenient platform to mediate the isomerization kinetics of
SP moieties in the water phase through micro-confinement
within the aggregation, similar to a literature report that the
photoisomerization of hydrophobic azobenzene can be reversi-
bly modulated through encapsulation in a water-soluble
coordination cage.>

The isomerization of these DSPs was followed by fluo-
rescence spectroscopy. As shown in Fig. 4a for SP-GA-MeG1,
the fluorescence intensity at 630 nm increased significantly
when irradiated with UV light, indicating enhanced isomeriza-
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tion from the SP state to MC state through continuous UV
irradiation. This red fluorescence emission was reduced when
irradiated with visible light (Fig. 4b). Upon alternate
irradiation with UV and visible light, the fluorescence emis-
sion can be reversibly switched, indicating the high reversibil-
ity of the transformation between the two isomers within the
aggregates. Similar fluorescence emission behavior according
to photoisomerization was observed for SP-GA-EtG1,
SP-AG-MeG1 and MeG1-GA-SP, as shown in Fig. S19.}

Effects of photo-irradiation-mediated isomerization on the
assembly of these DSPs were followed by DLS and AFM
measurements. SP-GA-MeG1 was taken as an example. As
shown in Fig. 5a, through UV irradiation, the aggregate size
decreased to 192 nm, which can be increased to 481 nm via
irradiation with visible light. Accordingly, the particle size
from AFM measurements was found to be 285 nm after UV
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Fig. 4 Fluorescence spectra of SP-GA-MeG1 aqueous solutions after irradiation with UV (a) and visible light (b), and its fluorescence intensity at
630 nm after alternate irradiation with UV and visible light (c). 1ex = 535 nm, Ayy = 254 nm, Ay;is > 450 nm, T =10 °C, C = 0.15 mg mL~t.
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Fig. 5 DLS plots of SP-GA-MeG1 aqueous solution after irradiation with UV light for 420 s and visible light for 120 s (a), and AFM images of
SP-GA-MeG1 after irradiation with UV (b) and visible light (c). Auy = 254 nm; Ayis > 450 nm; T = 10 °C, C = 0.15 mg mL™?, scale bar = 2 um.

irradiation and this increased to 430 nm via irradiation with
visible light (Fig. 5b and c). The above result indicates that iso-
merization from the hydrophobic SP state to the hydrophilic
MC state leads to less propensity for these DSPs to aggregate,
which can be recovered through isomerization back to the
hydrophobic SP state via irradiation with visible light. Similar
aggregation and deaggregation behaviors according to photoi-
somerization were observed for SP-GA-EtG1, SP-AG-MeG1 and
MeG1-GA-SP, as shown in Fig. S20 and S21.f

3.4 Chirality transitions mediated by isomerization of the
DSPs

CD spectra were recorded to follow the photoisomerization of
these DSPs in aqueous solutions. SP-GA-MeG1 was taken as an
example. As shown in Fig. 6a, through irradiation with UV
light, the Cotton effect at 380 nm corresponding to the spiro-
pyran moiety was reduced in its intensity greatly from its
initial SP state (5.8 x 10° deg cm® dmol™") to the MC state (1.4
x 10> deg cm? dmol ™) when irradiated for 70 seconds. Further
elongation of the UV irradiation time only led to a slight
decrease of the Cotton effect. The above result indicates that
isomerization from the hydrophobic SP state to the more
hydrophilic MC state should have reduced the amphiphilicity
of the DSPs, resulting in less propensity for efficient aggrega-
tion. The reduced Cotton effect can be recovered through

18062 | Nanoscale, 2023, 15,18053-18067

irradiation with visible light. As shown in Fig. 6b, through
irradiation with visible light, the Cotton effect at 380 nm was
increased in its intensity accordingly. After irradiation for
about 30 seconds, the Cotton effect reached a plateau. The
chirality recovery was also checked through alternate photo-
irradiation with UV and visible light. As shown in Fig. 6c, the
DSP aggregates well exhibited reversibility of its supramolecu-
lar chirality through alternate photo-irradiation. Similar chir-
optical property transitions according to photoisomerization
were observed for SP-GA-EtG1, SP-AG-MeG1 and MeG1-GA-SP,
as shown in Fig. S22.}

3.5 Thermoresponsiveness of the assemblies from DSPs

Recently, we found that low molar masses of dendritic OEGs
exhibited characteristic thermoresponsive behavior,>® and den-
dritic OEGs within aggregates can even transfer from the
interior to the periphery of the aggregates, leading to different
phase transition temperatures.>®> We therefore expect that
aggregates from these DSPs should also inherit thermo-
responsive behavior from their dendritic OEGs. Through
heating, the aqueous solutions turned from colorless to red,
indicating that the increase of solution temperature is helpful
for the isomerization of the spiropyran moieties into the more
hydrophilic MC state. SP-GA-MeG1 was taken as an example,
and its typical turbidity curves are shown in Fig. 7a. From the

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 CD and UV/vis spectra of SP-GA-MeGl1 in aqueous solutions after irradiation with UV (a) and visible light (b) for different times, and its CD
spectra after different irradiation times (c). For (a), before irradiation with UV light, the solution was first irradiated with visible light to guarantee that
the content of the SP state in DSP was as high as possible. For (b), the solution was first irradiated with UV light to guarantee that the content of the

MC state in DSP was as high as possible. For (c), the original solution was

UV irradiated for 220 seconds before irradiating with visible light for 90

seconds. Insets in (a) and (b): plots of molar ellipticity at 380 nm (6) against irradiation time. Ayy = 254 nm; Ay;s > 450 nm; T =10 °C, C = 0.3 mg mL™™.

heating curve, the cloud point temperature (T,,) was found to
be 43 °C.

A significant hysteresis between heating and cooling pro-
cesses was observed. Actually, the cooling curve suggests that
the aggregated molecules were tightly wrapped with each other
and hard to release. In order to be dissolved from the ther-
mally aggregated state, a much lower temperature and a longer
time were needed. This situation is slightly different for
different DSPs. As shown in Fig. S23 in the ESL{ T.,s for
SP-GA-EtG1, SP-AG-MeG1 and MeG1-GA-SP were found to be
28, 38, and 26 °C, respectively. These results indicate that the
phase transition of the supramolecular assembly is mainly
determined by the peripherals of the dendritic OEGs, and
ethoxyl terminals contributed to significant hydrophobicity.
More interestingly, the T.,s of both SP-AG-MeG1 and MeG1-
GA-SP are much smaller than that for SP-GA-MeG1, although
they all carry hydrophilic methoxyl-terminated dendritic OEGs.
This suggests that the apparent hydrophobicity of the aggre-
gates from DSPs is not solely dependent on the hydrophilicity
of the molecules, but should be also related to their mor-
phology, especially to how dendritic OEGs wrapped the aggre-
gates. For SP-GA-MeG1, whose aggregates exhibited the stron-
gest induced Cotton effects, spiropyran moieties must have

This journal is © The Royal Society of Chemistry 2023

been densely packed; therefore, more hydrophilic dendritic
OEGs covered the aggregates to shield the hydrophobic spiro-
pyran interiors, leading to a higher T.,. For MeG1-GA-SP with
the weakest propensity to form ordered assemblies, the hyster-
esis between heating and cooling was much smaller, since no
strong driving force is needed to dissolute the aggregates.
Through optical microscopy, the thermally induced aggrega-
tion of these DSPs in aqueous solutions was followed, and the
results are shown in Fig. S24;t large aggregates appeared when
the solution temperature increased above their Tcps.
Chiroptical properties of the aggregates from DSPs during
the thermally induced phase transition process were examined
with CD spectroscopy. SP-GA-MeG1 was taken as an example,
and its CD spectra are shown in Fig. 7b. With the increase of
solution temperature, the intensity of the Cotton effect at
380 nm decreased accordingly, and the DSP aggregates
became chirally silent at around 45 °C. The increase of solu-
tion temperature at the T, is accompanied by the following
changes: (1) a reduced H-bond, which reduced molecular
interactions for tight packing, (2) enhanced isomerization
from the SP state to the MC state, which reduced the amphi-
philicity of the DSP, and (3) more hydrophobic-collapsed den-
dritic OEG domains, which may enhance their interaction with
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Fig. 7 Plots of transmittance versus temperature for the aqueous solution (C = 1.0 mg mL™%) of SP-GA-MeG1 at a heating rate of 0.5 °C min~* (a).
CD and UV/vis spectra of aqueous solutions (0.3 mg mL™!) of SP-GA-MeG1 with the temperature increased from 10 to 45 °C (b) and decreased from
45 to 10 °C (c), and the first Cotton effect at 380 nm (0sg0) after several cycles of heating and cooling through irradiation with visible light (d).
Heating or cooling rate = 2.0 °C min~?; 4y;s > 450 nm. The inset in (a): photographs of the aqueous solutions below and above the Tep. Insets in (b)

and (c): plots of molar ellipticity (93g0) against temperature.

the spiropyran moieties. All these changes lead to weakened
aggregation for the DSPs and diminish the induced chirality.
This weakened chirality can be completely recovered when
cooling the solution back to below their T.,s and can be
helped by photo-irradiation with visible light, as shown in
Fig. 7c. Through alternate heating and cooling, with the help
of photo-irradiation by visible light, the supramolecular chiral-
ity from the assembly of DSPs is totally reversible. As shown in
Fig. 7d, the Cotton effect at 380 nm corresponding to spiro-
pyran moieties retains similar intensities after 10 heating and
cooling cycles, demonstrating the excellent reversibility of the
chiroptical properties for the assemblies from DSPs in water.
Similar chiroptical property transitions according to thermally
induced phase transitions were observed for SP-GA-EtG1,
SP-AG-MeG1 and MeG1-GA-SP, as shown in Fig. S25.F

NMR spectroscopy was utilized to follow the molecular level
thermal aggregation of the DSPs. SP-GA-MeG1 was taken as an
example, and its '"NMR spectra at different temperatures are
shown in Fig. 8a. At room temperature, proton signals from
spiropyran moieties were immersed inside the baseline, indi-
cating that spiropyran moieties were tightly wrapped inside
the aggregates. With the increase of solution temperature to

18064 | Nanoscale, 2023, 15, 18053-18067

45 °C, resolution of the proton signals from dendritic OEGs
became broader, indicative of their dehydration. However,
with further increases of solution temperature, the proton
signal intensities of spiropyran moieties increased, indicative
of their improved mobility due to the increase of temperature.
Simultaneously, the protons of dendritic OEGs split into two
groups: the resolved (d and a) from the swollen moieties and
the broad (d' and @') from the dehydrated ones. This finding is
similar to our previous report that the swollen dendritic OEGs
contribute to the solubility of the aggregates in water, while
the dehydrated ones combined with the hydrophobic spiro-
pyran moieties more intensively.>®> We propose that these two
states of dendritic OEGs should have exchanges with each
other due to the dynamic feature observed during the thermo-
responsive process, as demonstrated by others.>” Alternatively,
dendritic OEGs in the two states should change their pro-
portions according to the dehydration degree.*®*® The 'H
NMR spectra of SP-GA-EtG1, SP-AG-MeG1 and MeG1-GA-SP
illustrated a similar tendency for thermal dehydration, as
shown in Fig. S26.1 NOESY spectra further support the pre-
vious proposal. As shown in Fig. 8b and c, cross-coupling
between protons from the spiropyran moieties and the dendri-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr03729k

Published on 18 ottobre 2023. Downloaded on 09/11/2025 22:49:18.

Nanoscale

SP-H d‘
(a) 60°C — —d;

a
cre+irh+ '_m' A
\\I—L\ W

View Article Online

Paper

*

95 90 85 80 75 70 65 6.0 55

50 45 40 35 30 25 20 15 10 05 00

Chemical Shift (ppm)

cte+f+h+i D

ra
d o

w b
l Z0 -4

SP-H ct+e+f+h+i a°
——d o[ 53 g,i o

+.
L -5
+
—
+ 4 w000 | 6
[0}
- IR R - I
o 'S R0 an 2]
i ‘ 8.0 o o | i 8
0 .
o |
%) T T T T T T T T 9
9 8 T 6 5 4 3 2 1 ppm
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(b) and 50 °C (above the T,) (c) at a concentration of 5 mg mL™.

tic OEGs was very weak at room temperature, but became sig-
nificant at elevated temperatures. This again supports the
theory that the hydrophobic dehydrated dendritic OEG
domains tend to interact more strongly with the hydrophobic
spiropyran moieties. Similar tendencies were observed for
SP-GA-EtG1, SP-AG-MeG1 and MeG1-GA-SP, as illustrated in
Fig. S27.F

4. Conclusions

Creating intelligent supramolecular chiral assemblies is
important not only for providing insights into the assembly
mechanism, but also for providing new chiral materials for
appealing applications. In this report, we designed and syn-
thesized a series of DSPs that contain 3-fold dendritic OEGs
through an Ala-Gly dipeptide, and investigated their supramo-
lecular chiral assembly in water. Interestingly, supramolecular
nanospheres with sizes in the range of a few hundreds of
nanometers were formed, which exhibited remarkable supra-

This journal is © The Royal Society of Chemistry 2023

molecular chirality to a level of 1.0 x 10° deg em® dmol™".
Thanks to the embedded spiropyran moieties, these supramo-
lecular nanospheres showed photo-responsive chirality
through isomerization between the non-conjugated SP state
and the conjugated MC state, accompanied simultaneously by
solution color, absorption and emission changes. In particu-
lar, the solution color changes make it possible to follow the
isomerization process and chirality variations through appar-
ent solution changes. Thermally mediated dehydration and
collapse of the dendritic OEGs endowed the supramolecular
nanospheres with unprecedent thermoresponsiveness, and
their phase transition temperatures were found to be deter-
mined by the hydrophilicity of the DSPs and also the way den-
dritic OEGs shielded the interiors of the aggregates. The latter
should be very important especially when utilizing the supra-
molecular assemblies for chiral recognition or chiral separ-
ation, since the shielding effects from densely packed dendri-
tic OEGs may act as a molecular envelope to confine the
process. Both photo-irradiation and thermoresponsiveness
provided dual controls for the reversible tailoring of supramo-
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lecular chirality. Supramolecular chiral assembly in water may
pave a way for wider bioapplication prospects of these smart
chiral entities.
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