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Supramolecular self-assembly of metal complex
surfactants (MeCS) into micellar nanoscale reactors
in aqueous solutiony
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Surfactants are amphiphilic molecules that can form micellar structures with a hydrophobic core and
a hydrophilic corona in water. In this work, we combine the remarkable properties of photoactive metal
complexes with the supramolecular organization of surfactants to create photoactive vessels that
support photocatalytic processes in aqueous media, even for starting materials that are insoluble in
water. Herein, we report a library of photoactive metal complex surfactants (MeCSs) and their
photophysical and photochemical properties. These properties are modulated by the length of an alkyl
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Introduction

Metal polypyridyl complexes have been used for many applica-
tions over the past century due to their excellent photoredox
properties.’® In particular, metal complexes can form stable,
long-lived excited states upon photoexcitation, which facilitates
the interactions with substrates during the excited state, enabling
a variety of novel reactions under mild conditions.! For example,
the use of tris(2,2-bipyridine)ruthenium(u) ([Ru(bpy);]*") as
a visible light photoredox catalyst for organic synthesis has been
well studied.*”**> However, most of these reactions are diffusion-
controlled and typically performed in organic solvents due to
solubility constraints of substrates and catalysts. Recent efforts
have focused on the use of aqueous media to improve sustain-
ability in organic synthesis. Nevertheless, the use of water as
a medium for visible-light photocatalytic transformations has not
been thoroughly explored, partly due to the solubility challenges
of reactants."

Over the past several decades, many surfactants with novel
properties have been designed and synthesized for various

“Department of Chemistry, Rice University, Houston, Texas, 77005, USA. E-mail:
amarti@rice.edu

*Department of Chemical Engineering, The Russell Berrie Nanotechnology Institute,
Technion-Israel Institute of Technology, Haifa 3200003, Israel

‘Department of Chemical and Biomolecular Engineering, Rice University, Houston, TX
77005, USA

‘Department of Materials Science & Nanoengineering, Department of Bioengineering,
Rice University, Houston, TX. 77005, USA

+ Electronic  supplementary  information
https://doi.org/10.1039/d4s5c07623k

(ESI) available. See DOI:

3440 | Chem. Sci,, 2025, 16, 3440-3446

polypyridyl
hydroxytrifluoromethylation photocatalytic reaction was demonstrated in aqueous solution, suggesting

ligand of the metal complex. Finally, an alkene

the usefulness of metal complex surfactants for the development of green agueous photoreactions.

applications."™® Previously, we have shown that fluorescent
surfactants, such as rhodamine-B and eosin-Y attached to
aliphatic chains, can self-assemble into micelles.”” These fluo-
rescent surfactants were used for applications including cellular
imaging, labeling, and diffusion studies of nanotubes and
nanosheets.”?® Recently, amphiphilic metal complexes with
hydrophobic moieties on their ligands have been studied for
their stability in both ground and photoexcited states and their
rich redox/photophysical properties.”*>* Many of these studies
have primarily focused on double or multi-chain metal complex
surfactants, where the number of chains attached to the
surfactant leads to the formation of vesicles of micrometer
dimensions.”*** Pioneer work by the Lipshitz group in 2018
showed the use of amphiphilic metal complexes in photoredox
transformations in water, where they use a double-chain
iridium complex (attached to a modified CoQ,, group with an
aliphatic chain of 50 carbon atoms and a PEG group) forming
micelles around 50 nm in diameter for the sulfonation of
alkanes and enol acetates.?

In this work, we used a simple esterification reaction to
synthesize a single-chain metal complex surfactant (MeCS) with
a ruthenium polypyridyl cationic head and aliphatic groups of
different lengths (6, 10, 12, and 16 carbons; Scheme 1). These
ruthenium MeCSs were thoroughly characterized, allowing us to
correlate their photophysical properties (photoluminescence
quantum yield and lifetime) and their critical micelle concentra-
tion (CMC) with the chain length. Optimized ruthenium MeCSs
were used as a proof-of-concept for the photocatalytic hydroxy-
trifluoromethylation of aryl alkenes in aqueous solution. To the
best of our knowledge, no single study has comprehensively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Structure of Ru(i) surfactants (top) and assembled micelle
(bottom).

examined single-chain ruthenium amphiphiles, including their
synthesis, spectroscopic properties, self-aggregation behavior,
and photocatalytic applications in aqueous media. This work fills
that gap by providing a detailed investigation of these amphi-
philes, highlighting their nanoscale micelle formation (5-6 nm),
simple synthesis, and exceptional photophysical properties. In
the context of sustainable chemistry, MeCSs offer a promising
platform for photocatalytic reactions in water, enabling sustain-
able applications in pharmaceuticals and materials science.

Results and discussion

The minimum concentration needed for surfactant monomers
to assemble into micelles is called the CMC.* Once the micelles
form, their hydrophobic cores behave as nanoscale lipophilic
which is for photophysical and

vessels, convenient
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photocatalytic applications. Here, the pendant drop method
was used to determine the interfacial tension of aqueous solu-
tions with different surfactant concentrations.*® Increasing the
surfactant concentration decreases the surface tension of
a pendant drop due to the migration of the surfactant to the
interface between the drop and air (Fig. 1a). Once the CMC is
reached, the concentration of monomers at the interface (and
the surface tension) reaches a steady state, and any additional
surfactant assembles into micelles (Fig. 1b).*” Interestingly,
a decrease in the CMC is observed as the alkyl chain length
increases (Fig. 1c and S17). The increase in alkyl chain length
causes the surfactant to become more hydrophobic, promoting
the aggregation of MeCSs into micelles at lower concentrations
and decreasing the CMC.*

Cryo-TEM studies show that ruthenium surfactant Ru16C
forms spheroidal micelles in aqueous solution (Fig. 2a). Like-
wise, round spheroidal structures are observed for a 4 mM
solution of Ru12C, which is above the CMC. Images for Ru12C
are shown in Fig. S3.1 The micelles are readily visible given the
contrast of the ruthenium complex in the cryo-TEM and have
a mean diameter of 5.9 and 5.5 nm for Ru12C and Ru16C,
respectively (Fig. S41). The average hydrodynamic diameter of
Ru12C and Rul6C were also determined as 16.2 nm and
25.0 nm by using dynamic light scattering (DLS) (Fig. S57).
Mixed micelles with 20 mM cetrimonium bromide (CTAB) and
1 mM Ru16C can also be formed, as seen in Fig. 2b. Similarly to
Ru16C, CTAB is a cationic surfactant with a trimethylammo-
nium ionic head and an aliphatic tail of 16 carbon atoms,
similar in structure to Rul6C. The interfacial tension of the
mixture of Ru16C and CTAB with different dilutions was ob-
tained (Fig. S2t). Here, only one CMC value was observed, which
is consistent with the formation of mixed micelles containing
CTAB and Ru16C.

The absorption and emission spectra, photoluminescence
quantum yield, and luminescence lifetimes of MeCSs were
investigated in aqueous solution and compared to
[Ru(bpy)s]**.>*** All photophysical experiments of pure MeCS in
solution were performed in nitrogen-purged solutions to avoid
quenching by molecular oxygen** and below their CMC to
prevent potential self-quenching.**** CTAB was added to study
the effect of micelle formation on the MeCS properties. CTAB is
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Fig. 1 CMC determination by the pendant drop method. (a) Example of the pendant drop image used to determine the surface tension of the
different MeCS concentrations. (b) Surface tension for different concentrations of Rul0C (a ruthenium complex surfactant containing a decane
aliphatic chain). (c) Trends in CMC for the four surfactants as a function of the number of carbons in the aliphatic chain.
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Fig. 2 Cryo-TEM micrographs of Rul6C and Rul6C-CTAB in water. (a) 4 mM Rul6C micellar solution, and (b) a solution of 1 mM Rul6C and
20 mM CTAB. Dashed squares mark the magnified areas shown in the insets. Arrowheads point to globular surfactant micelles. '*' denotes the
perforated carbon film on the TEM grid that supports the vitrified solution.

optically transparent in the visible range and forms mixed
micelles with MeCSs, allowing a low MeCS concentration in the
micellar environment.

Spectroscopic studies show that ruthenium MeCSs present
similar absorption spectra to that reported for [Ru(bpy)s]** with
a broad metal-to-ligand charge transfer (MLCT) band around
460 nm.* Furthermore, it was also observed that the length of
the alkyl chain did not change the shape of the photo-
luminescence spectra of the various MeCSs. The absorption and
emission spectra of Rul6C are shown in Fig. S6.f Quantum
yields for the different ruthenium MeCS are included in Table 1.
As expected, the quantum yield for ruthenium MeCS in
nitrogen-purged solutions is remarkably higher than in air and
consistently increases with the number of carbon atoms in the
aliphatic chain. Photoluminescence lifetime experiments also
show an increase in the lifetime for all nitrogen-purged solu-
tions (Table 1), but not a strong dependance with alkyl chain
length. It is important to note that ruthenium MeCS in micelles
does not seem to suffer from self-quenching. Actually, the
quantum yield and photoluminescence lifetimes seem to be

relatively independent of whether the ruthenium MeCS is
monomeric or incorporated in CTAB micelles. This observation
contrasts with ruthenium complexes with two alkyl chains in
liposomes, where both the quantum yield and lifetimes are
significantly reduced, indicating a strong deactivation of the
excited state.”” These contrasting behaviors might be related to
the difference in size between micelles and liposomes, which
will affect the packing and interaction of the ruthenium
complexes in these environments. A more complete spectro-
scopic characterization of these systems would be necessary to
clarify these observations.

In the last 10 years, groundbreaking research has shown the
application of metallosurfactants in the production of solar
fuels,?”3*%%7 however, efforts to use metallosurfactants in
aqueous photocatalytic transformations of organic products are
less common.** Given their self-assembly, core hydrophobicity,
and outstanding photophysical properties, we studied the use
of MeCSs as nanoscale photoreactors for chemical reactions in
aqueous solution. As a proof-of-concept, we studied the
hydroxytrifluoromethylation of alkenes to evaluate the catalytic

Table 1 Photophysical properties of ruthenium surfactants in aqueous solution®

Sample Amax (l’ll’l’l) Afnrta]x (nm) ¢emb (air) ¢emb (NZ) Temc (IlS) (air) Temc (l’lS) (NZ)
Ru6C 466 684 0.012 0.057 168.2 £ 0.5 484 + 4%
Ru6C-CTAB 0.056 524 + 4¢
Ru10C 464 681 0.019 0.058 203.0 + 0.6 516 + 67
Ru10C-CTAB 0.093 490 + 57
Ru12C 462 684 0.023 0.124 231.6 = 0.6 532 +1
Ru12C-CTAB 0.097 546 £ 1
Ru16C 462 677 0.016 0.134 264.7 + 0.6 539 £1
Ru16C-CTAB 0.149 494 £ 1

“ The absorbance and emission spectra were obtained with ruthenium surfactant that was dissolved in water, and nitrogen-purged water at 298 K
(Aex = 460 nm). ? All the errors are less than 3%. © Unless otherwise indicated, the photoluminescence decays are monoexponential. ¢ The

n
luminescence decays are biexponential. The weighted mean lifetimes (z.n) were calculated according to Y (fit;), where f; is the fractional
i=1

contribution and 1; is the decay time.*
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efficiency of the ruthenium MeCSs, given the importance of
trifluoromethylation of small molecules in the pharmaceu-
tical**** and agrochemical industries.*

In 2012, the Akita group reported the use of photoactive
metal complexes as photoredox catalysts for the hydroxytri-
fluoromethylation of alkenes and further studies have now been
reported.”* However, these reactions were carried out in
organic solvents to fully solubilize the substrates. Since ruthe-
nium MeCSs have a ruthenium polypyridyl head group, as well
as good water solubility, these photoactive micellar structures
were used to initiate the desired hydroxytrifluoromethylation.
Ru16C was chosen as a photocatalyst due to its lowest CMC and
best photophysical properties (e.g., Tem and ¢ey,) among the
other synthesized surfactants.

We set out to use styrene (1.1 equiv.) as the model substrate,
Umemoto's reagent (2a, 2¢) and Togni's reagent (2b), tri-
fluoromethyl thianthrenium triflate (TT-CF;'OTf , 2d) as the
CF; source, and 1 mol% of Ru16C as the photoredox catalyst in
water (Table 2 and Fig. S77). All these experiments confirmed
the formation of 3,3,3-trifluoro-1-propan-1-ol (3) products.
Umemoto's reagent affords 3 with a higher yield (39%)
compared with the other trifluoromethylating reagents (Table 2,
entries 1, 2, and 4). Using chloride as the counterion of Ume-
moto's reagent further improved the yield to 54% as determined
by '°F NMR, which might be related to its higher water solubility
(Table 2, entry 3). Tuning the irradiation wavelength (from
456 nm to 427 nm) further increases the yield of 3 to 63% (Table

View Article Online
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2, entry 5). Interestingly, a yield of 84% was obtained when the
reaction was carried out at 4 °C, which indicates that 3 is
favored at lower reaction temperatures (Table 2, entry 6), likely
due to the inhibition of the thermal polymerization of styrene.>
A control experiment was run with [Ru(bpy);]Cl, as a photo-
catalyst and compared with the photocatalytic efficiency of
Ru16C. Under the same reaction conditions, [Ru(bpy)s;]Cl,
resulted in a 14% yield (Table 2, entry 7). Furthermore, even
with the combination of 1 mol% [Ru(bpy);]Cl, or Ru(bpy);](PFe)
2 and 1 mol% CTAB, the yield is still relatively low (55% and
20%, Table 2, entries 8 and 9). This established that the
ruthenium micellar system is necessary for obtaining an effi-
cient reaction in aqueous solution. Mixing [Ru(bpy)s]*" with
CTAB likely sequesters the metal complex inside the micelle,
limiting the number of photoactive centers in contact with the
reactants and reducing the effective volume of the nanovessel.
The photoactive surfactant assembling ensures a high concen-
tration of photoactive group at the surface of the micelle and
does not occupy space in the interior. Reactions using Ru10C
show only 35% conversion. At 0.5 mM concentration (1 mol%),
Rul0C is below the CMC and does not form micelles, sup-
porting the importance of micelle formation for efficient
catalysis. Other control experiments performed without light
(Table 2, entry 10), without Ru16C (Table 2, entry 11), and
without Umemoto's reagent (Table 2, entry 12) did not produce
3, confirming the importance of light, the Umemoto's reagent,
and Ru16C for the reaction to proceed. To broaden the substrate

Table 2 Optimization of hydroxytrifluoromethylation of styrene in water by ruthenium MeCS

photocatalyst (1mol%)

> phN\CFs
3

H,0, blue LEDs, 13h, Ar

2a CF3 BFs 2¢

@[‘ CleD

CF3 2d CF3 OoTf

CF3 cr

Entry” CF; reagent Photocatalyst Wavelength (nm) Yield® (%)
1 2a Ru16C 456 39

2 2b Ru16C 456 14

3 2¢ Ru16C 456 54

4 2d Ru16C 456 36

5 2¢ Ru16C 427 63

6" 2¢ Ru16C 427 84(80)7
7° 2¢ Ru(bpy);Cl, - 6H,0 427 14

- 2¢ Ru(bpy);Cl,-6H,O + CTAB 427 55

9’ 2¢ Ru(bpy);(PF), + CTAB 427 20

10 2¢ Ru16C None 0

11 2¢ None 456 0

12 None Rul16C 456 0

“ Reactions were conducted on a 0.1 mmol scale using Umemoto’s rea ent (1.0 equiv.), styrene (1.1 equiv.), photocatalyst Ru16C or [Ru(bpy) 1Cl,

(1.0 mol%), 13 h, rt, and LED hght (427 nm and 456 nm) (350 mW cm ™~ )
determined from 19F NMR using fluorobenzene as an NMR standard. ¢

© 2025 The Author(s). Published by the Royal Society of Chemistry

Reactions were run in a 4 °C fridge, see the details at ESL ¢ Yields were

Isolated yield shown in parentheses.
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OH
QNP RU16C (1 molt) CF,
] LRE @2\/

$ H,0, 427 nm, 4°C, 13h, Ar

>

S =
CF; CI
OH OH OH
4:72% 5:65% 6: 79%
OH OH OH
Fma al mF3 (©)\CF3
OH
7:82% 8:76% 9: 75%
OH OH OH
10: 58% 11:74% 12: 63% (d.r. 1:1)

Scheme 2 Substrate scope studies of the photocatalytic hydroxytri-
fluoromethylation of various styrene derivatives under the default
reaction condition. Yields are given as isolated products.

scope of aryl alkenes in the context of photocatalytic hydroxy-
trifluoromethylation employing Ru16C MeCs, various styrene
derivatives were tested and summarized in Scheme 2. Styrenes
bearing electron-donating groups at the para position, such as
methyl (4), tert-butyl (5), methoxyl (6), and hydroxymethyl (9), all
resulted in the corresponding products in good yields (65% to
80%). Furthermore, substrates bearing electron-withdrawing
groups at the para position, including fluoro (7), chloro (8),
nitrile group (10), and carboxylic group (11), were tolerated
under our conditions, giving the corresponding products in
moderate to good yields ranging 58% to 82%. Trans-G-methyl-
styrene was also examined, giving only one regioisomer (12) as
a mixture of two diastereomers (1:1 d.r.) in 63% yield. To
further illustrate the substrate scope and limitations of this
photocatalytic hydroxytrifluoromethylation, details on unreac-
tive and low-conversion substrates (S1-S6) have been included
in the ESL}

Mechanistically, the MeCS photocatalyst (e.g., Ru16C) rea-
ches a triplet MLCT excited state upon light absorption, which
is quenched by the Umemoto's reagent to generate a CF;
radical. The following addition of the CF; radical to the alkenes
can result in a transient radical intermediate, which can be
oxidized by the Ru(m) species, regenerating the photocatalyst
and producing a carbocation intermediate. Subsequently,
nucleophilic attack by water to the carbocation intermediate
affords the final product (Scheme 3).°*** In order to confirm the
formation of the CF; radical, one equivalent of the radical
scavenger 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was
added to the system under the default condition. The detection
of the TEMPO-CF; adduct on the ’F NMR (Fig. S81) corrobo-
rates the presence of CF; radical, which is consistent with the
radical reaction pathway in Scheme 3.

To further demonstrate the synthetic capability and adapt-
ability of MeCS photocatalyst in aqueous solution, Ru16C was

3444 | Chem. Sci., 2025, 16, 3440-3446
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Scheme 3 Proposed mechanism for the hydorxytrifluoromethylation
of styrene with ruthenium MeCSs.

OH
9 /Q/\RMGCU mol%), 0.1M CTAB o @/\/CFa
+ O’ —
5@ Cq')L H,0, 427 nm, rt., 21h, Ar o
CF3 Boc

‘Boc

2a 13 14 (42%)

Scheme 4 Hydroxytrifluoromethylation functionalization of boc-
proline derivative in water.

used to synthesize more structurally intricate molecules derived
from commercially available active pharmaceutical targets.
Since research has shown that 1-proline (and derivatives) exhibit
anticonvulsant properties,*® an n-(tert-butoxycarbonyl)-L-proline
derivative (13, Scheme 4), was chosen as substrate. In our initial
experiments, we found that the ruthenium MeCS concentration
used in the synthesis of 3 (1 mol% of Ru16C with respect to the
starting material) was insufficient to solubilize 13 effectively,
leading to a solubility challenge with increasing substrate
complexity. While increasing the concentration of MeCS could
address the solubility problem, it will also reduce light pene-
tration into the solution. To address this, we added 0.1 M of
CTAB, which is transparent to visible light, while maintaining
a relatively low photocatalyst concentration (ruthenium MeCS =
0.5 mM).”” This system afforded product 14 with 42% isolated
yield in aqueous solution.

To assess the sustainability of MeCS in the hydroxytri-
floromethylation of vinylbenzene derivatives we calculated the E
factor as described by Bu et al. (Scheme 5).** The E factor®® for
this photocatalytic reaction in water was calculated by

©/\ Ru16C (1 mol%) @/"QCFB .

S +
CF, H,0, 427 nm, 4°C, 13h, Ar
2c 1 3 3b
E factor = total waste (kg) =10.9

total product (kg)

Scheme 5 E factor calculation for the trifloromethylation reaction of
styrene by Rul6C MeCS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Hydroxylation of aryl boronic acids by Rul6C MeCS.

considering not only the use of organic solvents for the reaction
and subsequent product extraction but also the by-products
generated during the transformation. This more comprehen-
sive approach provides a more accurate measure of the proc-
ess's environmental impact. The E factor was determined to be
10.9, which is much lower compared to traditional reactions
performed in organic solvents® or alternative synthetic routes.>
A detailed calculation of the E factor for other synthetic strate-
gies applied to the same transformation is provided in the ESL}
Furthermore, we show that the catalyst can be recovered via
simple mini pipette column purification (Fig. S91) and reused
in a second reaction cycle, achieving a comparable yield (82%
vs. the initial 84%).

In addition to the hydroxytrifluoromethylation of styrene
derivatives, Ru16C MeCS was found to be effective in promoting
the hydroxylation of aryl boronic acids (Scheme 6).°° This
transformation was achieved under mild conditions with good
yields, demonstrating the broad applicability of the catalyst.
Detailed reaction conditions and product characterization are
provided in the ESL¥

In conclusion, we report here a photoactive MeCS family that
uses ruthenium metal complexes as a headgroup. The hydro-
phobicity of each MeCS was modulated by varying the length of
the alkyl chain attached to the metal complex, yet all the
synthesized MeCS remained highly soluble in water. The length
of the aliphatic chain directly modulates the formation of the
micelles, with CMC values as low as 380 uM for the ruthenium
MeCS with the longest aliphatic chain. Our results show that the
length of the alkyl chain has no significant effect on the
absorption spectra, emission spectra, and photoluminescence
lifetimes of the MeCSs. However, the quantum yield seems to
increase with the length of the alkyl chain and appears to be
unaffected by their incorporations in CTAB micelles. This
contrasts with previous reports of double-chain ruthenium
amphiphiles, where the quantum yield and lifetimes are
significantly affected by their incorporation into vesicles. After
evaluating the photophysical and CMC properties of each
surfactant, Ru16C was selected for the photocatalytic hydroxy-
trifluoromethylation of aromatic olefins in aqueous solution
due to its superior photophysical properties and lower CMC,
with yields up to 84%. Furthermore, Ru16C can be applied in
other transformation reactions in water, such as the hydroxyl-
ation of aryl boronic acids, demonstrating the versatility of
MeCS. In water, the micelles’ hydrophobic core serves as reac-
tion vessels for substrates, and the hydrophilic surface func-
tions as the photocatalyst. Our MeCS forms micelles in the
range of 6 nm in diameter, which highlights the remarkable
proximity effects that can occur in this micellar catalytic system.
This is expected to enhance the interactions between the metal
complex head group (photocatalyst) and the substrate. Finally,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the recyclability of Ru16C and the use of water as a solvent
significantly improve the system's sustainability.
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