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ABSTRACT: Triggering C-H bond photoactivation reactions inside enzyme-like nanocavities 

will enable development of green methods to carry out selective organic transformations in 

water. Recently it was shown that host-guest charge transfer interactions inside water-soluble 

cationic nanocages can be used to drive ultrafast C-H bond photoactivation to catalytically form 

selective products in water via a sequential proton-coupled electron transfer (PCET) reaction. 

However, the primary structural events after light absorption that couple the electron and proton 

transfer steps during the PCET process has remained elusive, thereby limiting the diversity of 

Cage-confined photoredox catalysis in water. Here we employ structure-sensitive femtosecond 

stimulated Raman spectroscopy to track the PCET driven catalytic photoactivation of C-H bond 

in Cage-confined 5-(5-methylthiophene-2-yl)-thiophene-carbaldehyde (BTMC), and its 

subsequent selective oxidation to the corresponding aldehyde at room temperature in water. 

Resonance-selective Raman snapshots of the photogenerated radical cation reveal the rich 

vibrational dynamics of the bithiophene rings leading up to formation of a neutral radical at the 

methyl-carbon site while suggesting a kinetic heterogeneity of the deprotonation event. In 

combination with broadband transient absorption and solvent water kinetic isotope effects, we 

demonstrate a key role of the pre-organized water-cluster around the host-guest complex during 

the C-H bond photoactivation. Our work illustrates the significance of controlling the guest self-

assembly inside the Cage to tune the rate of preorganized proton-transfer, and therefore opens a 

temporal framework for developing universal PCET-guided photoredox transformations in 

water.

KEYWORDS: Femtosecond Stimulated Raman Spectroscopy, C-H bond photoactivation, 

PCET, broadband transient absorption spectroscopy, organic catalysis in water

Page 2 of 32Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
6.

 D
ow

nl
oa

de
d 

on
 1

6.
02

.2
02

6 
13

:1
0:

49
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5SC05247E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05247e


3

Introduction 

The most fundamental detail of any chemical reaction lies in the intricate electronic and 

structural details of its bond-breaking and/or bond-making steps1. It has been chemists’ dream to 

visualize the nuclear dynamics that drive product formation in well-known organic 

transformations2-6. Selective C-H bond activation7-9 represents a grand chemistry challenge as it 

promises to allow atom economy during organic synthesis10, 11. Classically, C-H activation has 

been catalytically achieved at metal centers where ligand-to-metal charge transfer interactions 

(see Figure 1) play a crucial role in breaking the C-H bond12, 13. Recently, time-resolved X-ray 

absorption spectroscopy was used to resolve the orbital-based description of the ligand-to-metal 

charge transfer interactions14. It has been elaborated that such specific and preorganized metal-

ligand charge transfer interactions are necessary for widely diverse C-H bond activation 

reactions15.  

An alternate way for executing any generic X-H (X= O, N, S or C atom) bond cleavage is 

through a combination of electron transfer (ET) and proton transfer (PT) steps in pre-organized 

donor-acceptor systems16-18. Confinement of redox complementary organic substrates inside a 

supramolecular host cavity allows for formation of host-guest donor-acceptor charge transfer 

interactions19-22 23-25 (Figure 1). Recently, it was demonstrated that photoexciting such water-

soluble host-guest complexes with prominent CT interactions can drive X-H bond-activation 

chemistry via a sequential proton-coupled electron transfer (PCET) mechanism24, 25. It was 

hypothesized that the pre-organized water molecules around the supramolecular nanocavities 

enable O-H and N-H bond cleavage reactions within ~900 fs and ~3 ps respectively, via 
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photoinduced PCET24. Using this conceptual framework, Das et al. reported that ultrafast C-H 

bond photoactivation within tens of picoseconds could be performed inside a cationic, water-

soluble supramolecular host nanocavity26. With such a photoredox scheme, the first selective 

transformation of toluene to benzaldehyde under ambient conditions,26 mimicking the typical 

enzymatic turnover in water was achieved. However, a clear understanding of all the primary 

light-induced events, especially the structural dynamics in such a complex nanocavity has 

remained a critical challenge. More specifically a comprehensive view of the reaction coordinate 

that drives the sequential photoinduced PCET process has remained elusive. Therefore, it is 

imperative to watch the non-equilibrium events driving the sequential PCET while providing an 

experimental test-bed for the theory proposed by Hammes-Schiffer and co-workers27 on defining 

a single solvent fluctuation coordinate even for photoinduced PCET reactions28. Elucidation of 

this fundamental reaction coordinate(s) would consequently lead to a rational design principle for 

a universal scheme of driving PCET-guided photoredox catalysis in water. 

Figure 1: Conceptual figure depicting C-H activation routes. (top) The traditional C-H bond 
activation at metal sites; and (bottom) the novel host-guest charge transfer method for ultrafast 
photoactivation of the C-H bond. The fate of C-H bond for metal catalyst-based activation is the 
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formation of metal-carbon bond/ complex while for ultrafast photoactivation, a confined C-centered 
neutral radical is the transient product.  

Ultrafast vibrational spectroscopy has been used to track structural changes accompanied 

during photoinduced bond breaking steps in many chemical and biological reactions29-31. For 

condensed phase reactions, time-resolved Raman in its variants has been hugely successful due 

to its selectivity of transient states via the resonance enhancement32. Compelling demonstrations 

of probing structural dynamics have been shown in diverse reactions such as CT reactions in 

conjugated polymers33-35, photoisomerization reactions in proteins36, 37 and excited state proton 

transfer reaction in GFP38. Additionally, in all these examples transient Raman spectroscopy 

enabled watching the reaction coordinate(s) which allowed for further tuning of the reaction 

efficiency of the chemical processes. Herein we use femtosecond stimulated Raman 

spectroscopy (FSRS)39 to watch C-H bond cleavage reaction inside water-soluble nanocage for 

the first time, and interrogate the role of the pre-organized water cluster during the sequential 

photoinduced PCET process. 

Substituted thiophenes as well as oligothiophenes of different chain length are highly 

useful for optoelectronic and photodynamic therapy applications although the fundamental 

organic transformations on the thiophene backbone are challenging due to their enhanced 

oxidative reactivity40, 41.The paucity of selective C-H activation schemes for converting -CH3 

groups on thiophenes to reactive functional groups like aldehydes in one-step at room 

temperature are rare. To visualize the C-H bond cleavage, we chose 5-(5-methylthiophene-2-yl)-

thiophene-carbaldehyde (BTMC) substrate which has a pendant CH3 group (Figure 1) and 

confined it inside a water-soluble Pd6L4
12+ nanocavity42. Our choice of methyl-substituted 

bithiophene therefore was to provide a proof-of-concept C-H bond photoactivation reaction 

while exploiting the large Raman cross-section enabling sensitive visualization of photoinduced 
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structural dynamics. Incarceration of BTMC inside the host nanocage enables the generation of a 

visible host-guest CT state. Photoexcitation at the CT band triggers the C-H bond 

photoactivation step through the sequential proton-coupled electron transfer reaction. The whole 

reaction trajectory was probed in real-time using transient absorption and stimulated Raman 

spectroscopy which captured the radical cation and the neutral radical states through the changes 

at the methyl C-10 site. The FSRS spectral changes indicate that the proton transfer step occurs 

from the C10-H bond to form a stable C-centred neutral radical, highly conjugated with the 

bithiophene backbone, and it has an electronic structure that equilibrates with the solvent shell in 

~65 ps. The emergence of neutral radical like Raman features as early in tens of picoseconds in 

the FSRS data provides critical information about the significance of the orientational 

heterogeneity of the water cluster around the nanocage which drives the C-H bond 

photoactivation via sequential PCET. Our work, therefore, provides in-depth mechanistic view 

for the first example of a selective photo-catalytic oxidation of a methyl group to an aldehyde on 

a thiophene backbone in water under ambient conditions.

Results and Discussions

Host-Guest Complexation: The host cationic nanocage Pd6L4
12+ (L= tri-pyridyl-triazine; TPT) 

was synthesized by following the reported protocols42 with some modifications (details of the 

synthesis has been provided in Supporting Information). The nanocage was characterized by 

carrying out 1H-NMR spectroscopy to check the integrity of the self-assembled Cage (Figure 

S1). We prepared the host-guest complex by mixing 5-equivalents of BTMC in 2.5 mM aqueous 

solution of the Cage (see Figure 2a) and stirring the solution for 30 minutes. To check the 

incarceration of BTMC inside Cage, we carried out 1H-NMR spectroscopy after filtering excess 

guest from yellow-coloured solution. Figure 2b shows the NMR spectra of BTMCCage in 
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D2O. The peak marked in green comes from the molecule inside the Cage while the Cage 

protons (assignment in SI Figure S1) are marked in red. We see that all the guest protons are 

upfield shifted inside cavity as compared to the free molecule 1H NMR spectra in CDCl3 (Figure 

S2). The -CH3 proton in BTMCCage comes at 1.26 ppm as compared to 2.51 ppm in free 

BTMC in CDCl3. The unequivocal upfield shift can only be explained by the shielding effect of 

the cavity on the molecule. 1H NMR binding titration was performed to study the host–guest 

complexation behaviour between the host Cage and BTMC guest. Increasing amounts of BTMC 

were added to 2.5 mM Cage in D2O, and the 1H NMR spectra were recorded. Slight changes in 

chemical shift values were seen for the Cage aromatic protons. Relative peak area integration in 

both host and guest protons indicated complex formation in 1:1 stoichiometry as shown in Figure 

S3 & S4. 
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Figure 2: Characterization of Host-Guest Complex and Photo-redox Reaction. (a) Concept of 
incarceration of BTMC inside water soluble Cage. (b) NMR characterization of host-guest complexation. 
The green colored peaks denote the molecule NMR inside cavity. (c) Absorption of BTMCCage is 
shown (red trace) with comparison to free Cage (black trace) and BTMC in CHCl3 (green trace). (d) 
GCMS trace showing product formation after photoreaction of BTMCCage.

Steady-state absorption measurements were done to characterize the optical features of 

the host-guest complex. Figure 2c shows the absorption of Cage (black trace), free BTMC 

molecule in CHCl3 (green trace) and the host-guest complex (red trace) in the wavelength range 

from 240 nm to 600 nm. The free cavity in water shows an absorption maximum at 256 nm 

tailing to 380 nm. Free BTMC in CHCl3 has an absorption maximum at 370 nm while it extends 

up to 420 nm (as shown in Figure S5). The host-guest complex of BTMCCage having a 

distinct yellow color has absorption features of both free cavity (maximum at 256 nm) and 

individual molecule absorption at 370 nm along with an extended band which now goes up to 

450 nm (as shown in the inset of Figure 2c). The broadening of the absorption spectrum indicates 

the formation of a host-guest complex which leads to the intense yellow color of the solution. 

Previous work has shown that such extended absorption features can have charge transfer 

character19, 24, 26 although in this case, the local excitations of the molecule could also be 

broadened due to Cage incarceration and heterogeneity of packing. However, it is unequivocal 

that the host-guest complex between an electron rich bithiophene molecule and the electron 

deficient Cage is stable, and can be photoexcited for carrying out C-H bond oxidation reaction as 

shown previously for toluene incarcerated in Cage26.

Selective photoproduct upon visible light excitation: In order to test the C-H bond 

photoactivation reaction, we irradiated the aqueous solution containing 12.5 mM BTMC with 20 

mol% Cage with 400 nm LED light (50 mW) source for 24 hrs. We observed the color change at 

the end of reaction while the photoproducts were extracted in CHCl3 and analyzed by GCMS and 

Page 8 of 32Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
 2

02
6.

 D
ow

nl
oa

de
d 

on
 1

6.
02

.2
02

6 
13

:1
0:

49
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5SC05247E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05247e


9

1H NMR spectroscopy. Figure 2d shows the product distribution with the GC retention time. We 

observe only one product with a mass of 222 Da which was identified as the oxidized product, 

2,2’bithiophene-5,5-carbaldehyde and also confirmed by 1H NMR spectra (Figure S6 & S7). The 

formation of a single selective photoproduct via oxidative functionalization of the -CH3 group to 

–CHO is analogous to the toluene oxidation to benzaldehyde 26. It should be noted that such 

selective transformations in substrates with thiophene backbone has been challenging43-45 . The 

mechanism to explain this oxidized product formation should therefore involve formation of a 

neutral radical on the -CH3 group triggered by PCET driven C-H activation followed by reaction 

with dioxygen gas in ambient conditions26, 46. To confirm the role of oxygen in the photoreaction, 

we performed the reaction in both ambient and inert (under argon atmosphere) conditions. We 

found negligible product formation under inert conditions showing the role of oxygen in photo-

oxidation as characterized by GCMS and 1H NMR spectroscopy (SI figure S6 and S7). We also 

monitored the photoreaction in D2O without extracting unreacted substrate and aldehyde 

photoproduct. The 1H-NMR shows decrease in BTMC guest proton peaks, and appearance of 

new proton peaks corresponding to the product as shown in Figure S8 & S9. To confirm the 

photoinduced sequential PCET mechanism in case of BTMCCage complex, we have next 

performed transient absorption spectroscopy and FSRS.

Excited state dynamics of BTMCCage: To track the dynamics of potential radical 

intermediates at the -CH3 site in BTMC after host-guest photoinduced charge transfer, transient 

absorption (TA) spectroscopy was carried out. Femtosecond transient absorption traces of 

BTMCCage subsequent to photoexcitation at 400 nm were recorded in both H2O and D2O. 

Figure 3a shows the TA traces in the probing window between 430 nm to 800 nm from 

negative100 fs to 300 ps in H2O. We observe a rise in the excited state absorption feature (ESA) 
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having maxima at 458 nm till ~1 ps. Along with the sharp absorption feature, there is also a 

broad absorption feature throughout the visible region with lower oscillator strength up to 750 

nm. Our TA feature matched with the known bithiophene radical cation spectra from previous 

flash photolysis experiments47. We, however, observed a slight red-shifted spectrum due to the 

additional48 chemical appendages on the molecule such as the -CH3 and –CHO moieties as well 

as being incarcerated inside a cationic cavity with host-guest interactions. Such red-shifts have 

been previously observed for radical cation spectra associated with poly-aromatic hydrocarbons 

inside the Cage26. Thus, the TA features could be assigned to the formation and decay of BTMC 

radical cation inside cavity. The entire ESA decays by 100 ps where there is a change in the 

absorption feature, and by 300 ps we see that there’s a very low oscillator strength absorption 

remaining in the blue side of the probe region from 440 nm to 500 nm. 

In order to test a possible protonation/deprotonation step after the radical cation 

formation, we also measured the TA traces for BTMCCage in D2O (Figure 3b). We find that 

exactly similar features were obtained although with a slightly modified kinetics. The inherent 

dynamics of states were deconvoluted from the entire TA spectral dataset using a three-state 

sequential model by singular value decomposition (SVD) to obtain the lifetime and absorption 

spectra of each species (details in supporting information). Figure 3c and 3d shows the evolution 

associated spectra (EAS) of all the components and their respective lifetimes in both H2O and 

D2O. The green spectral trace represents the host-guest complex local excited (LE) state whose 

lifetime is ~300 fs. Although one would expect that the 400 nm photo-excitation leads to S1 of 

the BTMC molecule but the electronic structure of the incarcerated BTMC molecule could have 

charge transfer character already mixed in. Therefore, in all subsequent discussions in the 

manuscript, we assigned the LE to have a CT character inside the Cage, and its evolution to 
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11

radical cation state only arises after a formal electron transfer (ET) to the Cage. This ET 

timescale of ~300 fs is independent of solvent isotope effect. The red trace shows radical cation 

absorption of BTMCCage with a lifetime of ~60 ps in H2O. Interestingly, spectrum for the 

radical cation state bears close similarity to the spectrum assigned for the LE state which 

indicates that the initial excited state has a strong hybridization of the BTMC and the Cage 

molecular orbitals due to charge transfer character. The decay of this radical cation is expected to 

be via deprotonation of the -CH3 group of BTMC molecule, thereby giving rise to the neutral C-

site radical. This deprotonation happens due to the presence of pre-organized solvent shell of 

water molecules which acts as a proton acceptor. Hence, a secondary KIE is expected when we 

change the solvent from H2O to D2O with dependence of BTMC radical cation lifetime. 
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12

Figure 3: Transient Absorption Spectra and Dynamics. Fs-ns transient absorption of BTMCCage in 
the probe region of 430-800 nm on 400 nm excitation in (a) H2O and (b) D2O. SVD of the entire spectra 
into three state sequential model showing the evolution associated spectra in (c) H2O and (d) D2O. (e) 
Reaction mechanism of sequential PCET of BTMCCage as observed from fs-ns TA.

Although the initial electron transfer timescale of 300 fs remains same in D2O (green 

trace in Figure 3d), the radical cation (red trace in Figure 3d) lifetime is now elongated to ~83 ps 

showing a secondary KIE of 1.38. Such a KIE is expected for the sequential PCET reaction 49. A 

single point kinetics clearly showing slower decay of radical cation state at 460 nm in D2O vs 

H2O is shown in Figure S10. Thus, indeed there is a deprotonation step involved as seen from the 

H2O vs D2O dependence of the dynamics of BTMC radical cation in cavity. In both H2O and 

D2O there is a long-lived component (blue trace in Figure 3c and 3d) with a low oscillator 
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strength which is presumably the BTMC neutral radical spectrum inside the Cage cavity. The 

global analysis along with single point kinetics showing the quality of data fitting presented in 

Figure S11 and Figure S12.

We also probed the NIR region to observe the extent of the radical cation spectrum and to 

monitor the host-guest CT state dynamics. The transient absorption in the NIR region is shown in 

Figure S13. Evolution in the absorption spectra is shown from negative 100 fs to 300 ps in H2O. 

We find a blue shift of the entire spectra with time. This feature in the NIR region has been 

assigned to a coupled host-guest radical cation and radical anion state based on previous work24. 

The blue shift of the transient spectrum describes the solvent reorganization in the host-guest 

charge transfer excited state. A single point kinetics at 880 nm of the TA data (Figure S13, b and 

c) shows a rise time of 1.55 ps which is the solvent reorganization timescale in H2O and 1.77 ps 

in D2O. A similar KIE is seen in the decay of the radical cation state showing deprotonation. 

Thus, from our TA measurements, we conclude that upon excitation of the host-guest complex 

with the 400 nm excitation there is an electron transfer representing host-guest charge transfer 

with ~300 fs timescale which gives rise to the radical cation state which then undergoes 

deprotonation showing a secondary KIE of 1.38 to give a neutral radical state. Figure 3e shows 

the probable pathway for radical formation through steps of electron transfer and proton transfer 

as also previously observed in such host guest systems. Thus, an ET followed by a PT which 

shows significant secondary kinetic isotope effect (KIE) marks for a sequential PCET 

mechanism.

In order to ascertain that the excited state dynamics arises indeed due to charge transfer 

process from confined BTMC molecule, excited state dynamics of free BTMC in CHCl3 was 

studied after photoexcitation. From the steady-state absorption and emission spectra of BTMC in 
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CHCl3 (Figure S5), we see a strong emission of the free molecule with emission maxima at 436 

nm. The fluorescence lifetime as measured by TCSPC with an IRF of ~60 ps (Figure S14) shows 

a decay of 1.39 ns for an emissive state that rises with a ~57 ps time-constant. The data indicates 

that the local S1 state in BTMC is long lived till 1.39 ns with an internal conversion timescale of 

57 ps within singlet states. Broadband transient absorption measurement of BTMC in CHCl3 

(Figure S15) shows a rise time of ~24 ps in the ESA which subsequently leads to a biexponential 

decay with time constants of 1.2 ns (53%) and >2 ns (47%) (single point kinetics in Figure S16). 

The ~24 ps timescale is the same process that was clocked by TCSPC with a much poor time 

resolution. It is well known for bithiophene frameworks that intramolecular charge transfer 

states33, 50 can form in tens of picoseconds which can be polarity sensitive. Therefore, the rise 

time of ~24 ps which apparently corresponds to evolution to an emissive singlet state which is 

attributed to planarization of the bithiophene backbone as well as solvent reorganization on the 

excited state. The longer timescale dynamics were probed using nanosecond-microsecond 

transient absorption spectroscopy. Figure S17 shows the spectra collected between 1 nanosecond 

to 300 nanoseconds which is a signature of long-lived triplet state. Single point kinetics at 480 

nm shows a biexponential decay of first a singlet state decay of 1.35 ns while a triplet state is 

observed with 224 ns lifetime (Figure S18). The formation of BTMC triplets in CHCl3 contrasts 

to the dynamics of the sequential PCET pathway of BTMC⸦Cage solution which ultimately 

leads to C-H bond photoactivation. 

FSRS dynamics during C-H bond activation: To watch the structural changes as the sp3 -CH3 

site evolves to sp2 -ĊH2 radical, we carry out FSRS to capture the Raman snapshots of the 

photoinduced sequential PCET chemistry. We assigned all the ground state Raman features of 

the host-guest complex using spontaneous CW Raman measurements. Raman spectra of free 
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Cage and BTMC⸦Cage were recorded under CW laser irradiation of 488 nm to assign the Cage 

modes,19 and the BTMC molecular modes inside the cavity-confinement in ground state (Figure 

S19). We separately collected the stimulated Raman spectrum with 814 nm Raman pump 

(additional information about stimulated Raman experiment is provided in SI) for both 5 mM 

BTMC in DCM (Figure 4a; black trace) and 5 mM Cage in H2O (Figure 4b; blue trace) in the 

ground state (all analysis procedures are described in SI). In order to assign the normal modes in 

the ground state, electronic structure optimization along with normal mode analysis of BTMC 

was done using DFT at cam-B3LYP/6-31g(d) while the Cage modes were already established 

from previous work19. Figure 4a shows the ground state stimulated Raman spectrum for the 

BTMC and its normal mode description (Figure S20) with the most intense Raman modes. In 

figure 4b, the ground state stimulated Raman spectrum of BTMC⸦Cage complex was then fitted 

to Gaussian peak fits to get a fitted spectrum (red line in Figure 4b). The 1475 cm-1 mode arises 

from the symmetric C=C stretching of the thiophene rings while both the 1425 cm-1 and 1557 

cm-1 modes come from asymmetric C=C stretching of the thiophene rings (Figure 4a and Figure 

S20). The 1668 cm-1 mode is assigned to the C=O stretching of the aldehyde group. Many of the 

BTMC modes inside the cavity were prominently observed with 1472 cm-1 being the highest 

Raman active mode (Figure 4b). This mode however was 3 cm-1 red-shifted potentially due to 

the interactions with the cationic nanocage. In addition, the asymmetric C=C stretch was 2 cm-1 

red-shifted while the 1655 cm-1 mode assigned to the C=O stretch was 13 cm-1 red-shifted from 

the observed frequency in DCM. The large red-shift in the C=O stretch arises from the hydrogen 

bonding interactions19 of the aldehyde group with the surrounding water molecules that may be 

at the interface of the pores in the cavity. 
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Figure 4: Transient Raman Snapshots of C-H bond Breaking. (a) The ground state 
stimulated Raman spectrum of the free BTMC in dichloromethane (DCM) is compared to the 
computational Raman spectrum. The principal modes are all marked. (b) Ground state stimulated 
Raman spectra of only Cage and BTMC incarcerated inside the Cage; the latter shows both the 
Raman features of the guest and the Cage. (c) Resonance selective transient stimulated Raman 
spectra of BTMC radical cation as it undergoes sequential proton-coupled electron transfer.

To understand the excited state structural changes associated with the steps of radical 

cation formation and its evolution to a neutral radical state through sequential PCET, time-

resolved stimulated Raman spectra (see details in SI) were recorded subsequent to 400 nm 

femtosecond pump pulse excitation. The Raman excitation pulse was kept at 814 nm which was 

at pre-resonance with the excited state absorption of the radical cation feature at ~750 nm 

extending up to NIR region. This ensures that the resonance Raman features of the radical cation 

state will dominate over all other modes including the Cage features. Figure 4c shows the 

evolution of the excited state FSRS spectra at various time delays. The excited state Raman 
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features were extracted after few steps of data handling which involved ground state removal by 

1:1 subtraction and baseline correction as elaborated in supporting information. We observe that 

the excited Raman peaks take time to build up after the formal t=0 after photoexcitation. The 

initial time traces from 200 fs to 3 ps in Figure 4c show spectral features in three distinct regions: 

(a) features at 1514 cm-1 and 1432 cm-1, (b) a feature at ~1215 cm-1 and (c) a broad feature at 

~990 cm-1. It is well known that the high frequency modes around 1400-1600 cm-1 arises from 

the C=C stretching frequencies of the bithiophene ring radical cation state as reported in 

literature 48. The sub-picosecond risetime of these features indicates that stimulated Raman 

spectral features of the neutral excited state (LE) are potentially buried under the resonance-

enhanced radical cation Raman spectra although we did carry out singular value decomposition 

to extract the LE features. The lower frequency modes at 989 cm-1 and 1222 cm-1 are assigned to 

C-H bending modes coupled to the C=C stretches. In the later time points from 10 ps to 75 ps, 

we observe intensity decay of the high frequency modes while new lower frequency modes seem 

to appear at 1040 and 1181 cm-1. The observed changes in the relative spectral intensities and 

frequencies of the modes clearly indicate structural evolution of the bithiophene backbone during 

the C-H bond activation chemistry.

In order to analyze the dynamics of the modes, we carried out kinetic fits for the major 

peaks as well as global fits to the entire FSRS data. The most intense Raman modes at 1432 and 

1514 cm-1 in Figure 4c potentially mark the rise and decay of radical cation state. Figure S21 

shows the decay of the integrated areas of the peaks at 1432 and 1514 cm-1 respectively. A rise 

time of ~0.6 ps and a mono-exponential decay of 30 ± 10 ps were observed for the integrated 

peak area of the 1514 cm-1 mode. It should be noted here that the large errors on the fits reflect 

the peak area scatter on the obtained experimental data. The 1432 cm-1 mode however showed a 
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rise-time of 2 ps with a decay of 40 ± 10 ps. Thus, the dynamics of our FSRS data shows a 

dispersion of timescales for both the modes while indicating perhaps a faster 30-40 ps decay of 

radical cation as compared to the ~60 ps decay observed from our TA experiments. 

To increase the robustness of timescales associated with radical cation decay from FSRS 

experiments compared to TA, we globally analyzed the FSRS data using 3-state sequential 

model analogous to the TA dataset. We found that we can globally fit the data with 3 individual 

components, and extract stimulated Raman spectra of the host-guest complex LE state, the 

radical cation state and the neutral radical state. We find that for LE state lifetime of 2-3 ps fits 

well to the data while being similar to the TA data. Our fits for the radical cation show that when 

radical cation lifetimes are varied between 14-30 ps, the obtained deconvoluted stimulated 

Raman spectra of all the three states are robust. The stimulated Raman spectrum of the LE, 

radical cation and neutral radical states are plotted in Figure 5. Both single pointkinetics and 

kinetics from SVD are shown in supporting information Figure S21 and S22. If we constrain the 

radical cation lifetime beyond 30 ps, we immediately observe that the fits are not good enough as 

well as the deconvolved Raman spectra has baseline artifacts since the FSRS dataset beyond 75 

ps has low S/N ratio. The deconvoluted radical cation Raman spectrum is characterized by 

intense modes at 985 cm-1, 1216 cm-1, 1430 cm-1 and 1510 cm-1. This spectrum has modes which 

compares well with the experimental resonance Raman data of the bithiophene radical cation 

spectrum obtained by Jensen et al using nanosecond time-resolved Raman spectroscopy with 425 

nm excitation at low temperature47. Peaks at 1535, 1435, 1358, 1276, 1219, 1166, 1070 and 979 

cm-1 respectively characterize the experimental radical cation Raman spectrum from previous 

work. Our peaks at 1510, 1430, 1216, 1186, 1046 and 985 cm-1 make the FSRS obtained spectra 

a reasonable match although our spectral resolution is ~16 cm-1 while the peak widths are ~30-40 
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cm-1. It should be noted that CT interactions with Cage as well as interaction with water 

potentially can shift the mode frequencies in radical cation state although most of the modes 

have similar peak positions. The extracted neutral radical Raman spectrum resembles the spectra 

in the raw FSRS data which remains after 30 ps characterized by two main features at 972 cm-1 

with a 1022 cm-1 shoulder and at 1197 cm-1 as the major modes with low intensity transitions at 

1420 cm-1 and 1480 cm-1 respectively. It is reasonably clear that removal of the proton from the -

CH3 group would extend the conjugation of the thiophene rings to the -CH2 group, thereby 

enhancing the relative intensity of the C-H in-plane bends at ~900-1100 cm-1 region.

Interestingly, we could also deduce an LE state Raman spectra which seems to have very 

similar to the characteristic features to the radical cation Raman spectrum although with lower 

signal-to-noise ratio. Thematically, it matched well to our TA data which also shows spectral 

similarity of the initial LE state which already has a charge transfer or a partial radical cation 

character. In fact, both FSRS and TA suggest that CT interactions of BTMC with the Cage 

sufficiently modifies the excited states accesses with 400 nm pump pulse so that we see the 

precursor CT state before the radical cation formation. Since resonance FSRS dominates along 

with larger Raman cross section of a potentially planar radical cation framework, the radical 

cation spectra is more sensitively detected and dominates any observable LE state of the host-

guest complex with neutral BTMC. In summary, using global analysis, we robustly enunciate the 

Raman spectrum of the proton-abstracted neutral radical which is very distinct from the radical 

cation state marking the loss of the proton from the -CH3 group. It also uncovered that the proton 

transfer (PT) timescales can be heterogeneous in tens of picoseconds as determined by the 

combination of femtosecond stimulated Raman and transient absorption spectroscopies. 
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 In an attempt to assign the excited state modes, electronic structure optimization with 

normal mode analysis was done for BTMC in gas phase since vibrational calculations for host-

guest CT states are computationally challenging. For best comparison, we still computed the 

Raman spectrum of the locally excited S1 state for BTMC molecules, an artificially created 

BTMC radical cation in its D0 and D1 states, and the corresponding neutral radical in its D0 and 

D1 states respectively. We compared our FSRS data to the computed Raman spectra for the D0 

state since it is energetically accessible from the LE of the BTMC molecule. The changes in the 

bond lengths and dihedral angles for all the optimized geometries are given in Figure S23. The 

computed Raman spectra for S1 of BTMC, D0/D1 of radical cation BTMC and D0/D1 of BTMC 

radical are compared while the comparison with ground state is shown in Figure S24. As 

expected, the extracted FSRS spectrum of the LE state does not match the computational 

vibrational spectra in the S1 state of isolated neutral BTMC molecule. This is observed because 

upon incarceration of BTMC in Cage and excitation with light a charge transfer state is formed. 

In fact, S1 Raman spectrum should have shown just one intense C=C stretching peak of 1524 cm-

1 while the rest of the modes have low polarizability. 

The computed Raman spectrum of the gas-phase radical cation D0 state has intense 

modes at 1505 cm-1 for C=C stretch (Figure S24b) along with a mode at 1710 cm-1 for the 

carbonyl group. Along with these modes, we also find lower polarizability for the Raman lines 

associated with C=C stretching at 1380 cm-1, 1404 cm-1 and 1460 cm-1 on two unsymmetric 

thiophene rings. Mode at 1160 cm-1 corresponds to the C-H in plane bending mode coupled to 

C=C stretch of the backbone while weak bands are seen at 1060 cm-1 region also. A direct 

comparison of the SVD extracted Raman data suggests that some experimental FSRS peaks 

could be explained by the gas-phase computed D0 state although most of the modes are 
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supported by the experimental data obtained by Jensen et al.47 Therefore we believe a more 

accurate calculation with BTMC incarcerated inside the Cage having an anion radical is required 

to completely simulate the experimental BTMC radical cation FSRS spectrum.

For the neutral radical D0 state computations, we see enhanced Raman intensities at 1017 

cm-1, 1175 cm-1, 1280 cm-1 and 1367 cm-1 respectively (Figure S24c). Additionally, less intense 

peaks at 1428 cm-1 and at 1480 cm-1 are also observed. The normal modes with the displacement 

vectors of the most intense Raman modes in BTMC neutral radical D0 state are shown in Figure 

S25. We find that our FSRS data does not completely align with the predicted D0 state of the free 

BTMC neutral radical. Interestingly, we cannot rule out the energy accessibility of the D1 state 

from the D0 state for Cage-confined BTMC neutral radical. We hypothesize that due to strong 

interactions with the Cage anion radical as well as specific water interactions with the BTMC 

backbone, the D1 state can be stabilized in confinement. We therefore find it reasonable to 

compare the computed D1 Raman spectrum to our obtained neutral radical FSRS spectrum at 

long time delays especially from 30-60 ps. We find that the major peaks at 996 cm-1 and 1155 

cm-1 in the computations (normal modes shown in Figure S25) match favorably to our features at 

972 cm-1 and 1197 cm-1 while smaller features at 1390 cm-1 and 1450 cm-1 are also observed 

similar to our SVD extracted features at 1420 cm-1 and 1480 cm-1 respectively. We find that our 

experimental FSRS spectra of the neutral radical indeed matches better with the computed D1 

state although we cannot track its decay to the final D0 state in the FSRS experiment. The 

geometry change results in planarization of the bithiophene framework either in its D1 or D0 state 

although further high-level calculations in future are required to compute the Raman spectrum of 

the BTMC radical states when incarcerated inside the Cage in its anion radical state. We 

therefore conclude that the deprotonation on the -CH3 site and formation of a -ĊH2 radical being 
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visualized by FSRS, brings in a double bond character to the C9-C10 bond which now being in 

conjugation with the bithiophene backbone enhances the Raman intensities of the adjacent C-H 

bending modes. The decay of the high frequency C=C stretching modes and rise of C-H bending 

modes mark the formation of the neutral radical or the activated Carbon-site.

Figure 5: (a) SVD of FSRS data to show distinct features of LE, radical cation and neutral 
radical modes. The spectral traces have been offset for clarity. (b) Structural change of BTMC 
from radical cation to neutral radical state through PCET. 

Figure 5 shows the structural change in this excited state pathway along with the 

evolution in the Raman spectra from BTMC in LE to the radical cation and subsequently to the 

neutral radical state. The optimized structures’ nuclear coordinates for the ground state and first 

excited state of radical cation and radical are shown in Table S1-6. We observe that the 

thiophene rings in the ground state for BTMC are out of plane with a S2-C6-C5-S1 dihedral being 

169.72°. Typically for the free BTMC molecule, in the first excited state there is partial 

attainment of planarity and a subsequent increase of π-conjugation in the bithiophene backbone 

as seen from the BTMC S1 bond lengths and dihedral. Although in our case S1 is not observed 
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due to increased CT character once the BTMC is confined inside the Cage which is an electron 

acceptor. In the radical cation state, which is a one-electron removed species from BTMC there 

is even higher π-delocalization and planarity in the ground D0 or even in D1 state. On analyzing 

the neutral radical structure as compared to the radical cation the deprotonation on the –CH3 

group forms a -ĊH2 sp2 site which can now have a partial double bond character due to 

conjugation with the bithiophene rings. This is depicted in the shortening of C9-C10 bond lengths 

in Figure S23 in case of the neutral radical state.

An alternate viewpoint can be proposed that involves Raman detection of Cage anion 

radical modes mixed in with the evolution of the BTMC radical cation to the BTMC neutral 

radical features. However, a careful analysis of the Cage anion radical modes (shown in Figure 

S26) with respect to neutral Cage modes shows that there will be multiple tripyridyltriazine 

(TPT)-centric ligand modes expected in between 1300 to 1700 cm-1 with reasonable intensity 

including few beyond 1500 cm-1 which is not observed in our FSRS spectral evolution. 

Additionally, these TPT-centric modes should have a clear distinction in temporal decay 

dynamics compared to the BTMC radical cation modes which decay away in 14-30 ps. As the 

Cage anion radical should be observed throughout the BTMC evolution dynamics, we do not 

observe any such temporally distinct TPT-centric modes which could signify any detectable 

Cage anion radical modes. Taken together with resonance enhanced Raman signals of BTMC 

radical cation and neutral radical features, we rule out any possibility of Cage anion 

contributions to the FSRS evolution in tens of picoseconds.
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FSRS dynamics and reaction coordinate: In summary, the FSRS data with all its assignments 

clearly indicates that the radical cation state can be discriminated using the Raman spectrum 

unlike the transient absorption data, where they appear similar with broad features although 

distinct oscillator strengths. Additionally, the differences in proton transfer timescales scored by 

Figure 6: PCET dissected with excited state stimulated Raman. FSRS measurements reveal 
the structural dynamics of the C-H bond activation reaction. It proceeds through a radical cation 
intermediate whose structure evolves to the planar neutral radical confined inside a water-soluble 
nanocage.

FSRS is broadly between 14-30 ps, much faster than ~60 ps TA rates. To us, it suggests the 

possibility that in transient absorption the spectral changes accommodate both the deprotonation 

dynamics of formal C-H bond-breaking along with other associated structural relaxation, e.g. the 

equilibration of the incipient proton with the interacting water cluster. The difference in apparent 

timescales between FSRS and TAS arises fundamentally from the different observables probed 

by the two techniques. FSRS directly tracks the evolution of vibrational coherences and 

frequencies, which are sensitive to structural relaxation on the excited-state potential energy 

surface, and can be insensitive to changes in electronic oscillator strength. In contrast, TAS 

signals explicitly depend on the electronic transition strengths and the populations. Thus, 

changes in oscillator strength during relaxation can significantly alter TAS amplitudes and 
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kinetics without reflecting a change in the underlying structural dynamics. Our results thus 

indicate that there can be heterogeneity of deprotonation rates in this host-guest CT system, and 

solely transient absorption signatures for interpreting proton transfer timescales may be 

insufficient. Therefore, it is best to complement the TA with time-resolved vibrational 

spectroscopy tools to disentangle the timescales of definite structural changes from the electronic 

state changes. 

FSRS provides vibrational signatures of the structural change that occurs during the 

formation of neutral radical which has an increased backbone conjugation compared to the 

radical cation state. The C9-C10 bond attains a partial double bond character and hence the 

tetrahedral carbon becomes planar after deprotonation. This is being marked by the rise of the C-

H bending modes intensity adjacent to the methyl group. Interestingly the ~60 ps deprotonation 

dynamics from transient absorption spectroscopy has a KIE of ~1.4 when D2O replaces the 

solvent water. As FSRS scores for a 14-30 ps proton dissociation timescale, we reinterpret the 

transient absorption dynamics to include not only the fundamental deprotonation but it also 

enunciates the role of proton hopping within the associated water cluster in stabilizing the neutral 

radical state. Traditionally, KIE in PCET provides information of the distances associated with 

the donor and acceptor, with small KIEs of ~1.1 representing short proton hopping distances. In 

future, we plan to mechanistically understand how the extensive hopping amongst the water 

cluster which pushes the value to ~1.4 using detailed molecular dynamics simulations which 

include solvation of the host-guest complexes. We, therefore, conclude that water cluster 

rearrangements around the BTMC C10-H bond should be a crucial reaction-coordinate enabling 

the proton stabilization as a base after C-H bond cleavage from the radical cation. Our 

measurements fall in line with the work of Hammes-Schiffer and co-workers who had predicted 
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that excited state sequential PCET reaction should also have a dominating solvent rearrangement 

coordinate. We believe that in future in-depth multidimensional 2D electronic-vibrational 

spectroscopy along with impulsive excitation might unravel all the low-frequency modes 

associated with formation of the radical cation state and ensuing deprotonation on the excited 

state. Additionally, as mentioned previously the FSRS mode frequencies in radical cation and 

neutral radical states cannot directly be compared to gas phase calculations of free BTMC 

molecules, and detailed computations considering all atoms explicitly are required for the host-

guest CT systems in future. Once these frequencies are computed, ab-initio molecular dynamics 

simulations could also reveal the rich water dynamics during the sequential PCET step that 

enables Cage-confined photoredox catalysis.

Recently, Fleming and co-workers have shown excited state PCET occurring via two 

reactive pathways of fast PCET (minor pathway of 4%) and a relaxed PCET (major pathway of 

96%) in a bio-mimetic benzimidazole-phenolpentafluorophenylporphyrin (BIPPF15) complex 

through two-dimensional electronic−vibrational spectroscopy51. Their work illustrates that in 

cases where the proton acceptor and electron acceptors are in the same framework heterogenous 

pathways for PCET may exist making it difficult to use a single-reaction coordinate description. 

In contrast, we find that if a pre-organized water cluster interacts with the guest inside the cavity, 

one can have a single PCET pathway with separate electron and proton acceptor. Our work also 

contrasts with the concerted PCET pathways in excited state described by Mayer and co-workers 

in the inverted Marcus region52. We thereby have generated an optimized situation for non-

equilibrium PCET reaction inside a cavity that can be exploited for high efficiency C-H bond 

functionalization reactions in water25.The significance of pre-organized water cluster therefore is 

to provide functional water molecules that act as a co-factor to the actual cationic nanocage 
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catalyst for removing charge buildup by providing a proton-transfer network in ~10-100 

picoseconds timescale. Our photoredox strategy here complements the classical diffusion-based 

paradigm initially popularized by Macmillan and co-workers and now used extensively53.

Conclusions

To summarize we track the primary steps of ultrafast C–H bond photoactivation within a 

water-soluble supramolecular cavity using a synergistic combination of transient absorption and 

femtosecond stimulated Raman spectroscopy (FSRS). As Figure 6 shows we demonstrate 

selective aldehyde formation at a terminal –CH3 group appended to a bithiophene backbone via a 

well-defined photoinduced proton-coupled electron transfer (PCET) mechanism along a host–

guest charge-transfer (CT) potential energy surface. Rich vibrational dynamics—particularly 

thiophene C–H in-plane bending modes coupled with C=C stretches—provide unequivocal 

evidence of C–H bond breaking step, as the radical cation state is resonantly enhanced in our 

FSRS data. The emergence of shifted vibrational modes following deprotonation marks the 

formation of the neutral radical within ~14-30 ps which is certainly faster than changes observed 

by probing the excited state absorption features via transient absorption spectroscopy which are 

sensitive to population decay, relaxation and oscillator strength changes. A pronounced 

secondary kinetic isotope effect in D₂O, along with insights from the vibrational “Raman movie” 

highlights the critical role of closely interacting water cluster in facilitating deprotonation while 

potentially highlighting the heterogeneity in the proton transfer step. Our work therefore 

provides the first structural visualization of an ultrafast PCET-triggered C–H activation event, 

revealing how substrate interaction with the water clusters stabilizes on-pathway intermediates in 

real time. We envision that the synthetic community would use modular host-guest strategy for 
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harnessing photoinduced PCET reactions in aqueous environments for targeted organic 

transformations.

Supplementary information: Description of the materials and experimental methods, additional 

figures pertaining to the experiments are given in supporting information.
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