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We demonstrate a switchable electrocatalysis mechanism modulated by hydrogen bonding interactions in

ligand geometries. By manipulating these geometries, specific electrochemical processes at a single

catalytic site can be selectively and precisely activated or deactivated. The a geometry enhances

dioxygen electroreduction (ORR) while inhibiting protium redox processes, with the opposite effect seen

in the b geometry. Intramolecular hydrogen bonding in the a geometry boosts electron density at the

catalytic center, facilitating a shift of ORR to a 4-electron pathway. Conversely, the b geometry

promotes a 2-electron ORR and facilitates electrocatalytic hydrogen evolution through an extensive

proton charge assembly; offering a paradigm shift to conventional electrocatalytic principles. The

expectations that ligand geometry induced electron density modulations in the catalytic metal centre

would have a comparable impact on both ORR and HER has been questioned due to the contrasting

reactivity exhibited by a-geometry and b-geometry molecules. This further emphasizes the complex and

intriguing nature of the roles played by ligands in molecular electrocatalysis.
Introduction

Extensive research has been conducted on molecular systems
for diverse applications, including fuel cells, batteries, super-
capacitors, sensing, and light harvesting.1–9 In these lines, metal
phthalocyanines (MPc), such as those based on iron (FePc),
cobalt (CoPc), zinc (ZnPc), copper (CuPc), nickel (NiPc), have
been the subject of thorough investigation as electrocatalysts
for various reactions.10–17 Notably, tetraamino-substituted FePc
and CoPc have emerged as widely studied model electro-
catalysts for fundamental electrochemical substrates like
dioxygen (O2) and proton (H+).18–33 Recent breakthroughs have
revealed that these phthalocyanines, particularly when axially
coordinated to N atoms, catalyze a 4-electron reduction of
oxygen in Zn–air batteries.34–36 In the ongoing electrocatalytic
research involving MPc-based organometallic complexes, the
selectivity and reaction pathway or mechanism have tradition-
ally been attributed to the central metal ion.37,38. Notably, the
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role of ligands in facilitating challenging electrochemical
transformations has not been unequivocally demonstrated thus
far.

Here, we illustrate a switchable electrocatalytic effect on the
same catalytic metal center toward oxygen reduction reaction
(ORR) and hydrogen evolution reaction (HER) through ligand
geometry (a geometry and b geometry) assisted hydrogen
bonding interactions. A preference for the a geometry ligand for
ORR was observed, while the corresponding b geometry ligand
showed a specic inclination for HER. In-depth investigations
showed that the two geometries exhibit different electrocatalytic
behaviours because ligand geometry-driven hydrogen bonding
interactions adjust the electron density at the catalytic center
with a corresponding modication in interfacial proton charge
assembly.
Results and discussion

To demonstrate the ON–OFF effect in electrocatalysis assisted
by the ligand geometry, we have synthesized regioisomers of
tetraamino-substituted cobalt phthalocyanine (TACoPc) by
relocating the –NH2 functional group between the a (a-TACoPc)
and b (b-TACoPc) positions on the phthalocyanine ring (Fig. 1a).
The presence of parent ion peak for isomeric amino compounds
at m/z value of ∼631 in Matrix Assisted Laser Desorption Ioni-
zation Time of Flight (MALDI-TOF) (Fig. S1a and b in ESI†)
indicate their successful formation. UV-vis spectroscopy
revealed the distinctive Q bands in the 600–700 nm range and B
band in the 200–350 nm range (Fig. 1b).39 The Q band which is
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc01284d&domain=pdf&date_stamp=2024-08-16
http://orcid.org/0000-0002-7997-6342
http://orcid.org/0000-0001-9857-4907
http://orcid.org/0000-0003-3108-2697
http://orcid.org/0000-0002-2439-4708
https://doi.org/10.1039/d4sc01284d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01284d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015033


Fig. 1 Molecular structures of isomeric (a) a-TACoPc and b-TACoPc molecules. (b) UV-vis spectra. (c) ATR-FTIR spectra, and (d) Raman spectra
of isomeric a-TACoPc and b-TACoPc molecules. HRTEM images and elemental mapping of (e) b-TACoPc and (f) a-TACoPc molecules. (g) 1H
NMR spectra in DMSO-d6 for the isomeric molecules before and after D2O addition.
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fundamental to ligands, showed a red shi in the a-isomer due
to more electronic delocalization compared to the b-isomer.40

ATR-FTIR analysis of isomeric molecules reveals a N–H vibra-
tion in the range of 3150–3360 cm−1, C–N vibrations at
∼1149 cm−1, aromatic ring vibration at ∼1635 cm−1, phthalo-
cyanine skeleton vibration at ∼570–850 cm−1, and pyrrole ring
vibration at ∼1240 cm−1 (Fig. 1c).41 The Raman spectra exhibits
bands at ∼754 cm−1, ∼1187 cm−1, ∼1416 cm−1, ∼1460 cm−1,
and ∼1609 cm−1 corresponding to N4-macrocyclic ring, C–H in-
plane deformation, C–H in-plane stretching, isoindole ring
stretching and C–N in plane stretching respectively, Fig. 1d.42

The morphology of the amine isomeric molecules was exam-
ined using high resolution transmission electron microscopy
(HRTEM). The TEM image revealed ne nano structural
features, and elemental mapping showed a uniform distribu-
tion of cobalt, carbon, and nitrogen elements (Fig. 1e and f).43

As cobalt phthalocyanines are paramagnetic, 1D NMR was
employed to conrm the successful synthesis of isomeric
© 2024 The Author(s). Published by the Royal Society of Chemistry
molecules with zinc-based amino isomeric molecules (Fig. 1g).
For aromatic protons, the a-isomer displayed ve protons (1H)
signals at different chemical shi values. The presence of
intramolecular H-bonding between the primary amine group
and iminic nitrogen in the Pc ring is indicated by the disap-
pearance of the two protons (labelled d and e in Fig. 1g) that
correspond to the aminic proton in a isomer upon D2O addi-
tion. On the other hand, the b-isomer for the aminic proton
(labelled d in Fig. 1g) only displayed one broad signal, which
vanished upon the addition of D2O. It suggests the absence of
intramolecular H-bonding interaction in the b isomeric mole-
cule. These molecules are then assembled on nanoporous gold
(NPG) electrode because of its well-known three-dimensional
nanoporous structure with ultrahigh surface area.44,45 The
NPG is prepared as reported in the literature by holding the
potential at 2 V vs. Ag/AgCl (3 M KCl), (Fig. S2a, ESI†).44 The
enhancement of oxide formation and its reduction response in
the treated electrode in comparison to its at counterpart signal
Chem. Sci., 2024, 15, 13262–13270 | 13263

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01284d


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

11
:3

9:
13

 P
M

. 
 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
the formation of highly porous NPG architecture. This kind of
potential dependent treatment is reported to restructure the Au
electrode in such a way that it becomes nanoporous in nature.44

The scanning electron microscopy images (Fig. S2b and c, ESI†)
clearly shows a morphological alteration with granular charac-
teristics in the NPG electrode as compared to the bare Au
surface, and the X-ray diffraction pattern (Fig. S2d, ESI†)
supports the exposure of low index planes, indicating a surface
restructuring following electrochemical treatments of the Au
electrode.46,47 Following the successful fabrication of the nano-
porous gold surface, the NPG electrode was then used as the
support for anchoring a-TACoPc and b-TACoPc isomeric mole-
cules via self-assembly approach48,49 (refer Experimental section
for more details, ESI†) and subsequently investigated for their
ORR and HER activities.

Firstly, we have carried out the electrochemical evaluation of
NPG modied molecules towards electrochemical ORR and
HER simultaneously, Fig. 2a. The simultaneous HER and ORR
proles on a and b-geometry molecules (Fig. 2a) indicate an
Fig. 2 (a) Simultaneous linear sweep voltammograms of a-TACoPc and
electrolyte at a scan rate of 5 mV s−1. (b) Rotating ring disk electrode stud
electrons involved in ORR. In situ electrochemical Raman spectra of (d) b-
(blue to red trace)/argon (black trace at the open circuit voltage), when th
for different bands of (f) b-isomer and (g) a-isomer during the reduction
oxygen (orange trace for b and blue trace for a)/argon (grey trace).

13264 | Chem. Sci., 2024, 15, 13262–13270
active ORR with a-geometry molecule and an active HER with b-
geometry molecule. The pattern towards the simultaneous ORR
and HER remains same even with a planer Au electrode coun-
terpart (Fig. S3, ESI†). This nding is unexpected because both
reactions typically involve reduced Co species, therefore one
would expect the electron density alterations in the central
metal Co due to ligand geometry to inuence both ORR and
HER to a similar extent. This would suggest that the a-geometry
molecule should be equally active for both reactions. However,
the observed diametrically opposite electrocatalytic switching
behavior challenges this assumption and highlights the
complexity of the interactions at play in these reductive elec-
trocatalytic processes.

To shed light on to this intriguing switching in electro-
catalysis, a-TACoPc and b-TACoPc modied NPG Au electrodes
were separately investigated for ORR and HER. During ORR,
a negative shi of nearly 300 mV in ORR onset is observed in
favour of the a geometry ligand, indicating an electrocatalytic
effect assisted by ligand geometry, (Fig. S4a and Table S1, ESI†).
b-TACoPc modified NPG electrodes in oxygen saturated 0.1 M H2SO4

ies (at 5 mV s−1 scan rate) at a rotation rate of 1600 rpm. (c) Number of
isomer and (e) a-isomer in 0.1 M H2SO4 solution saturated with oxygen
e voltage is scanned from 1 V to 0.3 V vs. RHE. The change in intensities
scan from 1 V to 0.3 V vs. RHE in 0.1 M H2SO4 solution saturated with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Also, the a geometry molecules maintained a higher steady state
potential than the b-geometry molecules, as detailed by the
chronopotentiometry data (Fig. S4b†). All these indicate that the
same catalytic metal center can be switched ON/OFF by ligand
geometry. This is further evident from the parameters reecting
the true rate of electrochemical reactions such as the Tafel
slope. The Tafel slope was found to be nearly 81 mV dec−1 on
a geometry compared to nearly 122 mV dec−1 on b-geometry
indicating an electrocatalytic enhancement in ORR when the
ligand adopts a geometry (Fig. S4c and Table S2, ESI†). Hydro-
dynamic voltammetry using rotating ring-disk electrodes was
further performed for oxygen reduction reaction (Fig. 2b) with
different ligand geometries. Interestingly, a clear mechanistic
change of ORR takes place on the same catalytic Cometal center
via ligand geometry. For a geometry, the number of electrons
involved in ORR is 4 with a lower peroxide percentile, while for
the b counterpart, it is almost 2, with a peroxide proportion of
70–80% (Fig. 2c and S4d†). This trend in electroactivity was
found to be same even with a at Au electrode modied with
a monolayer of a-TACoPc and b-TACoPc geometric molecules,
suggesting these behaviours are intrinsic to the molecules,
(Fig. S5 and Table S3, ESI†). When combined, these ndings
show that the same electrocatalytic Co center can be turned ON
or OFF towards a 4 electron ORR via ligand geometry.

In situ electrochemical Raman spectroscopy was performed
on a-TACoPc/b-TACoPc isomers on Au in a 0.1MH2SO4 solution
saturated with oxygen/argon, when the voltage is scanned from
1 V to 0.3 V vs. RHE. The spectra were rst collected in argon
atmosphere, where no change in spectral features of phthalo-
cyanine were observed while sweeping the potential from 1 to
0.3 V vs. RHE. (Fig. S6a and b, ESI†). Comparative analysis of
Raman spectra in an argon environment revealed that the
introduction of oxygen not only induced new bands in both
a (462, 938, 1016 cm−1) and b (462, 546, 828, 1090, 1148 cm−1)
isomers, but also modied their intensity in relation to the
applied potentials (refer to Fig. 2d–g). Clear distinctions in
bonded oxygen species on the cobalt metal center due to ligand
isomerism were validated through in situ Raman spectroelec-
trochemistry, as shown in Fig. 2d. The appearance of two peaks
in the 400–600 cm−1 range in the b isomer, representing Co–O
(462 cm−1) and Co–O–O (546 cm−1) species, indicate the pres-
ence of linearly bonded dioxygen species (dioxygen end-on
binding) on Co catalytic sites (Fig. 2d).50,51 Conversely, such
characteristics were notably absent in the a isomer, as indicated
in Fig. 2e. The anticipated peak for end-on bonded dioxygen at
∼1125 cm−1 in the b isomer was obscured by closely located
phthalocyanine bands within the same range, resulting in
coupled bands at 1148 and 1090 cm−1.52,53 The reductive scan-
induced consumption of the 1148 cm−1 band, along with an
8 cm−1 shi of the 1090 cm−1 band, back to its original state,
supported the concept of coupling and dioxygen binding mode
in the b isomer.54 The consumption of these four bands,
coupled with the emergence of a band at 828 cm−1 (close to
H2O2/O2

2−, Fig. S6c, ESI†), indicated the end-on binding of
dioxygen on the Co sites in the b isomer (Fig. 2f). This implies
the occurrence of a two-electron ORR pathway on Co sites when
the ligand adopts a b isomerization. In the a isomer molecule,
© 2024 The Author(s). Published by the Royal Society of Chemistry
the absence of the Co–O–O band (546 cm−1) and the presence of
bands at 938 and 1016 cm−1, approximately 300 cm−1 lower
than the end-on bonded dioxygen55 conrmed the side-on
binding of dioxygen on the cobalt metal center. Furthermore,
all three Raman bands corresponding to dioxygen binding on
Co sites in the a isomer (462, 938, 1016 cm−1) exhibited
potential-dependent consumption without the emergence of
a peak corresponding to peroxide formation at 828 cm−1

(Fig. 2g). These attest the fact that ligand isomerization indeed
changes the dioxygen binding mode on the same catalytic Co
sites.

In order to prove that the observed catalytic switching effect
is not due to the NPG support, a composite of isomeric mole-
cules and multi walled carbon nanotubes (CNT) were prepared
(please refer Experimental section for more details, ESI†). The
composite electrodes were characterised using various physi-
ochemical techniques such as UV-vis spectroscopy and Raman
spectroscopy (Fig. S7, ESI†). The characteristics of CNT in the
UV-vis spectra and Raman spectra of the composite catalytic
systems point to the integration of CNT with the molecular
catalysts (Fig. S7a and b, ESI†). Subsequent rotating ring-disk
electrode (RRDE) analysis in an acidic environment (0.1 M
H2SO4) suggests a highly active a-TACoPc molecular platform
compared to the b-TACoPc system. It is to be noted that, the a-
isomerization of the ligand uplis the activity of the Co catalytic
center closer to that of the benchmark Pt/C electrocatalyst,
Fig. S7c and Table S4, ESI†.56,57 The higher currents observed in
Fig. S7c, ESI† compared to Fig. 2 is attributed to the better
dispersion of isomeric molecules on to CNT support. All these
suggests that the support materials aid in better dispersion of
the electrocatalytic molecules, however the activity trends are
intrinsic to the molecules. In order to check the stability of the
isomeric molecules (as phthalocyanines are prone to degrada-
tion in acidic medium)57 during prolonged electrocatalysis, the
Raman spectra were obtained before and aer ORR for over 10
hours. It was observed that the Raman bands of the isomeric
molecules (in 0.1 M H2SO4 electrolyte) remain almost intact
even aer prolonged electrocatalysis (Fig. S8, ESI†), suggesting
their stability at the electrode/electrolyte interface. As we have
recently elucidated, this trend in electrocatalytic ORR is irre-
spective of the central metal ion and the support material and is
majorly dictated by the ligand geometry.58

Though a-TACoPc is found to be active towards ORR than the
corresponding b-TACoPc isomer, an opposing effect is observed
when HER is probed on the same electrocatalytic systems
anchored onto NPG electrodes, Fig. 3a. With a-TACoPc, HER
activity was negligible and the LSV prole resembled the trace
on the nanoporous support (Fig. 3a), which was intriguing given
its superior ORR activity. It's interesting to note that when the
ligand geometry is changed to b, there is a noticeable activation
in HER, Fig. 3a. This is demonstrated by a large positive shi in
the HER onset potential by over 100 mV (Fig. 3a and Table S5,
ESI†), suggesting that the molecule with b-geometry, which
previously had little ORR activity, is now substantially HER
active. This is further clear from the respective chro-
nopotentiometric analysis at a current density of −0.2 mA cm−2

(Fig. 3b). Both the isomeric forms were stable over a period
Chem. Sci., 2024, 15, 13262–13270 | 13265
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Fig. 3 (a) Voltammograms of a-TACoPc and b-TACoPc modified NPG electrodes in 0.1 M H2SO4 at a scan rate of 5 mV s−1, and (b) the cor-
responding chronopotentiometry profiles at −0.2 mA cm−2. (c) Tafel plots of a-TACoPc and b-TACoPc isomers in 0.1 M H2SO4. In situ elec-
trochemical Raman spectra of (d) b-isomer and (e) a-isomer in 0.1 M H2SO4 solution (blue to red trace) when the voltage is scanned from 0.16 to
−0.38 V vs. RHE. The change in intensities for different bands of (f) b-isomer and a-isomer during the reduction scan from 0.16 to −0.38 V vs.
RHE in 0.1 M H2SO4 solution. (g) Percentage change in intensity of 744 cm−1 band at different potentials vs. RHE (iv) with respect to the initial
intensity of 756 cm−1 band at 0.16 V vs. RHE (i0) (orange trace for b-isomer and blue trace for a-isomer).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

11
:3

9:
13

 P
M

. 
 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
however, with a higher activity on the b-geometry ligand. The
Tafel analysis (Fig. 3c and Table S6, ESI†) supports this,
showing that the b-geometry demonstrating a lower Tafel slope
(∼72 mV dec−1) than the a geometry (∼85 mV dec−1). A at gold
electrode demonstrated a similar trend towards HER (Fig. S9
and Table S7, ESI†) indicating NPG support has only an
amplifying effect on this electrocatalytic disparity. Therefore,
when the ligand adopts a a-geometry, the catalytic Co center is
switched ON towards a 4 electron ORR, while the corresponding
b-geometry switched on the same Co center towards electro-
catalytic HER.

The in situ electrochemical Raman spectroscopy of a-TACoPc
and b-TACoPc molecules on gold was conducted in 0.1 MH2SO4

solution saturated with argon, by sweeping the potential from
0.16 V to −0.38 V vs. RHE, which corresponds to the hydrogen
evolution region (Fig. 3d–g). Alteration in the regime of 600–
800 cm−1 was probed which corresponds to coupled signals
from metal–nitrogen (M–Na), bridged nitrogen (Ca–Na–Ca) and
isoindole vibrations (Nb–Ca–Cb) of the phthalocyanine skeleton.
During HER, Raman bands at 756 cm−1 was consumed with the
concomitant generation of a band at 744 cm−1 for both the
isomer molecules (Fig. 3d–f). These peaks correspond to
coupled vibrations of M–Na, Ca–Na–Ca, and Nb–Ca–Cb leading
to phthalocyanine ring deformation.59–62 The shi of these
13266 | Chem. Sci., 2024, 15, 13262–13270
bands by around 12 cm−1 (in both the isomers) to lower wave-
length attest the modication of the phthalocyanine skeleton
during the progress of HER and therefore indicates the
involvement of ligands in the HER process. On monitoring the
ratio of iv to i0 (potential dependent intensity of 744 cm−1 band
(iv) vs. initial intensity of 756 cm−1 band (i0) [at 0.16 V vs. RHE]
during HER, the a-isomer evidenced an intensity gain of ∼97%
as opposed to the b-isomer's 65% intensity gain (Fig. 3g). This
suggests that the extent of modication of the phthalocyanine
ring is much more pronounced in the a-isomer than the b-
isomer during the HER process. Further, the Ca–Cb–Cg macro-
cycle symmetric deformation which is observed at 656 cm−1 for
the a-isomer demonstrated a downshi by 4 cm−1 with
a commensurate gain in its intensity during the HER. In
contrast, the corresponding band for the b-isomer (at 702 cm−1)
demonstrated only a depleting trend during the HER. These
cumulative observations suggest the involvement of phthalo-
cyanine ring in the HER electrocatalysis via molecular alter-
ations which occurs to a higher extent in the a-isomer than the
b-isomer. Therefore, the higher over potential required during
HER in the a-isomer may be attributed to the comparatively
higher energy required to undergo this signicant molecular
alterations. Taken together, in situ electrochemical Raman
© 2024 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy point out the denitive role of ligands in HER
molecular electrocatalysis via molecular alterations.

This noticeable difference of the Co metal center's ORR and
HER activities just because of the ligand geometry should be
due to the types of interactions the molecules are experiencing
when –NH2 position is shied between a and b (Fig. 1a) loca-
tions. The proximity of macrocyclic nitrogen atoms to the N
atom of –NH2 group in a-TACoPc may favour intramolecular –H
bonding interactions as demonstrated in their NMR studies,
Fig. 1g. Such interactions may be unfavourable in b-TACoPc due
to the large positional separation of the corresponding groups,
Fig. 1g. This may affect the electronic density at the catalytic
cobalt sites very differently (Scheme S1, ESI†). To verify this
electron density alteration, XPS analyses were conducted,
Fig. 4a–d. The Co2+/Co3+ ratio extracted from the XPS analysis is
signicantly improved with a slightly increased satellite feature
Fig. 4 (a) Co 2p XPS spectra of a-TACoPc and b-TACoPc molecules. (b)
pristine and protonated forms of a-TACoPc and b-TACoPc isomers. (d
protonated b-TACoPc and protonated a-TACoPc molecules (DBEb–a). (
cules. (f) Raman spectra of a-TACoPc (bottom panel) and b-TACoPc (t
absence and presence of various solvents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
when the ligand adopts a a geometry (Fig. 4a and b). It is quite
noteworthy to mention that the electron density of metal is
enriched when the ligand assumes a geometry. From the liter-
ature, it is known that the catalytic species of mediated ORR
electrocatalysis involving Co complexes are Co2+ (ref. 63 and 64)
and its contribution is enriched by the a isomerization of the
ligand (Fig. 4a and b). To further verify this, we have carried out
EPR spectroscopy for the same concentrations (2 mg ml−1) of
isomeric molecules dissolved in DMF solvent. The g value of
2.26 unequivocally indicates the existence of low spin Co2+

paramagnetic species, a feature well-documented in the litera-
ture. The EPR spectra of a and b-TACoPc isomers collected at
room temperature, (Fig. S10, ESI†) shows a higher intensity in
the a isomer (teal trace) illustrating its relatively higher abun-
dance of Co2+.65–68 This enhanced electron density at the cata-
lytic Co center when the ligand assumed a a geometry may
Co2+/Co3+ area ratio which is extracted from (a). N 1s XPS spectra of (c)
) Bar plot showing the difference of N 1s binding energies between
e) Zeta potential profiles of a-TACoPc and b-TACoPc isomeric mole-
op panel) isomers and (g) the intensity ratio of i1542/i1350 peaks in the
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indeed change the dioxygen binding mode from end on to side
on, leading to a 4 electron ORR as detailed in Fig. 2b–g. It is
reported that electron density alteration at the catalytic site can
lead to a change in dioxygen binding modes.69,70 Further,
intramolecular H bonding in the a geometry molecule, can
make the protonation of N atoms difficult and the absence of
such H bonding interactions in b geometry may lead to an
extensive proton charge assembly over the corresponding
ligand. This is investigated by analysing the N 1s XPS spectra
and the deconvoluted N 1s peaks, (Co–N (N1), C]N (N2), and C–
NH2, (N3))71,72 before and aer treating the molecules in acidic
medium (Fig. 4c–d). It is observed that N 1s peaks especially
those corresponding to N2 and N3 got upshied in both the
geometry molecules on acid treatment however, the upshi is
signicantly pronounced in the b geometry molecule, Fig. 4c
and Table S8 ESI.† A slight difference in the N 1s and Co 2p
binding energy assignments are observed especially with
respect to 3d metal phthalocyanines non covalently bonded to
single walled carbon nanotubes.73 This is attributed to the
strong distortion of metal phthalocyanines when it is bonded
with carbon nanotubes.73 It is important to note that proton-
ation changes the area ratio of N2 and N3 in both isomeric
forms. It is known that area ratio is a measure of the amount of
surface species being exposed. Thus, the amplied area ratio of
N2 and N3 may suggest their increased surface exposure aer
protonation.74,75Nevertheless, N 1s XPS reveals that the extent of
protonation is restricted in the case of a geometry due to
intramolecular hydrogen bonding, and absence of such inter-
actions leads to an extensive proton charge assembly in the
b geometric molecule. This should entail the b geometry
molecule's interface more positive than the corresponding
a geometry, which is indeed conrmed by the Zeta potential
measurements, Fig. 4e. Since protons are the reactant in HER;
a preconcentration of protons at the interface of b geometry
should lead to enhanced HER kinetics. To further explore the
inuence of isomerization on the protonation of the ligand,
Raman spectra was acquired under open circuit voltage (OCV)
conditions by changing the electrolytes.

Alterations in the ngerprint region of the phthalocyanine,
in the range from 1260 cm−1 to 1560 cm−1,76 were observed
during these experiments (Fig. 4f). The ratio of the most intense
peak in this range (i1542/i1350) was analyzed (Fig. 4f). The
isomeric molecules exhibited a nearly identical ratio in the
absence as well as presence of H2O. However, the presence of
protons (as in H2SO4), the ratio of i1542/i1350 was signicantly
altered for the b isomer, suggesting a pronounced effect of
protons in the b isomer compared to the a isomer (Fig. 4g). This
observation is consistent with the Zeta potential measurements
indicating an extensive proton charge assembly in the b geom-
etry molecule. This explains the higher HER activity of b geom-
etry over the corresponding a geometry. In the previous section
discussing Fig. 4, it was observed that the proton charge
assembly is more pronounced in the b-isomer compared to the
a-isomer as the latter has intramolecular hydrogen bonding
interactions. It is believed that the level of proton charge
assembly in the isomeric molecules is linked to the extent of
molecular alterations shown in Fig. 3 during the process of the
13268 | Chem. Sci., 2024, 15, 13262–13270
HER. The signicant proton charge assembly in the b-isomer
ligand likely confers an advantage in HER electrocatalysis via
minor molecular alterations (Fig. 3). Conversely, the lower
degree of proton charge assembly in the a-isomer may neces-
sitate substantial molecular modications to achieve a compa-
rable reaction rate during the HER. Therefore, this investigation
demonstrates that ligand geometry via H bonding interactions
can turn ON/OFF the same catalytic center towards ORR and
HER and this elucidation of the intricate role of non-covalent
interactions is expected to contribute to the rational design of
ligands for electrocatalytic applications.
Conclusions

We have demonstrated a ligand-modulated electrocatalytic
switching of Co sites in dioxygen electrochemistry and protium
redox processes. While the a-geometry precisely turns ON the
catalytic centre during dioxygen electrochemistry, the b-geom-
etry switches on the catalytic Co sites during electrocatalytic
HER. Detailed investigation indicates that hydrogen bonding
interactions triggered by ligand geometry are responsible for
this electrocatalytic disparity. When the ligand adopts a a-
geometry, the dioxygen binding modes at the Co sites change
from the typical end-on mode to an unusual side-on mode,
resulting in a 4-electron ORR. Conversely, when the ligand
adopts a b-geometry, greater interfacial accumulation of proton
charge assembly turns on the Co sites, directing them towards
hydrogen evolution processes. The beliefs that ligand geometry-
induced electron density alterations in the catalytic central
metal would lead to a similar inuence on both ORR and HER
has been challenged by the observed contrasting reactivity of
the a-geometry and b-geometry molecules, that in turn under-
scores the intricate and multifaceted aspects of ligands in
molecular electrocatalysis. Continued research in this area
holds promise for advancing the design and optimization of
electrocatalysts for diverse applications in sustainable energy
technologies.
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11 S. Ren, D. Joulié, D. Salvatore, K. Torbensen, M. Wang,
M. Robert and C. P. Berlinguette, Science, 2019, 365, 367–
369.

12 Y. Wu, Z. Jiang, Z. Lin, Y. Liang and H. Wang, Nat. Sustain.,
2021, 4, 725–730.

13 H. Li, H. Zhao, G. Yan, G. Huang, C. Ge, M. Forsyth,
P. C. Howlett, X. Wang and J. Fang, Small, 2024, 20, 2304844.

14 G. Zhu, Y. Li, H. Zhu, H. Su, S. H. Chan and Q. Sun, ACS
Catal., 2016, 6, 6294–6301.

15 C. L. Rooney, M. Lyons, Y. Wu, G. Hu, M. Wang, C. Choi,
Y. Gao, C.-W. Chang, G. W. Brudvig, Z. Feng and H. Wang,
Angew. Chem., Int. Ed., 2024, 63, e202310623.

16 A. Ziani, T. Shinagawa, L. Stegenburga and K. Takanabe, ACS
Appl. Mater. Interfaces, 2016, 8, 32376–32384.

17 A. T. Chidembo, K. I. Ozoemena, B. O. Agboola, V. Gupta,
G. G. Wildgoose and R. G. Compton, Energy Environ. Sci.,
2010, 3, 228–236.

18 C. T. Carver, B. D. Matson and J. M. Mayer, J. Am. Chem. Soc.,
2012, 134, 5444–5447.
© 2024 The Author(s). Published by the Royal Society of Chemistry
19 G. S. Phun, R. Bhide and S. Ardo, Energy Environ. Sci., 2023,
16, 4593–4611.

20 M. L. Rigsby, D. J. Wasylenko, M. L. Pegis and J. M. Mayer, J.
Am. Chem. Soc., 2015, 137, 4296–4299.

21 J. H. Zagal and M. T. M. Koper, Angew. Chem., Int. Ed., 2016,
55, 14510–14521.

22 R. Cao, R. Thapa, H. Kim, X. Xu, M. G. Kim, Q. Li, N. Park,
M. Liu and J. Cho, Nat. Commun., 2013, 4, 1–7.

23 A. N. Oldacre, A. E. Friedman and T. R. Cook, J. Am. Chem.
Soc., 2017, 139, 1424–1427.

24 Y. Fu, D. Xu, Y. Wang, X. Li, Z. Chen, K. Li, Z. Li, L. Zheng
and X. Zuo, ACS Sustain. Chem. Eng., 2020, 8, 8338–8347.

25 Y. Jiang, Y. Lu, X. Lv, D. Han, Q. Zhang, L. Niu and W. Chen,
ACS Catal., 2013, 3, 1263–1271.

26 R. Chen, H. Li, D. Chu and G. Wang, J. Phys. Chem. C, 2009,
113, 20689–20697.

27 J. Guo, H. Li, H. He, D. Chu and R. Chen, J. Phys. Chem. C,
2011, 115, 8494–8502.

28 I. Hijazi, T. Bourgeteau, R. Cornut, A. Morozan, A. Filoramo,
J. Leroy, V. Derycke, B. Jousselme and S. Campidelli, J. Am.
Chem. Soc., 2014, 136, 6348–6354.

29 L. Chen, R. U. R. Sagar, J. Chen, J. Liu, S. Aslam, F. Nosheen,
T. Anwar, N. Hussain, X. Hou and T. Liang, Int. J. Hydrogen
Energy, 2021, 46, 19338–19346.

30 C. P. K. Prabhu, S. Aralekallu, V. A. Sajjan, M. Palanna,
S. Kumar and L. K. Sannegowda, Sustain. Energy Fuels,
2021, 5, 1448–1457.

31 I. S. Kwon, I. H. Kwak, J. Y. Kim, H. G. Abbas, T. T. Debela,
J. Seo, M. K. Cho, J. P. Ahn, J. Park and H. S. Kang,
Nanoscale, 2019, 11, 14266–14275.
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