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The new pentadentate 3d° complex [Cu"(LN2P)](PFe), (1) based on a nitrogen-rich framework acts as an
electrocatalyst toward dihydrogen production from water. This species is active at pHs 7 and 2.5 yielding
respective TONsy, values of 1670 and 3900. Comparison of the molecular structure of 1 with that of the
reduced [Cu'(LN?PY%)]PFg (2) evidences elongated Cu—N bond lengths resulting from an increased electron
density around the 3d*° Cu' center. The absence of nanoparticulate formation indicates that molecular
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mechanisms prevail at both pHs. Furthermore, experimental and DFT data support that distinct mecha-
nisms are operative: while the metal center plays a key role at pH 7, one dangling pyridine moiety gets
protonated at pH 2.5 and becomes actively involved in a relay mechanism. In both cases the Cu"'-H~

rsc.li/dalton

Introduction

Molecular catalysts for water reduction that incorporate earth-
abundant transition metals have gained especial attention in
facilitating electrocatalytic H, production. A number of tran-
sition metal complexes containing cobalt,”* nickel,>* and less
often, iron>® have been considered as capable of stabilizing
reactive hydrides required for dihydrogen generation.

Copper has gained particular interest due to its abundance
and price, but considerable hurdles must be overcome before
this metal becomes a mainstream option for catalyst design.
Unlike the cobalt ion that displays energetically affordable con-
versions from 3d® Co™ to 3d” Co" to 3d® Co' species,”*° for-
mation of the 3d® Cu™ from the abundant 3d° Cu" species
requires high potentials that may lead to ligand-based radical
species'* ™™ in absence of proton-coupled electron transfer
mechanisms. Additionally, the monovalent Cu' species is
labile due to the zero ligand field stabilization energy associ-
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intermediate seems to be bypassed by PCET processes.

ated with its 3d"® configuration. This lability is associated with
the deposition of metallic Cu® and Cu,O crystallites recently
observed by Siewert et al.'® for imidazole/pyridine ligands and
ascribed as the active catalysts.

Recent examples of proton and water reduction events
attributed to molecular catalysts involve triazenido, oxamido
and hydroxybenzylideneimino species by Zhan et al.'®'” and
pentadentate pyridine-based ligand systems by Wang et al.'®
The former operate at a neutral pH and require relatively high
overpotentials; the later lead to copious hydrogen generation
in acidic media (pH 2.5).

Considering these results, we hypothesize that the design of
robust Cu-based catalysts must include polydentate chelates
capable of providing donor groups that minimize the intrinsic
lability of the Cu' ion. As such, based on the behavior of our
own cobalt analog,'® we synthesized the pentadentate pyridine-
rich Cu" system [Cu™(L™*"*)](PF¢), (1) shown in Scheme 1 and
investigated its catalytic activity towards water reduction.

Species 1 will be catalytically active towards water reduction
either by (i) reduction of Cu" to Cu' followed by a PCET step to
yield a [Cu™-H], or by (ii) formation of a ligand radical via
[Cu"L] - [Cu'L] — [Cu'L’], which then forms a Cu"-H~
species. Furthermore, the 3d° to 3d"° reduction will lead to
geometric changes that foster detachment of some pyridine
arms. In acidic media these moieties are likely to become pro-
tonated and lead to distinct pH-dependent mechanisms. The
results follow.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthetic route for the [Cu"(LN2PY3)](PFe), (1).

Results and discussion
Synthesis and characterization of (1) and (2)

The pentadentate ligand L™*** was synthesized and character-
ized according to reported procedures.'® The divalent complex
[Cu™(LY*™?)](PF,), (1) was obtained by treatment of the puri-
fied tripodal ligand with CuCl,-2H,0 in MeOH under aerobic
conditions for 2 h followed by counterion exchange with
ammonium hexafluorophosphate. The monovalent complex
[Cu'(LN*™3)]PF, (2) was synthesized under inert conditions
using [Cu(CH3CN)4JPFs in dry acetonitrile (MeCN). Both
species were thoroughly characterized by multiple spectro-
scopic and spectrometric methods.

Molecular structures

X-ray quality crystals were obtained for blue colored 1 by slow
evaporation from a 1:1 i-PrOH : MeCN mixture. The molecular
structure of 1 is shown in Fig. 1a (also Tables T1-T3t) and con-
sists of a discrete pentacoordinate 3d° Cu" ion bound to the
[N,N';] donor set of the LN** ligand in a distorted square pyr-
amidal environment™® with an associated 7 value of 0.2. The
amine N1 and N4 and the pyridine N2 and N5 nitrogen atoms
compose the square basal plane, with the pyridine N3 occupy-
ing the apical position at a mean angle of 97.8° perpendicular
to the plane. The Cu-N,, bond distances 1.993(4) to 2.025(4) A
fall within reported range,'®*®*" while the apical pyridine is

@ o= (b)
Bl

Fig.1 ORTEP representations of (a) [Cu(LN??¥)]>* (1, CCDC
15638521), and (b) [Cu'(LN?P¥3)]* (2; CCDC 1563853+) at 50% probability.
Selected bond lengths for 1: Cul-N1 = 2.025(4); Cul-N2 = 1.993(4);
Cul-N3 = 2.197(4); Cul-N4 = 2.013(4); Cul-N5 = 2.001(4) A. Selected
bond lengths for 2: Cul-N1 = 2.415(2); Cul-N2 = 2.066(2); Cul-N3 =
1.998(2); Cul-N4 = 2.332(2); Cul-N5 = 2.039(2) A. Hydrogen atoms
omitted for clarity.
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slightly longer at 2.197(4) A. Two PFs~ counterions complete
the structure of 1.

The monovalent 2 was recrystallized in a 1:1 mixture of
diethyl ether:MeCN yielding orange colored crystals. Two
independent but very similar molecules are present in the
asymmetric unit, and one of them is shown in Fig. 1b for sim-
plicity. Like for the Cu" species 1, the ligand arrangement
around 2 is distorted pentadentate around the 3d'® Cu' ion
with a 7z value of 0.4. In spite of this similarity, considerable
differences in bond lengths and angles are observed.

The amine N1, N4 and the pyridine N3 and N5 atoms form
a square base, while the pyridine N2 atom occupies the apical
position. The angle of the apical ligand is 101.3° perpendicular
to the base. This increase in the mean angle reflects a dis-
torted environment typical of a 3d'° geometry with an
increased electron density around the copper center**>*
Similarly, the Cu-Np, bond distances of 2 are slightly longer
than those of 1, with the exception of Cu-N3, which is shorter
by 0.21 A. However, the Cu-Nmine bonds in the monovalent 2
were significantly elongated, with the Cu-N1 and Cu-N4 being
respectively longer by 0.38 A and 0.32 A than in 1. This differ-
ence is attributed to the larger size of the monovalent copper
center.

Redox and electronic behavior

The redox behavior of 1 was evaluated by cyclic voltammetry
(CV) in MeCN using ferrocene as internal standard®
(Fig. Siat). The full-window CV profile from 0 to 2500
mV gerer Shows a quasi-reversible wave at £y, = —460 MVgpe/per
(—66 MVjg/agar), assigned to the Cu"/Cu' couple and directly
relevant for catalysis.'® Other processes appear at —2200 MVge/per
(—1806 mVjgaecr), attributed to ligand reduction [Cu'L’], as
well as a spike observed at —680 MVye/pe+ (—286 MVag/agc) and
commonly attributed to Cu'/Cu’ reduction resulting from
ligand reduction (Fig. S1bt). No peaks were observed on the
anodic side of the voltammogram. The electronic spectrum of
1 in MeCN (Fig. S21) showed a prominent UV band at 258 nm
(e = 16500 M~' cm™') assigned to an ligand-centered n-n*
absorption along with a weak and broad visible absorption at
650 nm (e = 150 M~' cm ™) attributed to d-d processes of the
3d® Cu(u) center.”*** Due to interest in catalytic water
reduction, the pale yellow one-electron reduced species
obtained from 1 was also assessed via UV-visible spectroscopy
after applying a sufficient potential (Fig. S3}). The resulting
spectrum reveals a diminished n-n* band slightly hypsochro-
mically shifted. A new band near 335 nm is assigned to a
metal-to-ligand charge transfer band (MLCT),>*° while the
weak absorption at 650 nm disappears, as expected for a 3d*°
configuration. Species 1 and its reduced counterpart were also
investigated by EPR spectroscopy in MeCN at 110 K (Fig. 2).
The spectrum associated with 1 is characteristic of an S = 1/2
signal with rthombic g-tensors at 2.020, 2.083, and 2.270 and
collinear rhombic A-tensor for Cu(u) at 41, 67, and 400 MHz.
The result corresponds to that of a 3d° Cu™ complex in a dis-
torted square pyramidal environment and with an unpaired
electron occupying the d,._,. molecular orbital with predomi-
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Fig. 2 EPR spectra of 1 before and after bulk electrolysis measured at
110 K in MeCN.

nant metal character. This result is approximate as the spec-
trum may indicate the presence of aggregates or slightly
different structures, as discussed later in this paper. The spec-
trum of the 1e” reduced 1 is typical of a silent 3d'° Cu' ion
similar to that found in 2, and indicates that reduction of the
metal center precedes ligand reduction.

Electrocatalytic water reduction

The catalytic ability of complex 1 towards water reduction was
examined at two different pH values, namely, pH 2.5 and 7
using a three-electrode setup, with mercury pool as the
working electrode.’® We start the discussion with pH 7. In
presence of 1, a catalytic peak appears at —1490 mVjg/aeci- In
order to obtain a more accurate value for the overpotential, a
BE experiment was performed varying overpotentials from
183 mV to 1183 mV (Fig. S4f). Charge consumption was
measured at intervals of 3 min (180 s), showing no charge con-
sumption below 780 mV. At pH 7 in aqueous solution, the
thermodynamic potential for H'/H, is =617 mVagagcr.” This
value is taken as the overpotential for hydrogen generation
(Fig. 3). Electrocatalytic generation of hydrogen was attained
from neutral water (pH = 7 phosphate buffer) with a catalyst
concentration of 6 pmol L' at an applied potential of
—1700 mVpg/agct. The total charge consumption in presence of
the complex is approximately ninefold greater than that of the
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Fig. 3 Catalytic water reduction CV: Hg-pool; Ag/AgCl; Pt wire; 1 M
phosphate buffer (pH 7); 100 mV s7%, inset: Precise determination of the
overpotential for catalysis.
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Fig. 4 (a) Charge vs. time plot for electrocatalytic hydrogen generation;
Qplank = 6 C and Qcomplex = 56 C (b) dependence of the catalytic activity
over time (CV/BE): Hg-pool; Ag/AgCl; Pt wire/coil; phosphate buffer
(pH: 7); AP: —1700 mVpg/agcl (BE). Concentration of the complex =
6 pmol L.

blank solution (Fig. 4a). The linear behavior of the Q vs.t plot
attests to the resilience of the catalyst over the duration of the
experiment. A TON of 1670 was calculated after 3 h with an
associated Faradaic efficiency of ca. 90%.

This result is comparable to the TON;, observed for the
structurally related cobalt catalyst'® (1615), and better than the
equivalent nickel catalyst® at 1050. This comparison is signifi-
cant because these systems were analyzed using similar pH
values, applied potentials and methodologies.

Catalysis performed for 18 h yielded a subsequent 3060
TON with a Faradaic efficiency of 45% suggestive of decreased
activity likely related to catalyst deactivation over time. To
understand the catalytic dependence with time, electrolysis
was performed continuously for 18 h while periodically
measuring the concentration of H,.

The resulting TOFs were calculated and are presented in
Fig. 4b. The highest TOF was obtained after 3 h with a gradual
decrease thereafter. These results corroborate with the idea of
a vigorous initial molecule-based mechanism of dihydrogen
generation that leads to eventual catalyst deactivation.

These catalytic mechanisms in water were analyzed using
DFT methods®*** and the results are shown in Fig. 5. The five-
coordinate complex 1 containing a 3d° Cu" ion has a doublet
ground spin state associated with a semifilled d,._,. metal-
based molecular orbital in good agreement with the EPR data.
This species can undergo a one-electron reduction at a calcu-
lated potential of —190 mVge e+ to yield the five-coordinate
3d" Cu' complex A. The DFT-calculated redox potential is
within the acceptable error in the range of 200 to 300 mV.*’
The latter complex has a singlet ground spin state. The Cu—(N)
amine bond distances are fairly long at 2.46 A and 2.50 A, in A,
in excellent agreement with the experimental X-ray structure.
Addition of a proton to species A could form a Cu"'-hydride
complex [Cu™-H"] B but this event is unfavorable by at least
45 keal mol™". This observation reinforces the notion that a +3
oxidation state is unlikely for the Cu ion. Complex A can be
further reduced by one electron to yield species C at
—2150 MVgere+. This reduction event involves ligand reduction
on the pyridine moieties giving rise to the [Cu'L’] complex C.
This idea is supported by the experimental evidence in which
the current enhancement of the catalytic peak associated with

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Catalytic mechanism of H, generation by 1 in water at pH 7. It
involves a proton-coupled electron transfer pathway from A to generate
the Cu"'-H™ species D. Free energies are in kcal mol™.

ligand reduction in the CV in presence of up to 10 acid equiva-
lents (Fig. S51). It is noteworthy that the radical is delocalized
over two vicinal pyridine rings, and it was not possible to loca-
lize these charges on a single ring even after significant effort.
The latter species is four-coordinate and adopts a distorted
tetrahedral structure with one long Cu-N(amine) bond, 2.68 A.
Complex C has a doublet ground spin state. Addition of a
proton to the metal center in C leads to the oxidation of the
pyridine moieties to form the Cu"-H~ species D. The Cu'
center in C donates only one electron to the upcoming proton
while the second electron is donated by the pyridine moieties.
As a result, the protonation of C leading to the Cu"-H™ species
D is favorable by about 22 kcal mol™, while the formation of a
more demanding Cu™-H~ complex is avoided. Alternatively, a
proton-coupled electron transfer (PCET) pathway from A to D
that bypasses the pyridine-reduced complex C was also con-
sidered. The reduction potential of the PCET pathway has
been calculated at —1610 mVgerer, thus in reasonable agree-
ment with the experimentally measured onset potential
—1900 mVgr.+ observed for complex 1 at pH 7. Species D has
been modelled with a five-coordinate Cu" center where four N
atoms are complemented by a proton and one uncoordinated
or dangling pyridine. The species has a doublet ground spin
state associated again with a semifilled d,._,. MO. Addition of
a second proton to species D releases dihydrogen and regener-
ates 1 enabling its re-entrance to the catalytic cycle. This event
is energetically favorable by 26 kcal mol™".

The mechanisms of copper-containing 1 show considerable
distinctions when compared to its congener catalysts contain-
ing Co" and Ni" bound to the L™**? ligand: the Co species"’
favors formation of a metal-based 3d® Co™-H" at affordable
potentials, whereas a 3d” Ni'" species®” is avoided by means of
ligand involvement. Because a 3d® Cu'"~H~ species is energeti-
cally costly, and because the formation of radical species will
lead to deactivation, molecular catalysis with 1 will likely
involve PCET. For catalytic processes over 3 hours, this PCET
step may give way to A - C — D mechanisms responsible for

This journal is © The Royal Society of Chemistry 2017
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catalyst deactivation. There is no substantial evidence, experi-
mental or otherwise, that protonation of the dangling pyridine
takes place at pH 7.

Post-catalytic analysis of 1 at pH 7

Comparative UV-Visible spectra before and after 3 h catalysis
(Fig. S61) show the disappearance of a 260 nm peak associated
with intraligand charge transfer, thus implying that transform-
ation of the molecular catalyst takes place during the electro-
catalytic process. Additional experiments were carried out to
assess the nature of the copper catalyst, and a bulk electrolysis
experiment was performed using a grafoil electrode as the
working electrode to investigate the possibility of conversion
of molecular 1 into nanocrystalline Cu,O prior to catalysis."”

Two independent catalytic experiments were performed at 3
and 8 h; the post-catalysis grafoil electrode was rinsed with
copious amounts of deionised water and compared against a
control (blank) using scanning electron microscopy (SEM) to
obtain images associated with different regions of the surface.
These SEM images (Fig. S71) indicate absence of nanocrystal-
line Cu,O after 3 h, and only scant presence of nanoparticles
after 8 h. Subsequent energy-dispersive X-ray spectroscopic
(EDX) analysis of the grafoil surface (Fig. S81) confirms the
absence of Cu nanoparticles. Therefore, to the best of our
knowledge, the experimentally observed lack of nanoparticu-
late materials suggests a molecule-based catalytic process.
Although the mechanisms of deactivation remain elusive, it is
evident that the molecular catalyst gets degraded. This process
may explain the decrease in prolonged catalytic activity for 1
and is likely linked to changes in geometrical preferences
associated with the Cu"/Cu' redox couple.>***

Electrocatalytic dependence on pH and applied potential

The catalytic behavior of 1 was studied at pHs 7 and 2.5, as
described, as well as with distinct applied potentials of —1400
and —1700 mVjg/agci for each case. The charge consumption at
pH 7 and —1700 mVjg/aeci is shown in Fig. 4a and has been
discussed. As expected, no significant catalytic behavior is
observed at that pH when the potential is lowered to
—1400 mVjg/agct, thus below the onset potential. However, at
pH 2.5 considerable changes take place. Species 1 was tested
for stability in phosphate buffer and yielded identical
UV-Visible spectra over a period of 8 h (Fig. S9 and S107), thus
reinforcing the notion of a stable species at this pH. An
applied potential of —1400 mVjg/aeci leads to a distinct profile
in which the charge vs. time curve shows an inflection starting
after around 20 min of the catalysis and yielding considerably
higher charge consumption (Fig. 6). When this experiment
was performed over 3 h a quasi-sigmoidal Q vs. ¢ curve was
observed, in which the first inflection is followed by a plateau
(Fig. S117).

These profiles indicate that distinctive mechanisms of di-
hydrogen production are taking place. At first we suspected
that the molecular catalyst had been converted into a different
active form, possibly nanocrystalline Cu,O.'> However, the
comparative UV-Visible spectra from before and after catalysis

Dalton Trans., 2017, 46, 16812-16820 | 16815
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Fig. 6 Charge vs. time plot for 1 at an applied potential of —~1400 MVag/agct
at pH 2.5. Note the inflection after ca. 20 min suggestive of a relay mechan-
ism involving protonation of a dangling pyridine arm.

(Fig. S127), allied with clear SEM images (Fig. S137), suggests
the resilience of the molecular catalyst at this low pH medium.
Therefore, the inflection observed in Fig. 6 might be associated
with concerted activity between formation of a copper hydride
species and a facilitated delivery of a proton, likely bound to
the uncoordinated pyridine arm of the ligand, as described in
structure D of Fig. 5. This assisted delivery of a proton via
ligand protonation has been observed in [FeFe] hydro-
genases,”>’ linked to the high TOFs observed in the
Ni"-containing Dubois catalyst,®® and is commonly referred to
as a relay mechanism.*® Furthermore, Siegbahn et al.>® have
suggested an analogous mechanism for the Cu(bztpen) cata-
lyst'® via DFT methods. Here we investigate the possibility of
such relay mechanisms using a similar methodology.

Assessment of relay mechanisms

We have demonstrated experimentally that in MeCN the un-
metallated ligand can be protonated in presence of 1-3 equiv.
of trifluoroacetic acid (Fig. S14at). Although complex protona-
tion has been previously reported,’®*' compound 2 remains
unaltered under similar protonation conditions, as used for
the ligand (Fig. S14bt).

However, it is considerably more challenging to reproduce
the desired conditions using D,O at pH 2.5. Therefore, in
order to assess generation of a dangling pyridine and its proto-
nation we have relied on DFT calculations to show that the Cu'
complex 2 (described as A in Fig. 5) easily generates a species
A’ with a detached pyridine moiety. Further scrutiny shows
that dissociation of distinct vicinal pyridine moieties can be
considered isoenergetic (Fig. S15t). Independent on which pyr-
idine is detached, the resulting species displays a tetrahedral
geometry around the Cu' center.”>*? Therefore, several poss-
ible pathways that lead to protonation of the dangling pyridine
have been considered and are summarized in Fig. S16.7 **> The
most likely pathway is shown in Fig. 7. It starts with the five-
coordinate Cu™ complex 1 being reduced by one electron to
yield the Cu' complex A’ via prior formation of A. Protonation

16816 | Dalton Trans., 2017, 46, 16812-16820
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Fig. 7 Catalytic mechanism of H, generation by 1 in water at pH 2.5. It
involves a proton-coupled electron transfer pathway from 1 to generate
the pyridine-protonated Cu' species E. Free energies are in kcal mol™.

of the nitrogen in the dangling pyridine is possible at pH 2.5
since the pK, of the pyridinium ion is 5.2 in water.*
Consequently, at such pH this protonation event is favorable
by 7.3 kcal mol™". The resulting complex E can accept one
more electron on the pyridinium moiety to give rise to inter-
mediate F at a calculated reduction potential of —1250
MV per. Protonation of F on Cu' leads directly to the Cu™-H"~
species G bypassing the energetically costly Cu™-H™ inter-
mediate. The Cu' center in F donates only one electron to the
incoming proton and the second electron is donated from the
reduced pyridine moiety. This protonation event is favorable
by 8.2 kecal mol™". The hydrogens on the pyridine nitrogen and
the Cu" center in G are only 1.63 A apart from each other. The
last process requires intramolecular coupling of these two
hydrogens in G and thus, H, is formed and released. This
process is favorable by 24.3 kcal mol™". The resulting complex
1 can accept one electron and reenter the catalytic cycle. PCET
step may possibilitate direct conversion of 1 into E. The
Mulliken spin density plots of different Cu complexes and cal-
culated decomposition pathways of catalyst 1 are shown in
Fig. S17 and S18.7 DFT calculations find that the potentials
required for catalytic H, generation are —1610 mVgc/rcs (Fig. 5)
at pH = 7 and —1250 Vgepe+ (Fig. 7) at pH = 2.5.

The experimentally measured onset potentials are
—1900 MVge/ger at pH = 7 and —1610 MV g+ at pH = 2.5. DFT
calculations find that there is an anodic shift of the potential
of 360 MV e+ resulting from changing the pH from 7 to 2.5.
This shift matches quite well with the experimentally
measured anodic shift of 290 mVg.r.+ for changing the pH
from 7 to 2.5 (Fig. S197).

Conclusions

We have investigated the new molecular electrocatalyst
[Cu™(LN*™?)](PF,), (1) capable of dihydrogen generation via

This journal is © The Royal Society of Chemistry 2017
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water reduction. This complex is active at pHs 7 and 2.5. Water
reduction by 1 at pH 7 yielded a TONj, of 1670 with
an onset potential of —1900 mVg.,p. while a TONj, of
3900 was measured at pH 2.5 with an onset potential of
—1610 MVge/pe

The catalytic activity of 1 is based on a molecular mechan-
ism, in accordance with the absence of nanoparticulate
materials on post-catalytic grafoil electrodes. Pyridine moieties
in the ligand framework in complex 1 play a crucial role in
bypassing the high-energy Cu™-H™ intermediate in the gene-
ration of dihydrogen. A Cu"™-H~ species has been proposed
and a PCET pathway has been invoked for generation of this
Cu"-H" species.

Both the experimental and theoretical studies indicate that
different mechanisms are operative at pHs 7 and 2.5. At the
lower pH protonation of a dangling pyridine leads to a relay
mechanism associated with an increased charge consumption
over time. The pyridine moiety gets protonated and dihydro-
gen generation proceeds via intramolecular coupling with the
hydride of the Cu™-H™ moiety.

Although we succeeded in obtaining molecular catalysis,
the proposed design based on ligand L™*™? conferred limited
robustness. Considering the successful use of this ligand for
vigorous cobalt'® and nickel®* catalysts, one can conclude that
the development of copper-based catalysts will require even
sturdier frameworks capable of handling (i) the geometrical
changes associated with the Cu"/Cu' redox couple, and (ii) the
intrinsic lability of these ions.

Materials, methods and synthetic procedures

General. Reagents and solvents were used as received from
commercial sources without further purification. Infrared
spectra were recorded from 4000-650 cm ™' as KBr pellets on a
Bruker Tensor 27 FTIR spectrophotometer. "H-NMR spectra
were obtained in Mercury FT-NMR 400 MHz and Varian
VNMRS 500 MHz instruments using CDCl; and CD;CN as sol-
vents. ESI-(+) mass spectrometry was performed in a triple
quadrupole Micromass Quarttro LC equipment. Elemental
analysis for C, H and N was carried out using an Exter CHN
analyzer by Midwest Microlab: Indianapolis, Indiana.
UV-Visible spectra were obtained with quartz cells at room
temperature in a UV-3600 Shimadzu spectrophotometer oper-
ating in the range of 190 to 1600 nm. Values of ¢ are given in
mol L' em™'. X-band (9.37 Hz) EPR spectra were obtained
from 1 x 10~* M samples of 1 and bulk-electrolyzed 2 prepared
under N, atmosphere using a Bruker EMX spectrometer with
an ER041XG resonator.

Electrochemistry and bulk electrolysis. The electrochemical
behavior of complex 1 was studied in a BAS 50 W potentiostat/
galvanostat. Cyclic voltammograms were obtained at room
temperature in MeCN solutions containing 0.1 M of
n-BuyNPF¢ as the supporting electrolyte under an inert atmo-
sphere. The electrochemical cell was comprised of three elec-
trodes: glassy carbon (working electrode), Ag/AgCl (reference
electrode), Pt wire (auxiliary electrode). The ferrocene/ferroce-
nium redox couple Fc/Fc' (E° = 400 mV vs. NHE) was used as

This journal is © The Royal Society of Chemistry 2017
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the internal standard.> Reversibility of the peaks were evalu-
ated by calculating the peak-to-peak potential separations (AE,
= |Epe — Epal) and |ipa/ipe| values. The catalytic ability of the
complex was evaluated by performing a cyclic voltammogram
using 1.0 M aqueous phosphate buffer and a three-electrode
cell setup: mercury pool (working electrode), Ag/AgCl (refer-
ence electrode), and Pt coil (32 cm, auxiliary electrode). Bulk
electrolysis experiments were performed in a custom made
H-type cell with two compartments separated by a frit. On the
first compartment the working electrode and reference electro-
des are placed, while the auxiliary electrode is placed on the
adjacent compartment. Bulk electrolysis (BE) of the complex
was performed in MeCN (20 mL) using TBAPF, (tetrabutyl-
ammonium hexafluoro phosphate) as the supporting electro-
Iyte under an inert atmosphere until the calculated charge is
reached. Before and after UV-Visible spectra were collected on
a UV-3600 Shimadzu spectrophotometer.

X-Ray structural determination. A blue plate-shaped crystal
(0.01 x 0.23 x 0.42 mm) of 1 was obtained via slow evaporation
from i-PrOH:MeCN (1:1) and mounted on a mitogen loop
using paratone oil, whilst the monovalent 2 was recrystallized
in a 1:1 mixture of diethyl ether:MeCN yielding orange
colored crystals by slow evaporation in the glove box.
Diffraction data were collected for both 1 and 2 on a Bruker
APEX-II Kappa geometry diffractometer with Mo radiation and
a graphite monochromator using a Bruker CCD (charge
coupled device) based diffractometer equipped with an Oxford
Cryostream low-temperature apparatus. The data were col-
lected at a temperature of 100 K with omega and phi scans of
0.5° per frame for 30 s. The structure for 1 was solved to a
resolution of 0.82 A with a completeness of 99.7%, whilst 2
was solved to a resolution of 0.82 A with a completeness of
99.2%. Both structures were solved by Direct Methods using
the SHELXS-97 program which is part of APEX I1** and refined
by least squares minimizations on F>, SHELXL-97,"® which is
incorporated in OLEX2.*” The structure of 1 was solved in the
space group P2,/C, whilst 2 was solved in space group P1. The
asymmetric unit of 1 consists of one cationic molecule in the
asymmetric unit, and two hexafluorophosphate counterions.
The asymmetric unit of 2 consisted of two independent but
very similar cationic molecules with one hexafluorophosphate
anionic molecule per cationic molecule. Hydrogen atoms were
placed in calculated positions for both structures.

Computational methods. Electronic structure calculations
were carried out using the B3LYP density functional®?* as
implemented in the Gaussian 09 software package.*® The SDD
basis set and effective core potential®® were used for the Cu
atom and the 6-31G(d,p) basis set>*>! was used for the other
atoms. Solvation effects in water were incorporated using the
implicit SMD solvation model®* and were included during
structure optimization. All of the optimized structures were
confirmed as minima by harmonic vibrational frequency cal-
culations and the converged wave functions were tested for the
SCF stability. The zero-point energy (ZPE), thermal corrections,
and entropic contribution were included for the calculation of
the free energies. The standard states of 1 M concentration
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were considered for all the reactants and products for calculat-
ing the free energies of reactions. The literature value of
—270.3 kecal mol™ was used for the free energy of proton in
water.>® The spin density plots (isovalue = 0.004 au) of the
complexes were visualized using GaussView.”! Changing a
standard state from pH 0 to 7 would increase the free energies
of the addition of a proton by approximately 9.5 kcal mol™*
and this correction was taken into account for calculation of
the reaction energies of the protonation/deprotonation events
at pH 7. Similarly, changing from a standard state from pH 0
to 2.5 would increase the free energies of the addition of a
proton by approximately 3.4 kcal mol™ and this correction
was taken into account for calculation of the reaction energies
of the protonation/deprotonation events at pH 2.5.

The calculation of the reduction potentials (E, in volts, here
expressed as mV for consistency) included ZPE, thermal cor-
rection, and entropic contribution. The standard thermo-
dynamic equation AG = —nFE was used.

For the proton-coupled electron transfer (PCET) process
from complex A to complex D, the redox potential was calcu-
lated using the equation, E(A/D) = E°(A/C) + RTIn(10) x (pK, —
pH), where pK, for complex D in water has been calculated to
be 16.2 from the free energy change AG of the dissociation
reaction, D — C + H'. The thermodynamic equation used was
AG = 1.364 x (pK,) and the pH value of the medium was con-
sidered to be 7. E°(A/C) is the standard reduction potential for
reduction of complex A to C.

The redox potential for the PCET process, from complex 1
to complex E, was calculated using the equation, E(1/E) = E°(1/A")
+ RT1In(10) x (pK, — pH), where pK, for complex E in water has
been calculated to be 5.3 from the free energy change AG of
the dissociation reaction, E — A’ + H'. The pH value of the
medium was considered to be 2.5. E°(1/A") is the standard
reduction potential for reduction of complex 1 to A'.

The redox potential for the PCET process, from complex E
to complex G, was calculated using the equation, E(E/G) = E°
(E/F) + RTIn(10) x (pK, — pH), where pK, for complex G in
water has been calculated to be 6.0 from the free energy
change AG of the dissociation reaction, G — F + H'. The pH
value of the medium was considered to be 2.5. E°(E/F) is the
standard reduction potential for reduction of complex E to F.
All the calculated potentials were referenced to a value of E;/, =
4.01 V for the ferrocene/ferrocenium couple calculated under
our level of theory.

Catalytic activity. Water reduction catalysis was evaluated by
performing a CV experiment in 1.0 M phosphate buffer solu-
tion, which was prepared by mixing NaH,PO, (0.454 mol,
27.24 g) and Na,HPO, (0.545 mol, 38.695 g) in ultrapure water
and titrated to pH 7 by adding NaOH or HCI as needed. pH 2.5
phosphate buffer was prepared using 57.660 g of H;PO, dis-
solved in water and titrated to pH with NaOH as needed. A
standard three electrode setup was used: mercury pool (W),
Ag/AgCl (R), Pt wire (A). When compared to the blank, a posi-
tive shift of the catalytic peak was observed in the presence of
the compound. An approximate overpotential () value was cal-
culated using the difference between the potential at which
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the peak appears and that of the thermodynamic potential. BE
experiments in 1.0 M phosphate buffer (pH 7 & pH 2.5) using
a custom-made bicompartmental H-type cell with a separatory
frit were carried out to generate hydrogen gas electrocatalyti-
cally from the complex. The main chamber was filled with
20 mL phosphate buffer and the glass-fitted chamber was
filled with 5 mL phosphate buffer. The electrode setup is iden-
tical to the CV experiment.

A different BE experiment was performed in MeCN with
n-BuyNPF, as the supporting electrolyte using 1 x 10~* M con-
centration of 1 at an applied potential of —300 mV, sufficient
to the Cu'/Cu' process. Hydrogen gas production after 3 h
was measured using a Gow-Mac 400 gas chromatograph
coupled with a thermal conductivity detector. Known
volumes of hydrogen gas were injected into the GC and peak
areas were determined. Volumes were converted into moles
(n) of hydrogen using an ideal gas equation. A calibration
curve was then obtained by plotting moles of hydrogen vs.
peak area (see example of calculation in the ESIf). After the
BE experiment, the contents of 100 pL of headspace were
injected into the GC to determine the total amount of hydro-
gen gas produced.

Scanning electron microscopy. SEM images of the rinsed
grafoil electrode were obtained after BE in 1.0 M phosphate
buffer, using a SM 7600FE type instrument with a Schottky
field emission gun and fully automatic control. A comparison
was also made with the SEM image of the grafoil electrode in
the absence of the post-catalysis compound.

Synthetic procedures

N,N';: The ligand N,N’; was synthesized and characterized
according to reported procedure.'®

[Cu™(L*P*)** (1). The purified ligand was stirred at room
temperature with CuCl,-2H,O in methanol (20 mL) for
two hours under aerobic conditions, followed by the addi-
tion of ammonium hexafluorophosphate to exchange the
counterions in the complex. Blue-colored X-ray quality
crystals were obtained by crystallizing the complex from
i-PrOH : MeCN (1:1) mixture. Yield: 90%. ESI/MS in MeCN:
mfz = 229.1 for [Cu™(L)]*". IR (KBr, cm™"): 3084 (w) (aromatic
CH); 2992 (w), 2919 (w), 2839 (w) (aliphatic CH); 1590 (s)
(C=N); 1433 (s) (C=C); 940 (s) (PFs ). Anal. calc. for
C,5H,5sCuF;,N:P,: C, 40.09; H, 3.36; N, 9.35. Found: C, 40.04;
H, 3.35; N, 9.30.

[Cu"(L*™?%)]" (2). This complex was synthesized using
standard glove box techniques. The ligand was stirred at
room temperature with [Cu(CH3;CN),]PFs in dry MeCN for
2 h followed by adding diethyl ether to form a 1:1 mixture
for slow evaporation. X-ray quality orange crystals were
obtained after a week. "H-NMR [500 MHz, CD;CN, 300 K]
S/ppm = 2.42 [s, 3H (methyl)]; 4.09 [s, 2H (CH,)J; 4.32 [s, 4H
(CH,)J; 7.18 [m, 2H (aryl)]; 7.24 [m, 5H (aryl)]; 7.33 [m, 2H
(aryl)]; 7.56 [t, 1H (aryl)]; 7.67 [t, 2H (aryl)]; 7.74 [t, 1H (aryl)];
8.58 [d, 2H (aryl)]; 8.69 [d, 1H (aryl)]. Anal. calc. for
C,5H,sCuFgNsP: C, 49.71; H, 4.17; N, 11.59. Found: C, 50.88;
H, 4.54; N, 11.76.

This journal is © The Royal Society of Chemistry 2017
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