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Building on a previous design for a Ru-based dissolved N2

sensor, we report an adaptation that allows for reversible data
storage. The N2 complex can be “fixed” and made stable across
a range of pHs by the substitution of OH¹ with F¹ to form
[RuII(F)(TMC)(N2)]+ (1, TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane). The addition of Ca2+ and irradiation
with light at high pH removes the F¹, thereby regenerating the
sensor in its reversible configuration.

In a recent publication, we reported a Ru-based complex
[RuII(OH)2(TMC)] (C, TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane) that is capable of colorimetrically
sensing N2 dissolved in aqueous solutions at N2 partial pressures
as low as 0.01MPa.1 This complex was based on a RuII center
coordinated to a TMC macrocycle, with the crucial feature of
two hydroxo ligands in the axial positions. These hydroxo
ligands could be sequentially protonated at successively lower
pHs to form the corresponding complexes with aqua ligands
[RuII(OH)(H2O)(TMC)](PF6) {[B](PF6)}, and [RuII(H2O)2-
(TMC)](PF6)2 {[A](PF6)2}.1 Such protonation destabilized the
N2 complex, essentially “switching off” the sensor. It should be
noted that the dihydroxo complex C was so sensitive to N2 that it
could be only observed under an Ar atmosphere.1

In an effort to stabilize the sensor across all pHs, we
substituted one of the OH¹ ligands with a F¹ ligand. We
considered that hard ligand capable of strong ³ donation would
produce a complex with chemical behavior similar to that of
[RuII(OH)(TMC)(N2)](PF6) {[D](PF6)},1 without being liable to
deactivation by protonation.

Hereafter, we report the characterization and synthesis of the
water-soluble, Ru-based, N2 complex, [RuII(F)(TMC)(N2)](PF6)
{[1](PF6)}, with a F¹ ligand coordinated to the RuII center. We
also describe its ability to reversibly store N2 concentration data.

A single crystal of [1](BF4)¢H2O suitable for X-ray analysis
was obtained by the addition of NaBF4 to an aqueous solution of
[1](PF6).2 The structure of [1]+ is shown in Figure 1. The RuII

center adopts a distorted octahedral coordination surrounded by
one TMC, one F¹, and one N2 ligand with a Ru1N3 length of
1.847(5)¡, a Ru1F1 length of 2.015(3)¡, and a Ru1N3N4
angle of 176.3(5)°. The N3N4 length of 1.144(8)¡ in 1 is
slightly longer than that of free N2 (1.098¡),3 which is consistent
with back-donation of electron density from the t2g orbital of RuII

to the ³* anti-bonding orbital of N2. The NN bond length in 1 is
comparable to that in the N2 complex D {1.128(6)¡} and longer
than those in most RuIIN2 complexes. This is the first example
of a water-soluble, F¹-coordinated, N2 complex.

The IR spectrum of [1](PF6) in the solid state shows a sharp
band at 2064 cm¹1 typical of ¯(N≡N)48 in an end-on fashion

(Figure S1 in Supporting Information).9 The lowering of the
¯(N≡N) relative to that of free N2 (2331 cm¹1)10 is in agreement
with a weakening of the NN bond in comparison to the free
N2 molecule. The ¯(N≡N) in 1 is comparable to that in D
(2050 cm¹1),1 which indicates the axial F¹ ligand is not different
from the OH¹ ligand with respect to the electronic effect on the
stretching vibration of N2. However, the behavior of 1 toward
the change of pH is quite different from D. The IR spectra of
aqueous solutions of [1](PF6) show a sharp band at 2069 cm¹1,
responsible for the ¯(N≡N), and is observed at pH 2.014.0.
This result demonstrates that the structure of 1 remains over a
wide pH range. Conversely, the N2 complex D releases N2 at
pH 2.010.0 although the structure is stable at pH 10.014.0.1

Complex 1 with Ca2+ was irradiated with halogen light
(YAMAZEN YHL-500S without any filter, 500W) in water at
pH 11.0 at 25 °C for 6 h under a N2 atmosphere to give D
and CaF2 (Figure S2 in Supporting Information).9,11 Figure S2a
shows the positive-ion electrospray ionization (ESI) mass
spectrum of 1 in water at pH 11.0 before irradiation. The
prominent signal at m/z 405.3 {relative intensity (I) = 100% in
the range of m/z 1002000} has a characteristic isotopic
distribution (Figure S2b) that matches well with the calculated
isotopic distribution for [1]+ (Figure S2c). After irradiation, the
prominent signal at m/z 405.3 was shifted to the prominent
signal at m/z 403.3 (Figure S2d), which has a characteristic
isotopic distribution (Figure S2e) that matches well with
the calculated isotopic distribution for [D]+ (Figure S2f). At

Figure 1. An ORTEP drawing of [1]+ with ellipsoids at 30%
probability. The counter anion (BF4¹), the solvent (H2O), and the
hydrogen atoms are omitted for clarity. Selected interatomic distances
(l/¡) and angles (º/degree): N3N4 = 1.144(8), Ru1N1 = 2.126(4),
Ru1N3 = 1.847(5), Ru1F1 = 2.015(3), Ru1N3N4 = 176.3(5),
F1Ru1N3 = 177.6(2), N1Ru1N2 = 85.99(17), N1Ru1N1* =
93.61(17), N2Ru1N2* = 93.71(16).
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pH 10.014.0, the irradiation of the aqueous solution of 1 and
Ca2+ with halogen light gave D. Complex D reacted with F¹ in
water at pH 10.014.0 to form 1.

Figure 2 shows UVvis spectra of the aqueous solutions of
A at pH 2.0, B at pH 7.0, D at pH 12.0, and 1 at pH 12.0,
respectively. The UVvis spectra of D and 1 exhibit intense
bands at 235 and 228 nm, respectively, assigned to the RuIIN2

metal-to-ligand charge-transfer (MLCT) transition,47 and the
shoulders around 310 nm, assigned to dd transition.12

Complex D is stable in water at pH 10.014.0, however, D

releases N2 to give A via B and C by decreasing pH from 10.0 to
2.0. In contrast to D, 1 is stable in water over a wide range of pH.

Figure 3 summarizes the pH-dependent properties of all five
RuII complexes. The structure of A is changed to B by raising
the pH. Complex B, via a short-lived dihydroxo complex C, can
coordinate to N2 at pHs above 10 at 25 °C for 1min to form
complex D. Adding F¹ to D forms complex 1 which is stable
over a wide range of pH. Complex 1 can then be reverted to D
by the simple application of Ca2+ ions and light.

This behavior could potentially be used for reversible data
storage of dissolved N2 sensor information. As a first step,
complex C would behave as a N2 sensor at pH 10.014.0.
Adding F¹ would then lock this data and protect it against
erasure by protonation. To unlock the data, Ca2+ ions and light
would be applied at high pH and the data could then be erased
by lowering the pH. All of the chemical processes described
above have been performed in the laboratory and so relatively
little work is required to develop this system for data recording.
We expect the principles at work here will allow a wide variety
of new applications.
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Figure 2. UVvis spectra of the aqueous solutions of A at pH 2.0, B
at pH 7.0, D at pH 12.0, and 1 at pH 12.0 under a N2 atmosphere.

Figure 3. pH-dependent properties of all five RuII complexes.
Interconversion of 1 to D proceeds in the reaction of [1](PF6)
(100¯M) with CaSO4 (3.0mM) in water in the range of pH 10.014.0
with halogen light at 25 °C for 6 h under a N2 atmosphere. Intercon-
version of D to 1 proceeds in the reaction of [D](PF6) (100¯M) with
NaF (100mM) in water in the range of pH 10.014.0 at 25 °C under a
N2 atmosphere for 18 h in the dark. Reversible interconversion
between A and D via B and C has been previously reported.1
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