Indones. . Chem., 2021, 21 (3), 769 - 775 769

Short Communication:
Solvatochromism and Theoretical Studies of Dicyanobis(phenylpyridine)iridium(lll)
Complex Using Density Functional Theory

Noorshida Mohd Ali"’, Anthony J.H.M. Meijer?, Michael D. Ward*?, Norlinda Daud’, Norhayati
Hashim', and Illyas Md Isa’

'Department of Chemistry, Faculty of Science and Mathematics, Universiti Pendidikan Sultan Idris,
35900, Tanjong Malim, Perak, Malaysia

“Department of Chemistry, University of Sheffield, Sheffield, S3 7HF, United Kingdom

*Department of Chemistry, University of Warwick, Coventry, CV4 7AL, United Kingdom

* Corresponding author: Abstract: Luminescent cyanometallate [Ir(ppy).(CN).]- (ppy = CsHsCsH4N) has
recently gained attention due to its desired photophysical properties. Our research group
reported that the [Ir(ppy).(CN).]- has shown a negative solvatochromism like
[Ru(bipy)(CN)4]*, resulting in a blue-shift of the UV-Vis absorption bands in the water.

tel: +60-194484642
email: noorshida@fsmt.upsi.edu.my

Received: January 1, 2021 Therefore, to gain insight into the specific solvent-solute interaction governed by the
Accepted: February 11, 2021 hydrogen bond in the solvation hydration shell, density functional theory (DFT)
DOL: 10.22146/ijc.62763 calculations were performed on the singlet ground state of the [Ir(ppy).(CN).]™ and its

solvent environment in the water at B3LYP level theory. It was demonstrated, seven water
molecules provided a good description of the relevant spectra: IR and UV-Vis. The
calculation reproduced the positions and intensities of the observed V(C=N) bands at 2069
and 2089 cm™. The calculated MLCT transition wavelength was 366 nm vs. a measured
value of 358 nm, differing by 8 nm. The study revealed the water molecules interacted
with cyanide ligands through CN---H-OH type hydrogen bonds and water-water
interactions (HO-H---OH, type hydrogen bonds) were involved in the solvation
hydration shell around the [Ir(ppy)(CN).]".
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m INTRODUCTION like [Ru(bipy)(CN)4]*". Furthermore, the lone pairs on
the N atoms of the cyanide ligands of [Ir(ppy).(CN).]

The anionic complex [Ir CN).]” which is one
plext [Ir(ppy):(CN). can form hydrogen bonds with protic solvent molecules

of the general family of iridium(III) complexes based on

cyclometallating phenylpyridine ligands, has attained thatactasa hydrogen-bond donor, and hence allowing

eminence recently for its needed photophysical properties = 1 2
[1-4]. Luminescent cyanometallate [Ir(ppy).(CN).]~ (Fig. | Nt “ |I|
1) with two lone pairs on the cyanide ligands that was first N | N

¢ /cé /N\¢ ¢z
reported in 2003 [5] and several derivatives [6] have .,\ /R<C

N

shown a greater emissive and high energy excited state, I. St g i [
and thus potentially good energy donors. Besides, these : | Il

complexes can be used for direct coordination to a metal - =
Fig 1. Structure of [Ir(ppy)(CN).]” (left) and

cation via the cyanide groups, in which they can be ] )
[Ru(bipy)(CN)4]* (right)

exploited in the field of supramolecular photochemistry,
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the complexes to act as a component of hydrogen-bonded
assemblies [7-9].

Our research group reported that [Ir(ppy)(CN).]
shows a negative solvatochromism, resulting in a blue-
shift of the UV-Vis absorption bands in water concerning
other solvents such as methanol, acetonitrile,
dichloromethane, acetone, and dimethylformamide [3].
This solvatochromism arises in part due to the partial
protonation of cyanide lone pair, which increases its -
acceptor ability and resulting in more significant
Ir(dn)—>CN(n*) back bonding [8]. Therefore, it stabilizes
the ty; orbitals, giving a large energy difference between
the highest occupied molecular orbital and the lowest
unoccupied molecular orbital (HOMO-LUMO gap).
Back donation from the filled d-orbitals on the Ir metal to
the empty m*-orbitals of the CN~ ligand concerning M—C
bond as indicated by the orbital diagram) is shown in Fig.
2. The results in a withdrawal of electronic charge from
the metal center explain the blue shifts in metal to ligand
charge transfer (MLCT) absorption band.

Since [Ru(bipy)(CN)4]*> has been discovered to be
used as a sensor for traces of moisture [8], it is projected
that the solvatochromism of [Ir(ppy).(CN).]” will be in the
same way as [Ru(bipy)(CN)4]*~ but possibly less due to the
smaller number of cyanide ligands. Therefore, to get further
information on the specific solvent-solute interaction

governed by the hydrogen bond in the solvation hydration
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Fig 2. A presentation of m-donation of electron density
from a filled metal orbital to the anti-bonding m* orbital
of the CN" ligand

shell, density functional theory (DFT) calculations have
been carried out for the ground state of [Ir(ppy).(CN).]".
Also, variations of the CN--H-OH hydrogen bonds of
the singlet ground-state complex have been performed
for [Ir(ppy)z(CN)z]’-(HzO)n.

m COMPUTATIONAL METHODS

Theoretical studies were performed using the
Gaussian 09, version C.01 program package [10] at the
hybrid density functional theory (DFT) level. More
precisely, Becke’s three-parameter functional and the
Lee-Yang-Parr functional (B3LYP) have been used
throughout. In all calculations, an extensive basis set was
used, consisting of 6-311G** [11-14] on all atoms (C, H,
N, O) apart from iridium, which was described using a
Stuttgart-Dresden pseudo-potential [15-18]. Besides,
bulk solvent effects were treated via the polarizable
continuum model (PCM) [19-22]. Finally, all calculations
were run using ultrafine integrals, and no symmetry was
considered in the calculations. During the optimization,
each water was allowed to explore its configurational
space completely freely [13,23]. In all cases where the
converged structures were obtained, the frequencies
within the harmonic approximation were calculated for
use compared to the IR spectra. However, since B3LYP
overestimates frequencies, these frequencies were scaled
by 0.97 [24-25] to achieve better agreement with the
experimental values. The converged species were also
subsequently used in a TD-DFT calculation to obtain
UV-Vis spectra. In each TD-DFT calculation, 100 states
were included to get a spectrum down to approximately
250 nm. The electronic and vibrational spectra were
analyzed using the GaussSum program.

m RESULTS AND DISCUSSION
Calculated Structures

All DFT calculations were started from the
[Ir(ppy)2(CN)2]~  crystal structure, [3]
optimized at the singlet ground state without any

which was

specific hydrogen-bonded interactions. A sequential
process was implemented to model the solute-solvent
interaction. First, a single water molecule (A) was
selected to be coordinated linearly to the CN~ unit,
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making a CN H angle of 180°. Then, another water
molecule (B) was coordinated to the adjacent CN™ unit.
Therefore, for the first solvation shell, two water
molecules were included in the structure of
[Ir(ppy)2(CN).]~ via CN---H-OH type hydrogen bonds.
Fig. 3 shows that after minimization, the hydrogen bond
distance between CN---H is approximate 1.9 A, which is
the typical length of a hydrogen bond [26]. However, the
water molecules substantially altered from their original
location. It can be seen that CN---H angles for both
structures are in a range of 118-119°, which is not linear.

More water molecules were added in subsequent
calculations until a total of seven water molecules
surrounding the CN™ units were obtained. Notably, all the
structures were converged in calculations. It was very
challenging to measure a complete solvation shell model
[13]. After minimization, the Ir—C distances in both
ligands are calculated to be (2.065-2.071 A) for the
groups and (2.081-2.082 A) for the
phenylpyridine groups, which varied by -0.018 and

cyanide

+0.004 A respectively, from the results in a vacuum. In
contrast, the resulting Ir-N (2.102-2.100 A) bond lengths
differed by +0.020 A from the results in a vacuum (Fig. 4).
Significantly, there is no trend at all in bond lengths (Ir—C
and Ir-N) with the increasing number of water molecules.
The decrease in the distance between the Ir-C for cyanide
ligands probably due to the added water molecules’
presence, [13], from the arrangement of water molecules
in the solvation shell (Fig. 4). It is evident that three water
molecules were included for each CN- ligand via
CN---H-OH type hydrogen bonds. For instance, H,O(B),
H,O(C), and H,O(F) form hydrogen-bonded via
CN---H-OH to one of the CN ligands. Besides, these two
water molecules, H,O(D) and H,O(G), like a bridging
ligand. Each of them is coordinated to the three adjacent
water molecules [H,O(A), H;O(B) and H,O(C)] and
[H.O(C), H,O(E), and H,O(F)], respectively via HO-H
OH, type hydrogen bonds (Fig. 4). Consequently, the
solvation shell around [Ir(ppy).(CN).]" involves both
water molecules interacting with cyanide ligands and
water-water interactions [13,23].

In all cases, the N O distances in the calculations
(approximately 3.0 A) with increasing numbers of water

Fig 3. Calculated structures of [Ir(ppy).(CN).]” in water
(PCM) solvent with one (left) and two (right) additional
hydrogen-bonded water molecules included in the
solvation shell

Fig 4. Calculated structures of [Ir(ppy).(CN).]” in water
(PCM) solvent with seven additional hydrogen-bonded
water molecules included in the solvation shell

molecules do not show any trends at all. They are slightly
changed than those found in the earlier estimates on
[Ru(CN)4(bipy)]*” (approximately 2.9 A) [23] and
[{Ru(CN)4}2(p-bppz)]* (about 3.2 A) [13]. In addition
to the different types of ligands between ppy, bipy, and
u-bppz, the possible reason for this difference is that
Horvath [23] study included one water molecule for
each CN~ ligand then, another one water molecule was
attached to the first one. The Meijer [13] reported only
single water per CN~ ligand was included in the model.

Electrostatic Potential

To predict the behavior of the complex
[Ir(ppy)2(CN),]- with additional hydrogen-bonded
molecules in the solvation shell, the -electrostatic
potential surface has been calculated. The electrostatic
potential map in Fig. 5 clearly illustrates how the
electrostatic around  the

potential  changes
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[Ir(ppy)2(CN).]
water molecules in the solvation shell. Remarkably, it can

without additional hydrogen-bonded

be seen the most negative electrostatic potential (colored
in shades of red) corresponds to a lone pair of CN™ ligands
in the complex [Ir(ppy)(CN).]". This electron pair
extends around the top of the CN™ unit, which will explain
the deviation of the CN---H angle from 180°. Besides, the
negative electrostatic potential is nearly cylindrical
symmetrical around the CN triple bonds [13] and is
relatively flat, so that deviations from linearity are easy to
achieve.

Ground-state IR Spectra

Since the series of calculations [Ir(ppy).(CN).]™ in
water plus the solvation shell is consisting of one to seven
hydrogen-bonded water molecules, all converged, it is
possible to calculate the vibrational frequencies for all of
them. The formation of the cyano-bridges in the
[Ir(ppy)2(CN).]” are proved by the C=N stretching
vibration bands in the range 2200-2000 cm™ [27-28]. In
the IR absorption spectrum of [Ir(ppy).(CN).]™ in water,
the characteristic band of the coordinated group with an
2085 cm™. The
[Ir(ppy)2(CN)2]™ in dichloromethane, however, displays
two sharp v(C=N) bands at 2101 and 2092 cm™ in the IR
spectrum (Fig. S1). For [Ir(ppy).(CN).]™ in water plus the

intense peak is observed at

solvation shell consisting of one hydrogen-bonded water
molecule, the calculation reproduces the positions and
intensities of the observed v(C=N) bands at 2102 and
2119 cm™. In contrast for [Ir(ppy).(CN),]™ in water plus
the solvation shell consisting of seven hydrogen-bonded
water molecules, from the calculation, these two peaks are
shifted to higher frequencies by approximately 30 cm™
with the increased intensity (2069 and 2089 cm™) (Fig. 6).
Therefore, the latter result shows a good agreement with
the experimental data.

Absorption Spectra

In addition to the geometry minimizations, TD-
DFT calculations for the optimized geometries with PCM
approximation have been performed for the singlet
ground state. The calculated electronic spectra for the
[Ir(ppy)2(CN).]” in water plus the solvation shell
consisting of one to seven hydrogen-bonded water
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molecules are given in Fig. 7. In all cases, the absorption
bands are shifted to a higher frequency with water
molecules’ addition and are very close to each other. The
most extended wavelength peak can be described as an
MLCT transition, as expected. It can be seen that the
lowest-energy MLCT peak at 383 nm for one hydrogen-
bonded water molecule is blue-shifted (366 nm) after
addition with seven hydrogen-bonded water molecules.

Furthermore, weaker higher-energy MLCT should
exist at 312 nm (one hydrogen-bonded water molecule)
is shifted to a shorter wavelength (302 nm) after addition
with seven hydrogen-bonded water molecules. Besides,

(b)

Fig 5. Electrostatic potential maps of [Ir(ppy).(CN).]" in
two different planes. Panel (a): The plane is cutting
through one of the CN™ units and perpendicular to the
other CN" unit Panel (b): The plane is cutting through
both CN™ units
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Fig 6. IR spectra of [Ir(ppy).(CN).]” in water with an
additional water shell consisting of one (thick red line)
until seven (thick black line) hydrogen-bonded water
molecules, in the S, state. Line Half-width 8 cm™
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Fig 7. Calculated UV-Vis Spectra for [Ir(ppy).(CN).] in
water with an additional water shell consisting of one
(thick red line) until seven (thick black line) hydrogen-
bonded water molecules, Full-Width Half Maximum
(FWHM) = 3000 cm™!

Table 1. Detailed comparison of the singlet absorption
spectrum between calculated and experiment for
[Ir(ppy)2(CN)2]™ in water with a water shell consisting of
seven explicit hydrogen-bonded water molecules

Experimental wavelength  Calculated wavelength

(nm) (nm)
358 366
290 (shoulder) 302
250 267

the higher energy m-m* transitions at 270 nm for one
hydrogen-bonded water molecule is shifted slightly to
higher energy (267 nm) with seven hydrogen-bonded
water molecules. In particular, the higher energy n-m*
transitions of 2-phenylpyridine is very little affected by
the hydrogen bonding to the solvent with water
molecules. It explains the solvatochromism behavior of
this complex [Ir(ppy)(CN).]", in which the H-bond
donating solvent molecules will interact with CN~ units
[8]. Consequently, it is clear from the calculation that
three transitions were get involved (Table 1). The
show that the
prominent peaks of the spectra are a combination of a

contributions to these transitions

blue shift 'MLCT transitions from various Ir d orbitals to
ppy ligands (as expected) and 'n-n* transition on the ppy
moiety [3,29-30].

773

Interestingly, a comparison of the calculated
electronic spectrum for the [Ir(ppy).(CN).]” in water
plus the solvation shell consisting of seven hydrogen-
with  the
spectrum shows a satisfying agreement between theory
and experiment (Fig. S2). Table 1 shows that the
calculated wavelength with an additional water shell

bonded water molecules experimental

consisting of seven explicit hydrogen-bonded water
molecules is 366 nm vs. a measured value of 358 nm,
differing by 8 nm. The weaker higher-energy MLCT
shoulder appears at 302 nm (calculated) vs. a measured
value of 290 nm, differing by 12 nm. Therefore, it can be
concluded that a description of the solvation shell with
seven water molecules is good enough to model the
specific solute-solvent interaction, as it gives a good fit
with the electronic spectral data.

m CONCLUSION

In conclusion, the structure of the anionic complex
[Ir(ppy)2(CN).]™ and its solvent environment in water
has been studied by DFT calculations. It has been
demonstrated that seven water molecules create the
hydration shell around the [Ir(ppy).(CN).]” providing a
good description of IR and UV-Vis spectral data. In
particular, three water molecules are localized near the
nitrogen atom of each cyanide ligand. Besides, one water
molecule is located between two adjacent water
molecules at the center. Therefore, the solvation shell
around [Ir(ppy).(CN).]™ involves both water molecules
interacting with cyanide ligands through CN---H-OH
type hydrogen bonds and water-water interactions
(HO-H---OHj; type hydrogen bonds).
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