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Abstract

Various coordination complexes have been the subject of experimental or theoretical studies in
recent decades because of their fascinating photophysical properties. In this work a combined
experimental and computational approach applied to investigate the optical properties of
monocationic Ir(IIl) complexes. In result, an interpretative machine learning-based Quantitative
Structure-Activity Relationship (QSAR) model was successfully developed, which can reliably

predict the emission wavelength of the Ir(III) complexes and provides foundations for theoretical



evaluation of the optical properties of Ir(IIl) complexes. A hypothesis was proposed to
mechanistically explain the differences in emission wavelengths between structurally different
individual Ir(IIT) complexes. To the best of our knowledge, this is the first attempt to develop
predictive machine learning (QSAR) model for the optical properties of Ir(IIl) complexes. The
efficacy of the developed model was demonstrated by high R’ values for the training and test sets
of 0.84 and 0.87, respectively, and by performing the validation using y-scrambling techniques. A
notable relationship between the N-N distance in the diimine ligands of the Ir(III) complexes and
emission wavelengths was revealed. This combined experimental and computational approach
shows a great potential for rational design of new Ir(IIl) complexes with desired optical properties.
Moreover, the developed methodology could be extended to other octahedral transition-metal

complexes.
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1. INTRODUCTION

In recent decades, various transition-metal coordination complexes have been the subject of
extensive studies because of their fascinating photophysical properties. Among these transition-
metal complexes, Ir(Ill) complexes are particularly interesting due to their strong spin-orbit
coupling, which gives rise to an efficient intersystem crossing and high phosphorescence quantum
yield at room temperature.' Because of these characteristics, Ir(IlI) complexes have been widely
studied for organic light-emitting devices (OLEDs),* ° light-emitting electrochemical cells
(LEECs)® 7 luminescent biological-labeling reagents®, chemosensors’, and upconversion

applications.'® In addition, it has been found that Ir(IIl) complexes can exhibit efficient reverse



saturable absorption (RSA).!'"'* RSA is a nonlinear optical phenomenon in which the materials
exhibit a standard linear absorption at low incident laser pulse, while their absorptivity increases
when the incident laser power increases. RSA is a required property for photonic applications like
optical switching, optical rectification, laser pulse shaping, and compression.'> '® To produce
efficient RSA with nanosecond laser pulses, the lowest triplet state should have a long lifetime, a
strong absorption coefficient, and a high quantum yield. For practical applications, the broadband
RSA materials are also required to cover the spectral range of 500-900 nm.

To reach this goal, various structural modifications of Ir(IIl) complexes were suggested to
tune both the ground- and excited-state properties and shift absorption and phosphorescence of
these complexes to the near infrared (NIR) spectral range, while also improve RSA. For instance,
the optical properties of Ir(IIl) complexes can be altered by using different types of diimine or
cyclometalating ligands or varying substituents on the ligands.!'> !”- '8 The previous studies show
that the emission properties of Ir(Ill) complexes consisting cyclometalated ligands 2-
phenylpyridine (ppy, C-N ligand) and ancillary ligands 2,2'-bipyridine (bpy, N-N ligand) can be
controlled by substitution of electron-withdrawing and donating groups.!*» 7 Extensive
electrochemical and computational studies show that the lowest unoccupied molecular orbital
(LUMO) of these Ir(IIl) complexes is typically located on the NN ligand; while the highest
occupied molecular orbital (HOMO) is delocalized on the C*N ligands and the d-orbital of the
Ir(IT) center.!! Thus, electron-donating or withdrawing substituents on the N*N ligand could lead
to hypsochromic or bathochromic shifts of the lowest-energy charge transfer optical transition by
destabilization or stabilization of the excited electron state, while the hole state is negligibly

effected.!’



Beside the electron withdrawing/donating groups, introducing m-conjugated substituents
on the N*N ligand could alter the nature of the lowest triplet excited state. The most frequently
used m—conjugated NN ligand is 2-arylimidazole[4,5-f][1,10]phenanthroline is widely used in
biomolecular targeting and chemosensing.’’?> Even though these complexes exhibit good
photophysical properties, its sensitivity to environmental changes impacts its stability during the
fabrication and application. To overcome this issue, Sun et al. studied a series of 2-
aryloxazolo[4,5-f ][1,10]-phenanthroline ligands (N”N ligands) and their cationic Ir(III)
complexes with varying electron withdrawing or donating groups and m—conjugation length.!* %3
The spectroscopic and quantum-mechanical study reveal increased co-planarity with 2-pehenyl
substitution in N*N ligands, which promotes increased emission intensity in the solid and solution
state of Ir(IIl) complexes. It was also shown that the n—extended substituents at the 2-position of
the oxazolo[4,5-f ][1,10]phenanthroline ligand show stronger RSA than other complexes with
phenyl or substituted phenyl substitution in N*N ligands.?*

Extending m—conjugation can be also achieved via benzannulation of N*N or C"N ligands
of Ir(Ill) complexes.'! Depending on the site of benzannulation in C*N ligands, the Ir(III)
complexes can exhibit a blue or red shift of the lowest-energy absorption and emission bands. This
is attributed to the site-dependent destabilization or stabilization of the excited electron state upon
benzannulation in the Ir(IIl) complexes. It was shown that incorporation of quinoxaline or
benzo[g]quinoxaline unit into either the N*N or C*N ligand red—shifted the spin—forbidden
37, 7%PCT (charge transfer) absorption bands into longer wavelengths, while reducing the triplet
excited—state lifetimes.?*6 21327 [n contrast, Ir(I) bipyridine complex bearing 1,2—diphenyl—
9H-pyreno[4,5-d]imidazole (dppi)*’ 2 or naphthalimidyl (NI)*® 2* cyclometallating ligands have

displayed a long—lived strong triplet excited—state absorption in the spectral regions of 410 — 800



nm. The synergetic role of dppi C*N ligands and pyrazine—based NN ligands in the red—shift of
the ground—state absorption to the far-red/NIR regions while keeping a relatively long—lived and
broadly absorbing triplet excited state have been recently demonstrated by Sun group, and also
showing high RSA of these complexes at 532 nm for ns laser pulses.'*

Despite these abundant experimental and computational studies on the non-linear and

linear optical properties of Ir(IIl) complexes, '3 23-36 20-33

establishing the relationship between the
structure of ligands and emission properties of Ir(III) complexes for their rational design is still
illusive task, due to many contradictive and contra-intuitive data. In this regard, machine learning
methods can be very helpful to find the structure-property correlations in Ir(IIl) complexes, which
can combine various data and extract the essential knowledge. Thus, the data driven modeling
techniques like quantitative structure-activity/property relationship (QSAR/QSPR) can be used to
establish mathematical correlations between optical features of Ir(Ill) complexes and various
structural factors like the m—conjugation of different type of ligands (N”N ligands and C"N
ligands), benzannulation on different ligand’s sites, electron withdrawing/donating substituents,
and beyond. QSAR modeling has been successfully used to model structure and the ground state
electronic property models for polymers, organic and inorganic materials, semiconductors, and
organometallic complexes.’’° QSAR has been successfully applied to generate a toxicity model
of organometallic complexes.*’ In another work, the relative binding affinity of diverse
organometallic estradiol derivatives is also modeled using the QSAR approach.*! However, no
QSAR studies have been reported correlating the phosphorescence properties of Ir(IIl) complexes

and the structure of complexes/ligands. Deriving a mathematical relationship between the emission

or absorption wavelength of Ir(II) complexes and structural features of ligands in the Ir(III)



complexes obtained from QSAR/QSPR models can help to synthesize the Ir(Ill) complexes with
tailormade optical performance and characteristics.

In this work, we have collected 46 different Ir(Ill) complexes with diverse structural
features that were synthesized and characterized experimentally, as reported in literature, !> 17 23-36
to find a relationship between near-IR emission property and the structure, and then develop a
quantitative structure-property relationship (QSPR) model. The investigated Ir(III) complexes
have a diverse degree of substitution, including electron withdrawing and donating groups, varying
n-conjugation length on C*N and/or N*N ligands, and benzannulation on different ligand’s sites.
This work is envisioned to predict the triplet emission wavelength of a set of Ir(Ill) complexes
with structural and morphological complexities by using the unique combination of experiment,
quantum chemistry, and machine learning-based QSAR methods, as illustrated in Fig. 1. An
interpretative machine learning-based QSAR model was successfully developed, which can
reliably predict the emission wavelength of the Ir(Ill) complexes based on their structural
modifications and provide foundations for theoretical evaluation of the optical properties of the
Ir(IIT) complexes. It is worth noting that unexpected relation between a decrease in the N-N
distance of a pair of nitrogens coordinated to the metal center of the Ir(IIl) complexes and the
redshift in the emission wavelengths is revealed. Interestingly, this relationship has never been
discussed in literature before. We associate these correlations to a degree of distortion in the
octahedral structure of complexes resulting in the perturbed ligand field. Overall, our combined

experimental and QSAR-based computational approach opens a pathway for cost-effective and

efficient development of optical materials for various applications.
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Figure 1. Scheme of the workflow applied to investigate structurally different iridium (III)

complexes by combined experimental, computational and machine learning methods.

2. MATERIALS AND METHODS

The sequence of the tasks in this work to develop a QSPR model is based on following steps: (1)
data set selection; (2) molecular structure generation; (3) geometry optimization of molecular
structures using appropriate methods; (4) a set of various descriptors generation; (5) variable
selection and/or data reduction methods; (6) model generation; (7) and validation and

predictability evaluation of the developed models.** 43 343

2.1. Data Set Selection: Iridium(III) complexes emission data set
The experimental values of the emission wavelengths of 46 different Ir(IIT) complexes are collected
from various sources. > 172336 The data set of these complexes is split into training and test sets

(80% of 46 complexes as training and 20% as a test set). The splitting of the data set into training



and test set was carried out by arranging the data set in ascending order and taking every 5%

chemical from the data set as a test or prediction set.

Table 1. Dataset of investigated 46 organometallic compounds

Experimental Predicted A
1D Status Aemission 5 NIM Aemission , NIM Aemissi Reference
1 Training 567 582.91 15.91 34
2 Training 570 615.48 45.48 27
3 Training 577 582.34 5.34 13
4 Training 578 580.07 2.07 34
5 Prediction 579 578.37 -0.63 13
6 Training 580 582.34 2.34 13
7 Training 580 601.87 21.87 27
8 Training 582 606.97 24.97 36
9 Training 582 582.34 0.34 13
10 Prediction 584 581.77 -2.23 13
11 Training 584 582.34 -1.66 13
12 Training 584 614.09 30.09 34
13 Training 584 614.09 30.09 33
14 Training 585 582.34 -2.66 13
15 Prediction 585 601.87 16.87 27
16 Training 586 582.34 -3.66 13
17 Training 587 567.03 -19.97 13
18 Training 587 601.87 14.87 27
19 Training 592 567.03 -24.97 13
20 Excluded 593 23
21 Training 593 600.03 7.03 34
22 Training 595 581.77 -13.23 13
23 Training 600 606.97 6.97 36
24 Training 600 614.66 14.66 34
25 Prediction 601 604.00 3.00 32
26 Training 602 601.37 -0.63 32
27 Training 604 601.87 -2.13 27
28 Training 608 604.00 -4.00 36
29 Training 608 640.85 32.85 17
30 Prediction 609 604.56 -4.44 36
31 Training 612 573.38 -38.62 32
32 Training 619 606.40 -12.60 33
33 Training 625 668.21 43.21 23
34 Training 630 638.16 8.16 33
35 Prediction 645 714.70 69.70 23




36 Training 656 638.72 -17.28 33

37 Training 657 675.01 18.01 17
38 Training 657 679.55 22.55 23
39 Training 658 640.85 -17.15 17
40 Prediction 672 638.16 -33.84 33
41 Training 680 601.87 -78.13 27
42 Training 755 710.73 -44.27 23
43 Training 780 714.14 -65.86 23
44 Training 794 765.62 -28.38 30
45 Prediction 794 817.79 23.79 30
46 Training 801 801.25 0.25 30
47 Training 801 829.13 28.13 30

2.2. Molecular Structure Generation: DFT structure optimization

All complexes of this series were optimized at the density functional (DFT) level of theory using
Gaussian-09/16 software package.** The geometries of complexes were optimized in their singlet
and triplet spin configurations by DFT using the hybrid Perdew, Burke, and Ernzerh of functional
(PBE1PBE)*%6 and the LANL2DZ*’ basis set assigned for Ir(IIl) and 6-31G* basis set for all the
remaining atoms.*> % Dichloromethane was used as the solvent within the conductor-like
)30

polarizable continuum model (CPCM)>" reaction field method. This methodology is described in

detail in our previous publications and has been shown to provide good agreement with

experimental structural and optical data of reported Ir(IlI) complexes. '3 17-23-35

2.3. Descriptors Generation

The molecular descriptors were calculated for all complexes in this work, where descriptors are
mathematical representations of chemical information contained in a molecule. The chemical
structure is built using ChemSketch software,*!' then computed and optimized by DFT methods
and then optimized structure used for descriptors’ degeneration by Dragon 6 software.”? The

Dragon 6 software generates more than 4500 various descriptors corresponding to 0D-, 1D-, 2D-,



and 3D-structure-based indexes. The descriptors are comprised of 20 different classes —
constitutional, topological, walk and path counts, connectivity indices, information indices, 2D
autocorrelations, edge adjacency indices, Burden eigenvalues, topological charge indices,
eigenvalue based indices, Randic molecular profiles, geometrical descriptors, RDF descriptors,
3D-MoRSE descriptors, WHIM descriptors, GETAWAY descriptors, functional groups, atom-
centered fragments, charge descriptors, and molecular property descriptors.’® After filtering
constant and near-constant descriptors (>0.95 similarity), about 2863 descriptors were generated

per iridium organometallic structure.

2.4. QSAR Model Generation and Validation

Machine Learning-based QSAR is an approach that searching for a mathematical relationship
between a biological activity or physical property of a molecular system and its geometric,
chemical, or physical characteristics. QSAR attempts to find a consistent relationship between a
biological activity or physical property and molecular properties so that these “rules” can be used
to evaluate the activity of new chemical systems. Once a valid QSAR has been determined, it
should be possible to predict the physical property or biological activity of related compounds
before they are put through expensive and time-consuming biological or physical testing.

In this work, the correlation between near-IR emission activity and structural properties
was developed by using the approach which consists of a Genetic Algorithm (GA)>* for variable
selection and Multiple Linear Regression Analysis (MLRA) for final mathematical model
generation. Thus, preliminary model selection was performed using the GA-MLRA* technique as
implemented in the QSARINS 2.2 program. It is worth noting that genetic algorithms have been

applied in recent studies as a powerful tool to address many problems in QSAR studies.?”> 43 6



The GA algorithm was used as a variable selection technique to reduce the number of descriptors
in a final model. The GA variable selection procedure started with a population of 500 random
models and 5000 iterations to evolve with the mutation probability specified at 85%. The
systematic study delineated here consists of several QSAR models (1 to 7 variables in each model),
followed by statistical analysis with evaluation by a squared correlation coefficient R?, root means
square error (RMSE), Fisher coefficient (F) to find the best performing model.

To ensure the reliability of data produced by models, the validation of the QSPR model is
very important. Thus, internal and external validations are considered to be necessary for checking
the robustness of the model. In the internal validation process, the final set of QSAR models was
generated by using the GA-MLR approach and then tested by applying the cross-validation “leave-
one-out” technique (the process of removing a molecule from the set, then creating and validating
the model against the individual molecules, which was performed for the entire training set) Q?.00.
Thus, we utilized the following equations to calculate the correlation coefficient, R? (Eq. 1) and
the root mean square error of calibration (training) RMSEc, as the measures of goodness-of-fit for

each developed model (Eq. 2).

obs pred)z

RZ—1_— G Vi (1)
- n 1(ypbs _ yobs)z
= 14
RMSE - = |20 D @
¢ n

In leave-one-out (LOO) method of cross validation (cv), the process of removal of a molecule and,
creating and validating against the individual molecules is performed for the entire training set.
Once completed for all the mean Q? value is reported. Cross-validation (CV), is utilized to measure

the predictive ability of the model and to avoid over-fitting scenarios.



We calculated the cross-validated coefficient Q?Loo (leave-one-out method) and root mean square

error of cross-validation RMSEcy. Both statistics were calculated according to Eq. 3 and Eq.4:

1(yob5 predcv)z

QZLOO =1- 1( obs _ ObS)Z (3)

4)
RMSEcy =

Zn 1(yob5 predcv)
n

In the process of model validation, external validation is indispensable. The external validation is
checked for its ability to predict new compounds which are not included in the training set. This
is done by applying the model equation obtained from the training set to the test data set. The
external predictivity of each model is represented as R’rest (Eq.5) and root mean square error of

prediction (RMSEp) (Eq.6). In this work, we applied all these three statistics (R2, Q2.00, R%Test)

Test Z( obs _ PTEd) /Z( obs "ObS)Z (5)
obs _ pred
RSEr — j O " ©

Where: y;°® — the experimental (observed) value of the property for the i’/ j" compound; ;7% —
predicted value for i’/ j compound. ¥,  — the mean experimental value of the property in the
training and validation set, respectively; n, k — the number of compounds in the training and
validation set, respectively.

Additionally, the chemical applicability domain (AD) for the models obtained was

calculated by the leverage approach to verify predictive reliability.>” To visualize the applicability



domain of the QSPR models, the Williams plot was used. Thus, Williams’s plot of standardized
cross-validated residuals (RES) vs. leverage (Hat diagonal) values (HAT) clearly depicts both the

response outliers (Y outliers) and structurally influential compounds (X outliers) in a model.

3. RESULTS AND DISCUSSION

In this work, we have investigated 46 Ir(III) complexes with diverse structural features that were
synthesized and characterized experimentally and computationally, to find a relationship between
near-IR emission values and the structure and develop a QSPR model.

The model building is done systematically from the first model to the seventh model by accessing
the regression coefficient of the training set in each model and followed by validation of the test

set (Table 1).

Table 1. Shows the list of models (1-7 model) and associated descriptors for each model.

Model Descriptors RZ Training RMSEc QZ LOO CCCTraining F-Test RZ Test RMSE-est
Model 1 GATS4i 055 010 05 051 4050 067 008
Model 2 SpMin3_Bh(m) FOS[N-N] 081 009 074 062 3100 075 007

SpMin3 Bh(m) Eig04 EA(dm)
Model 3 BOSIN ] 084 008 078 071 3109 087 006
Model 4 SPMIS-BRM FA0 DA MO 050 008 084 079 3454 084 006

GATSSi SpMin3_ Bh(m) Mor28i

Model 5 Mor29s FOSINN] 0.92 007 086 0.81 3210 0.80 0.06
SM1 Dz(i) GATSS5i SpMin3 Bh(m)

Model 6 Mookt Moraos EOSINA] 0.93 007 087 0.85 3320 077 0.06

Model7 ~ ZM2Kup GATSSi SpMin3_Bh(m) 0.95 006 091 0.86 3080 0.68 0.06

Mor28m Mor21s Mor29s FO8[N-N




It can be observed from the Table 1 that the R?Trining values show a marching trend with an
increase of the number of variables in the model and the same behavior is exhibited by R?res but
up to 3 variables only and then showed plummeting behavior which manifests that the predictive
capability of the model beyond the 3 variables is decreased due to overfitting issues. At the same
time the predictive coefficients (R? and Q?) of the training set increases for higher magnitude
models (4 to 7), while its predictive capability for the test set declines. This trend is illustrated in
Fig. 2. Overall, the 3-variable model shows a good combination of high R? Training and R%Testvatidation
values and, therefore, is selected as the best and most accurate model among all 1 to 7 variable

models.

determination coefficient R 2

o 2. o
R training

2
—e— Q%00

2 . .
R validation

04 T

1 2 3 4 5 6 7
No. of descriptors

Figure 2. Statistical data on R’ and Q7 for models 1-7 for training and R? for external (test) set.

The selected 3-variable model predicts the emission wavelength (nm) according to the

following equation (Eq. 7):



Aemission = 567.03*SpMin3_Bh(m) — 50.23*Eig04_EA(dm) + 149.5*B0OS[N-N] — 537.26,
(7)

n =46,  Rign=084,  RiLy, =087,  Qf,= 078, RMSEgqy, = 26.72,

RMSE., =312,  RMSE;q =293, F =613

where the descriptors are the specific structure-related indexes and represented in Table 2, while obtained

statistical parameters are explained in Materials and Methods section and Table 2.

Table 2. The list of descriptors for 3-variable model, their type and short description.

Descriptor Descriptor information Type

smallest eigenvalue n. 3 of Burden matrix weighted by Burden eigenvalues
mass descriptors
eigenvalue n. 4 from edge adjacency mat. weighted by
dipole moment

SpMin3_Bh(m)
Eig04 EA(dm) Edge adjacency indices

BOS[N-N] Presence/absence of N - N at topological distance 8 2D atom pair

The descriptors of 3-variable model shown in Table 2 can be broadly classified as a 2D-matrix,
3D-MoRSE, gateway, functional, atom pair, and electrotopological indices descriptors. The model
shows that the emission wavelength (nm) strongly correlates with such molecular descriptors as
weighted mass, weighted dipole moment, and N-N topological distance in the ligands of
investigated Ir(Ill) complexes. Moreover, the mass or bulkiness of the ligand significantly
influences the emission wavelength, thereby contributing to the optical properties of complexes.

Figure 3 shows the magnitude of the influence of various descriptors on the emission wavelength
value (A, nm) according to the 3-variable model (Eq. 7). The positive or negative influence of each
descriptor on A is represented with corresponding coefficient value. The SpMin3 Bh(m) and

BO8[N-N] show a positive impact on the emission wavelength value (A, nm) of the iridium (III)



complexes, indicating the red shift of wavelength (A, nm). The model shows that larger mass of
the ligand and larger topological distance between N-N atoms in the ligand can red shift the
emission wavelength, on other hand the as the larger dipole moment of the ligand tends to reduce

the emission wavelength (A, nm).

Eig04_EA(dm) l

-100 0 100 200 300 400 500 600
Coefficient values

Figure 3. The magnitude of influence of different descriptors of 3-variable model on the the

emission wavelength (4, nm) according to Eq. 7.

The predictive ability of 3-variable model is R? = 0.84 for the training and R?= 0.87 for the test
sets shows a very good correlation between predicted and observed emission wavelength values
for a set of 46 different iridium (IIT) complexes (Fig. 4A). Thus, it can be concluded that the 3-

variable model is very robust.
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Figure 4. (A) The correlation plot between the observed and predicted values

of emission wave length (nm); (B) Williams plot of standardized residual versus leverage.

The Williams plot, presented in Fig. 4B for the 3-variable model, allows a graphical
detection of both the outliers for the response and structurally different chemicals in the model. It

consists of plotting the standardized residuals on the Y-axis and the leverage value on the X-axis.



Observation with standardized residuals greater than the (-3o; +3c) range is considered an outlier
response. Leverage value represents the degree of influence that the structure of every single
chemical has on the model. Williams plot shown in Fig. 4B confirms that all points are located at
36 of error limit and reconfirms the absence of outliers, and all complexes considered for
prediction in the 3-variable model fall within the applicability limit.

For further validation of the 3-variable model, we show the y-scrambling plot in Fig. 5.
The y-scrambling plot is considered as a validation technique that underlines the robustness and
uniqueness of the best model. The Y-scrambling plot is obtained by scrambling the Y values
(experimental emission wavelength) randomly. In this randomization process, 2000 simulations
per model are conducted. None of the random models (unrealistic models) show any good
correlation in comparison with the selected 3-variable model: The selected model has significantly
higher R? and Q? values than all other simulated random models (Fig. 5). Thus, the y-scrambling
plot confirms that the developed model is a case of robustness and high correlation, rather than a
mere coincidence. The essence of the above findings is that three detected physico-chemical and
electro-topological parameters of the complexes (Table 2) play a pivotal role in determining the

emission energy of Ir(IIl) complexes.
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Figure 5. Y-scrambling plot, blue and green represent R? and Q2 values of the original 3-value

model (large circles) and random models (small circles).

One of the topological parameters from our model affecting the optical performance of
Ir(IlT) complexes is the distance between nitrogens coordinated to the metal center (N-N
topological distance in Table 2). To better understand this correlation, we closely consider eleven
cationic Ir(IIl) complexes bearing similar N*N ligands coordinated to the metal center but with
varyed electron-donating or electron-withdrawing substituents (complexes 1-5) at the 4-position
of the 2-phenyl ring or different aromatic substituents with varied degrees of m-conjugation
(complexes 6-11) on oxazolo[4,5-f][1,10]phenanthroline ligand. Schematic structures of these

complexes are shown in Fig. 6.
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Figure 6. A set of structures for Ir(IIl) complexes 1-11 used to illustrate that the topological
parameter, such as the N-N distance between coordinated nitrogens in oxazolo[4,5-f][1,10]

phenanthroline ligand, directly corelates to the emission wavelength of these complexes. .

The N-N topological distance for these Ir(Ill) complexes as a function of their corresponding
emission wavelength is shown in Fig. 7, demonstrating the inverse relationship between the N-N
distance and the emission wavelength in all eleven complexes. The N-N topological distance of
N”N ligands is changed due to both electron withdrawing/donating groups and a degree of n—
conjugation of substituents. In particular, the N-N distance is reduced with increasing electron-
withdrawing ability for complexes 1 and 2, and 6 (NO2, Br, and pyridyl groups), as well as with
decreasing of the conjugated length of substituents in complexes 6-11. A decrease in the N-N
distance is accompanied by an increase in the emission wavelength (increased redshift). This
correlation between the N-N distance of nitrogens coordinated with the metal center and the
redshift in the emission energy can be rationalized by geometrical distortions in the octahedral
ligand field contributed by substituents (e.g., shortening of the coordinated bonds laying at the

same surface). This shortening of coordinated bonds results in stronger stabilization of the hole



state contributing to the lowest MLCT? transitions, compared to less distorted cases of complexes
with electron donating ability (3-5) and larger m—conjugation of substituents (9-11). Thus, the

complexes with smaller N-N distance show stronger redshifts in triplet emission.
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Figure 7. A relationship between the N-N topological distance and the wavelength of emission

for the selected complexes.'>.

4. CONCLUSION

In conclusion, based on a data set of Ir(Ill) complexes the present study combines experimental
testing, computational modeling and machine learning methodologies to study the optical
properties of investigated complexes. We have successfully developed an interpretative machine
learning-based QSAR model that reliably predicts emission wavelength and provides the
foundations for theoretical evaluation of the optical properties of untested organometallic

complexes, particularly Ir(II) complexes. The efficacy of the developed model was demonstrated



by high R? values for the training and test sets of 0.84 and 0.87, respectively, as well as by

performing the validation using y-scrambling techniques.

Based on the developed ML/QSAR model we have formulated a hypothesis that mechanistically
explains differences in emission wavelengths between structurally different individual Ir(III)
complexes. To our knowledge, this is the first attempt to develop a predictive ML/QSAR model
for optical properties of Ir(III) complexes. It was found, that there is a notable relationship between
N~N distance in ligands of Ir(IIT) complexes and emission wavelengths. In this way, the combined
experimental and computational approach showed great results in the current study and paves the
way for the effective rational design of new organometallic complexes with desired optical

properties.
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