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Studies on the electronic structures and trend in DNA-binding affinities of a series of Ru(ll) complexes
[Ru(bpy)(p-R-pip)** (bpy = 2,2-bipyridine; pip= 2-phenylimidazo[4,5} [1,10]-phenanthroline; R= —OH,

—CHs, —H, —NO,) 1—4 have been carried out, using the density functional theory (DFT) at the B3LYP/
LanL2DZ level. The electronic absorption spectra of these complexes were also investigated using time-
dependent DFT (TDDFT) at the B3LYP//LanL2DZ/6-31G level. The computational results show that the
substituents on the parent ligand (pip) have a significant effect on the electronic structures of the complexes,
in particular, on the energies of the lowest unoccupied molecular orbital (LUMO) and near some unoccupied

molecular orbitals (LUMG-x, x = 1—4). With the increase in electron-withdrawing ability of the substituent

in this series, the LUM@x (x = 0—4) energies of the complexes are substantially reduced in order, for
exampleg umo(1) ~ eLumo(2) > eLumo(3) > €Lumo(4), whereas the-component populations of the LUMEX

(x = 0—4) are not substantially different. Combining the consideration of the bigger steric hindrance of
complex2, the trend in DNA-binding affinitiesK,) of the complexes, that i&(2) < Ky(1) < Ky(3) < Kp(4)
can be reasonably explained. In addition, the experimental singlet metal-to-ligand charge tFSEEF)(
spectra of these complexes can be well simulated and discussed by the TDDFT calculations.

1. Introduction central metal ion and three polypyridyl ligands with conjugated
sw-bonds and there are two N atoms as coordination points in
each ligand. Since the conjugateeébonds of the three ligands
all go through the center atom Ru(ll), theelectrons can move
throughout the whole molecule, and thus the complex is a very

transfer probedchemotherapy and photodynamic therdpyd large conjugated system. Changing the substitutive group or
sequence-specific cleaving agents through DNR,and so substituent position on the intercalative ligands can make some

forth. The well-known [RU(phEQdepZ)F+ and [Ru(bpyﬁ- interesting differences in the DNA-bIndlng affinities and related
(dppz)P* complexes are the most extensively investigated Properties of the Ru(ll) polypyridyl complexés.® There-
complexes as molecular “light switches” for DNA, because such fore, Ru(ll) polypyridyl complexes have also attracted much
complexes exhibit a negligible background emission in water attention from theoretical chemists, and many theoretical
but exhibit an intense luminescence in the presence of doubb_researghers havg t'rled to corre!ate the experimental findings with
stranded DNAS7 Recently, a series of derivatives of [Rugt) theoretical predictions. In particular, more and more computa-
(dppz)B* (L = bpy, phen) as parent complexes have been tions applying the DFT methd8 22 to this field have been
synthesized through substitution on the intercalative ligand reporteci® 2 because DFT calculations consider electron cor-
(dppz) to improve the luminescence property of the complexes relation energies very well, obviously reducing the computa-
as molecular “light switches” for DNAL12 However, so far, tional expense&:24 These theoretical efforts on the electronic
better “light switch” complexes than the above parent complexes Structures and related properties of the complexes are very
have not been found yet. It is notable that the complex Significant in guiding the analysis of the DNA-binding mech-
[Ru(bpy)(pip)]?* and a series of its derivatives having a anism as well as the functional molecular design of this kind
comparably excellent molecular “light switch” property, for of Ru(ll) complex?5-2°
example, the complex [Ru(bpyhnoip)F*, and so forth, have On the other hand, time-dependent density functional theory
been reported 15 (TDDFT), found in 1984 by Runge and Grd¥s;an be viewed
The excellent molecular “light switch” properties of com- as an exact reformulation of the time-dependent quantum
plexes must relate closely to their electronic structures, since mechanics, and it recently has become one of the most popular
each octahedral polypyridyl Ru(ll) complex is formed from a methods for the calculations of electronic spectra and excited
P— - states of medium-sized and large molecules (up to 200 second-
sysuedien (k-G 23, cesin@systredtion (LoD, T ceske@row atoms)iS: although TDDFT introduces erfors by using
Sun Yat-Sen University. approximate exchange-correlation (xc) functionals and is being
* Tongji University. improved for long-range charge-transfer excited stétés.
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The interactions of Ru(ll) polypyridyl-type complexes with
DNA have attracted considerable attention for many yé&#s,
because of their potential utilities in DNA structure probes
DNA molecular light switche8;” DNA-dependent electron
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Figure 1. Structural schematic diagrams of [Ru(bgp}R-pip)F* (R = —OH, —CHs, —H, —NO,) 1-4.

TABLE 1: Computational Selected Bond Lengths (nanometers), Bond Angles (deg), and Dihedral Angles (deg) of Complexes
Using the DFT at the B3LYP/LanL2DZ Level

dihedral angle

comp. Ru-Ny2 RU-Neo C—C(N)® C—C(N)o Ar® Aw C9-C10-X13-Y14® N5-C6-C7-C8 N5-C6-C7—C12
0 (calc) 0.2101 0.2101  0.1400 0.1400 78.4 78.4
[Ru(bpy);]”(expt) 0.2056 0.2056  0.1369 0.1369 78.7 78.7
1(R= —OH) 0.2108  0.2097  0.1405 0.1400 79.3 785 ~0.02 0.54 ~179.40
2 (R=—CH) 0.2108 0.2097  0.1406 0.1400 79.3 785 59.58 0.82 -179.13
3(R=—H) 0.2108  0.2097  0.1406 0.1400 79.3 785 0.79 -179.17
4(R=—NOy) 0.2107 0.2098  0.1405 0.1400 79.2 785 0.01 0.43 -179.53

a Ru—Nn, expresses the mean coordination bond length between Ru and N atoms of the main Ig&agip) (R= —OH, —CHs, —H, —NO,),
and Ru-N, expresses that between Ru and N atoms of the coligand (bey)C(N), expresses the mean bond length of the ring skeleton of the
main ligand.c A, expresses the coordination bond angle between Ru and two N atoms of the maindige@8—-C10-X13—-Y14: X=0,Y =
Hfor1; X =C,Y=Hfor 2, and X=N, Y = O for 4.

Recently, TDDFT has been successfully used to calculate thegeometry optimization computations were carried out for the
electronic spectra of transition metal complexes such as metalground states of these complexes with the singlet 4tate.

fluorides3® metal carbonyl87 nitrosyl complexe$2 quinone- Furthermore, the stable configurations of these complexes can
catechol complexe®,and metalloporphyrin®’ More recently, be confirmed by frequency analysis, in which no imaginary
an extensive series of TDDFT calculations on several ligands frequency was found for all configurations at the energy minima.
and related Ru(ll) complexes have been repofidd+> To perform accurately the UVvis spectral computations by

In this paper, the theoretical studies on the promising “light using the time-dependent DFT (TDDFT), the B3LYP approach
switch” complex [Ru(bpyXpip)]?* and its substitutive deriva- ~ and LanL2DZ/6-31G basis set (EGFDZ for the Ru atom and
tives [Ru(bpy)(p-R-pip) " (R = —OH, —CHz, —NO,) applying 6-31G for the other atoms (C, N, O, and H atoms)) were
the DFT method were carried out. The effects of some adopted. Forty singlet-excited-state energies of the complexes
substituents on the intercalative ligands on the geometric andin vacuo were calculated. In addition, to vividly depict the detail
electronic structures of the complexes were investigated. This of the frontier molecular orbitals, the stereocontour graphs of
paper is mainly focused on theoretically exploring the trend in Some related frontier molecular orbitals of the complexes for
DNA-binding affinities of this series of complexes. In addition, the ground states were drawn with the Molden v3.7 prog?am
the singlet metal-to-ligand charge transfI.CT) spectra of based on the computational results. All calculations were
the complexes were also computed, simulated, and discussederformed with the Gaussian 98 quantum chemistry program
by the TDDFT method. package (revision A.11.49.

2. Computational Methods 3. Results and Discussion

Structural schematic diagrams of the octahedral complexes 3.1. Substituent Effects on Selected Bond Lengths and
[Ru(bpy)k(p-R-pip)" (R = —OH, —CHz, —H, —NO,) 1-4 Bond Angles of the ComplexesThe computational results and
are shown in Figure 1. Every one of the four complexes is experimental data for the selected bond lengths and bond angles
formed from one Ru(ll) atom, one main ligand p-R-pip) or of the complexes are shown in Table 1. First, the coordination
called the intercalative ligand, and two coligands (bpy). There bond length (0.210%0.2108 nm) of the main ligand for every
is no symmetry in these complexes. Seventy-six to seventy- one of the [Ru(bpyp-R-pip)" (R = —OH, —CHjz, —H,
nine atoms are involved in each complex. The DFT-B3LYP —NOy) is slightly longer than that (0.2090.2101 nm) of the
method®22 and the LanL2DZ basis set (EEBZ for the Ru coligand. Second, the mean bond length of the ligand skeleton
atom, D95 for the other aton?3)y647were adopted. The full  for every complex is very close to its standard bond length
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Figure 2. Some related frontier MO contour plots of complexes [Ru(kfpyR-pip)?* (R = —OH, —CHs, —H, —NO;) 1—4 using the DFT
method at the B3LYP/LanL2DZ level.

(0.140 nmjt and that of the main-ligand skeleton is also slightly performed because the reports on their crystal structures have
longer than that of the coligand. Third, there is not a substantial not been found yet, the results of the full geometry optimization
difference in the calculated geometric data of the complexes computations by the DFT method should be reliable according
except for the dihedral angles (reflecting planarity) of their main to the comparison between the calculated results and experi-
ligands. All dihedral angles of the main ligands for complexes mental data of the parent complex [Ru(bg}¥y. The above
1, 3, and4 are close to 0.00 or +180.00, such facts prove calculated errors from the experimental data can be thought of
that their main ligands all possess a good planarity and thus aas systemic errors caused by the computational method and
small steric hindrance for their parallel intercalating between environmental factors. Therefore, on the basis of the computed
the adjacentr-planes of base pairs of DNA. However, for geometries of the complexes, we can further carry out the studies
complex2, the dihedral angles G9C10-C13—H14 are 59.58 on the electronic structures and the trend in DNA-binding
such a fact suggests that the main ligand of com@dras a affinities and related properties of complexes [Ru(bfp/R-
relatively poor planarity and that the steric hindrance of its main pip)]?* (R = —OH, —CHjz, —H, —NO,).
ligand is relatively big (because 6fCHj). 3.2. Characteristics of the Electronic Structures of the
Comparing the computed results of the parent complex Complexes. 3.2.1. Frontier Molecular Orbital Components.
[Ru(bpy)]?* (0)*852 with its experimental data (see in Table The frontier molecular orbitals, in particular, the highest
1), we can find that the computed bond lengths are generally occupied molecular orbital (HOMO) and the lowest unoccupied
longer than the corresponding experimental data slightly, for molecular orbital (LUMO) are very important because they
example, the computed coordination bond lengths{Ruare relate not only to the spectral properties but also to the trend in
greater than the experimental ones¥3%. Although the direct DNA-binding affinities of the complexes. The stereocontour
comparisons between the computed results and the correspondgraphs of the some frontier molecular orbitals of the complexes
ing experimental values for the studied four complexes are not are shown in Figure 2.



DFT/TDDFT Studies on [Ru(bpyjp-R-pip)F* J. Phys. Chem. A, Vol. 110, No. 26, 200&177

E(V) ) As is well-established, there are-s stacking interactions
6.5 -{LUMO4 ’_‘;'f'iy_ _____ """ ?'_‘f'y_yk " in the DNA-binding of Ru(ll) polypyridyl-type complexes in
70 LUMO+2 n i :':f ""7]['.:” an intercalation (or part intercalation) mot¥. Furthermore,

75 ] ! Mooy n bw . ’!f":'{{ g; many of the theoretical studies have shown that a DNA molecule
’ oy bey Whpy Ty is an electron donor and an intercalated complex is an electron
8.0 acceptor*38For example, on the basis of DFT calculations and
-85 - the frontier molecular orbital theof®;5°Reha and Hobza et al.
90 reported that all isolated intercalators (ethidium, daunomycin,
; ellipticine, and 4,6-diaminide-2-phenylindole) binding to DNA
-85 Homo m are good electron acceptors because their LUMO energies are

-10.0 4

. almost negative, whereas all isolated bases and base pairs of
105 HOMO n o n DNA (e.g., adenine, thymine, and adgrfrrthymine) are very
110 HoMo% mo do Pl o poor electron acceptors because their LUMO energies are all
| Homo-4 g e dua n positive®® Kurita and Kobayashi further reported a better
-11.5 4 Ak simplified approximation model for DNA (stacked DNA base
12,0 1 2 3 4 pairs with backbones) and its DFT-computed resiflt§hey

Figure 3. Energy levels of some frontier molecular orbitals of should be useful and feasible_for our di;cussion. The energies
[Ru(bpyk(p-R-pip)* (R = —OH, —CHs, —H, —NO,) 1—4 using the of the HOMO and seven occupied MOs lying near to the HOMO
DFT at the B3LYP/LanL2DZ level (arrowheads express some transi- for the CG/CG stacking calculated by the authors wete?7,

tions, most contributing to the experiment®™LCT band (406-500 —1.33,—-1.69,-1.79,-1.98, —2.06, and—2.08 eV, respec-
nm) with the TDDFT method; see Table 3). tively. Their results indicate that the HOMO energy and the
TABLE 2: Absorption Spectra (Amac) and DNA-binding epergies of some occupied orbitals near to the HOMQ are rather
Constants Kp) of [Ru(bpy)2(p-R-pip)]** (R = —OH, —CHg, high and that the HOMO and HOM&L are predominately
—H, —NO,) 1-4 as Well as Related References distributed on the base pairs of DNA, and thus, such results
complex max (NM) Ko (M~2) ref offer a further theoretical foundation for the bases and base pairs
1 458 (0.7-1.0)x 10 =3 being good electron donors. We have performed the calculations
> 458 20x 10 54 for the four Ru(ll) complexes using the DFT method, and the
3 458 4.7% 10P 55 calculated energies of their LUMOs and four unoccupied MOs
4 460 (7.2-7.6) x 10° 56 lying near to the LUMOs (LUMG-x, x = 1—4) are not only

) negative but also rather low, within the range-6f.60 to—6.61

From F.|g'ure.2, we can see that there are SOME COMMONgy, “These energies are much lower than the above energies of
characteristics in the components of some frpntlzir molecular yne frontier occupied MO of the stacked DNA base pairs with
orbitals of the four complexes [Ru(bp®-R-pip)™ (R = backbones, and the components of these MOs are predominantly
—OH, —CHs, —H, ~NO,) 1~4. All the components of the ity ted on ligands, in particular, on intercalative ligands (see
HOMO_?? and HOMG-4 of complexes.—4 come mainly from Figure 2). When one ligand (L) parallelly intercalates between
the d orb|_tals of the center metal atom (Ru), and they can be two adjacentz-planes of DNA base pairs, the LUMO of the
characterized by the d orbitals of the metal atom. Furthermore, complex must easily accept the electrons (or “electron cloud”)
the components of the LUMO and LUMEX (x = 1-4) of the from the HOMO of the DNA base pairs based on the frontier

four complexes are all very close, that is, their components of .
- ’ ) molecular orbital theory. Recently, we have also reported some
the LUMO and LUMOF1 come mainly from the p orbitals of DFT results on the electronic structures and the trend in DNA-

the C and N atoms of the coligand (bpy) whereas those of the bindin - o .
. : g affinities of complexes [Ru(bpp]?" (L = o-hpip,
LUMO+2 and LUMO+3 come mainly from the p orbitals of m-hpip, andp-hpip) 52 [RuLx(pmip)* (L = bpy, phen, dmpy?

the C and N atoms of the main ligand (L). The component i ; - -
- : . and [Ru(phen)p-L)]?" (L = mopip, hpip, and npi} and also
characteristics of the frontier molecular orbitals of these supported the above proposals.

complexes will be helpful in understanding their trend in DNA- . o L
Therefore, the factors affecting DNA-binding affinities of the

binding affinities and spectral properties. . -
3.2.2. Frontier Molecular Orbital Energies. The computed ~ cOmPplexes can be usually considered from the planarity and
plane area of an intercalative ligand and the energy and

energies of some frontier molecular orbitals (MOs) using the - . .
DFT method at the B3LYP/LanL2DZ level are shown in Figure population of the lowest unoccupied molecular orbital (LUMO,
3. These energies are all negative and rather low, and thus it€Ven and LUMGHx) of the complex moleculg? 585062

shows that these complexes are very excellent electron acceptors First, from the geometric parameters of these complexes (see
in their DNA binding. Moreover, the LUMO energies (mo) Table 1), although the planarity and conjugative planar area of

of these complexes are7.420,—7.417,—7.450, and—7.600 main-ligand skeletons of complexé&s-4 are not substantially
eV, respectively, that iss umo(1) ~ €Lumo(2) > eLumo(3) > different, the steric hindrance of compl@xo its main ligand
eLumo(4), and the orders of their LUM®x (x = 1—4) energies intercalating between DNA base pairs should be bigger than
are all similar to that of their LUMO energies,(jvo)- those of complexes, 3, and4 because its two H atoms 6fCHs

3.3. Theoretical Explanation of the Trend in DNA-binding are located above and below the main-ligand skeleton plane,

Affinities of the Complexes. To compare quantitatively the  respectively. Second, from the populations of the LUMOx
DNA-binding affinities of these complexes, the intrinsic binding = 0—4) of these complexes (see Figure 2), there is not a
constantK,, of the complexes to calf thymus (CT) DNA have substantial difference among them. Third, from the energies of
been measured experimentally with spectroscopic mefioefs, the LUMO+x (x: 0—4) of these complexes (see Figure 3), we
as shown in Table 2. Obviously, the trend in DNA-binding can see that the LUMO energies (wo) follow the sequence
constantsk,) of this series of complexes ky(2) < Kp(1) < of eLumo(1) = eLumo(2) > eLumo(3) > eLumo(4), especially that
Ku(3) < Kp(4). Such a trend can be reasonably explained by the energies of LUM@2, of which the components are
the DFT calculations. predominantly distributed on the intercalative ligand, also follow
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the sequence ofLumo+2(1) ~ eLumo+2(2) > €eLumo+2(3) > @ . f

eLumo-2(4). Since a lower LUMO energy of the complex is  <| complex 1 ' . 473

advantageous to accepting the electrons from DNA base pairs ool N/

in an intercalative mode, if the steric hindrance of comex ’

is not considered, the trend in the DNA-binding affinities of 0.05]

the complexes should increase in order from completo

complex 4, that is, the increase in the electron-withdrawing - 0.00 [ 4

ability of the substituent is advantageous to the improvement @| ~ 400 450 500 s, pBs0 400 450 S00

of DNA-binding affinity of the complex. Altogether, the complex2 ! 436

substitution of an electron-withdrawing group for H on the 0151 39

intercalative ligand is advantageous to reducing the energies of 0.104 9

the LUMO and LUMO+x and thus to improving the DNA- o051 J

binding affinity of the substituted complex. 1
Synthetically considering the above three factors, it is easily , 200 450 500 f°'°%=§o Lt

deduced that the DNA-binding affinity of compleshould be < complex 3 028 -

the greatest, because all of these factors, that is, the planarity P 0.20

and planar area of the intercalative ligand and the energies of 0.15]

the LUMO, are all advantageous to the interaction between this 0.10] 429

complex and DNA. The next one is compl&xsince its LUMO 0.05

energy is higher than that of complébut lower than those of ~ e I I '] |

1 and 2. Similarly, complex1 follows complex3. As for @ 430 510
complex 2, its DNA-binding constant must be the smallest, <|complex 4 }

because its steric hindrance effect is obviously bigger than that |=

of complex1, although the LUMO energies of both compléx
and 2 are close. Therefore, the trend in the DNA-binding
constants Kp), that is, Kp(2) < Ky(1) < Kp(3) < Kp(4), is

360 390 420 450 480 510
5 375

B 0.05 J ]
reasonably explained. . —_— [ A NI
. 1 400 450 500 350 400 450 500 550
3.4. Exp_lanat|on on the!MLCT Spectra of the C_omplexes. ‘Wavelength/mm Wavelength/nm
The experimental spectra of these Ru(ll) polypyridyl complexes (@) (b)

in aqueous solution show the presence of a broad band of

comparable ntensy, ing n the range of 40 nm (a5 FINE %, () Aerpien sheche s Bmpecs LS
in Ei ,53,54,5 ; : — 2),
shown in Figure # J, and such a broad band is generally presence of increasing amounts of calf thymus DNA, [DNAD—3.0

assigned toa sing_let metal-to-ligan_d charge_tran§MLC_T) _ x 1074 mol-dm3, [Ru] = 6.0 x 1076 M, and similar conditions are
in the UV—vis region, and thus, it is very widely applied in  ysed for complexe2—4. The arrowhead shows the absorbance changes
bioinorganic chemistry863.64 upon increasing amounts of CT-DNA concentration starting from

The electronic absorption spectra of the complexes in the [PNA] of zero ) (b) Corresponding simulated spectra in 3550
UV —vis region have been computed and the featuréstaCT nm and oscillator strength$) (using the TDDFT method in vacuo.
bands will be emphatically discussed, using the TDDFT method tq the 2MLCT band with a certaiftLL character. In fact, a
at the B3LYP/LanL2DZ (for Ru) and 6-31G (for other atoms) careful analysis of Figure 4 suggests there are two considerable
levels. The computed absorption-spectral wavelengths and theithands in this wavelength range, that is, 458 nm (relatively high
comparisons with the corresponding experimental #af®as  and narrow) and 425 nm (relatively low and broad). Therefore,
well as the related transitions and assignments, are also givengyr theoretical results suggest that the experimental band at 458
in Table 3, considering those theoretical transitions withir400 nm may mainly correspond to the theoretical transition at 473
500 nm characterized by an oscillator strenddhlgrger than ~ nm, and the band at 425 nm (evaluated data, based on Figure
0.08 and orbital contributions larger than 10%. The simulated 4) can mainly correspond to the superposition of theoretical
spectra in the range of 35650 nm using the TDDFT method  transitions at 431 and 417 nm. On the other hand, from the
in vacuo and the corresponding experimental absorption spec-contour plots of comples (Figure 2) and the energy level graph
trat3:53.54.550f complexesl—4 are given in Figure 4. (Figure 3), it is possible that the theoretical transition at 473

From Table 3, we find that, for complek, three strong nm with ILL character exists because the components of the
transitions withf > 0.10 lie in the range 466500 nm. Among HOMO of complexl are mainly distributed on the main ligand

them, two strong transitions, that is, one at 431 firs 0.110) and are able to overlap very well with those of its LUMQ

and another one at 417 nrh= 0.145), have obvioudMLCT (mainly distributed on the main ligand too) as well as the
character and mainly originate from HOM@& — LUMO HOMO energy is the highest in these four complexes and thus
(75.4%) (Ghy — *ppy) and HOMO-3 — LUMO+1 (20.3%) the most active. Therefore, an experimental broad band at 458
(dru— m* bpy) for the former as well as HOM©4 — LUMO+1 nm with a shoulder peak at 425 nm of compléxcan be

(61.7%) (Gku — 7*pbpy) and HOMO-3 — LUMO+2 (22.0%) assigned to théMLCT band with a certaifLL character.

(dry — r*) for the latter. However, it is notable that besides  Similar analysis can be applied to compleest. However,
these two strongtMLCT transitions there is also a strong different from complex, the experimentally corresponding two
transition at 473 nmf(= 0.141) withLL (ligand-to-ligand) simulated bands in the range of 406800 nm are not obviously
character, and it mainly originates from HOM® LUMO+3 separated and thus show a broad band at 45&(ford3) and
(100.0%) fr. — 7*). Therefore, the experimental broad band 460 nm (for4), which can be also seen in Figure 4. Therefore,
of comparable intensity (458 nm) of compléxlying in the such experimental broad bands can also be assigned to the
range of 4068-500 nm, should be mainly assigned to the result IMLCT band with a certain or a littléLL character. Their

of superposition of the above three strong bands and assignedspecial transitions and assignments are given in Table 3. It also



DFT/TDDFT Studies on [Ru(bpyjp-R-pip)F* J. Phys. Chem. A, Vol. 110, No. 26, 200&179

TABLE 3: Comparison between Computational and Experimental535456\Wavelengths (nanometers) ofMLCT Absorption
Spectra of [Ru(bpy)(p-R-pip)]?* (R = —OH, —CHgz, —H, —NO;) 1—4 as Well as Their Assignments Using the TDDFT at the

B3LYP//LanL2DZ/6-31G
wavelength (nm)

no. expt calc fa assignment
1 458 473 0.141 HOMG- LUMO+3 (100.0%Y 71, — * 1.
425 431 0.110 HOMGO-4 — LUMO (75.4%) thy— 7*bpy; HOMO—3 — LUMO+1 (20.3%) Gy — ¥ bpy

417 0.145 HOMG-4 — LUMO+1 (61.7%) G, — 7* ppy; HOMO—3 — LUMO+2 (22.0%) Gy — 7%

2 458 436 0.159 HOMG~ LUMO+3 (92.7%)m. — 7%,
430 0.121 HOMG-4 — LUMO (71.7%) thy— % bpy; HOMO—3 — LUMO+1 (25.8%) Gy — 7* bpy
416 0.088 HOMG-4 — LUMO+1 (43.7%) Gy — *bpy; HOMO—3 — LUMO+2 (20.5%) Gy — ¥

3 458 429 0.100 HOM&4 — LUMO (67.9%) tky — 7* bpy; HOMO—1— LUMO+1 (29.2%)7. — 7* ppy
416 0.194 HOMG-4 — LUMO+1 (55.3%) Gty — 7* bpy; HOMO—3 — LUMO+2 (24.2%) ¢hy— %1

4 460 439 0.117 HOMG~ LUMO+2 (68.6%)m. — *; HOMO—3 — LUMO+1 (10.7%) Gy — 7% bpy
410 0.080 HOMG-3 — LUMO+1 (31.8%) @, — 7* ppy; HOMO—4 — LUMO (19.9%) thy — ¥ bpy

HOMO—4 — LUMO+1 (17.5%) Gty — 7* bpy; HOMO—4 — LUMO +2(15.4%) Gk, — 77*,

2 Oscillator strength? The percentage contributions to wave functions of excited states are given in parerftkesésated data based on
Figure 4 due to not offering this value in the original referebce.
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