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The structures and related properties of the complex [Ru(plte®H-dppz)}" (phen= 1,10-phenanthroline;
dppz= dipyrido [3,2-a:2',3-c]phenazine) in the ground statep(She first singlet excited state {Sand the

first triplet excited state (i) have been studied using density functional theory (DFT), time-dependent (TD)
DFT, Hartree-Fock (HF), and configuration interaction singles (CIS) methods. Three electronic absorption-
spectral bands'¢ILCT, 'LL, andLL) lying in the range of 256-550 nm in vacuo and in aqueous solution
were theoretically calculated, simulated, and assigned with TDDFT method. In particular, the theoretical
results show the following: (1) The positive charges of central Ru atom in the excited statesl(8) are

greatly increased relative to those in the ground stafe &8d thus the Ru atom in the excited states can be
regarded as Ru(lll). (2) The positive charges on the main ligand (6-OH-dppz) in the excited states are
considerably reduced, and thus the interaction between the main ligand (intercalative ligand) and DNA base
pairs is considerably weakened. (3) The geometric structures in excited states are also distorted, resulting in
obvious increase in the coordination bond length. It is advantageous to the complex forming a high oxidizing
center (i.e., Ru(lll) ion). On the basis of these results, a theoretical explanation on photoinduced oxidation

reduction mechanism of DNA photocleavage by [Ru(pb@{PH-dppz)}" has been presented.

1. Introduction oxidation reduction) mechanism, have been presented. However,
it is still difficult to tell out the DNA photocleavage belonging

to which kind of special mechanism for a given Ru(ll)
f:omplex.lgflgAs is well known, the photoinduced DNA cleav-
age by the Ru(ll) polypyridyl complexes closely relates to the
electronic properties of excited states, moreover, as far as we
have known, the theoretical report based on the electronic
excited states of transition metal complexes to explain the DNA
photocleavage mechanism has not been found yet. It may be
such a reason that a great deal of computational expense is
required for the study on the excited states of transition metal

During the past decade, the transition-metal complexes
containing bipyridine (bpy) and phenanthroline (phen) or their
modified moieties as ligands have attracted considerable interes
for their potential utilities in DNA-cleavage agerits,DNA
structure probe%?# DNA photoprobes$, DNA molecular light
switches” and so forth. Recently, many transition-metal
polypyridyl complexes have been synthesized and characterized
and their DNA-binding properties have been investigated by
UV —vis absorption spectra, emission spectra, viscosity mea-

surement, circular dichroism spectra and gel electrophore5|scomplexe& Along with the high-speed development of computer

experiments, and so forflr:® Moreover, some of them have technology, the studies on the electronic structures and related
been found to possess an excellent DNA cleavage characteristic gy,

under light irradiatiod-1° in agreement with the statement properties of the excited states of transition-metal complexes

“those complexes whose excited states can initiate a series ofh a(\;e tiﬁcontf a ;:]on:(;jpl_ctu_o us thepreﬂcz;\l ptr?é‘?ﬁ tiqate th
chemical reactions which ultimately lead to nucleic acid n the other hand, it 1S very important 1o investigate the
cleavage” in the reviewt spectral properties of complexes due to their close relating to

At present, many interests have been focused on DNA the photochemistry and photophysics of complexes. Recently,

i d more theoretical computations applying the time-
photocleavage by Ru(ll) polypyridyl-type complexes, because o€ an _ :
such a kind of complex can bind to DNA in an intercalative GePendent density functional theory (TDDFT) mettfoé have
mode which is the most important and well-known mode in been reported. The TDDFT method has successfully been used

the interactions between the complex and DNA. The clarification to (I:aIleIate thf ezl(e)((:)tronlc sdpectra tofﬁﬁrgedlu dm-ls,lzer:j artI)d large
of the DNA-photocleavage mechanism of such complexes will molecules (up to second-row ato fand also as been
be very helpful to the comprehension of the trend in DNA used to calculate the electronic spectra of some transition metal

mutation and damage as well as further to the design of DNA complgxgs including Ru(ll) complexé%‘,24’35~35glthough TD-
photocleavage agents. On the basis of a great number OfDFT still introduces errors by using the approximate exchange-

experimental studies, two main DNA-photocleavage mecha- correlation (xc) functional, and is being improved for long-range
nisms by Ru(ll) comp]exes that is, t®, mechanisri-12-13 charge-transfer excited stafé$®However, the TDDFT studies

and the photoelectron transfe#*17 (or called photoinduced on the spectral properties of such a kind of complex in vacuo
and in aqueous solution are still preliminaf?3.25.35

*To whom correspondence should be addressed. E-mail: ceszkc@ 1 N€ complexes [Ru(lgIQppz)]H_(L = phen, bpy) are not
zsu.edu.cn (K.-C.Z.); cesjin@zsu.edu.cn (L.-N.J.). only well-known DNA “light switch” complexes but also
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2+ optimized using the CIS methdf, and for an effective
—‘ comparison, the ground structure at the level of HF was used
as the preliminary structure for the excited-state optimization.
The natural population analyses (NPA) were further carried out
for the ground state with HF method and for the excited states

2 with CIS method on the basis of their corresponding optimized
6 geometries. The electronic absorption spectra in vacuo and in
_-0 aqueous solution were calculated with the TDDFT method at

the B3LYP/LanL2DZ level, and 90 singlet-excited-state energies
of the complex were calculated. The conductor polarizable

Figure 1. Structural schematic diagram of [Ru(phg6YOH-dppz)*

and atomic labels. continuum model (CPCM§-4"was applied to the solvent effect
in aqueous solution. LanL2DZ basis €¢f was adopted for
potential DNA-photocleavage agefts? Barton et al” first all the calculations with Gaussian03 program-package (revision

reported that the photoexcited [Ru(phgdppz)R* intercalator D.01)%0In addmonz in order to easily and clearly understand
in DNA quenched by electron acceptor can generate Ru(lll) the related properties of the complex,_the schematic diagrams
resulting in the damage of DNA. Recently, Yavin ef%also of some related frontier molecular orbitals of the complex for
found that the [Ru(phea)dppz)R* can cause the single-strand the S state were dravv_n with the Molden v3.7 progfarased
cleavage of DNA through irradiation. In addition, the experi- ©On theé DFT computational results.

mentaf® and theoretical studié®*! on complexes [Ru(ly) ) _

(dppz)P* (L = phen, bpy) have shown that their “light switch” ~ 3- Results and Discussion

behaviors closely correlate to the presence of the low lying 31 The Ground-State ($) and Lowest Excited-State ($,
excited states. However, so far the theoretical studies on the-,—l) Geometries.The calculated geometrical parameters gf S
properties of low lying excited states of these Ru(ll) complexes, S,, and T, states of [Ru(phen(6-OH-dppz)}+ were selectively
especially ones containing substitutive groups on dppz, are ratheljisteqd in Table 1 (atomic labels shown in Figure 1). For

rare. More recently, some complexes have been synthesized b¥:omparison, the corresponding X-ray data of the analogs [Ru-
introducing substituent into dppz and characterizbtbreover, (dmpX(dppz)](PF)252 were also given in Table 1.

itis interesting to find that [Ru(pheg(5-OH-dppz)}* can well So far, the experimental crystal structure of complex [Ru-
cause the cleavage of a single strand of DNA under irradiation (phen)(G’-OH-dppz)F has not been found yet; we cannot
and show considerable “light switch” behavior in which the directly compare the calculated geometric structure with ex-

complex emits weak Iumlnescenge in aqueous solution at thefoerimental one. However, we can compare the optimized
absence of DNA and strong luminescence at the presence o

. geometric structure of [Ru(phei$-OH-dppz)f™ with the
DNA. Obviously, the complfx [Ru(phegfp-OH-dppz)f" and structure of the analogs [Ru(dmfdppz)](Pk). (dmp = 2,9-
Its parenth[Ru(p;]he@Qd}:ipz)]Z have mr?ny fcommon characterf— dimethyl-1,10-phenanthroline), which has the X-ray dafthe
istics in photochemical properties. Therefore, it is very signifi- - : ' _
cant to study the properties of the excited states of [Ru(pt@&n) computational results in the ground state for [Ru(phErpH

) dppz)F*" are reliable because they quite near the reported
OH-dpp2)f* as an example for exploring the DNA-photocleavage : 52
mechanism by this kind of Ru(ll) complex as well as the effect experimental values of the analogs [Ru(de@pp2)l(Pk):]

f subsitituent OH on th lated " (seen in Table 1) of which the mean coordination bond length
of subsitituen on the related properties. . _between center Ru atom and N atoms of main ligand is 0.2096
In this paper, we report on the structures and related properties

nm and that between center Ru atom and N atoms of coligands
of the complex [Ru(phen(6-OH-dppz)}+ in the ground state d

. . ; ; X ; is 0.2108 nm. It is easy to see that the geometric parameters
(S0), the first s_lnglet excited state {Sand the first triplet excited optimized by the DFT method are more consistent with the
state (%) using DFT, TDDFT, HartreeFock (HF), and

. e . . . ) corresponding experimental data than those by the MP2 and
configuration interaction singles (CIS) methods. This article

inl Is the ch teristi ¢ i d electroni HF methods, respectively.
mainly reveals the charactenistics o geometric ancd electronic o qayiation of the geometric parameters optimized by the
structures of the complex in the excited states, which are much

different from those in the ground state, and hereby presents aHF method from the corresponding experimental data of [Ru-
, 0 L
new insight on the explanation of DNA photocleavage at the (Admp)(dpp2)l(Pke)2] is ~4% for mean coordination bond length

level of electronic structure. In addition. the electronic absorotion and ~2% for mean coordination bond angle. Therefore, the
€vel ol electronic structure. in adaition, the electronic absorptio optimized geometric structure of the complex in the ground state

spectra of Fhe complex are also computed, assigned ar'(]Iwith the HF method is still substantially receivable. Though, in
simulated with the DFT/TDDFT methods. order to reasonably perform the comgarisons of the strl?ctures
and charge properties for the ground state with those for the
excited states, the HF results were adopted for the ground state,
Structural schematic diagram of the studied complex is shown and the CIS results were adopted for the excited states because
in Figure 1. The complex [Ru(phei®-OH-dppz)}" forms from the CIS method belongs to post HF method.
a Ru(ll) ion, one main ligand (or called as intercalative ligand) ~ From Table 1, we can see that the changes of coordination
(6-OH-dppz), and two co-ligands (phen), and has no symmetry. bond lengths and bond angles of the complex in the excited
The geometry optimization of the complex in the ground state states (§ T) relative to the ground state are considerable. First,
(So) was carried out using the DFT, HF, and second-order for the first singlet state ¢, the mean bond length of the main
Mgller-Plesset perturbation (MP2)44 (for comparison) meth- ligand (Ru-Np) is increased by 0.0069 nm and that of the
ods, respectively. For the obtained structures with the methodscoligand (Ru-Ng,) is also increased by 0.0150 nm; the
of DFT-B3LYP and HF, the frequency calculations were also coordination bond angle between the central Ru atom and the
performed to verify the optimized structure to be at an energy N atoms of the main ligand is reduced by 1°@hd that of the
minimum. The geometries of the lowest singlet excited state coligand is reduced by 4.87Second, for the first triplet state
(S1) and triplet excited state (J of the complex were fully (T1), the changes in the bond lengths and the bond angles

2. Computational Methods
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TABLE 1: Selected Bond Lengths in Nanometer and Bond Angles in Degree for the Ground State {Swith HF, MP2, and
B3LYP Methods, Respectively, as well as Those for the Lowest Singlet Excited State 8&nd the Lowest Triplet Excited State
(Ty) of [Ru (phen),(6-OH-dppz)]¢" with the CIS Method

state RU-Np®  Ru-Ne®  C—C(N)i®  C—C(N}  Co—O1/Oro—Hiz  Ns—Hi Ot O’ Be
SBILYP 0.2106 0.2107 0.1405 0.1405 0.1375/0.0983 0.2283 79.16  79.44 0.00
SoMP2 0.2075 0.2078 0.1423 0.1423 0.1402/0.0989 0.2324 80.35  80.50-0.07
SHF 0.2181 0.2184 0.1389 0.1391 0.1365/0.0953 0.2367 7717 7755 0.13
(expty 0.2096 0.2108 7886  79.13
S,CIS/HF 0.2250 0.2334 0.1390 0.1391 0.1365/0.0953 0.2367 7521  72.83 0.17
T, CIS/HF 0.2320 0.2311 0.1390 0.1391 0.1365/0.0953 0.2366 73.00  73.49 0.09

a Superscript means the calculation methbBu—N, is the average coordination bond length between the central atom and the main ligand
(OH-dppz), and RN, is that between the central atom and the coligand (phe2}-C(N)n, is the mean bond length of the skeleton of the main
ligand, and G-C(N), is that of the coligands (pherf}d, is the coordination bond angle of the central atom and the two N atoms of the main
ligand, andf, is that of the central atom and the two N atoms of coligand (phers) the dihedral angle &£ Cs—010—Hi1. ¢ The X-ray data of

the analogs [Ru(dmp(dppz)](PF)2.52

TABLE 2: Related Natural Charge Populations (le|) of [Ru(phen),(6-OH-dppz)]4* in the Ground State (§) at HF/LanL2DZ
Level, and in the First Singlet Excited State ($), and the First Triplet Excited State (T,) at CIS/LanL2DZ Level

State Ru N Cz C3 C4 N5 Cs
HF 0.9809 —0.5854 0.1592 —0.2344 —0.0787 —0.5008 0.4047
CISHHF 1.1772 —0.6071 0.1607 —0.2367 —0.0769 —0.5009 0.4048
T, CIS/MF 1.1850 —0.6123 0.1559 —0.2357 —0.0804 —0.5010 0.4047
Cs Cs Cy OH main-L co-L
SyHF —0.0757 0.2081 0.1267 —0.2508 0.3397 0.6794
CISHHF —0.0780 0.2082 0.1270 —0.2507 0.2939 0.5289
T, CIS/IMF —0.0757 0.2081 0.1270 —0.2508 0.2693 0.5457

(relative to ) are also obvious. The mean coordination bond important because they not only closely relate to spectral
length between the metal ion and the N atoms of the main ligand properties but also to reaction activity of a complex. Some
is increased by 0.0139 nm, and that of the coligand is increasedfrontier MO stereo-contour graphs of the [Ru(Ph€HOH-

by 0.0127 nm. The bond angle between the central Ru atomdppz)f™ are shown in Figure 2, and for discussing the
and the N atoms of the main ligand is reduced by %.4fd substituent £OH) effect, some frontier MO stereocontour
that of the coligand is reduced by 408n addition, all the graphs of parent [Ru(phedippz)f+ at the same theory level
dihedral angles in the main ligand are near°0#nd such a are also given in Figure 3. In addition, the energy levels of some
result shows the planarity of the main ligand for all these frontier MOs of complexes [Ru(pheit$-OH-dppz)} and [Ru-
different states is excellent. (phen}(dppz)E*™ are also shown in Figure 4.

3.2. Natural Charge Populations of the Complex in the Many theoretical studies have shown that the DNA base pairs
So, S1, and T; States.The natural charge populations of the are excellent electron donators, because the energies of their
complex in the § S;, and T; states from the natural orbital  occupied frontier molecular orbitals (HOMO and HOM®)
population analysis (NPA) on the basis of their corresponding are quite high, and the components of such molecular orbitals
optimized geometric structures (the atomic labels displayed in are predominantly distributed on the base pairs, whereas almost
Figure 1) are listed in Table 2. all complexes as intercalators are excellent electron acceptors,

In general, the natural charge populations of a complex because the energies of their unoccupied frontier molecular
closely relate to its chemical properties. It is very interesting to orbitals (LUMO and LUMOtX) are usually negative and quite
find that the natural charge populations of the complex in the low, even much lower than some of the frontier occupied MOs
S; and T, states are very different from those in the Sate. (HOMO and HOMG-x) of the DNA base pairg.>3 For
The positive net charges of the Ru atom greatly increase from example, Kurita and Kobayashireported the DFT results for
0.9809 (e]) in the $ state to 1.1772|€]) in the § state and to stacked DNA base pairs with backbones, in which the energies
1.1850 (e]) in the T; state. of the HOMO and HOMG-x (x = 1—6) were quite high{1.27

The total net charges on ligands for these states are also giverio —2.08 eV) and the components of HOMO and HOM©
in Table 2. From Table 2, we can also see that the positive netwere mainly distributed on the base pairs. For our studied [Ru-
charge populations on ligands for the excited state are cor- (phen)(6-OH-dppz)}*, the LUMO and LUMO*#x (x = 0—3)
respondingly reduced due to the electron transfer from Ru atomenergies calculated by the DFT method were quite lew.42
to the ligands. For the;State, the calculated positive net charges to —7.23 eV) and their components were distributed on the
on the main ligand (as a whole) and the two co-ligands (as a ligands, especially on the intercalative ligand. Such facts indicate
whole) are reduced by 0.0458 and 0.150&)( respectively, that [Ru(pheny6-OH-dppz)f" as an intercalator in ground state
and the same trend happens insfate, in which the positive  is an excellent electron acceptor and thus it can well interact
charge on the ligand is reduced by 0.0704)(for the main with DNA base pairs, in agreement with its large DNA-bonding
ligand and 0.1337|¢]) for the two coligands, respectively. constant of 4.68< 1P M~17

3.3. Some Frontier Molecular Orbitals for the Ground From Figures 2, 3, and 4, we can further see the following:
State (§) of the Complex. The frontier molecular orbitals of (i) Some frontier occupied MOs of which the components
the ground state ¢p for example, the highest-occupied mo- mainly come from d orbitals of the Ru atom for [Ru(phg6)
lecular orbital (HOMO) and the occupied MOs near to HOMO OH-dppz)f+ are HOMO-1, HOMO-2, and HOMO-3, whereas
(HOMO—x) as well as the lowest-unoccupied MO (LUMO) and those for the parent complex [Ru(phgdppz)ft are HOMO,
the unoccupied MOs near to LUMO (LUMEX) are very HOMO-2, and HOMO-3. Moreover, the HOMO of [Ru(phen)
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(6-OH-dppz)}™ comes mainly fromzggp,and n(O) orbitals. (ii)

Xu et al.
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Figure 2. Some frontier MO contour plots of the ground stateo8[Ru(phen)(6-OH-dppz)}* in vacuo at the level of B3LYP/LanL2DZ.

550 nm’ The first one is a strong and broad absorption band

Some frontier unoccupied MOs of which the components mainly centered at 440 nm (2.82 eV), which is generally assigned to a

come fromuzgpp, for [Ru(phen)(6-OH-dppz)f*+ are the LUMO
and LUMO+1, LUMO+4 and LUMO*+6, whereas those for
[Ru(phen)(dppz)f™ are LUMO+1, LUMO++5 and LUMO+6.

singlet metal-to-ligand charge transf&(CT) and very widely
applied in bioinorganic chemistry. There are two strong and
narrow bands centered at 325 nm (3.81 eV) and 262 nm (4.73

It suggests that the substituent OH on dppz makes the LUMO eV), respectively. These three bands can be theoretically well

have much more* components on the main ligand OH-dppz,
compared with the LUMO of [Ru(phes(ppz)Ft. (iii) The

calculated, simulated, and explained. The calculated excitation
energies AE/eV) within the range 256550 nm, oscillator

substituent OH makes the energy gap between the HOMO andstrengths f(>= 0.05) and main orbital transition contributions

LUMO of [Ru(phen}(6-OH-dppz)}+ obviously smaller than
that of [Ru(phenydppz)E" (seen in Figure 4).

Above-mentioned electronic structural characteristics of [Ru-
(phen}(6-OH-dppz)F™ can be used to explain the spectral and
DNA-photocleavage properties of the complex along with the
TDDFT results.

3.4. Theoretical Explanation on the Spectral Properties.
The experimental absorption spectra of the complex [Ru(phen)
(6-OH-dppz)F" in aqueous solution show that there are three
bands with comparable intensity, lying in the range of 250

(=15%) of the complex in vacuo and in aqueous solution with
the TDDFT at the level of B3LYP/LanL2DZ, as well as the
experimental values are given in Tables 3 and 4, respectively.
Moreover, the simulated electronic spectra of the complex in
vacuo and in aqueous solution are also shown along with the
experimental absorption spectra in Figure 5.

From Tables 3, 4 and Figure 4, we can see that the results of
the spectral calculations and simulations for this complex in
vacuo and in aqueous solution are very near except for some
oscillator strengths and some details of transitions.
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HOMO-3 HOMO-2 HOMO-1

LUBMO+2 LUMO+3 LUMO+H LUBMO+5 LUBMHS
Figure 3. Some frontier MO contour plots of the ground state of [Ru(pk(eippz)F" in vacuo at the level of B3LYP/LanL2DZ.

65-tleV involves the inner transition of main ligand,—x*n, (78%)
with very large oscillator strengthf € 0.973), and thus it can

be characterized by the LL transition and corresponds to the
LUMO+4,

7.0 umosa\ experimental band at-325 nm. Similarly, for the spectral
JruMos—— calculation results in vacuo, this experimental band can be
LUM°+1/;—— assigned to the superposition of the three bands at 835 (

~7.5 o LUMo, 0.080), 325 { = 0.093), and 316 nmf(= 0.295) with LL

3.42eV 2786V character.

Finally, for the calculated spectra in aqueous solution, there
are two pairs of quasidegenerate transitions, in which one pair
95 lies at 267 { = 0.096) and 266 nmf(= 0.130) and another
pair lies at 264f(= 0.053) and 262 nnf & 0.087). The former

-8.0%

-10.0 i pair is composed of the transitions at 267 nm mainly coming
SN e - from 7wm—m*co (80%) and the transitions at 266 nm mainly
110 :gnMn%é?__E; B — involving dqu—w*m(SO%)tnm—'ﬂ* mH7T* 0(22%), andzoc_,fn* mt* o
Cfowey (18%). The latter pair is composed of the transitions at 264 nm
-11.5 JHomo« e S " mainly coming frommeg—m* m+m* ¢o (59%) and the transitions
[Ru(phen),(dppz)]™  [Ru(phen),(6-OH-dppz)] at 262 nm coming fromres—7* co (30%), 1c—* m (20%), and
Figure 4. Energy levels of some frontier molecular orbitals of [Ru- T co (25.%)' Therefore, the expgr.lmental band at 26.2 nm
(phen)(dppz)P" and [Ru(phen)6-OH-dppz)}* in vacuo. can be assigned to the superposition of the two pairs of

transitions with LLCT character mixed with some MLCT.
First, for the calculated spectra in aqueous solution, there areHowever, in the spectral calculation in vacuo, this experimental
seven excited states lying in the range of 3560 nm, including band can be assigned to the superposition of the seven bands at
two pairs of quasi energy degenerate MLCT transitions, in which 275 ¢ = 0.176), 273 { = 0.093), 273 {= 0.107), 2711 =
one pair at 429 and 427 nm with close oscillator strength ( 0.054), 266 { = 0.141), 263 { = 0.105), and 261 nmf (=
0.095 and 0.100) can mainly be characterized by the transition 0.125) with very close energies and pure LL character except
of dri—=7* cot71* m and thi—* m+71* co, @another pair at 402 nm  for the band at 271 nm mixed with some MM character.
and 401 nm with close oscillator strengfh~0.129 and 0.104) The absorption spectra in aqueous solution of parent complex
can mainly be characterized by the transition @felz* co+7* m [Ru(phen)(dppz)F" simulated with the similar method by
(>80%). In addition, there are three relatively weak bands at Fantacci et a#! show that there are two pairs of strong excitation
476 § = 0.077), 412 = 0.060), and 409 nnT & 0.055) with states with large oscillator strengtk: 0.1 responsible for well-
the transition from d orbital to ligands. Therefore, the experi- known MLCT. One pair at~414 nm comes mainly from
mental broadband at440 nm can be assigned to the superposi- dri—7* phen@Nd =7 pherrtT* dppz, @aNOther pair at~380 nm
tion of the two pairs of stronger bands and the three separatemixed with LL character comes fromk@=7* qppz dppz—7* dppa
weak bands with the character of MLCT transition. Similarly, and gki—*phen For complex [Ru(phen{6-OH-dppz)f+, our
for the spectral calculation results in vacuo, this experimental computational results in aqueous solution also show two pairs
broadband can be assigned to the superposition of the four bandef comparable MLCT excitation states with large oscillator
at 432 { = 0.059), 4281 = 0.244), 402 {= 0.088), and 375 strengthf ~ 0.1. One pair at~429 nm comes mainly from the
nm (f = 0.054) with MLCT character. transitions @—* cot7*m and —a* mta* e, another pair
Next, for the calculated spectra in aqueous solution, there is at~402 nm comes mainly from the transition ¢f;ebm* cot77* m.
one strong and relatively narrow band in the range of-300 It is in agreement with the increasing main ligand components
350 nm. The calculated transition band at 314 nm mainly on LUMO due to introducing substituent OH, and it shows that
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TABLE 3: Calculated Excitation Energies (AE/eV), Oscillator Strengths § = 0.05), and Main Orbital Transition Contributions
(=15%) of [Ru(phen)y(6-OH-dppz)]?* with the TDDFT at the Level of RB3LYP/LanL2DZ in Vacuo as well as the Experimental
Values

major contributioA AE, eV f Acar (NM) Aexg? (NM) character
1 He-3(dry) —L+1(* ™ co) 320) 2.87 0.059 432 440 (2.82 eV) MLCT
H-2(0ry) — Ld+2(*ﬂ*co)(28%)
H-2(try)—L+1(7* m+77* o) 250%), H-1(Cke)— 2.90 0.244 428 MLCT
L+3(7* co) 2206y H-2(Cky) — LUMO(77* i +77* co) (180%)
H-2(dry) — L+3(7* co) (38%), H-1(dry) —L+5(* co) 37%) 3.09 0.088 402 MLCT
H-l(dQu) e L+6(.7[*m) (81%) 3.24 0.051 383 MLCT
2 H-5@Tm) — LUMO(7* i +7* o) (78%) 3.70 0.080 335 325 (3.81eV) LL
H-5@rm) — L+1(r* m +7* co)s0%), 3.82 0.093 325 LL
H-5@m) — LUMO(7t* 1 +77* co) 16%)
H-5(tm) — L+4(7* m) 65%) 3.92 0.295 316 LL
3 HOMO{ 7z +n(O)} — L+11(7* ) @506 H-9(7c0) — LUMO 451 0.176 275 262 (4.73 eV) LL
(ﬂ*m +* co)(so%), HOMO{ nm+n(O)} - L+10(ﬂ*co)(15%)
H-8(7tm) — L+3 (77* co) e5%) 453 0.093 273 LL
H-8(7tm) — L+3(7* co) (25%) H-9(Tco) — L+2(7* co)16%) 4.54 0.107 273 LL
H-2(dry) — L+13(d*ru)z306)H-3(Cr0) — 4.58 0.054 271 MM/LL

L+14(d*Ru*) (26%) H-g(ﬂcg) e L+1(.7'[* m/
T o) 15%), H-3(Cky) L +8(71* co) (15%)

H-7 (o) — L+6(* m) 720, H-6(1co) = L+6 (7% m)as06) 4.67 0.141 266 LL
H-g(ﬂco) — L+4(.7'[* m)(37%)| H-g(ﬂco) — L+5(.7'[* co)(ZB%) 4.71 0.105 263 LL
H-8(7tm) — L+6(1* m)aswey H-7(co) — L+6 (7% m)aros) 4.75 0.125 261 LL

a Contributions of main orbital transition contributions are shown in parenthesEs%), the subscript “m” in /" means the dppz of main
ligand, and the subscript “co” means co-ligands. H, HOMO; L, LUM®@xperimental absorption spectra in aqueous solution.

TABLE 4: Calculated Excitation Energies (AE/eV), Oscillator Strengths ¢ > 0.05), and Main Orbital Transition Contributions
(=15%) of [Ru(phen)x(6-OH-dppz)]?" with the TDDFT at the Level of RB3LYP/LanL2DZ in Aqueous Solution as well as the
Experimental Values

major contributiof AE, eV f Acal (NM) Aexg® (NM) character
1 H-2(cky) — LUMO(7* 1) 00%) 2.60 0.077 476 440 (2.82 eV) MLCT
H-2(dry) — L+3(7* co) 43%), 2.89 0.095 429 MLCT
H-l(dqu) - L+2(ﬂ* m+71’* co)(40%)
H-2(dry) — L+2(7* mt7* co) 3200y H-2(Cko) — 2.90 0.100 427 MLCT

L+1(7* mtar* co)esosy H-1(Cke) — L+3(* co) 260,
HOMO(dky) — L+4(* cot71* m) (269%)

HOMO(dQu) - L+6(ﬂ*co)(g3%) 3.00 0.060 412 MLCT
HOMO(dky) — L-+5(* 1) @a%) 3.03 0.055 409 MLCT
H-1(cky) — L+H4(7* oot m) s39%) 3.08 0.129 402 MLCT
H'2(d?{u) - L+4(-7[*co+ﬂ* m)(84%) 3.09 0.104 401 MLCT

2 H-6(m) — LUMO(7t* ) 78%) 3.95 0.973 314 325 (3.81 eV) LL

3 H-6(m) — L+6(* co) 5209 H-10(Tm) — L+3(7* co)28%) 4.64 0.096 267 262 (4.73 eV) LL
H-2(cky) — L+10(7* )06, H-10(Tm) — 4.65 0.130 266 MLCT/LL

L+2(7'L’* m+J‘[* co)(zz%),H-S(J‘L’co) - L+4(.7t* CO'H'[* m)(lg%)

H-9(7tco) — L+4(* cotat* m) s0%) 4.69 0.053 264 LL
H-9(7tc) — L +6(7* co)zosey H-8(Tco) — 4.72 0.087 262 LL

L+5(.7'[* m)(20%); H-7(.7tm) - L+6(JT* co)(25%)

a Contributions of main orbital transition contributions are shown in parenthesEs%), the subscript “m” in /" means the dppz of main
ligand, and the subscript “co” means co-ligands. H, HOMO; L, LUM@xperimental absorption spectra in aqueous solution.

the substituent OH on dppz can make more “electron cloud” molecule or bring an electron transfer of intramolecule, resulting
transfer from metal ion to main ligand. in a higher oxidation state (e.g., Ru(lll)). Since the Ru(lll) ion
It is very interesting to find the following: In general, the has a very strong oxidizing abilif?,it can oxidize base pairs
calculated and simulated spectra in aqueous solution should bewithin the DNA duplex and thus result in the DNA cleavage.
better than those in vacuo; however, here the simulated spectraBarton et al. reported that the photoinduced complex [Ru(phen)
in vacuo are better than those in aqueous solution for the LL (dppz)f"™ can generate Ru(lll) by intermolecular electron
band at~325 nm in both oscillator strengfrand character. It transfet” and result in the damage of DNA. Recently, Ji et al.
may be attributed to the molecular intra-H-bond structure in reported that the complex ([Ru(phef®-OH-dppz)f") can well
[Ru(phen)(6-OH-dppz)}* since the molecular intra-H-bond cleave the single strand of DNA in experiment, but the
coming from N—Cg—Cs—O;10—Hi;1 (see Figure 1) leads the mechanism of DNA photocleavage was not offered. So far,
hydrophobicity of the complex to enhance. The detailed although a photoinduced oxidation reduction mechanism of
interpretation regarding this phenomenon will be performed in DNA photocleavage by the Ru(ll) complexes has been experi-
further studies. mentally presented, the corresponding theoretical report has not
3.5. Theoretical Explanation on DNA Photocleavage by  been found. Here, based on the studies of [Ru(p@QH-
the Complex. The mechanism on DNA photocleavage by the dppz)f", we provide a theoretical insight for such a mechanism.
Ru(ll) complex is currently a very interesting and frontier First, under UV or visual light irradiation, [Ru(phe(§-OH-
subject. Many experimental studié*1517.545have demon-  dppz)F" complex changes from the ground statg) (® the
strated that UV or visual light irradiation can bring an electron lowest excited state ¢Sand T;). From the natural charge
transfer from a photoinduced Ru(ll) complex to other various populations (see Table 2), we can see the following: the positive
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osf 10.f 314 In addition, from Figure 24, we can see thate_—y of [Ru-
(phen}(6-OH-dppz)f™ (1) is smaller than that of [Ru(phen)

o4 316 o8 (dppz)F" (2) and the populations of LUMO on main ligand for

034275 423 °81267 a1 1 is greater than those fd. It means that the electrons (or

“electron cloud”) of1 with substituent OH on the main ligand
(dppz) easily transfer from HOMO to LUMO which plays an
important role in DNA binding under light irradiation. It may
0g el ol Ly —r 0.0250nl T l:alol 1;5101530 = be_ _reasonz_ible to speculate on that the DNA photocleavage
Wavelength(az) Wavelength(nm) ability of 1 is stronger than that of parent compi2xand such
a speculation is expecting the experimental confirmation.
@ ® In summary, regarding the experimental photoinduced oxida-
20 . . ’ .
| 262 tion reduction mechanism of DNA photocleavage by [Ru(pken)
s (6-OH-dppz)}", we can theoretically propose the following:
During light irradiation, the positive charge of the Ru atom in
10 the complex is greatly increased due to the charge transfer from
325 40 the central Ru atom to ligands (MLCT); the interaction between
051 3 LA main ligand and DNA is also considerably weakened because
oo the LUMO (or LUMO+X) of the complex characterized by,
250 s00 950 400 460 500 S50 800 has accepted some electrons (or “electron-cloud”) from the Ru
Wavelengthinm) atom; moreover, the interaction between Ru atom and the
© ligands is considerably reduced due to the distortions of
Figure 5. Simulated electronic spectra (a) in vacuo, (b) in aqueous geometry of the complex (especially the increase in the
solution calculated with TDDFT method at the level of B3LYP/ coordination bond length RtN). As a result, the Ru(lll) ion
LANL2DZ, and experimental absorption spectra (c) from ref 7. center with high oxidizing ability in complex forms and
approaches to DNA base pairs to oxidize them.

0.2 044

0.1 0.24

Absorbance daw.b

charges of Ru atom increases from 0.98@9) (n Sy to 1.1772
(le]) in S (or 1.1801€| in T1), moreover, the positive charges 4. Conclusions
on the main ligand of the complex i, @nd T; are concomi-
tantly changed, and they considerably reduce from 0.3R9)7 (
in S to 0.2939 (g]) in S; and 0.2693€]) in T;1. Such changes
show that the complex undergoes an obvious electron transfer
between the central atom and ligands frogt&SS; (or T;) under

Theoretical results show the following: (1) Under UV or
visual light irradiation, an obvious charge transfer happens from
Ru central atom to the ligands of the complex, and the positive
charges of the central Ru atom in the excited statesu(8 Tp)

A . e I are greatly increased relative to those in the ground staje (S
:L?T;g?g;}?gg; ; S;égﬁ;'%?rigggzmg ability of the Ru atom and thus its oxidati_o_n ability is greatly enhan_ced in_ the excit_ed
o ) states. (2) The positive charges on the main ligand in the excited

Second, from the spectral analyses in section 3.4, we Cangtates are considerably reduced due to the transfer of some
see that the electron transfers both in vacuo and in agueousglectron cloud” from central atom Ru(ll) to main ligand, and
solution (in Table 4) mainly occur between the occupied orbitals thys the interaction between intercalative ligand and DNA base
(HOMO or HOMOx) characterized by and the unoccupied  pairs is considerably weakened. (3) The distortion of geometry
orbitals (LUMO or LUMO+x) characterized byrm or szphen It of the complex in the excited states is advantageous to the
is the reason why the change in natural charge populations iscomplex producing a Ru ion with high positive value (expressed
so large from the ground state to the excited states. Such factsas Ru(lll)). As a result, the Ru(lll) center with high oxidizing
also mean that the ability of the frontier unoccupied MO in ability in the complex easily approaches to DNA base pairs to
excited states to accept electron will be greatly decreased, andhxidize them. So our studies offer a theoretical explanation for
thus the interaction between the main ligand and the DNA basethe experimental photoinduced oxidation reduction mechanism
pairs will be reduced in the excited states, because DNA baseof DNA photocleavage by the complex. In addition, the three
pairs are electron donors and the intercalative ligand is an absorption spectral bands in vacuo and in aqueous solution have
electron acceptd® also theoretically been calculated, simulated and assigned, and

Third, as soon as the excited-state of the complex is formed they are in good agreement with the experimental results.
under light irradiation, the distortion of geometry of the complex
will happen in the lifetime of the excited states within only ~ Acknowledgment. The financial supports of the National
several hundred nanoseconds farahd much shorter lifetime ~ Natural Science Foundation of China, the Natural Science
for the S. The bond lengths (RtN)m and (Ru-N)c, of the Foundation of Guangdong Province, and the Research Fund for
complex in the excited states are considerably increased (seerih® Doctoral Program of Higher Education of China are
in Table 1) relative to those in the ground state. Moreover, the 9ratefully acknowledged.
coordination bond angle (NRu—N)y, is considerably decreased.
The changes in only several hundred nanoseconds mayb
produce a strong impulsive force instantaneously along the (1) Maheswari, P. U.; Palaniandavar, §.Inorg. Biochem2004 98,
intercalative direction of the complex to DNA. Meanwhile, the 219 _ ) _ _ _
marked increase of bond length RN in the excited state means Bart(ozr)L 'jf'io_'?aA”rh_A'Cr'fé}n(_:g%n&gg’d]'li'za’ggoéuvage’ J. P Turro, N. J.;
that the coordination bond (or interaction) between the Ru ion (3) Barton, J. K.; Danishefsky, A. T.; Goldeberg, J. M.Am. Chem.
and the N atoms of the ligands becomes weak. So such a chang&oc.1984 106 2172. _
must be advantageous to making Ru ion free from coordination 133g4) Mei, H. Y.; Barton, J. K.Proc. Natl. Acad. Sci. USA988 85,
bond trammel and thus forms the Ru ion center with a high ™5y Guerzo, A. D.; Mesmaeker, A. K. D.; Demeunynck, M.; Lhomme,
positive charge (expressed as Ru(lll)). J.J. Chem. SadDalton Trans 200Q 1173.
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