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ABSTRACT

New aza-boron-dipyrromethene compounds containimognime atoms at various positions
were designed and synthesized to enhance thettspd¢e population and two photon
absorption properties for applications such as pwoton photodynamic therapy, triplet-
triplet annihilation up-conversion. Steady stateofescence and ultrafast pump probe
spectroscopy techniques revealed that only 2, &ipos of aza-boron-dipyrromethene core
contribute to triplet state population significantiDensity function theory calculations
showed that when bromine atoms introduced to 2¢%tipn of aza-boron-dipyrromethene
core, singlet and triplet energy levels get cldberefore probability of intersystem crossing
increases. Z-scan experiments at 800 nm wavelengiesled considerably large (610 GM)
two photon absorption cross section value with @éespo literature for compounds showing
intersystem crossing mechanism. The efficient gytgem crossing and enhanced two-photon
absorption properties make the investigated azarbdipyrromethene compounds good

candidates for two-photon photodynamic therapyiapfon.
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1. Introduction

There has been a great deal of interest on intersysrossing (ISC) process of novel
materials due to their related applications in pbbemical and photophysical processes, such
as photodynamic therapy (PDT) [1-5], photocatalgtiganic reactions [6-11], triplet—triplet
annihilation (TTA), upconversion (UC), and singbatygen generation [12,13]. ISC process is
an efficient way to generate singlet oxygen espigciar PDT application. The spin-orbit
perturbation of electronic states plays an impartafe on the photophysical properties of
organic molecules. Introducing heavy atoms to mdécsystems increases ISC process and
therefore, changes photophysical properties, wigclknown as heavy atom effect [14].
Enhanced spin-orbit perturbations can be achieyadtboducing a heavy atom directly onto
the absorbing core of the molecule (internal heatom effect) [15, 16] or by positioning
heavy atoms to the peripheral positions (extermavig atom effect) [13, 17, 18]. Internal
heavy atom effect is the most efficient way to emdealSC process. Therefore, the effects of
heavy atom on the photoinduced electron transfeshar@sm to the triplet state have been
extensively studied [1, 19].

On the other hand, organic molecules with large fbmton absorption (TPA)
properties have attracted increasing attention tdue wide range of potential applications
including optical limiting [20,21], TPA imaging mmascopy [22], three-dimensional
microfabrication [23,24], optical data storage &, TPA upconversion lasing [27], and
especially for two-photon PDT [28]. Therefore, dgsand synthesis of molecules with large
TPA cross-sections (TPCS) become a popular resdaith [29, 30]. Two-photon PDT
application requires efficient ISC mechanism arghhHiPCS at near-IR region due to its low
energy, deep penetration and negligible damagddonbrmal biological tissue. However,
near-IR TPA photodynamic therapy is limited dudack of TPA photosensitizer with high

intersystem crossing rate and large TPCS.



There have been several studies about the applicatiaza-boron-dipyrromethene (aza-
BODIPY) compounds to one photon PDT in the literatid, 31]. Our previous research on
aza-BODIPY compounds show that these compound®ieXti®A properties [32, 33]. In this
work, we designed and synthesized new aza-BODIRWpoands possessing both ISC and
TPA properties for PDT applications.

In literature, heavy atom effect on photophysicedperties of organic molecules and
complexes of various types of molecules such asoftedgaaryl porphyrins for selenium
atoms [34, 35], poly halogenatedeso-tetraaryl porphyrins and bacteriochlorins molesule
[36, 37], BODIPY [38, 39], and aza-BODIPY [40-42)rapounds were studied. Heavy atoms
introduced to 2,6 position of aza-BODIPY core an@wn to enhance the probability of ISC
due to internal heavy atom effect (i.e. spin orbdupling) [14-16]. This effect was
investigated by monitoring fluorescence, phosplaaese and singlet oxygen quantum yields
[1, 39, 43, 44]. It is known that number of heavgnas introduced to BODIPY core other
than 2,6 positions do not affect ISC [43]. Howeveis not clear, how do heavy atoms on the
peripheral positions effect ISC in the literatucg §za-BODIPY compound. Therefore, our
designed and synthesized new aza-BODIPY compoumagaio Br atoms at various
positions. Previous works investigating the heawyraeffects on the triplet population used
indirect methods such as singlet oxygen quanturds/iaVe investigated their triplet level
populations by using ultrafast pump probe spectiegdechnique. This technique is a very
sensitive tool to investigate directly the tramsitof triplet to levels with fs time resolution. In
order to clarify our experimental results and réwlea mechanism causing ISC, we performed
density functional theory (DFT) calculations for avestigated compounds.

2. Result And Discussion

2.1 Absorption and Fluorescence Measurement



UV-Vis absorption and emission spectradafd and5a-d are shown in Figl and Fig.
2, respectively. Absorption spectrum dh compound reveals ¢S S; transition with
maximum absorbance wavelength at 650 nm in Eigdowever, $- S; transition of Br
containing compounds is between 645 nm and 667 Tims. spectral shift depends on the
position of Br atoms on aza-BODIPY core. Bathochmowshifts were observed when Br
atoms on the para positions of the phenyl ringhenany of 1,7 and 3,5 positiontb(d, 5b-d)
as seen in Table 1. On the contrary, directly ohting of Br atoms to 2,6 position of aza-
BODIPY core leads to hypsochromic shiffa{d). Interestingly, the amounts of spectral shift
per binding position, whether it is bathochromichypsochromic are the same. Therefore,
these bathochromic or hypsochromic spectral sluifiscel each other fota, 5b and 5c
compounds and the absorption bands of these cormdpaane localized around 650 nm. In
addition, FWHM values for studied compounds incesawith increasing the number of the

heavy atoms (Table 1).

On the other hand, another absorption band is ebdext 320 nm which corresponds to
S-S, transition of aza-BODIPY compounds without contagnBr atoms at 2,6 position.
Upon introducing Br atoms at 2,6 position of azalBPY, significant hypsochromic shift

(about 20 nm) was observed fqr-SS, transition.

It is known that aza-BODIPY compounds have higlorfiscence quantum yields [45].
A single fluorescence signals were observed4@md compounds as seen in Fig. The
fluorescence intensity increases with increasinmber of bindingp-Br phenyl groups to
1,7,3,5 positions of aza BODIPY core. Therefat@,compound containing-Br phenyl at
1,7,3,5 positions shows the highest fluorescenmmsity while4a compound has the lowest
fluorescence intensity among these compounds. ©mtther hand, it is well known that the

introducing Br atoms to 2,6 positions makes sintiptet transition easier [41]. Therefore, in



our studied compounds, fluorescence signal drdisticdecrease for5a-d compounds

containing Br atoms at 2,6 position of aza-BODIPdtec due to the ISC process. This
decreased fluorescence signal may indicate thaiowwurfluorescent compounds—may have
efficient ISC due to heavy atom effect. In ordepbtain more information about the effect of
heavy atom on aza-BODIPY compounds by changingtipasand number of heavy atoms,

we performed ultrafast pump probe spectroscopyraxpats.

2.2 Ultrafast Pump Probe Spectroscopy

Ultrafast pump probe spectroscopy experiments wseal to investigate the effect of
heavy atom and its position on ISC mechanism amdydprocesses of excited states of the
aza-BODIPY compounds. Femtosecond transient abgorppectra with 640 nm excitation
wavelength foda and5a compounds in THF are given in Figa and3b, respectively. The
results of experiments show different charact@sstilepending on the position and the
number of heavy atom. Transient absorption spexftda have a great bleach signal at 650
nm and excited state absorption signal below 57%ancabove 750 nm as shown in Rg.
4b-d compounds also show similar transient absorptipectsa characteristics. However,
linear and transient absorption spectra of compdemdhave different characteristics. For
instance, vibration states appearing around 520imiimear absorption spectra get higher
absorption peak when Br atoms bond to 2,6 posibaza-BODIPY core. That causes an
extra bleach signal to appear around 520 nm irsigah absorption spectra as seen in 8ig.

In addition to that, an excited state absorptioBAJE signal appears in transient absorption
spectra at about 120 ps time delay and around 68®%avelength, which can be attributed to
T1-Ty transition (Fig.3b, Fig. 4). Similar spectral properties were also obserwedther Br
compounds containing Br atoms at 2,6 position o0&-BODIPY core %a-d). These

experimental data were given in supporting infororat



Another evidence of ISC mechanism is clearly obsgfvom the decay curves seen in
Fig. 5. The lifetime of the bleach signals show greatedénces whether including Br atoms
at 2,6 position of aza-BODIPY core or not. Thera ieng time component (with decay time
about ps range) fosa-d compounds. This component can be attributed @tirtie of the
triplet states of the aza-BODIPY. These experimemsults indicate that only Br atoms at
2,6 positions enhance the ISC mechanism due tmtéal heavy atom effect [7]. Enhanced
ISC mechanism also causes fluorescence signal iredulrastically as observed in the

fluorescence measurements in RAg.

Moreover, different decay curves were recorded4oand 4d compounds as seen in
Fig. 6. The excited state lifetime of tlel compound is longer than that 4d compound. It

may be due to heavy atom effect since it contaioger8r atoms.

In an attempt to clarify the reason why compousatsl showing stronger ISC thata-

d compounds we performed DFT calculations for tleesepounds.

2.3DFT Calculations on the Photophysical PropertieshefComplexes

The ground state geometries of the compounds wetimiaed with the DFT theory.
The aza-BODIPY core takes a planar geometry. Istergly, the four phenyl rings take a
nearly co-planar geometry orientation toward thea-BODIPY core, even with a
perpendicular initial geometry for the DFT calcidat This result indicates that the coplanar
geometry is at least a local energy minimum. Fangxle, the dihedral angle between the
phenyl ring (close to the BEomplexation site) and the aza-BODIPY core is da. Bor the
phenyl rings at the opposite position of the, BBmplexation, the dihedral angle is smaller
(24 °), probably due to the smaller steric hindrancenil@r results were found for all the
compounds4b- 4c (see Supporting Information). The, Triplet state energy ofla was

calculated as 1378 nm (0.90 eV), which is closa poeviously reported value (0.87 eV) [46].



The excited state of compoudd was calculated. The UV-Vis absorption maximum
is predicted at 605 nm, which is close, the expenital result of 650 nm. The deviation is
known for the calculation of BODIPY compounds witie DFT theory (Fig. 7). The frontier

molecular orbitals are delocalized on the aza-BODdBre and the appended phenyl rings.

Similarly, the geometry of the ground state of Z)@-dibromo aza-BODIPY $54-5d)
was also optimized. Interestingly, we found tha thihedral angles between the phenyl rings
and the aza-BODIPY core are increased, that isptbieties in the molecules are less co-
planar. For example, the dihedral angle between phenyl rings (close to the
BF.complexation site) and the aza-BODIPY core is B. For the phenyl rings on the
opposite to the Bieomplexation site, dihedral angle of ca’ 4las found. These angles are
much larger than that observed for the unbrominatedpoundsta-4d. These changes are
probably due to the steric hindrance of the bronmatems at the 2,6 position of the aza-
BODIPY core.

The excited states of compoud were also studied with the DFT calculations
(Table 2) (Fig. 8). Interestingly, shorter wavelength for UV-vis aljgion band was found
for 5a as compared with that di. For example, the first absorption band was ptedias
581 nm for5a, as compared with that of 605 nm fda (Table 3). This blue-shifted
absorption of5a as compared withda may be due to the poor planar geometry of the
molecule, as predicted by the DFT calculationshenground state geometry.

The T, state energy level &a was calculated as 0.98 eV (1267 nm). Thaan be
used as triplet photosensitizer for photosensijizifi singlet oxygen'(Q,). This theoretical
prediction is in agreement with the experimentauhes [1, 47].

The spin density surfaces of the compounds wemdiestuwith the optimized triplet
state geometry, so that the distribution of thpléti states of the compounds were unveiled

(Fig. 9) [48]. For compoundia, the triplet state is delocalized over the entirelecule.



Similar results were found fotb-4d (see Supporting Information). F&a, similar results
were observed. Note the bromine atoms contributethi®d spin density surface, thus
intersystem crossing is expected for compobad
DFT calculations revealed that singlet energy lewgcreases and get closer to triplet

energy levels due to conformation transformatiomrugxcitation for sampleSa-d (Fig.
S26). Decreasing singlet energy levels increasegtibty of ISC to triplet levels. This can be
attributed to spin-orbit coupling (heavy atom effed-luorescence quenching (Fig) and
pump-probe experimental results (F8j.4) for these compounds support DFT calculations.
On the other hand heavy atoms that are not locatéloe core of aza-BODIPY (compounds
4a-d) do not affect conformation transformation andréfiee ISC probability is lower for
these molecules (Fi, 4).

2.4Two Photon Absorption Properties

It is known that TPA properties are improved upoereasing charge transfer for
BODIPY and aza-BODIPY compounds [49-51]. Therefamean attempt to find out whether
charge transfer to triplet state affect TPA propsrtwe investigated number and position
effects of Br atoms on TPA properties by OA Z-staehnique [49]TPA coefficient () and

TPCS 62) were calculated from the following equations [51]

Nonlinear transmittancgis given in terms of laser intensity

1
T('0)_1+|0ﬁ| @)

where,| is optical path lengtlg value is obtained from the curve fitting the OAs@an data

to equation 1. TPCS value, (1 GM =f&n's photoit) is obtained by using value in

the following equation,
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where N, is the Avogadro number adg  is molar conaénotr of the solution.

OA Z-scan experimental results 5d-d compounds as well as theoretical fits8&tGW/cm?
peak intensities are shown in Fiif). Calculated TPCS values are written in Table 1ATP
properties depend on both position and the numbBr atoms introduced to the phenyl rings

at 1,3,5,7 positions. As seen from these resultermBr atoms are bound to 1,7 positions
(o5=444 GM) TPCS value is greater than that of boun8,5 positionsgs,= 218 GM). This

result could be explained by considering our DFIEwation given in the previous section.
According to DFT calculations, dihedral angle fo¥ positions are smaller than that of 3,5
positions. It is known that greater dihedral argdleses smaller the charge transfer due to the
non-planarity of the compound [52]. This explainkywi,7 position (compoun8c) is more
efficient for charge transfer than 3,5 positiononipound 5b) for the investigated
compounds.

Among5a-d compoundsbd has the highest TPCS value (610 GM). In the litesgtthere are
only a few studies about TPA properties of aza-B®Dtompounds [41, 50, 32]. The highest
TPCS value was measured about 30 GM at 800 nm erayttl [41]. Our TPCS value (610

GM) is about twenty times greater than this value.
3. Conclusion

We synthesized and studied linear and nonlineaicaptproperties of aza-BODIPY

compounds containing heavy atom with different nambkand positions. The effect of heavy
atom on intersystem crossing mechanism of newlyh&gized Br containing aza-BODIPY
compounds were investigated using fluorescence wtndfast pump probe spectroscopy

experiments as well as density functional theorlcwations. The fluorescence intensity



drastically decreased when compounds include hedogns at 2,6 position of the aza-
BODIPY core as observed in the literature. Ultrafpsmp probe experimental results
explained observed fluorescence quenching by slipwriplet state population when Br
atoms are introduced to the 2,6 positions of az®BY core. Further, density functional
theory calculations supported these findings byeaéimg that singlet and triplet levels get
closer to each other when Br atoms are at 2,6ipoaf aza-BODIPY core. Our experimental
and theoretical investigations showed that intrattydr atoms on peripheral positions of
aza-BODIPY compounds does not affect the triplatespopulations. Open aperture Z-scan
experiments at 800 nm wavelengths revealed coritledarge (610 GM) two photon
absorption cross section values for investigateshpmunds showing intersystem crossing
mechanism. This value at 800 nm wavelengths ishngreater than that of aza-BODIPY
compounds in the literature at this wavelength,civhs important for photodynamic therapy
application. Experimental findings also revealedttbinding of phenyl rings affect two
photon absorption properties considerably. Ouristuddompounds with high intersystem
crossing mechanism and enhanced two photon absorptoperties at 800 nm wavelengths
may be good candidates for two-photon photodynaimécapy applications. On the other
hand, observed weak fluorescence signal and higkptwaton absorption cross section value
may be useful for fluorescence and two-photon #soence imaging applications. Therefore,
we believe this work gives valuable contributiondesign new compounds for two photon

absorption applications.

4. Experimental Section

4.1 Syntheses of Studied Compounds

4.1.1 General



All solvents and reagents were purchased from Sigldach Chemical Company and used
as received without further purification. Reactiomgere monitored by thin layer
chromatography using fluorescent coated aluminueetsh(Merck 60 PF-254). Compounds

la-d, 2a-d, 3a-d, 4a-c, 5a were prepared according to the literature [1,53,54

4.1.2 Characterization

Melting points were determined on a Gallenkamp mglpoint platform. Flash column
chromatography was carried out using silica coluom€ombi Flash Rf 200 (Teledyne-Isco,
Lincoln, NE) instruments unless otherwise mentionBEoe IR spectra were recorded using
Shimadzu Infinity model FTIR spectrometer equipghtee reflections ATR attachment.
Mass spectral analyses were performed with a Wap&85 Alliance MicromassZQ
LC/MSspectrometeld NMR spectra were recorded with a VARIAN MercurQ04MHz
spectrometerH NMR chemical shifts § are given in ppm downfield from M8i,
determined by chloroforms(= 7.26 ppm)-°C NMR spectra were recorded with a VARIAN
Mercury 100 MHz spectromete’C NMR chemical shifts§) are reported in ppm with the

internal CDC} até 77.0 ppm as standard.

4.1.2 Syntheses of Compounds

Synthesis Compound 4d: A solution of compoundd (0.23 g, 0.30 mmol) in dry
CH.Cl, (100 mL) was treated with diisopropylethylamine5@.mL, 3.00 mmol) and the
mixture was stirred for 10 min at room temperatureen, boron trifluoridediethyletherate
(0.55 mL, 4.50 mmol) was added and the reactiorturgxwas stirred at room temperature for
24 h. The mixture was washed with water, and tlgamc layer dried over sodium sulfate.
Removal of solvent gave a residue, which was mdifby flash chromatography on silica
eluting with hex/EtOAc (2:1) resulting the prodwt a dark blue solid (0.20 g, 83%), mp

270-273 °C*HNMR (400 MHz, CDC}) 5 7.89 (d,J = 8.4 Hz, 6H), 7.64-7.60 (m, 10H), 7.00



(s, 2H),"*C NMR (100 MHz, CDGJ) § 132.3, 132.1, 131.8, 131.5, 131.4, 129.4, 1288,Q,
126.5, 125.1; IR (Cr‘ﬁ): 1581.6, 1292.3, 1232.5; Anal. Calcd. forld:sBBrsFN3: C, 47.28;
H, 2.23; N, 5.17. Found: C, 47.06; H, 2.14; N, 5SEX3MS calculated for 812.9, found 813.7.
Synthesis Compound 5b: A solution of compoundtb (0.21 g, 0.32 mmol) in dry
CH.CI, (60 mL) was added to N-bromosuccinimide (NBS) 20,10.68 mmol), and the
mixture was stirred at room temperature for 24 fteAthe reaction was completed, the
solvent was evaporated under reduced pressuraesiteie was washed with water and dried
over sodium sulfate. The residual was purified lagh chromatography on silica eluting with
hex/EtOAc (2:1) which gave the product as a dadeldolid (0.20 g, 76%), mp 283 °C.
'HNMR (400 MHz, CDC}) § 7.87-7.85 (m, 4H), 7.62 (s, 8H), 7.47-7.45 (m)6fC NMR
(100 MHz, CDC}) 6 157.3, 144.4, 143.3, 131.9, 131.5, 130.7, 13038,11, 129.9, 128.7,
128.1, 126.0; IR (Cr‘ﬁ): 1587.4, 1313.5, 1296.2; Anal. Calcd. fopld;sBBrsFN3: C, 47.28;
H, 2.23; N, 5.17. Found: C, 46.83; H, 2.32; N, 5B39/MS calculated for 812.9 found 813.0.
Synthesis Compound 5c¢: A solution of compoundic (0.20 g, 0.31 mmol) in dry
CH.CI, (60 mL) was added to N-bromosuccinimide (NBS) 20d, 0.68 mmol), and the
mixture was stirred at room temperature for 24 fteAthe reaction was completed, the
solvent was evaporated under reduced pressurerelidue was washed with water, and
dried over sodium sulfate. The residual was pudibg flash chromatography on silica eluting
with hex/EtOAc (2:1) which gave the product as ekddue solid (0.14 g, 56%), mp 245 °C.
HNMR (400 MHz, CDC}) & 7.74 (d,J = 8.4 Hz, 4H), 7.71 (dJ = 8.0 Hz, 4H), 7.60 (d,
J=8.4 Hz, 4H), 7.50-7.47(m, 6HJC NMR (100 MHz, CDGJ) § 159.0, 144.3, 141.9, 146.0,
132.3, 131.7, 131.3, 130.5, 129.6, 129.3, 128.3,.9,2110.8; IR (cr): 1587.4, 1274.9,
1222.9; Anal. Calcd. for £5H1gBBrisFoNs: C, 47.28; H, 2.23; N, 5.17. Found: C, 46.92; H,

2.28: N, 5.11; ES/MS calculated for 812.9 found.813



Synthesis Compound 5d: A solution of compoundid (0.10 g, 0.13 mmol) in dry
CH.CI; (20 mL) was added to N-bromosuccinimide (NBS) %§,00.28 mmol), and the
mixture was stirred at room temperature for 24 fteAthe reaction was completed, the
solvent was evaporated under reduced pressurerelidue was washed with water, and
dried over sodium sulfate. The residual was pudibg flash chromatography on silica eluting
with hex/EtOAc (2:1) which gave the product as e&kddue solid (0.05 g, 38%), mp>300 °C.
'HNMR (400 MHz, CDC}) 8 7.72 (d,J = 8.8 Hz, 4H), 7.64-7.58 (m, 12HYC NMR (100
MHz, CDCk) & 144.3, 142.1, 132.0, 131.8, 131.5, 129.2, 12726.2, 124.9; IR (cf):
1587.4, 1311.6, 1296.2; Anal. Calcd. fopi6BBrsF:Ns: C, 39.59; H, 1.66; N, 4.33. Found:

C, 39.83; H, 1.41; N, 4.49. ES/MS calculated fo®.9/found 971.8.

4.2 Optical Measurements

The UV-Vis absorption spectra of aza-BODIPY deties were recorded using a scanning
spectrophotometer (Shimadzu UV- 1800). The fluese measurements were obtained
with a Perkin EImer model LS 55 fluorescence spacéter. All fluorescence spectra were
obtained at 1x1®M concentration in THF solution by using 10 mm agaell.

Ultrafast pump probe spectroscopy measurements pesfermed using Ti:Sapphire
laser amplifier, optical parametric amplifier systavith 45 fs pulse duration and 1 kHz
repetition rate (Spectra Physics, Spitfire Pro XBPAS). In order to investigate effect of the
heavy atom on ISC mechanisms and excited statéimde commercial pump probe
experimental setup (Spectra Physics, Helios) whiteMight continuum probe was used. The
pump wavelength was chosen for ultrafast pump pspleetroscopy experiments according to
maximum absorption wavelength of the investigased@es. Pulse duration was measured as
120 fs inside the pump probe setup.

Nonlinear optical absorption properties of aza-BPDIderivatives were investigated

by using open aperture (OA) Z-scan technique [ba$er source is mode-locked Ti:Sapphire



laser amplifier system with 800 nm wavelength, Jpise duration and 1 kHz repetition rate
(Spectra Physics, Spitfire Pro XP, TOPAS). Lasanbaevas focused on solution in 1 mm
thick cell by a lens with 20 cm focal length. Conications of the solutions for two photon
absorption measurements were 0.00548d compounds have linear absorption at 800 nm
wavelength for 0.005 M. Therefore, OA Z-scan expents were not performed for these
compounds. TPA properties of compounds 5a-d weresiigated and compared with each

other.

4.3 DFT Calculation

The DFT calculations were used for optimizatiorboth singlet states and triplet states. The
UV-Vis absorption and the energy level of the Tatestwere calculated with the time
dependent DFT (TDDFT), based on the optimized singfound state geometries, (Sate).
The spin density surface of the complexes was tkul based on the optimized triplet state.
All the calculations were performed at the B3ALYPKEECP/LANL2DZ level with Gaussian

09W [56].
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Table 1. Optical Properties of Studied Compounds in THF.

Stokes

4a 650 682 84600 0.019 32 48 -
4b 659 693 77800 0.028 34 51 -
4c 658 690 66000 0.032 32 49 -
4ad 667 699 60700 0.043 32 53 -
5a 645 685 75500 <0.001 40 51 347
5b 651 685 45900 0.002 34 55 218
5c 651 685 59300 0.001 34 52 444
5d 657 685 39100 0.002 28 59 610

®The peak wavelength of absorption spectra

® The peak wavelength of one-photon fluorescence @ititation wavelengthiaps

° TPA cross section at wavelength of 800 nm

4 Rodamine was used as a standard for fluorescerargum yields



Table 2. Selected parameters for the vertical excitation ¥ absorption and fluorescence

emission) of the compounds. Electronic excitatioergies (eV) and oscillator strengths (f),

configurations of the low-lying excited states af &d its fluorescent precursors. THF was
employed as solvent in the calculation. CalculdigdB3L Y P/6-31G(d)/ LANL2DZ, based

on the optimized ground state geometries.

Electronic TDDFT/B3LYP/6-31G(d)
Excitation energy  f" Compositioi  CI°
Absorption g g 2.13eV (581 nm)  0.7053 H-L 0.8445
S-S 2.50eV (495nm)  0.2551  H-2-L 0.7047
So— Sis 4.48eV (277 nm) 0.3739 H-L+1 0.6525
Triplet ST 0.98eV (1267 nm)  0.00600 H-L 0.7153
SN X 1.98eV (627 nm) 0.0000 H-1-L 0.6896
S-Ts 2.07eV (599 nm) 0.0000 H-2-L+1 0.6884

% Only selected excited states were considerednlihiers in parentheses are the excitation energy
in wavelength? Oscillator strength® H stands for HOMO and L stands for LUMO. Only tmain
configurations are present@dCoefficient of the wave function for each excitas. The CI
coefficients are in absolute valuello spin-orbital coupling effect was consideredstithef values

are zero.



Table 3. Electronic Excitation Energies (eV), Correspondi@scillator Strengths fY; Main
Configurations and Cl Coefficients of the Low-Lyidectronic Excited States of the 4a. Calculated
by TDDFT//B3LYP/6-31G(D)/LanL 2DZ Based on the Optimized Ground State Geometries

TDDFT//B3LYP/6-31G(d)

Electronic Energy(eV/nm) f° Compositiof cr
transition
S-S 2.05/ 605 0.8462 H-L 0.7082
S-S 2.51/493 0.0098 H-1-L 0.6996
S-S 2.61/474 0.3454  H-2.L 0.7027
S S 3.32 /374 01977  H-7-L 0.6791
H-5-L 0.1299
H-L+1 0.1171
Sy Sps 3.79 /327 01301  H-18-L 0.1519
H-16-L 0.4603
H-13-L 0.1567
H-3-L+1 0.4788
Sy Sua 4.26 / 291 07034  H_L+1 0.5444
H-L+3 0.4282
Sy St 5.08 / 244 02227  H-12-L 0.1165
H-2-L+2 0.1865
H-1-1L+1 0.6218
H-1-1L+3 0.2173
TooTs 0.90 / 1378 0.0000  H_L 0.7205
TooTs 2.06 /602 0.0000  H-1-L 0.6879
TooTs 2.14/ 580 0.0000  H-2-L 0.6850

%0nly the selected low-lying excited states are gmésd. Oscillator strengthOnly the main
configurations are presentetiThe CI coefficients are inabsolute valis®. spin-orbital coupling

effect was considered, thus thealues are zero.



Figure Captions

Figure 1. Normalized absorption spectra of studied compoundBHF (1x10°M). The inset shows
the shifts of maximum absorption wavelengths.

Figure 2. Fluorescence spectra of studied compounds in THEQM).

Figure 3. Femtosecond transient absorption spectréapfla (b) 5a compounds in THF.

Figure 4. Transient absorption spectra with different timéage for (a) 4a (b) 5a compounds. The

excitation wavelengths are peak maximums of absorgpectrums.

Figure 5. (a) The position effect of heavy atom on transient gltsmn spectra at 650 nm probe
wavelength. The figure inset indicates moleculaucttire of compounds. Femtosecond transient
absorption spectra as a function of timgf4a and(c) 5a.

Figure 6. Effects of different number of heavy atoms on tramsabsorption spectra which are probed

at bleach wavelength. The figure inset indicatekemgdar structure of compounds.

Figure 7. Electron density maps of the frontier molecularitatb of compound4a based on the
optimized ground state geometry. The solvent THE w@nsidered in the calculations (PCM model).

Calculated at the B3LYP/6-31G(d)/ LanL2DZ levelhiBaussian 09W.

Figure 8. Selected frontier molecular orbitals involved e texcitation, emission and triplet excited
states of5a. ISC stands for intersystem crossing. The calmriatare at the B3LYP/6-31G(d)/

LANL2DZ level using Gaussian 09W.

Figure 9. Spin density of the compounda and 5a. Calculated based on the optimized triplet state b

DFT at theB3LYP/6-31G(d)/LanL2DZ level using GaassD9W.

Figure 10.Experimental results (symbols) and theoretical (#slid line) of open aperture Z-scan
experiments fola-d compounds at 80 GW/céninput intensity in THF, using 800 nm femtosecond

pulses.
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Highlights

» The effects of heavy atom to two photon absorption for Aza-BODIPY
» The effect of the number and position of heavy atom on intersystem crossing.

» Two photon absorption properties of Aza-BODIPY compounds for photodynamic

therapy
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2. ULTRAFAST PUMP PROBE SPECTROSCOPY
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Figure S11. Transient absorption spectradof compound with different time delays
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Figure S12. Transient absorption spectrastf compound with different time delays
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Figure S15. Transient absorption spectra(af 4c and(b) 5¢c compounds with different time
delays
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Figure S16. Transient absorption spectra(af 4d and(b) 5d compounds with different time
delays
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Figure S17. Transient absorption spectra(af 4b and(b) 5b compounds with different time
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3. DFT CALCULATION

Table S1. Electronic Excitation Energies (Ev), Correspondsgillator Strengthsf), Main
Configurations and CI Coefficients of the Low-Lyirgjectronic Excited States of tha.
Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based the Optimized Ground State

Geometries

TDDFT//B3LYP/6-31G(d)

Electronic Energy f Compositiof cr
transition (eV/nm)
S-S 2.05/605 0.8462 H-L 0.7082
S-S 2.51/493 0.0098 H-1-L 0.6996
S-S5 2.61/474 0.3454 H-2-L 0.7027
S-S5 3.32/374 0.1977 H-7-L 0.6791
H-5-L 0.1299
H-L+1 0.1171
Sy Spa 3.79 1327 0.1301  H-18-L 0.1519
H-16- L 0.4603
H-13-L 0.1567
H-3-L+1 0.4788
Sy Su 4.26 | 291 0.7034  H_L+1 0.5444
H-L+3 0.4282
Sy Sp1 5.08 / 244 02227  H-12-L 0.1165
H-2-L+2 0.1865
H-1-L+1 0.6218
H-1-L1L+3 0.2173
TooTh 0.899/1378 00000 H_L 0.7205
TooTo 2.06 / 602 0.0000  H-1-L 0.6879
TooTa 2.14 /580 0.0000  H-2.L 0.6850

2 0nly the selected low-lying excited states are emexl.” Oscillator strength® Only the
main configurations are presentddThe CI coefficients are in absolute valugblo spin-
orbital coupling effect was considered, thusfthalues are zero.
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LUMO+2 LUMO+3

Figure S18. Electron density maps of the frontier moleculditals of compounda based
on the optimized ground state geometry. The solVeti was considered in the calculations
(PCM model). Calculated at the B3LYP/6-31G(d)/ LablZ level with Gaussian 09W.

Figure S19. Spin density of the compoudd. Calculated based on the optimized triplet state
by DFT at the B3LYP/6-31G(d)/LanL2DZ level usingusaian 09W.
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Table S2. Electronic Excitation Energies (Ev), Correspomgd@scillator Strengths)( Main
Configurations and CI Coefficients of the Low-Lyirkjectronic Excited States of thib.
Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based the Optimized Ground State
Geometries

TDDFT//B3LYP/6-31G(d)

Electronic Energy f Compositiof cr
transition (eV/nm)
S-S, 2.02/616 0.8861  HoL 0.7078
S-S, 2.46 /503 0.0151  H-1.L 0.6998
S-S, 2.56 / 484 0.3956  H-2.L 0.7026
Sy S 3.15/ 393 02235  H-4.L 0.4953
H-3-L 0.4858
H-L+1 0.1011
Sy Siz 4.12 /301 05975  H-13-L 0.1702
H-11-1L 0.1914
H-L+1 0.6189
HoL+3 0.1651
Sy Soe 4.92 252 01311  H-2_L+2 0.1501
H-1-L+1 0.6513
H-1-L+3 0.1053
H-L+8 0.1423
To-Ty 0.894 /1386 0.0009 H-L 0.7188
TooTo 2.02 /613 0.0000  H-1-L 0.6863
TooTa 2.10/592 0.0000  H-2.L 0.6831

2 0nly the selected low-lying excited states are emexl.” Oscillator strength® Only the
main configurations are presentédThe ClI coefficients are in absolute valugblo spin-

orbital coupling effect was considered, thusfthalues are zero.
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LUMO+1 LUMO+2 LUMO+3

Figure S20. Electron density maps of the frontier moleculditads of compoundb based
on the optimized ground state geometry. The solVeti was considered in the calculations
(PCM model). Calculated at the B3LYP/6-31G(d)/ LablZ level with Gaussian 09W.

Figure S21. Spin density of the compourdth. Calculated based on the optimized triplet state
by DFT at the B3LYP/6-31G(d)/LanL2DZ level usingusaian 09W.
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Table S3. Electronic Excitation Energies (Ev), Correspomgd@scillator Strengths)( Main
Configurations and CI Coefficients of the Low-Lyiriflectronic Excited States of thie.
Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based the Optimized Ground State

Geometries

TDDFT//B3LYP/6-31G(d)

Electronic Energy f Compositiof cr
transition (eV/nm)
S-S 2.01/614 0.8613 H-L 0.7073
S-S 2.49 /497 0.0083 H-1-L 0.6975
S-S5 2.58 /480 0.4123 H-2-L 0.7026
S-S 3.26 /381 0.2160 H-5-L 0.6818
H-3-L 0.1027
HoL+3 0.1085
Sy Sis 4.14 1 300 04870  H_L+1 0.6655
H-L+3 0.2236
Sy St 4.32 | 287 0.3246  H-5.L 0.1093
HoL+1 0.2060
H-L+3 0.6430
H-L+4 0.1150
Sy Sy 5.00 / 248 05936  H-1L+1 0.6378
H-1-L1L+3 0.2534
To-T1 0.884 /1403 0.0000 H-L 0.7202
TooTo 2.05/ 604 0.0000  H-9.L 0.1006
H-8-L 0.1159
H-1-L 0.6797
TooTa 2.13/581 0.0000  H-10-L 0.1441
H-2-L 0.6770

2 0nly the selected low-lying excited states are emel.” Oscillator strength® Only the
main configurations are presentddThe CI coefficients are in absolute valugblo spin-
orbital coupling effect was considered, thusfthalues are zero.
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Figure S22. Electron density maps of the frontier moleculditads of compoundc based
on the optimized ground state geometry. The solVetit was considered in the calculations
(PCM model). Calculated at the B3LYP/6-31G(d)/ LabiZ level with Gaussian 09W.

Figure S23. Spin density of the compoudd. Calculated based on the optimized triplet state
by DFT at the B3LYP/6-31G(d)/LanL2DZ level usingusaian 09W.
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Table $4. Electronic Excitation Energies (Ev), Correspomgd@scillator Strengths)( Main
Configurations and CI Coefficients of the Low-LyirkgJectronic Excited States of thl.
Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based the Optimized Ground State

Geometries

TDDFT//B3LYP/6-31G(d)

Electronic Energy f Compositiof cr
transition (eV/nm)
S-S 2.07 /599 0.8610 H-L 0.7020
S-S 2.33 /533 0.0099 H-1-L 0.6983
S-S5 2.41 /514 0.3446 H-2-L 0.7037
S-S 2.88/431 0.1858 H-3-L 0.7001
Sy St 4.36 /284 04710  H-17-L 0.3612
H-L+1 0.4775
HoL+2 0.1920
H-L+3 0.2907
To-T1 0.964 / 1286 0.0000 H-10-L 0.1070
H-L 0.7109
TooTo 1.93/642 0.0000  H-10-L 0.1323
H-1-L 0.6787
TooTa 2.01/615 0.0000  H-9.L 0.1516
H-2-L 0.6778

2 0nly the selected low-lying excited states are gmé=l.” Oscillator strength® Only the
main configurations are presentddThe CI coefficients are in absolute valugblo spin-
orbital coupling effect was considered, thusfthalues are zero.
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Figure S24. Electron density maps of the frontier moleculditads of compoundd based

on the optimized ground state geometry. The solVeti was considered in the calculations
(PCM model). Calculated at the B3LYP/6-31G(d)/ LablZ level with Gaussian 09W.

Figure S25. Spin density of the compoudd. Calculated based on the optimized triplet state
by DFT at the B3LYP/6-31G(d)/LanL2DZ level usingusaian 09W.
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Table S5. Selected parameters for the vertical excitation-{liB/absorption and fluorescence
emission) of the compounds. Electronic excitatioargies (eV) and oscillator strengths (f),
configurations of the low-lying excited statesbafand its fluorescent precursors. THF was
employed as solvent in the calculation. Calcul&e®3LYP/6-31G(d)/ LANL2DZ, based on

the optimized ground state geometries.

Electronic TDDFT/B8R/6-31G(d)
Excitation f®  Compositiof  CI°
Absorption S— S 2.13eV (581 0.7053 H- L 0.8445

S—S  250eV (495 0.2551 H-2- L 0.7047
S— S5 4.48eV (277 03739 H- L+1 0.6525

Triplet S— T 098eV (1267 0.0000 H- L 0.7153
S— T 1.98eV (627 0.0000 H-1 - L 0.6896
S— T3 2.07eV (599 0.0000 H-2-L+1 0.6884

% Only selected excited states were considered. dlmabers in parentheses are the
excitation energy in wavelengthOscillator strength® H stands for HOMO and L stands for
LUMO. Only the main configurations are presenté@oefficient of the wave function for
each excitations. The CI coefficients are in abtsolalues® No spin-orbital coupling effect

was considered, thus the&alues are zero.
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Figure S26. Selected frontier molecular orbitals involved e texcitation, emission and
triplet excited states &a. CT stands for conformation transformation. Thiewations are at

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussiarv9
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Table S6. Selected parameters for the vertical excitation-{liB/absorption and fluorescence
emission) of the compounds. Electronic excitatioargies (eV) and oscillator strengths (f),
configurations of the low-lying excited statesbbfand its fluorescent precursors. THF was
employed as solvent in the calculation. Calculdate®3LYP/6-31G(d)/ LANL2DZ, based on
the optimized ground state geometries.

Electronic TDDFT/B8P/6-31G(d)
Excitation f®  Compositiofi ~ CI°
Absorption S— S 2.11eV (589 0.8629 H- L 0.7040

S$S—S  246eV (505 0.2847 H-2- L 0.7046
S — Siy 4.33eV (286 0.3894 H- L+1 0.6475

Triplet S$—T; 098eV (1268 0.0000 H- L 0.7124
S— T, 1.94eV (638 0.0000 H-1 - L 0.6893
S$S— T3 2.03eV (611 0.0000 H-2-L 0.6876

& Only selected excited states were considered. dlmabers in parentheses are the
excitation energy in wavelengthOscillator strength® H stands for HOMO and L stands for
LUMO. Only the main configurations are presenté@oefficient of the wave function for
each excitations. The CI coefficients are in altsolalues® No spin-orbital coupling effect

was considered, thus thgalues are zero.
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Figure S27. Selected frontier molecular orbitals involved e texcitation, emission and

triplet excited states &@b. CT stands for conformation transformation. Thiewdations are at

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussiarv9
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Table S8. Selected parameters for the vertical excitation-{liB/absorption and fluorescence
emission) of the compounds. Electronic excitatioargies (eV) and oscillator strengths (f),
configurations of the low-lying excited statesbofand its fluorescent precursors. THF was
employed as solvent in the calculation. Calculdate®3LYP/6-31G(d)/ LANL2DZ, based on
the optimized ground state geometries.

Electronic TDDFT/B8P/6-31G(d)
Excitation f®  Compositiofi ~ CI°
Absorption S;— S 2.10eV (590 0.8464 H- L 0.7035

S— S  247eV (505 03093 H-2. L  0.7037
S — Si7  4.38eV (283 02372 H- L+l  0.6584

Triplet $— T, 096eV (1287 0.0000 H- L 0.7144
S—T, 1.97eV (630 0.0000 H-1 - L 0.6797
S— T3 2.05eV 0.0000 H-2-L 0.6785

& Only selected excited states were considered. dlmabers in parentheses are the
excitation energy in wavelengthOscillator strength® H stands for HOMO and L stands for
LUMO. Only the main configurations are presenté@oefficient of the wave function for
each excitations. The CI coefficients are in altsolalues® No spin-orbital coupling effect

was considered, thus thgalues are zero.
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Figure S28. Selected frontier molecular orbitals involved hmetexcitation, emission and

triplet excited states dc. CT stands for conformation transformation. Thiewations are at

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussiarv9
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Table S9. Selected parameters for the vertical excitation-{liB/absorption and fluorescence
emission) of the compounds. Electronic excitatioargies (eV) and oscillator strengths (f),
configurations of the low-lying excited statesbdfand its fluorescent precursors. THF was
employed as solvent in the calculation. Calculdate®3LYP/6-31G(d)/ LANL2DZ, based on
the optimized ground state geometries.

Electronic TDDFT/B8P/6-31G(d)
Excitation f®  Compositiofi ~ CI°
Absorption S;— S 2.07eV (599 0.810 Ho L 0.7035

S— S 241eV (514 0.3446 H-2- L 0.7037
S — Sy 4.36eV 0.4701 H- L+1 0.4775

Triplet S— T 0.96eV(nm) 0.0000 H-L 0.7109
S—T, 1.93eV(m) 0.0000 H-1_ L  0.6787
S—Ts 20leV(nm) 00000 H-2_ L  0.6778

& Only selected excited states were considered. dlmabers in parentheses are the
excitation energy in wavelengthOscillator strength® H stands for HOMO and L stands for
LUMO. Only the main configurations are presenté@oefficient of the wave function for
each excitations. The CI coefficients are in altsolalues® No spin-orbital coupling effect

was considered, thus thgalues are zero.
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Figure S29. Selected frontier molecular orbitals involved e texcitation, emission and

triplet excited states &d. CT stands for conformation transformation. Thiewdations are at

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussiarv9
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Figure S30. Spin density of the complexdsa, 5b, 5¢c, and 5d. Calculated based on the
optimized triplet state by DFT at the B3ALYP/GENEC#&IL2DZ level by using Gaussian
09W.

4. TWO PHOTON ABSORPTION
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Figure S31. Absorption spectra of 4a-d compounds at 0.005 VHi.
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Figure S32. Absorption spectra of 5a-d compounds at 0.005 WH#k.
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