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The solvent dependence of absorption and fluorescence spectra, fluorescence lifetdnasd quantum

yields (gr) of various 3-substituted benzanthrone derivatives have been investigated. A consistent correlation
between fluorescence quantum yield and emitting state energy has been found that holds for all 6 derivatives
in 11 solvents. The experimental data together with the results of semiempirical quantum chemical calculations
indicate that the main quenching channel of the fluorescdnt,8°) excited state is intersystem crossing to

an upper (n7*) triplet state, &. The rate constant and efficiency of intersystem crossing between these two
states are strongly influenced by the substituent and by the solvent polarity, as both modulate the singlet state
energy and the STy energy gap. The rate constant of diregt=S T, intersystem crossing is small in most
systems but appears to increase with a decrease in the energy af dtegeS

Introduction In a previous paper, we reported the synthesis, absorption,
There is growing interest in application of 3-substituted and fluorescence spectra of several 3-substituted benzanthrone

benzanthrone derivatives as structural probes in chemistry andcompounds _W'th spec_:lal attention devot_ed fo the reactive
biology. Yang et al. used 3-methoxybenzanthrone as a solva-N\*-(1.3,5-riazinyl)-3-aminobenzanthrone derlvatl\?&e Figure
tochromic fluorescence probe of DNA intercalatioBrabchev 1A for the structures, abbreviations, and numbering conventions
et al. synthesized benzanthrone derivatives bearing azomethinéjsed here. On t_he basis of PPP'MO theory, we ex_plalned the
and oxy groups at the C-3 position and studied them using influence of various N-substituents on the absorption spectra
absorption and fluorescence spectroscopy in ligud,well as in terms of thg electron donating gpility of the amino niFro@.en.
in crystalline medi&. Their work provides a phenomenological The explanation pr_oved to be sufﬂqently general th_at this S.'”?P'e
description of the C-3 substituent's influence on the dye model also described the behavior of the chemically distinct
absorption and fluorescence features based on an intramolecuIa?'N'Ifcetylam'no'c?nd 3-m|ftg?xygp;nzanthrone ahnalfc|>gues. In that
electron donotracceptor interaction between the electron donat- work we reported remarkable differences in the fluorescence
ing C-3 substituent and the electron accepting carbonyl group. quantum yields of the various derivatives, particularly in low
Molecular structure control of intramolecular electronic pollarlty sc#venté q d th iain of th | oh
energy transfer is another area of recent interest, inspired by n an efiort to understand the origin of the unusual photo-
biology and molecular optoelectronit some cases, through-  PhYsics of the 3-substituted benzanthrone derivatives, a broader
bond spacer-mediated intramolecular singkhglet electronic range of pho;ophysmal data were ._analyzed In conjunction with
energy transfer is much faster than the corresponding through-more sophisticated quantum chemical calculations. In this paper
space contributionsee, for example, refs 4 and 5. In such a we present data on absorption and fluorescence spectral maxima,
case, donor and/or acceptor photophysics plays a more Comple)ﬂuo_res_cencg quantum yields, and lifetimes for 6 benzanthrone
role than that within a system in which Ber energy transfer derivatives in 11 different solvents. Temperature-dependent
is dominant. Recently we foufithat electronic energy transfer fluorescence lifetime data and emission anisotropy data are
in a bichromophoric compound containing aminopyrene as a presented for selected compounds. The experimental data are
donor, triazine as a spacer, and aminobenzanthrone as arzflccompanied by results of electronic ground- and excited-state
acceptor takes place with a rate coefficient higher thar 3 calculations using Hartreerock, AM1’ and lNDO/.S methods.
10" s71, much faster then expected. The possible role of a The re;ults provide a cohergn'g picture of splva’uon effects on
specific aminobenzanthrone chromophore photophysics in suchthe excited-state energy and its influence on intersystem crossing

a system is not fully understood. rate constants in the 3-substituted benzanthrone compounds.
* Corresponding author. E-mail: Vlastimil_Fidler@Brown.Edu. Experimental Section
T Czech Technical University in P . s
E Brzc?\,in U?,?Vg‘r';?y_ niversity in Frague The syntheses of the new compounds used in this study were
8 University of Pardubice. reported elsewhereThe samples for absorption and fluores-
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A CIYNYC' TABLE 1. Selected Dielectric Parameters of the Solvents
H o NN, Used: Electric Dipole Moment in Solution @ [107%0 C-m]),
N?—'g N9B N9 6 Dielectric Constant (g;), and Refractive Index (hp) at Room
R= %(ZS\H " >{ze\H " %/ZB\H “ Temperature
1 2 3 R ABa ABaAc ABaTC, solvent abbr U & np F(e,n)
‘ toluene TOL 1.0 2.38 1.4969 0.013
O‘O HiCO N Gl HiCO._N._OCH; chlorobenzene ~ CLB 54 562 15248 0142
NN NN benzonitrile CBN 134 25.20 1.5282 0.235
CH3 Y Y dibutyl ether DBE 3.9 3.08 1.3992  0.096
N N diethyl ether DIE 3.8 4.20 1.3524 0.162
ethyl acetate ETA 6.1 6.02 1.3724 0.200
cyclohexanone CHO 10.3 16.10 1.4510 0.243
B acetone ACE 9.0 20.56 1.3587 0.284
0.5 acetonitrile ACN 11.8 35.94 1.3441 0.305
2-propanol PRO 55 20.45 1.3856 0.274
methanol MEO 5.7 32.66 1.3284 0.309
0.4
source. Fluorescence lifetimes were determined by iterative
§ 03 multiexponential reconvolution fitting.
[e]
ﬁ Results and Discussion

©
N
1

I. Spectral Data. Absorption and fluorescence maximum data
in 11 solvents for BaM, ABa, and 4 of its derivatives are
presented in Table 2, while Table 1 summarizes the main
dielectric parameters of the solvents used. Each compound
exhibits a broad, structureless absorption band centered between
20 000 and 25 000 cni (as e.g. ABaAc in Figure 1B) with an
oscillator strengtH ~ 0.4—0.72 INDO/S calculations (Table

Figure 1. (A) The structures, abbreviations and numbering conventions 3) predict § to be an n* state with a very weak & S,
. , o . -
of the compounds studied. (B) Absorption (A) and fluorescence (F) transition near 24 000 cm and predict $to be azx* state

spectra of ABaAc in 2MeTHF at room temperature; absorption With an intense §— S; transition ¢ ~ 0.6) near 30000 crit.
wavelength-dependent anisotropy of fluorescence (AAF) detected at The observed, structureless absorption bands are assigned as
510 nm, and fluorescence wavelength-dependent anisotropy (FA) for zzr* transitions on the basis of oscillator strength considerations.
405 nm excitation in MeTHF solvent at 77 K. The compounds’ fluorescence spectra (as in Figure 1B) are
approximate mirror images of the intense absorption band,
cence measurements were prepared by preparative thin-layesuggesting that the state formed upon excitation into this band
chromatography on Silufol UV 254 plates. All solvents used is the originating state for the fluorescence. Three lines of
were spectral or HPLC grade. All spectroscopic measurementsevidence support this assertion. First, steady-state absorption
were done at room temperature (Z1) unless stated otherwise.  and fluorescence anisotropy values in frozen MTHF are nearly
Absorption spectra were measured on a Perkin-Elmer 5550.4 (Figure 1B). Second, radiative rate constants determined
spectrophotometer using solution concentrations on the orderfrom the quantum yield and lifetime data (vide infra) agree with
of 1075 M, which yielded optical densities of nearly 0.5 at the values calculated from the absorption spegfmally, INDO/S
main absorption maximum in 1 cm cuvettes. Steady-state values of the ground-state ang*-state dipole moment vectors
fluorescence spectra were measured on a Hitachi Perkin-Elmerare sufficient to reproduce the solvent dependence of both the
LS 5 spectrofluorimeter. The instrument provides corrected absorption and emission maxima (vide infra). Although INDO/S
excitation spectra directly; the fluorescence emission spectracalculations (Table 3) assign &s an n* state, the experimental
were corrected for the characteristics of the emission mono- data indicaterr* character for . The calculations do not
chromator and the photomultiplier response. Samples used foraccount for solvation effectszz* excited states are more
fluorescence measurements had an optical denrsi).05 at polarizable than n* excited stated® Additionally, the benzan-
the exciting wavelength in 1 cm cuvettes. Fluorescence quantumthroneszr* states’ dipole moments are larger than the states’
yields were measured using quinine sulfate in 0.148® (gg dipoles (Table 3). Solvation may lower ther* states’ energy
= 0.54,np = 1.33) or perylenedr = 0.89 in benzenenp = to the extent that they lie below the corresponding states
1.50) as standard<Deoxygenation of the samples by bubbling and may be responsible for the divergent conclusions reached
with Ny or Ar did not alter the spectra or quantum yields; thus, by theory and experiment regarding the nature pf S
the reported data correspond to aerated solutions. The absorption maxima of thaz* transition in the six
Steady-state fluorescence anisotropy, isotropic ns/ps fluores-molecules exhibit varied solvent dependences (Figure 2). The
cence decay kinetics, and their temperature dependence werdand maxima of ABa and BaM exhibit significant bathochromic
measured on an extended Edinburgh Instrument FS/FL900shifts with increasing polarity in aprotic solvents. The batho-
steady-state/time-resolved spectrofluorimeter that utilizes time- chromic shift observed for ABaT£and ABaTCM in aprotic
correlated single photon counting (TCSPC) detection. The solvents is half as steep as that for ABa and BaM, whereas the
system was equipped with an IBH NanoLED-07 (405 nm ps band maxima of ABaTM and ABaAc exhibit no significant
diode laser), a NanoLED-05A (370 nm ns LED), and a solventdependence. Ab initio and INDO/S calculations predict
nanosecond flash lamp as pulsed light sources, a Hammamatsground-state dipole moments of5 D in ABa and BaM.
MCP—PMT fast detector, and an Oxford Instrument Optistat INDO/S calculations indicate that the dipole moments of the
DN cryostat. The instrumental response function fwhm wée vertically formedr* states of ABa and BaM are nearly parallel
ps when the 405 nm diode laser was used as the excitationto and double the magnitudes of the molecules’ ground-state

0.1+

0.0
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300 350 400 450 500 550 600 650
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TABLE 2: Absorption and Fluorescence Maximum Positions §ans and v, Respectively), Emitting-State Energy Es;),
Fluorescence Quantum Yield ), and Fluorescence Lifetime £g) of the Studied Benzanthrone Derivatives in 11 Solvents

Vaps[cm™] Ve [em™Y Esi[cm™] OFi 7r [NS] Paps[cm™1] Ve [em™ Esi[cm™] Ori 7R [NS]
ABaTGC, BaM
TOL 24 330 19630 21980 0.09 0.9 23980 20 000 21990 0.10 1.4
DBE 24 940 20 160 22 550 0.02 0.5 24 270 20530 22 400 0.01 0.6
CLB 24 390 19420 21 905 0.23 2.0 23 640 19 690 21 665 0.41 6.0
DIE 24 940 19 960 22 450 0.04 0.7 24 150 20080 22115 0.05 0.9
ETA 24 810 19530 22170 0.14 1.6 23920 19 760 21 840 0.23 4.1
CBN 24 390 19 230 21810 0.43 6.0 23 360 19 230 21 295 0.69 14.1
CHO 24 390 19 230 21810 0.32 3.4 23700 19 230 21 465 0.57 7.8
PRO 24 280 17 950 21115 0.46 7.7 22 990 18 480 20735 0.54 12.7
ACE 24 690 19190 21940 0.36 4.5 23750 19 230 21 490 0.56 10.5
ACN 24 810 18 980 21 895 0.43 6.6 23470 18 980 21 225 0.62 13.2
MEO 24 390 17 540 20 965 0.44 7.6 23200 17 830 20515 0.45 12.6
ABaTCM ABaAc
TOL 23810 19 300 21 555 0.27 2.8 23870 19 380 21 625 0.21 2.8
DBE 24 750 19720 22 235 0.05 0.9 23810 19720 21765 0.07 1.9
CLB 23920 19 050 21 485 0.50 5.4 23810 19 230 21520 0.51 5.9
DIE 24 690 19 450 22 070 0.12 1.6 23920 19 300 21610 0.19 2.6
ETA 24 330 19 230 21780 0.34 3.9 23870 19 230 21550 0.46 6.6
CBN 24 040 19010 21525 0.58 7.8 23590 18 940 21 265 0.62 9.8
CHO 24 100 19 080 21590 0.51 6.3 23530 18 980 21 255 0.64 8.3
PRO 23980 17 540 20 760 0.50 8.0 23980 17 610 20 795 0.49 9.3
ACE 24 390 18 980 21 685 0.54 7.7 23810 19010 21410 0.62 9.7
ACN 24 570 18 590 21580 0.52 8.4 24 100 18 520 21 310 0.59 10.3
MEO 24 100 17 300 20 700 0.33 7.7 24 330 17 450 20 890 0.33 8.6
ABaTM, ABa
TOL 23420 19 160 21 290 0.56 5.6 21 690 17 570 19 630 0.30 9.2
DBE 23700 19 380 21 540 0.22 3.7 21 320 17 540 19430 0.34 9.2
CLB 23200 18 980 21 090 0.66 7.4 21 550 17 270 19410 0.25 8.6
DIE 23980 19 230 21 605 0.39 4.9 20960 17 090 19 025 0.26 9.5
ETA 23870 19120 21 495 0.58 7.3 20 700 16 890 18 795 0.21 7.1
CBN 23 200 18 660 20930 0.64 7.0 20 790 16 390 18 590 0.14 7.5
CHO 23640 18 800 21 220 0.67 7.4 20 450 16 390 18 420 0.15 7.8
PRO 23700 17 360 20530 0.38 7.7 19 340 15040 17 190 0.03 2.0
ACE 23870 18 730 21 300 0.66 8.5 20 320 16 390 18 355 0.11 6.9
ACN 24 160 18 050 21105 0.59 9.2 20410 15970 18 190 0.10 5.9
MEO 23810 17 040 20425 0.30 7.4 19 450 14 990 17 220 0.02 1.5

dipole moments (Table 3). Equilibrium solvent polarization moments in the vertically formed and relaxed excited-state
induced by the ground-state dipole of ABa or BaM interacts geometries. To probe whether structural relaxation within S
more favorably with the larger excited-state dipole moment. significantly alters the excited-state dipole moment, the absorp-
Consequently, the verticalir* excited state is solvated to a  tion and emission maxima in nonprotic solvéatsere analyzed
greater extent than the ground state and the absorption maximunusing the McRae Bayliss solvation modél Ground i) and
shifts bathochromically upon increasing the solvent poldfity.  excited statei{;) dipole moment vectors in they @quilibrium

The ground-state dipole moments of the amino-substituted geometry were calculated using the INDO/S method. The
derivatives ABaAc and ABaT&are 4.3 and 3.3 D. The dihedral ~ solvent dependence of the absorption maxima was fit to eq 1
angles involving the amine nitrogen (see Figure 1A) indicate using the calculated dipole vectors and adjusting two parameters,
more extensive conjugation to the acyl or triazinyl substitutent the vacuum value of the absorption maximunf,; and the
(B = C3—N2g—Cr9—(Cs1,N31) ~ 179) than to the benzanthrone  radius,a, of the dielectric cavity containing the solute (see Table
group @ = C;—C3—Nzg—Cpo ~ 28-58). The calculated dipole 3 for the fitting parameters).
moments of these molecules’ vertically formed* states (7.1

and 4.7 D, respectively) are 485% larger than the ground- .. Aoty — /70)[ €1 B n“—1 _
2es+ 1] \on®+1

state moments but are displaced by 3®m the direction of Vabs = Vaps ~ 47 hcal [
the ground state dipole. Solvent polarization induced by the 5
ground state is not aligned to effectively solvate the larger 4%(/41 — Uy ){ n“—1 (1)
excited-state dipole; consequently, the solvent induced shifts hca’ \2n2 +1
of these molecules’ absorption maxima are small.

The fluorescence maxima of all six compounds red shift with
increasing solvent polarity. The variation with solvent is largest
for ABa and BaM. The solvent dependence of the emission

Once the cavity radius was determined from the absorption
analysis, the solvent dependence of the emission maximum was
fit to eq 2, varyingonly the vacuum value of the emission

maxima arises from different charge distributions withira8d maximum, ve,y (Table 3).

S, at the excited state equilibrium geometry. The structure of I

the benzanthrone core probably changes little upon excitation.;, _ svac 4“”1(/‘0 ~ P‘l)ll( €™ 1) _ ( n“—1 )] _
However, a change in electron distribution upon excitation may " ™ hca® [ 2¢,+1 on? 41

alter the extent of conjugation with the nitrogen (oxygen) @ 203 2
substituents, change the dihedral angles involving the substit- 40 #a {” -1 )
uents (i.e., the angles andf), and generate different dipole hca® \2n2 +1
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TABLE 3: Transition Type, Energies, Dipole Moments, Angles, and Oscillator Strengths Calculated with the INDO/S Method

and Fitting Parameter

for the McRae—Bayliss Solvation Model

ABa
state transitiohS, — Sy energy(9— Sv) [cm™] u(Sy) [D] angle® (deg) f(So— S\)°© state energy (cnt)
S 0 5.0 i€ 14 250
S n— a* 24 200 1.9 38 0.00 I* 20970
S T — m* 29 300 9.4 11 0.55 ER 21 460
fit parameters veas yeae afA]
T — T* 22900 19510 4.2
BaM
state transitiohS, — Sy energy(9— Sy) [cm™] w(S\) [D] angle® (deg) f(So— Sv)°© state energy (cn)
S 0 5.8 Ti® 16 390
S n—ma* 24 820 2.6 9 0.00 T 22 200
S T — T* 29 380 10.7 7 0.55 J° 22 450
fit parameters e e afA]
T — * 26 390 22770 4.4
ABaAc
state transitiohS, — Sy energy($— Sv) [cm™] u(Sy) [D] angle® (deg) f(So— Sv)°© state energy (cnt)
S 0 4.3 Ti® 14 300
S n— a* 24 240 3.7 54 0.00 I° 21 000
S T — m* 29 310 7.1 36 0.57 ER 21490
fit parameters e veas a[A]
T — m* 24 880 20 850 4.1
ABaTCl,
state transitiohSy, — Sy energy($— Sv) [cm™] u(Sy) [D] angle® (deg) f(So— Sv)°© state energy (cnt)
S 0 3.3 Ti® 14710
S n—ma* 24 060 51 46 0.00 T 21240
S T — 7t 30 250 4.7 37 0.64 ¢ 21310
fit parameters e e afA]
T — * 26 640 22730 2.4

a Principal orbitals involved in this transitioA. Angle between the Sand § state dipole moment§.Oscillator strengthd *nz* state.® 3za*

state.” See text and Figure 3 for an explanation of the fitting parameters.

B —=vac =vac
shift,!® vape — Ve

abs

any structural reorganization within the 8xcited state does
not significantly alter the charge distribution or the effective
size of the molecules in these solvents. The vacuum Stokes
is relatively constant for the four molecules,
37004 300 cntl. The cavity radii determined for BaM and
ABa are physically reasonable From simple size consider-
ations!8it is surprising that the best fit cavity radius for ABaAc

is smaller than those of BaM and ABa. For ABa}Cthe

26000
25000
’\'\Q\'_o
= e o
E A
& 24000 N K .
3 4 &
=
g 23000
= ¢ ABaTC2
£
£ 200 4 ABaAc
2 © ABa
<
21000 '\'\4\'\*
e
)
20000 - -
0.27 0.32 0.37 0.42 0.47

Solvent Polarization (e,-1)/(2e,+1)

Figure 2. Solvent dependence of the absorption maxima for ABaTC
ABaAc, and ABa. The continuum polarization function
(es — 1)/(2¢s+ 1) is the abscissa. The lines are linear fits to the indicated
points. Data from alcohol and weakly dipolar aromatic solvents are
not included.

Figure 3 displays the calculated spectral maxima versus the
experimental maxima in seven solvents for BaM, ABa, ABaAc,
and ABaTC}.13 For each of the four molecules, use of the

deviation between the molecule’s size and the best fit cavity
radius, 2.4 A, is particularly striking. The ground-state geometry
of the aminobenzanthrone derivatives maximizes conjugation
of the 3-nitrogen lone pair with the substituent, not with the
benzanthrone. This reduces electron donation into, and the dipole
moment of, the benzanthrone group. It also provides the
substituent with a significant dipole moment that, in part,
opposes the benzanthrone dipole. The presence of two inde-
pendent dipole moment sources within ABgTéhd ABaAc
likely precludes a simple, physical interpretation of the cavity
radius in the solvation model. Despite its small value, the cavity
radius determined from the ABat@bsorption data accurately
predicts the solvent dependence of the emission maximum. This
indicates that the vertical and relaxed excited-state geometries

INDO/S dipole moment vectors and a state-independent radius®f ABaTC; have similar dipole moments.
reasonably reproduces the solvent dependence of both the The compounds’ fluorescence quantum yields, vary

absorption and emission ddtaThis result demonstrates that

substantially among the 11 solvents. With the exception of ABa,
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E 22000 Lo = 20 oABaTes | @ * ABaTC2
A ABaAc-abs w A A
£ @ A A& 0ABaTCM Aa o ABaTCM
x A ABaAc-em 0°° % 19 A o ABaTM2 19 " © ABaTM2
= 0%0 ) 4 4 A BaM A 4 BaM
B 20000 & £ A O ABaAc AA O ABaAc
% ﬁOE E 18 AABa 18 AABa
8 A .
8 7 & T & |
18000 0o 02 04 06 08 001 040 100 10.00
o © Fluorescence Quantum Yield LoD (Knon-aa / 10787
8 i Figure 4. (A) Correlation between the emitting state energy: and
16000 the fluorescence quantum yield. (B) Correlation between the emitting
16000 18000 20000 22000 24000 26000 state energyHs;) and the log of the nonradiative rate constant. The
. vertical line in panel B marks the mean radiative rate constant of the
Experimental Maximum (cm™ ) six compounds.
Figure 3. Comparison of best fit and experimental absorption (shaded) .
and emission (unshaded) maxima for ABaT(liamonds), ABa e Ty (n1?)
(circles), BaM (squares), and ABaAc (triangles) in the dipolar aprotic S4 () — — p————

solvents. The straight line indicates a perfect correspondence. The dipole
moments, relative orientations, and fit parameters are listed in Table
3.

the quantum vyields in the aromatic solvents increase with Tq (nn*)

increasing polarity (dielectric constant). In the nonaromatic,
aprotic solvents, the fluorescence quantum yields of ABaTC
and BaM increase with increasing polarity, while those of
ABaTCM, ABaTM,, and ABaAc increase, plateau, and then
decrease with increasing polarity. For ABa, the fluorescence
guantum yield decreases with increasing solvent polarity. These
variations arise from the solvent dependence of the nonradiative
rate constants (vide infra).

1. Kinetic Data. Time-resolved fluorescence decays from
all six compounds are fit adequately using single-exponential
functions!® The radiative and nonradiative rate constants are
determined from the fluorescence quantum yield and fluores-
cence lifetime;r, measurements using eq 3.

So _—
Figure 5. Energy diagram for the proposed two channel intersystem
crossing model.

tions exhibit large singlettriplet energy gapsAE(S—T).22
Thus, the lowest energy triplet state, fias &za* configuration
with an energy substantially below that of 8NDO/S calcula-
tions (Table 3) confirm thig® The large energy gap between
the T and S states, in conjunction with generally small spin

O 1- gy orbit coupling matrix elements fderz* — 3za* transitions?*
=— = 3) should produce small directy@rz*) — T1(3z7*) intersystem
crossing rate constants. This intersystem crossing channel should

The radiative rate constants exhibit moderate solvent depen-€xhibita weak dependence oneiergy. The second intersystem
dence, varying from & 107 to 4 x 107 s~1 for ABa, from 4 x crossing channel involves higher energy(®hz*) states.
107 to 12 x 107 s~ for the substituted aminobenzanthrone INDO/S calculations predict that the singletrhstate lies
derivatives, and from % 107 to 7 x 107 s~ for BaM. Solvent ~ approximately 24 500 cnt above §. Small AE(S—T) values
effects on the nonradiative rate constants vary widely; from a for n* configurationg? predict the presence of a tripletrh
factor of 5 for ABaTM to a factor of 75 for BaM. For five of ~ (Tn) somewhat below the;Swr* state which should make the
the compounds, the nonradiative rate constant is largest in butyl Tn State proximate to SINDO/S calculations place thiwr*
ether and smallest in one of the polar solvéfifShe quantum  State between 21 000 and 22 500 €r(Table 3).1zr* — 3n*
yield and nonradiative rate constants exhibit striking depend- Spin—orbit coupling matrix elements are significthus, the
ences (Figure 4) on the emitting state eneffiy, defined as ~ €nergetic proximity of $to Ty provides an active $'w*) —
the average of the absorption and emission band ma3dkivith Tn(nz*) intersystem crossing channel. Provideg i above
the exception of the case of ABa, the quantum yields are largestSs, this intersystem crossing channel will exhibit a significant
for Ego ~ 21 200 cnml. Higher and loweEs; values are attended ~ activation energy. Solvents of different polarities will alter the
by smaller quantum yields and larger nonradiative rate constants.S; state energy, modulate thg-STy energy gap, and change
Although ABa does not attaiBis; ~ 21 000 cnT?, its quantum the activation barrier and rate constant of thgl@r*) —
yield and nonradiative rate constant exhibit energy dependencesTn(®n*) intersystem crossing chann@lin systems where S
comparable to those of the other molecules for data points with lies much lower in energy than tifez* state, only the $—
Es; below 21 000 cm?. Ti intersystem crossing channel should be active. This two-

The energy dependence @i and knonragmay be explained channel intersystem crossing explanation is consistent with the
in terms of two parallel intersystem crossing channels starting variation of khonrad for Es; between 19 000 and 22 500 cin
from the S Lzz* state (Figure 5% Normally, zz* configura- (Figure 4B). The increase &fonraqin ABa asEs; drops below

krad T onrad T
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et 1 acetate, and 310 K for ABaAc in acetonitrile. This qualitative
78 7| e analysis indicates a larger activation barrier for ABaAc than
* I for ABaTGC; in a given solvent, which is consistent with the
o o . lower S energy of ABaAc. The analysis also indicates a larger
s ) - activation barrier in acetonitrile than in ethyl acetate for both
- w1 ol molecules. Again, this trend is consistent with the lower S
T @ 21 1'. energy for either molecule in acetonitrile. Overall, the temper-
s . =z a Teoe ature dependence of the decay rate constants is consistent with
. - W A the qualitative predictions of the two-channel intersystem
2 . A crossing model.
2} 105 Apop A A
18 'y
®®eceee °° " MM iaaa Conclusion
8 8
== S i . 28 3.4 39 a4 49 The steady-state and time-resolved emission data from
1000/T [K7] 1000/T [ K]

3-substituted benzanthrone derivatives in a wide range of
solvents exhibit a remarkably consistent dependence on singlet-
state energy. Emission quantum yields are largest and nonra-
diative rate constants are smallest for solvent/substrate combi-
nations that engender a lowest excited singlet state energy near
18 500 cntt indicates an increase of the S Ty intersystem 21 300 cn1l. The emission data are explained using a photo-
crossing rate constant. physical model with two intersystem crossing channels that have
The photophysical model proposed for the benzanthrone widely different dependences on singlet-state energy. For most
derivatives predicts certain temperature dependence characteref the derivatives at room temperature, the dominant nonradia-
istics of the decay rate constant. Intersystem crossing via thetive decay pathway is the activatedi(&r*) — Tn(nz*)
Si(trr*) — Tn(enr*) channel should be an activated process, intersystem crossing channel. The rate of this intersystem
with a barrier that is largest in the most polar solveftBy crossing process increases with sate energy. Nonradiative
contrast, intersystem crossing via thg(!sz*) — T1(an*) decay by way of the activationless;(87*) — Ti(an*)
channel should not be activated and may even exhibit a weak,intersystem crossing channel becomes increasingly important
negative temperature dependeft€ontributions from both as the energy of the ;Sstate decreases. The temperature
channels, and from a weakly temperature-dependent radiativedependence of the decay rate constant is consistent with the
rate constant, should produce a biphasic temperature dependendavo-channel model: the nonradiative rate constant is temperature
of the decay rate constant. To test these predictions, theindependent at low temperatures but exhibits activated character
temperature dependence of the decay rate constant was detemt higher temperatures. The distinct solvent dependences of the

Figure 6. Temperature dependence of thed&cay rate constant for
ABaTGC, (circles) and ABaAc (triangles) in ethyl acetate (gray) and
acetonitrile (black).

mined for ABaTG in ethyl acetateBa; " = 22 170 cm?) and absorption and emission maxima for the benzanthrone deriva-
acetonitrile (5295K = 21895 cm?) and for ABaAc in ethyl tives are readily explained in terms of the orientation and

205K itri 295K magnitudes of the state-dependent dipole moments. These results
acetate 5 = 21550 cnt!) and acetonitrile 5™ = g p p -

21 310 cnth). In each of these systems (Figure 6), the excited- establish gclearer picture of the spgctrpscopy and.photophysics
state decay rate constant exhibits an activated behavior at highePf 3-substituted benzanthrone derivatives that will be of use
temperatures and a plateau at the lowest temperatures. Thdor studle_s employing related derivatives as functioning com-
plateau values of the rate constants are-80% larger than ponents in energy-transfer arrays .and. for the development of
the room-temperature radiative rate constants for each compound'@W fluorescent structural probes in biology.
in the corresponding solvent. The differences-@3 x 10" s™%) o ) )
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