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We investigated spectroscopic and dynamic fluorescence properties of the § transitions of three
intramolecularly hydrogen-bonded molecules, 1,8-dihydroxyanthraquinone (1,8-DHAQ), 1-aminoanthraquinone
(1-AAQ), and 9-hydroxyphenalenone (9-HPA), by determining their fluorescence excitation spectra and state-
selective fluorescence lifetimes under supersonic jet conditions. Moreover, ab initio calculations were per-
formed on one-dimensional hydrogen transfer potential energy curves in both tre $he $ state and

on $ and S minimum energy conformations and normal-mode frequencies at different levels of theory
(HF/6-31G(d,p) and B3LYP/6-31G(d,p), CIS/6-31G(d,p) and TDDFT/6-31G(d,p)//CIS/6-31G(d,p), respec-
tively). In line with calculations based on the theory of “atoms in molecules” (AIM), we suggest that the
fluorescence properties of 1-AAQ are associated with a single-minimum-type potential. The nonradiative
relaxation mechanism is attributed to internal conversion to thet&e. For 1,8-DHAQ, we suggest in
agreement with previous findings that the fluorescence bands be&f0 cnt! are due to transitions origi-

nating in the 9,10-quinone well, whereas the bands abd@0 cm* are due to transitions originating in the
proton-transferred 1,10-quinone well, thus confirming the assumption that 1,8-DHAQ possesses a double-
minimum-type $ potential. On the basis of our ab initio calculations, we suggest that the fluorescence
originating in the 1,10-quinone well is due to vertical absorption into the 9,10-quinone well and subsequent
fast ESIPT above the hydrogen transfer barrier. For 9-HPA, only the frequency-domain measurements give
tentative evidence of the presence of a pronounced double-minimum-type potential. The rapid nonradiative
relaxation mechanism as revealed by fluorescence lifetime measurements is attributed to intersystem crossing
to a triplet state.

1. Introduction pH decrease leading to the death of the tumor cell by
] ) acidification1-17

_ Intramolecular hydrogen bonding and the dynamics of  Ayermatively, investigations of the intramolecular hydrogen

intramolecular proton-transfer (PT), or more properly hydrogen- bond and of the impact of the HT process on static and dynamic

transfer (HT), processes have gained increasing attention in theproperties in the electronic spectroscopy of 9-hydroxyphenale-
past two decades for a variety of reasons. The investigation Ofnone (9-HPA3®25 aimed at an understanding of genuine

the ground-state and photoinduced excited-state intramolecular : ot :
. - ; uantum mechanical concepts and the application of appropriate
proton transfer (ESIPT) of dihydroxyanthraguinones in general d b bp pprop

. . . . guantum mechanical models in molecular physics. Particularly,
and of 1,8-dihydroxyanthraquinone (1,8-DHAG)in particular 9-HPA offered the opportunity to assess the applicability of one-

ha; beend_W|defth ’?“O“Yated. by thle nleeld htod enhanbce ;hg dimensional model potentials as compared to multidimensional
understanding of their role as intramolecularly hydrogen-bonded ,,qvials in calculating the tunneling splittings of the vibrational

chromophores in anthracycline antitumor antibiotiéas, for " ground states in both the electronic ground-statar the first
p'e, yein, ycin, ycin. excited electronic-state;SGenerally, small model systems

OVer, .1.’8'DHAQ is a cc_)nstituent _Of _the chromophore_ of possessing intramolecular hydrogen bonds, as for example, 1,8-
hypencm, a polycyclic quinone, which is naturally occurring DHAQ, 1-aminoanthraquinone (1-AAQ), and 9-HPA (Figure
mf S;' John's wort Klypericum perforatlém I)I.and o';]her 'plgnts q 1), are suited for detailed spectroscopic and theoretical inves-
of the Hypericum genus. Hypericin displays photoinduce tigations of quantum effects associated with the motion of

virucidal (anti-viral, anti-retroviral) and antitumor activities and hydrogen atoms. One may investigate the occurrence of verticall
is used as a photo.sensm.zer.m photodyngmlcal_ therapy Ofnonvertical cross-well excitations and of dual absorption and

cancer** The mechanism of its biological activity is still unclear, fluorescence in the case of asymmetric double-minimum poten-
but there are indications that an excited-state intramoleculartial energy curves (Figure 2) or the splittings of vibrational

proton transfer could precede the light-dependent mtracellulargrounol states in the grouna\) and first excited electronic

state (Ay) due to tunneling in the case of symmetric double-

IPart of the s_pecial issue “Charles B. Harris Festschrift”. minimum potential energy curves (Figure 3).

E Foi-rte?ap ”S'hng iuﬁhorr', E;?,la"’ -Cnc]uelbe 4@9;5'39'(19' We chose our model compounds, 1,8-DHAQ, 1-AAQ?8
nstitut Tur ysikallsche emie aer univerdita ] Tt ] ’ v

8 Max-Planck-Institut fu Biophysikalische Chemie. and 9-HPA, in an attempt to study systematically the sensitiviy
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Figure 3. Potential energy diagram of the H-atom transfer in 9-HPA:
Symmetric double-minimum potential energy curves.ahd @ are

the parity-allowed transitions between the splitted vibrational ground
states of the electronic groundgf%ind the first excited state {S

(AIM) 2%=33 to check for a linear relationship between the total
charge density(r¢) at an intramolecular hydrogen-bond critical
point and the strengtlys, of the intramolecular hydrogen bond.
With the § HT potential of 9-HPA at hand, we calculate the
tunneling splitting of the vibrationless level in.F he reliability
of the ab initio $ equilibrium geometries calculated on the
HF/6-31G(d,p) and the B3LYP/6-31G(d,p) level of theory is
assessed by comparison with available X-ray diffraction stud-
\ ies?®34.35and infrared absorption specffaln Section 4.1, the
> fluorescence excitation (FE) spectra of 1,8-DHAQ, 1-AAQ, and
NN rHO-H) 9-HPA are presented and compared with the results of previous
studies*?527 A tentative assignment is given for the vibronic
QOQ O‘O transitions of the FE spectrum of 1-AAQ based on normal-mode
frequencies calculated on the CIS/6-31G(d) level of theory.
o 0 Moreover, the previously reportédotational band contour of
9,10-quinone 1,10-quinone the @ band origin of 1,8-DHAQ is simulated using the
Figure 2. Potential energy diagram of the H-atom transfer in 1,8- calculated $and S rotational constants. In Section 4.2, the
DHAQ: asymmetric Lippincott Schroedef**potential energy curves.  gate selective fluorescence lifetime measurements are presented,

of spectroscopic and dynamic features on specific intramolecu- Which. together W.'th th? overall shape of the.FE spectra, are
lar-hydrogen-bond associated factors. Particularly, we were analyzed qualitatively in terms of the relative topological

interested in determining spectroscopic and kinetic evidence of ProPerties of the ab initio HT potential energy curves of the
the strength of a particular intramolecular hydrogen bond and ground and the first excited electronic state. The uniform excess

the occurrence of excited-state intramolecular proton transfer. €N€rgy dependence of the fluorescence lifetimes of 1'ﬁAQ 1S
Moreover, in an effort to account for our spectroscopic and analyzed quantitatively according to Fermi's Golden RUE.
dynamic findings, we performed ab initio calculations and Finally, the main results of our present contribution are
simulations, which, primarily, aimed at a qualitative understand- summarized in Section S.
ing of the differences found between the three model systems.
The paper is organized as follows. The experimental setups
for measuring fluorescence excitation spectra and fluorescence The details of the experimental setup for measuring low-
lifetimes by time-correlated single photon counting (TCSPC) resolution fluorescence excitation spectra have been described
are described briefly in Section 2. In Section 3, the relevant elsewheré? Therefore, only the relevant features are described
details of our ab initio calculations are summarized. Here we here. The jet apparatus consisted of a vacuum chamber
report $ and S (for 1,8-DHAQ also ) equilibrium geometries  evacuated by a diffusion pump (Edwards Diffstak 250/2000M)
and normal-mode frequencies, one-dimensional HT potential backed by a rotary pump (Edwards E2M40). The samples were
energy curves for the respectivg &d S states calculated on  heated to the following temperatures, respectively: -16p4
different levels of theory, and, to the best of our knowledge, °C in the case of 1,8-dihydroxyanthraquinone (1,8-DHAQ),
the first attempt based on the theory of “atoms in molecules” 195-200 °C in the case of 1l-aminoanthraquinone (1-AAQ),

cross-well

2. Experimental Section
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and 14+144°C in the case of 9-hydroxyphenalenone (9-HPA). oM o Mo A o o
Their vapors were entrained in 3:8.0 bar helium and expanded

into the vacuum using a General Valve Series 9 nozzle operated O‘O O‘O
in continuous mode. The conically converging nozzle had a

smallest orifice diameter of 7&am in order to maintain a o) o o o o)
background pressure of about 3:5 10~ mbar. To avoid 1 4
clogging, the nozzle was heated to the following temperatures, O‘O

respectively: 209-217°C in the case of 1,8-DHAQ, 286305

°C in the case of 1-AAQ, and 188191°C in the case of 9-HPA. oMo oM o Ao o o

For the measurement of the low-resolution fluorescence 3
excitation spectra (Figures £35), the molecular beam was O‘O O‘O
crossed at right angle by the parallel polarized beam of a
picosecond dye-laser system. The picosecond laser system o o
consisted of a homemade, free jet dye-laser operated in the 2 5
Runge-Rosenberg configuratiol,which was synchronously  Figure 4. Starting conformations of 1,8-DHAQ for the; §eometry
pumped by the frequency-tripled output of a Nd:Yy@ser optimizations.
(Spectra Physics, VANGUARD, 355 nm, (10 2) ps pulse
duration, 1.6-1.5 W) at a repetition rate of 80 MHz giving  purity, mp: 194-196 °C). All substances were used without
pulses with a duration of 710 ps at a bandwidth of 1-62.5 further purification.
cm™L. Three different laser dyes were used to make the wave-
length range 395473 nm accessible: Exalite 400E (Exciton, 3. Computational Details
395-430 nm), Coumarin120 (Lambda Physik, 42068 nm),
and Coumarin47 (Lambda Physik, 42873 nm). Wavelength
calibration was performed with a commercial interferometric
wavelength calibration device (Burleigh, Wavemeter WA-5500,
accuracy: +0.2 cnT?).

All calculations were carried out using the GAUSSIAN98
package of progranfg. Ground-state geometry optimizations
were carried out using Hartre€¢ock (HF) and density func-
tional theory (B3LYP) methods. Throughout, polarized double-
split-valence basis sets (6-31G(d) and 6-31G(d,p)) were used.

The horizontally expanding molecular beam was crossed by 1 optimized minimum energy ground-state geometries served
the laser beam at a distance of about 5 mm downstream of the,

) - ~'~as starting geometries for excited-state optimizations, which
nozzle. The broadband fluorescence from the interaction region,are carried out using the configuration interaction method with

of the crossed molecular and Ia_ser b_eams was collected at righ%ingly excited configurations (CI%)in combination with the
angles to both beams byfd collimating lens and focused by pagig sets 6-31G(d) and 6-31G(d,p). All calculated geometries

a second_ Igns onto the entrance of a microchannel plate\,are confirmed to be minimum energy conformations by
photomultiplier (MCP-PMT, Hamamatsu R3809U). The MCP- g hqequently checking for the absence of any normal mode with

PMT output was amplified (Hamamatsu C5594) and fed into @ 5y imaginary frequency. A complete list of the calculated S
constant fraction discriminator (Tennelec TC 454). After passing 44 S frequencies of 1,8-DHAQ, 1-AAQ, and 9-HPA together
gsecond discriminator.(Ortec436), Fhe pulses were accumulated ity their symmetry species and a numbering of the normal
in a photon counter (Princeton Applied Research, EG&G Model 11,5des according to the numbering scheme of Mullfkemd

1112) and the resulting signal was transferred to a PC. All Herzberd® is available as Supporting Information (Tables
fluorescence excitation spectra were corrected for the power |y, _y|)
curves of the dye-laser. However, the intensity differences Different starting conformations of 1,8-DHAQ (Figure 4)
tt)oett\)/;e\?grthSmca(\)llr rected and the uncorrected spectra turned OUlere subjected to geometry optimizations in order to determine
y o ] ) the most stable Sconformer on the B3LYP/6-31G(d,p) level
The fluorescence lifetimes were determined by time-correlated of theory. Conformerl o€, point-group symmetry turned out
single photon counting using the previously described picosec-tg pe the most stable conformer of 1,8-DHAQ in thesSate.
ond dye-laser system for excitation. For time-correlated single conformers 2 and 3 lie higher in energy b300 cnt! and
photon counting, the output of the MEPMT was, as before, 9300 cn1, respectively. No stationary point corresponding
amplified and fed into a constant fraction discriminator that {5 5 conformer with the H atoms rotated out of plane, neither
delivered the start pulses for a time-to-amplitude converter of ¢, (conformer 4) nor ofCs (conformer 5) symmetry, could
(TAC, Tennelec TC 862) operated in reversed midesecond  pe |ocated. Our findings on the destabilization energies of
CFD provided the stop pulses, which were derived from a conformers 2 and 3 are in agreement with the previous results
photodiode monitoring the laser output. After subsequent A/D- of Ferreiro and Rodguez-Oterd, who determined destabiliza-
conversion (Nuclear Data Systems, ND582), the TAC-output tign energies of 14.50 kcal /mof46070 cnt?) and 30.30 keal
was transferred to a PC. The fwhm of the instrument response;mo| (~10600 cnt) for conformers 2 and 3, respectively, on
function was usually about 5070 ps. For the analysis of the  the HF/3-21G level of theory. Conformer 1 6§, point-group
fluorescence decay histograms, a Fourier-transform-based CONsymmetry was also checked to be a minimum energy conformer
volution and fitting procedure employing the Levenberg  gn the HF/6-31G(d,p) level of theory.
Marquardt algorithm was used. In the case of 1-AAQ, four different conformations (Figure
The infrared spectrum of 9-HPA (Figure Il, available as Sup- 5) were subjected to geometry optimization in an attempt to
porting Information) was measured in KBr at room temperature determine the most stable Sonformation. In contrast to 1,8-
with a Perkin-Elmer IR-spectrometer (Series FTIR1600). DHAQ, the B3LYP/6-31G(d,p) and HF/6-31G(d,p) calculations
1,8-dihydroxyanthraquinone was purchased from Lancasteryielded most stable gSconformations of different point-group
(99% purity, mp: 19%+193 °C), 1-aminoanthraquinone was symmetries. Although the B3LYP/6-31G(d,p) calculation yielded
purchased from Aldrich (97% purity, mp: 25255 °C), and conformer 1 as the only minimum energy conformer, from the
9-hydroxyphenalenone was purchased from Synthelec (97%HF/6-31G(d,p) calculation conformation 2, containing a slightly
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Figure 6. Conformers of the molecules studied according to the theory
of atoms in molecules (AIM, see Figure 7).

malonaldehyde

pyramidalized N atom[{(9, 15, 24, 26} 10° andJ(14, 15,

24, 25)~ 13°, see Figure 1), was determined to be solely of
minimum energy. Interestingly, we could not confirm the
findings of a previous ab initio study on the HF/STO-3G level
of theory2® which predicted the N and O atom to adopt

J. Phys. Chem. B, Vol. 110, No. 40, 20089823

0,038 |-
L 1,8-DHAQ

0,036

~, 0,034

o(r,

0,032

0,030

1 4
0,028 '-l ]
[ = PR [ S S SR U I ST S ST | - PR PR B PR | - ]

3000

3500 4000

=
E . lcm’]

4500 5000

Figure 7. Correlation between the total charge dengify.) at the
intramolecular hydrogen-bond critical point and the hydrogen-bond
energyEngs: [1] 9-hydroxyphenalenone, [2] 1,4-dihydroxyanthraquino-
ne, [3] malonaldehyde, [4] 1,8-dihydroxyanthraquinone, [5] tropolone,
[6] o-hydroxybenzaldehyde, [7] salicylic acid, [8] naphthazarine (1),
[9] naphthazarine (2), [10] 6-benzanthrone, [11] 7-benzanthrone.

where conformer 2 (right) and conformer 1 (left) denote the
rotamers of the molecules depicted in Figure 6. Previous studies
dealing with AIM topological properties of charge densities
reported linear bond-order-bond-length and line@e) — Ens
relationships for covalent CC bonds in hydrocarb®ngor
intermolecular hydrogen bonds between different nitriles and
hydrogen fluoride®° different nitriles and hydrogen chloridé,
different bases and hydrogen fluorigi&3and for multiple-bond
critical points as calculated for the van der Waals complexes
formaldehyde-chloroform, acetonechloroform, benzene
formaldehyde, and 1,1-dichloroetharmcetone®® All of these
studies were carried out on the Hartrdeock level of theory
with different basis sets giving correlation coefficients between
R = 0.869 andR = 0.999.

Our present study is, to the best of our knowledge, the first
systematic investigation based on the theory of atoms in
molecules attempting to check for a lineafr) — Eug
relationship in the case of intramolecular hydrogen bonds. In
agreement with previous studi&s 23 we calculated hydrogen-
bond stabilization energielSyg and charge densities(r¢) at
hydrogen-bond critical points on the HF/6-31G(d,p) level of
theory. The stabilization energids,s, of the molecules given
in Figure 6 were determined according to eq 1 from the zero-
point energy corrected absolute energi&onformer1 and
Econformer2 Of the two rotamers, respectively. Calculations

nonplanar positions on opposite sides of the molecular plane concering the topological properties of the charge density
(5° each) and which predicted the central ring to adopt a chair (o(ro), V2o(ro), Iro — rel and|ry — ro) were carried out with

conformation. Our HF/6-31G(d,p) equilibrium conformation
exhibits almost complete (quasi-)planarity, only the amino

hydrogen atoms lie considerably outside of the molecular plane.

For 9-HPA, two conformations d€s point-group symmetry

(Figure 6, second row) were considered in the attempt to locate

the most stable &onformation. Because there obviously is no

the AIMPAC package of progrant8.Figure 7 shows an
approximately linear relationship betwep(r) andEyp

p(ro) [au] =5.287x 10 ° E,g [em 1] + 1.271x 10‘2(2)

intramolecular hydrogen bond in conformer 2, it is the less stable with a correlation coefficient dR = 0.839. Correlations between

conformer destabilized by an energy ©6100 cnt.
In an attempt to explain qualitatively the overall time-resolved
fluorescence properties of 1,8-DHAQ, 1-AAQ, and 9-HPA

Eng and the Laplacian of the charge densi§p(r), the dis-
tance between the O atom and the bond critical point- r|
or the distance between the H atom and the bond critical point

presented in Section 4.2, we studied the correlation between|ry — r| are of poorer quality and have correlation coefficients

the total charge density(r¢) at the intramolecular hydrogen-
bond critical point (3;-1)?°-32 and the hydrogen-bond energy,
Eng,>46 calculated according to

Ens=E @)

conformer 2 Econformer 1

of R=0.696,—0.742, and-0.638, respectively. As is clearly
obvious from a comparison of the correlation coefficielRs,
the quality of the correlation given in Figure 7 is even worse
than that obtained from the investigation of the intermolecular
hydrogen bonds between different bases with C, O, N, F, P, S,
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-2000

and Cl acceptor atoms and hydrogen fluof&i&® This outcome,

however, can be rationalized as being due to higher sterical
constraints in molecules possessing intramolecular hydrogen
bonds, especially caused by benzene rings and cata- condense& 4000
benzene rings, preventing an optimal structural relaxation of = |
the H-chelate ring. Despite its relatively poor quality, the roughly & 2900

6000 |-

) [c

V(

linear correlation of Figure 7 and eq 2 served to obtain an 0
estimate for the intramolecular hydrogen bond stabilization 04 03 -02 04 00 01 02 03 04
energy of 1-AAQ. Because no other minimum energy confor- R_IA]

mation could be located for 1-AAQ, neither on the B?’LYP{ Figure 9. Ab initio H-atom transfer potentials of 1,8-DHAQ. (a} S
6-31G(d,p) nor on the HF/6-31G(d,p) level of theory, an esti- gtate p,): CIS/6-31G(d,p)); S, state By): CIS/6-31G(d,p)©) and
mate of the hydrogen bond strength in 1-AAQ could be obtained TDDFT/6-31G(d,p) energy calculations on the CISBLG(d,p)-
only by means of oup(rc) — Epg correlation. As can be seen  MEP geometriesl); (b) S state: HF/6-31G(d,p)A) and B3LYP/
in Figure 7, the low charge density at the bond critical point 6-31G(d,p) ©).

p(re) = 2.74 x 1072 au calculated for 1-AAQ with the HF/ :
6-31G(d,p) electron density at the HF/6-31G(d,p) equilibrium 3000 £
conformation indicates a remarkably weak hydrogen bond. The —
value ofp(r) calculated for 1-AAQ is the smallest of all of the 'E 2000
molecules studied. This is particularly noteworthy because all 7 1000 r
other molecules of our survey contained O-atom hydrogen- -bond £ = r
donors. Without having more information to generalize on this 0F,
point, we conjecture that the H atoms of-N bonds are -
involved in weaker intramolecular hydrogen bonds than the H 8000 |
atoms of G-H bonds. We will resort to the calculated relative — gogo |
strengths of the intramolecular hydrogen bonds in Section 4. 2. ;

Q [
Finally, in an attempt to account qualitatively for the energy- Al 4000 ¢

and time-resolved fluorescence properties of the three model & 2000 f
systems under investigation, we determined one-dimensional 0F
HT potential energy curves of the ground and the first excited
electronic states. We have adopted the coordinate-driven
minimum-energy-path (MEP) approdéP? for the construction Figure 10. Ab initio H-atom transfer potentials of 1-AAQ. (@) S
of the reaction path and defined the hydrogen-transfer coordinatestate: CIS/6-31G(d,p) relaxed PES)(and TDDFT/6-31G(d,p) energy

R (Figure 8) in the usual way as calculations on the CIS/6-31G(d,p)-MEP geometrli} (b) S state:
HF/6-31G(d,p) &) and B3LYP/6-31G(d,p)<).
Ron ~ Ron
R = 2 3 3000
] 5 ©)

Thus, relaxed potential energy scans were carried out by's 20001
increasing the bond lengtRo,4 by steps of 0.020.1 A and ’%. 1000
optimizing all other internal coordinates (including the bond E>€ ;
length Ro,1) in every step. ok
We decided to determing &inimum energy paths with the
CIS method because CIS-optimized reaction paths turned out

to provide qualitatively correct characterizations of HT potential

6000 |

4000 [ ]

energy profiles in the Sstates of large organic molecufd<? 5 . s o o, 5
The CIS method, however, is in general unreliable for the = 2000 [ o° °o ]
prediction of HT barriers in excited electronic statedn € 1 o o ° ° 5 ° ]
agreement with previous studigs?? we, therefore, decided to ob %o % o000 B
check the presence of an HT barrier along the reaction path 06 05 -04 -03 -02 01 00 01 02 03 04 05 06
calculated with the CIS method by taking electron correlation R_(A]

via time-dependent density functional theory (TDDFT) into Figure 11. Ab initio H-atom transfer potentials of 9-HPA. (a) S
account. Figures 9a, 10a, and 11a display CIS potential energystate: CIS/6-31G(d,p) relaxed PES)(and TDDFT/6-31G(d,p) energy
curves along the HT reaction coordin&e as well as TDDFT  calculations on the CIS/6-31G(d,p)-MEP geometrid®, (best-fit
potential energy profiles calculated on the CIS-optimized MEPs. Mode! potential according to eq 4 (solid line); (k)sBate: HF/6-31G-
For a better comparison with the CIS/6-31G(d,p) HT potential (d.p) ).
energy profiles, the TDDFT results were shifted to higher calculations is to lower the ;SHT barriers slightly and to
potential energie¥(R-). stabilize the 1,10-quinone and imine tautomers, respectively.
As is clearly discernible, in the case of 1,8-DHAQ and According to the TDDFT calculations, the HT barrier in 1,8-
1-AAQ, the effect of the TDDFT/6-31G(d,p) single point energy DHAQ is Eo ~ 700 cnt! and the 1,10-quinone tautomer is
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stabilized relative to the 9,10-quinone tautomerkl700 cntl, the diagonal matrixA, which contains the firstN energy
For 1-AAQ, the HT barrier height i€y ~ 3300 cnv™. In contrast eigenvalue€’ = 4E/Af3, and the coefficient matri, whose

to 1,8-DHAQ, however, the proton-transferred (imine) tautomer column vectors contain the expansion coefficientsf the first

is destabilized relative to the amine tautomer$300 cnt. N eigenfunctionsD;(&) in the eigenfunction basis,(§) of the
Particularly noteworthy are the qualitative differences between harmonic oscillator. The Hamilton matrix elements are functions
our ab initio potential energy curves of 1,8-DHAQ and 1-AAQ of the potential parametets and v, contained in the potential
and the LippincotSchroeder potential$;1®which were orig- function
inally conceived to describe the properties of hydrogen bonds

in crystals, but which were subsequently used in the analysis

1 2 4
V(&) =ZhB(v,E" + v
of matrix fluorescence and condensed-phase absorption spec- (©) 2 Plos )

(7)

tra2653As has been reported previously for thetS potential
energy curve of 1,8-DHAQ calculated on the HF/3-21G level
of theory? the ground state does not display a pronounced

minimum on the 1,10-quinone side as suggested by the

Lippincott—Schroeder potential of Figure 2. Nor do the
calculated $HT potential energy curves of 1-AAQ (Figure 10)
exhibit such a pronounced minimum. Moreover, the overall
topology of the ab initio ground-state potentials relative to the
excited-state potentials differs significantly from the corre-
sponding topology of the LippincetiSchroeder potentials. The
excited-state wells of the 1,10-quinone tautomer (1,8-DHAQ)
and of the excited-state imine tautomer (1-AAQ) lie almost
vertically above the shallow portions of the correspondipg S
potential energy profiles. It should be noted that the HT
coordinateR- rather is a topological measure (as opposed to a
geometrical measure) of the intramolecular hydrogen-bond

structure and that a topologically vertical excitation (as opposed

to a geometrically vertical excitation) rather corresponds to an
adiabatic excitation. However, the overall topological relations
between the ground-state and excited-state potential energ
curves remain unchanged when the potentials are considere
to depend on the simple bond distarRgn. Correspondingly,
vertical cross-well excitations (Figure 2) into the proton-
transferred wells of 1,8-DHAQ and 1-AAQ seem to be rendered
very unlikely under supersonic jet conditions.

For 9-HPA, however, the CIS/6-31G(d,p) and TDDFT/
6-31G(d,p)//CIS/6-31G(d,p) calculations resulted in almost
identical HT potential energy curves (Figure 11). The barrier
of the HT process in 9-HPA is-2500 cnt. In an effort to

assess the appropriateness of one-dimensional HT potential

and are given explicitly in ref 54. The potential parameters of
eq 7 are related to the potential parameters of eq 4 by

B 2hV,
up? wp

wheref is an arbitrary frequency andis the reduced mass of

the intramolecular hydrogen bond. For simplicity, we assigned

andy, =

(8)

Uy

u the value of the proton mass (1.6%410727 kg).

As has been shown previously by Fluder and de la ¥&ga
for malonaldehyde, a consideration of the O-atom motions along
the MEP increases the reduced massby up to more than
four times the proton mass. Therefore, taking only the simple
proton mass into account is somewhat arbitrary because this
assumption corresponds more to a least motion path than to a
minimum energy path. Under this assumption and with the
potential parameter¥, and V, of eq 4, we calculated a;S
tunneling splitting of the vibrational ground state &f = 33

m~1. This value deviates strongly from tunneling splittings

roposed in previous publicatioA%?! Bondybey and co-
workerg! studied the matrix absorption spectra and the fluo-
rescence dispersion (FD) spectra of several vibronic transitions
of 9-HPA and its isotopomer 9-DPA in a neon matrix. On the
basis of an analysis of the frequency shifts after deuteration,
they determined a;Sunneling splitting of the vibrational ground
state ofAy = 311 cntt and a $ tunneling splitting ofAj = 69
cm~L. Rossetti and co-worketsstudied the FE spectra and the
FD spectra of the Jtransitions of 9-HPA and 9-DPA in neon
gnd argon matrices. From the analysis of a temperature-

energy profiles calculated on the TDDFT/6-31G(d,p)//CIS/ dependent band at 160 cfnin the FE spectrum of 9-DPA,

6-31G(d,p) level of theory to describe excited-state tunneling
splittings, we calculated the splitting of the vibrational ground
state of the §state according to the method of Somorjai and
Hornig 24 For this purpose, a best-fit model potential function
to the TDDFT/6-31G(d,p)//CIS/6-31G(d,p) energies of Figure

which was assigned to the @ransition, they derivedg&sand §
tunneling splittings of the vibrational ground states for 9-HPA
of Ag" =127 cntt and Ay = 617 cnTl, respectively. Thus,
the previously published tunneling splittings are a facted 9
higher than ours. A special feature of our calculatgtu8neling

11 was determined, which consisted of a quadratic and a quarticSPIitiing is that it is a prediction based solely on a one-

term

V(R) =V,R +V,R (4
with V, = —3.936 x 10* cm A2 and V, = 1.520 x 1P
cm1A-4. The eigenvalues and eigenfunctions of the Sdhro
inger equation

*wE) 1.,
d&’® T2E

V)W) =0 (5)

were calculated variationally by diagonalization of thex N
Hamilton matrix, wheré\ denotes the number of basis functions
used in setting up the Hamilton matrix. The diagonalization
yielded according to

C'HC=A (6)

dimensional ab initio potential energy profile. However, a closer
examination of the low-energy transitions of the FE spectrum
given in Figure 15 shows that the low-intensity bands at excess
energies of—46 and 33 cm! can be assigned to the parity-
allowed Q. and the parity-forbidden _0 transition, respec-
tively. The assignment of the_Qtransition is based on the S
tunneling splitting of Ay = 69 cm! determined in a neon
matrix, which is favored in a more recent publicafioron
account of calculations according to the reaction surface
Hamiltonian method, which yielded & 8&inneling splitting of
Ay =78 cnrl

Finally, in an attempt to characterize the topology of the S
HT potential energy profile relative to thg BT potential energy
profile of 1,8-DHAQ more precisely, we calculated &juilib-
rium geometries and HT potential energy curves on the HF/
6-31G(d,p) as well as on the B3LYP/6-31G(d,p) level of theory.
Such a topological characterization was rendered necessary by
the close vicinity of two excited states: an excited stat®0f



19826 J. Phys. Chem. B, Vol. 110, No. 40, 2006

B R R e
100 |
9
80
70 E
60 F

transmission [a. u.]

50 |
40k

30E

20F

1800

1600

PR IS S ST S S N TS
1400 1200 1000
frequency [cm'1]

800

1

600

10 o —

2000 400
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visual comparison, the calculated spectrum was convoluted with a
Gaussian line shape of fwhm 5 cni .
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Figure 13. Fluorescence excitation spectrum and estimated major
components of the fits to the fluorescence decay curves of 1,8-DHAQ.
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Figure 14. Fluorescence excitation spectrum and fluorescence lifetimes
7n of 1-AAQ: single-exponential fits @) and double-exponential
fits (O).

orbital symmetry and of predominant LUMG- HOMO
character (9 and an excited state @%, orbital symmetry and

of predominant LUMO— HOMO-4 character (8. As the
dotted vertical lines in Figure 9 indicate, the excited stat&,of
symmetry is the lower one upon (topologically) vertical excita-
tion from the HF/6-31G(d,p) equilibrium geometry, whereas the
excited state oB, symmetry is the lower one upon (topologi-

Muiller et al.
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Figure 15. Fluorescence excitation spectrum of 9-HPA.

TABLE 1: Comparison of Crystal Structure Bond Lengths
of 1,8-DHAQ and ab Initio Values Calculated on the
HF/6-31G(d,p) and B3LYP/6-31G(d,p) Levels of Theory

bond length (A)

bond exp expP HF/6-31G(d,p) B3LYP/6-31G(d,p)
Cig—0Op; 1357 131 1.326 1.338
Cis—Cio 1.397 1.42 1.399 1.408
Cio—Cxn 1371 1.34 1.370 1.386
Cxo—Cx 1371 141 1.395 1.402
Cs—Cyp  1.393 1.40 1.373 1.389
Cs—Cs 1397 1.39 1.409 1.419
Cs—Cis 1.404 1.47 1.401 1.420
Ci—GCs 1457 150 1.474 1.461
Cs—GCs 1.491 1.50 1.495 1.493
Ci—O; 1.241 1.222 1.266
C4—0Og 1.224 1.195 1.226
07—02 2.49 2.608 2.570

afFrom ref 28,R = 0.078.° From ref 34,R = 0.185, standard
deviation of the bond length&0.04 A.

cally) vertical excitation from the B3LYP/6-31G(d,p) equilib-
rium geometry.

Spectroscopic and crystallographic information supporting the
appropriateness of either the HF/6-31G(d,p) or the B3LYP/
6-31G(d,p) calculation in giving reliabley®quilibrium geom-
etries of 1,8-DHAQ is rather sparse. There are, to the best of
our knowledge, two X-ray diffraction studies withfactors of
R=0.18*andR = 0.07828 In Table 1, we give a comparison
between our calculated structural parameters of thet&e of
1,8-DHAQ and the corresponding experimental values as given
in the X-ray diffraction studie3®3* We suggest to prefer the
direct comparison with the experimental study of higher quality
(second columnj® Moreover, we decided not to compare our
calculated bond angles with their experimental counterparts
reported in ref 34 because the experimental errer2f seems
to be too large for a conclusive comparison.

In a previous investigationthe HF/3-21G and HF/6-31G-
(d,p) methods were preferred to the B3LYP/6-31G(d,p) method
with regard to the reliability of the calculated HT barrier of
9-HPA and the equilibrium structures of 1,4-DHAQ, 1,5-DHAQ,
and 1,8-DHAQ. Our findings, however, cast some doubt on this
preference for three reasons. First, the various experimental bond
lengths are reproduced differently well on the HF/6-31G(d,p)
and B3LYP/6-31G(d,p) level of theory, the B3LYP/6-31G(d,p)
method giving a slightly smaller overall deviation from the
findings of the higher quality experimental study. Particularly
the O,—0,; distance involved in the quasi-conjugate intramo-
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lecular H-chelate ring is better reproduced on the B3LYP/ discrepancies certainly cannot be attributed to a difference
6-31G(d,p) level of theory. Our finding of a better overall between laser-power-curve corrected and uncorrected spectra.
description of the 1,8-DHAQ geometry with the B3LYP/ We corrected all of our fluorescence excitation spectra for the
6-31G(d,p) method is also in line with previous calculations power curves of the dye-laser but noticed only minor intensity
on the naphthazarine geometry with the B3LYP/6-311G(d,p) differences between the corrected and the uncorrected spectra.
method®® Second, the (topologically) vertical excitation orig- The discrepancy could, however, result from the composition
inating in the B3LYP/6-31G(d,p) equilibrium geometry yields of the spectra from different experimental scans. In this respect,

the excited state dB, symmetry as the first excited electronic

state and the excited stateAy symmetry as the second excited

electronic state. This result is in agreement with the rotational
band contour simulation of the most prominent low-energy
transition of the FE spectrum given in Section 4.1.1. It should
be noted, however, that genuine vertical excitations originating
in the B3LYP/6-31G(d,p) as well as in the HF/6-31G(d,p)

equilibrium geometries yield the reverse order for the first two
excited states (Table X, available as Supporting Information).
Third, the comparison of our calculated infrared spectra with

the experimental spectrum shows that the HF/6-31G(d,p) spec-

trum is of much poorer quality than the B3LYP/6-31G(d,p)
spectrum that is given in Figure 12 for illustration of its quality.
The explicit assignment of the infrared spectrum of 1,8-DHAQ
aided by the B3LYP/6-31G(d,p) normal-mode frequencies as
well as the infrared spectra of 1-AAQ and 9-HPA and their
assignments based on B3LYP/6-31G(d,p) normal-mode fre-
guencies are available as Supporting Information (Figures | and
Il, Tables VII-IX).

4, Results and Discussion

4.1. Spectroscopy4.1.1. Fluorescence Excitation Spectra.
The fluorescence excitation spectra of 1,8-DHAQ, 1-AAQ, and
9-HPA are given in Figures 13, 14, and 15, respectively, relative
to their @ band origins aE(0) = (22089+ 2) cmi ! for 1,8-
DHAQ, E(0Y) = (21233+ 2) cm ! for 1-AAQ, and E(0Y) =
(23223 £ 2) cnrt for 9-HPA. Previously reported absolute
energies of the Ptransitions aréE(0Y) = 22031 cm for 1,8-
DHAQ,* E(0) = 21183 cm! for 1-AAQ,?” and E(0)) =
23298 cm! for 9-HPAZ25 Obviously, there is a systematic

the special feature of our spectra of 1,8-DHAQ and 1-AAQ is
that they both consist of a single scan.

A further discrepancy between our spectra and those reported
in the literature lies in the peculiarity that both literature spectra
appear compressed byll cnt?! relative to our spectra. This
is another systematic deviation for which we cannot conceive
an explanation. For 1,8-DHAQ as well as for 1-AAQ, we could
extend the excess energy ranges of the corresponding FE spectra
(—250-1400 cnt! and —75—1450 cntl, respectively) as
compared to earlier investigatiohs’

Our FE spectrum of 9-HPA in a supersonic jet (Figure 15)
is, to the best of our knowledge, the first to be reported with a
sufficiently high signal-to-noise ratio to be able to distinguish
a multitude of vibronic transitions. The FE spectrum of Mori
and co-workers reported previoulydisplays a considerably
lower signal-to-noise ratio. The difficulty of obtaining a high
signal-to-noise ratio with 9-HPA certainly consists in the relative
weak intensities of the vibronic transitions as compared to the
overwhelming intensity of the band assigned asAs can be
seen from the scaling of the ordinate in Figure 15, the most
prominent vibronic transition at 417 crhhas only~6% of
the intensity of the 0 transition.

In an attempt to assign the vibronic transitions of the FE spec-
tra of all of our model systems, we calculatedn®rmal-mode
frequencies on the CIS/6-31G(d,p) (1,8-DHAQ and 9-HPA) and
CIS/6-31G(d) (1-AAQ) levels of theory (Tables V and VI,
available as Supporting Information). However, we succeeded
only to determine a reasonable but tentative assignment for
1-AAQ. The assignment of Table 2 is based on the assumption
that 1-AAQ possessédss point-group symmetry in both thesS

deviation between our absolute energies and those reportecand the $state. We, thus, deem the &uilibrium conformation

previously, ours being 5676 cnt! (%+1.1-1.4 nm) higher in
energy. The reason for this deviation, however, is unclear
because our interferometric wavelength calibration device
(Burleigh, Wavemeter WA-5500) used for daily wavelength
calibration has an accuracy &f0.2 cntl. Despite this devia-
tion concerning absolute energies, our FE spectra of 1,8-DHAQ
and 1-AAQ show very good agreement with the FE spectra
reported previoush?” for the identity of the observed vibronic
transitions. Moreover, the relative intensities in our FE spectra
display good agreement with those from the literature. However,

calculated on the B3LYP/6-31G(d,p) level of theory to be pre-
ferable to the HF/6-31G(d,p) conformation, which isGafpoint-
group symmetry. With 1-AAQ possessifig point-group sym-
metry in both electronic states, the 72 vibrational modes factorize
into two symmetry species: 49 totally symmetdc modes
(vi—va9) and 23 nontotally symmetri@’ modes {so—v72).
According to the pertinent electric dipole selection rules, all
fundamental, overtone, and combination bands are allowed for
the & modes, whereas for th&' modes only those overtone
and combination bands with an even number of quanta are

this agreement can be observed only within certain excesspredicted to have nonvanishing intensitiegrom the assign-

energy intervals. For 1,8-DHAQ, the relative intensities agree
well within the intervals 6-300 cnt?, 300-600 cn1?, and
600-900 cnrl, separately. A comparison of the relative

ment of Table 2, the Sfrequencies of 27 normal modes could
be determined (Table 3). The experimental values tabulated for
thea" normal modes were calculated from their first overtones

intensities between these intervals, however, shows that theby dividing the observed frequency values by two. According

intensities of the latter section are overestimated by a factor
3—4 in the literature spectrulncompared to the relative
intensities of our spectrum in the same section. For 1-AAQ,
similar relative intensity discrepancies can be found, the
agreement being very good within the intervals3D0 cnt?,
300-500 cnt?, and 506-900 cnTt. Thus, while in our spectra
(Figures 13 and 14) the electronic band origi@aﬂa the most
prominent transitions, the literature spectrum of 1,8-DHA@s

the vibronic transition at 662 cm as its most prominent band,
the literature spectrum of 1-AAQD the vibronic transition at
501 cntl It should be pointed out that these intensity

to our assignment, the spectrum contains only few progressions
and combination bands as is expected for an electronic transition
upon which there are only slight conformational changes. The
only overtone progressions worth mentioning are those of the
normal mode®4s andvse. The former normal mode corresponds
predominantly to an in-plane symmetric wagging motion of the
carbonyl O atoms, the latter is an in-plane C-skeleton deforma-
tion, both normal modes giving rise to strong deformations of
the intramolecular H-chelate ring.

Interestingly, we could not confirm a previously advanced
conjecturé® that the splitting by~5 cnr! of several prominent
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TABLE 2: Assignment for the S; Fluorescence Excitation
Frequencies (cm) of 1-AAQ Relative to the 0 Band
Origin at (21233 + 2) cm™1, Whose Intensity Was
Arbitrarily Set to 1002

Muiller et al.

TABLE 3: Experimental Frequencies vees of the
Fluorescence Excitation Spectrum of 1-AAQ and
Frequenciesv.acq Calculated on the CIS/6-31G(d) Level of
Theory

VrES Ires assignment remarks vees(cm ) Vealca (CM ™) Fj(l) () S; normal mode
0 100 08 61.1 56.2 a’ Y71
22 77 150 153 o v
216 7 49% B 170 185 a’ ves
221 13 70 D 216 212 a Vag
300 2 693 252 237 a"’ Ve7
315 11 48(1)D 315 312 a Vag
319 17 a7 D 319 329 a: Var

0 349 368 a Vag
340 6 68 367 371 a’ Ves
349 58 46 388 399 a Vas
A2 4y 450 452 i

4

468 2 43 468 471 a Ve
504 38 67 D 470 482 a’ Ves
509 38 45712 D 557 530 a Vaz
557 13 4% 598 573 a Va1
2 4 an W o
623 2 48 734 754 a van
660 6 40}, 46,48; D 853 837 a vy
664 6 39t 46547 D 891 880 a V36
s u O B
734 13 38;, 665, 4546; 1158 1162 X v
771 6 45 1233 1222 a V25
815 3 41449} FR 1354 1358 a V22
820 3 415705, 48,665 FR _ o
823 3 47i672, 45M48L712 FR rotation b_ased on our CIS normal mode galculat|ons is in line
848 10 652, 461672 D Wlth previous results based on an.analys]s. of the fluor.escence
853 10 37 38712 66712 4546712 D dlgpersmn spectra of several vibronic transiti®h&.comparison
881 4 45672 ER with the assignment of Table 2 shows that only normal mode
887 4 45722 ER ve7 could accc.)u.nt for merely two doublgts. We feel, however,
891 5 36 ER that thes_e splittings, partl_cularly for their uniform value~0%
901 4 64 47460 FR cm™1, might be_ of generic charact_er for 1-AAQ and should,
940 3 6% therefore, receive a generic analysis. For this reason, we p(efer
1007 - 34 to regard our assignment of Tablgs 2 and 3 as tentative.
1041 3 a5 Furthermore,_ the transm_on at 122 chin our FE spectrum_ and
1056 5 325, astagiar? at 118, ch_l in the prewously reportgd jet spec_trt}r7nw_h|ch

o 446647 is missing in the corresponding matrix spectréfis assigned
1078 2 45046(1) o to the first overtone of the ;Shormal modev71. This normal
1117 2 38,45, 4546;, 45,66, mode corresponds to a twist (torsion) of the phenyl ring carrying
1151 3 45 D the amine group around the rest of the molecule. We, thus,
1158 6 27 D confirm and make more precise the previously advanced
1195 3 413, 465675 conjecturé’ that this band could be due to a puckering motion
1233 4 25; of the six-membered H-chelate ring and might be dampened in
1354 5 2% the matrix environment.

aFR denotes components of multiple Fermi resonances, D the

components of doublets.

features of the FE spectrum of 1-AAQ (marked with D for

As has been noted previously by Femdaz-Ramos and co-
workers?® S; normal-mode frequencies calculated on the CIS/
6-31G(d,p) level of theory are not appropriate for an assignment
of the matrix FE spectra of 9-HP&R:22 They attributed this

doublet in Table 2) is due to the coupling between normal modes failure to a complication of the spectrum due to the interaction
involving the intramolecular hydrogen bond and a normal mode with nearby excited states. To check this assumption more
representing N-inversion through the molecular plane with quantitatively, we calculated vertical excitation energies on the

frequencies of 118 cni in the S state and 80 cnt in the §
state?” In the S state, five normal modes/{y, v7o, Ves, Ves,
andvg7) exhibit considerable inversion-type character,(225
cm~1) resembling most a pure inversion without contributions
from C-skeleton or H-atom out-of-plane motions. In thestate,
however, strong Duschinsky rotatfSmlistributes the inversion-
type motional character over 11 normal modeg,(ves, Vea,
V63, V62, V60, V59, V58, V57, V56, and V55), the normal m0d6862
(522 cnl) andvss (793 cnTl) presumably having the strongest

CIS/6-31G(d,p) level of theory with the HF/6-31G(d,p) equi-
librium geometry. Table 4 shows that only triplet states, among
them especiallyTs, are energetically close to the first excited
singlet state § This finding would also accommodate for the
observation of phosphorescence in matrix stugfiln agree-
ment with previous resufts however, the CIS method yields
much to high vertical excitation energies.

As in the case of 9-HPA, an assignment of the FE spectrum
of 1,8-DHAQ with S normal-mode frequencies calculated on

inversion-type character. Our finding of strong Duschinsky the CIS/6-31G(d,p) level of theory turned out to be unfeasible.
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TABLE 4: Symmetry Species and Vertical Excitation TABLE 5: Fit Parameters of the Rotational Band Contour
Energies VE:cq Of the Lowest Triplet and Singlet Excited Simulations of 1,8-DHAQ
Electronic States of 9-HPA Calculated at the CIS/6-31G(d,p) -
Level of Theory with the HF/6-31G(d,p) Equilibrium ground state excited state
Geometry A B C A B C  Twt(K) AVcauss APLorentz
state symmetry VEicd(eV) VEey (V) Set1l 763.9 376.1 252.0 764.2 376.8 2525 19 0.18 0.12
S A Set2 748.6 374.7 249.7 749.5 373.2 251.2 20 0.18 0.12
T: asa 2.48 aSet 1 contains the unchangeglr8tational constants calculated on
T2 b3A 3.41 the HF/6-31G(d,p) level of theory; set 2 contains the rotational con-
T3 (R 3.62 stants calculated on the B3LYP/6-31G(d,p) level of theory. The CIS/
T d3A 4.23 6-31G(d,p) rotational constants of the Sate are the followingA =
S ATA 4.60 2.88 765.6 MHz,B = 376.8 MHz, andC = 252.5 MHz. All rotational
Ts [N 4.66 constants are given in MHZAVgaussand AV grent; @re in cntl, The
Te f3A” 4.73 temporal laser pulse width is reporfes be 0.002 nm#0.1 cnt?).
T gA 5.04
S, BA 5.14 . . .
S &1 505 while assessing visually every change of the-RRbranch
Te R 3 557 separation, the PR-branch intensity ratio and the relative
Sy DA 5.62 Q-branch intensity. Selection rules appropriate for long-axis
(parallel) polarization of the S— S transition dipole moment
We attribute this failure to the close proximity of &nd $ were assumed, and rotational quantum numbers Jp=td 50

states and the occurrence of an intersection between them closevere taken into account. For the rotational contour simulation
to the Franck-Condon region as illustrated in Figure 9. of Figure 16, the set of parameters denoted as Set 1 in Table 5
Furthermore, we agree with previous analygés interpret the were used. Set 2 gave a rotational contour of similar quality,
FE spectrum of Figure 13 as consisting of two distinct excess the differences between the rotational constants of both sets,
energy regions. On the basis of our ab initio calculations, we, thus giving estimates for the uncertainties of the rotational
however, propose that the first region from 0 to 600"ém  constants. Set 1 contains thg Btational constants calculated
contains Franck Condon-allowed transitions terminating in the  on the HF/6-31G(d,p) level of theory, whereas Set 2 contains
excited state oB, symmetry, whose fluorescence is quenched the rotational constants calculated on the B3LYP/6-31G(d,p)
predominantly by the nearby intersection with the excited state level of theory. For a satisfactory fit, alk $otational constants
of A, symmetry. The bands of the second region frei®00 had to be changed from their values calculated on the CIS/
cm ! upward are of comparatively high intensity and derive 6-31G(d,p) level of theory in the case of Set 2, whereas with
from transitions originating not only in vibrational levels of the Set 1 only the $ rotational constanA had to be changed
9,10-quinone well but also in levels of the 1,10-quinone well, from its calculated value. We, therefore, feel reluctant to de-
which becomes accessible above the HT barrier (Figure 9). In cide on account of the rotational contour simulation whether
an attempt to obtain conclusive evidence of the correct relative the HF/6-31G(d,p) or the B3LYP/6-31G(d,p) calculation de-
topology between theyState on one hand and the &d $ scribes the @equilibrium conformation of 1,8-DHAQ more
state on the other hand, we carried out a rotational band con-appropriately. However, it should be clear from Figure 16 that,
tour simulation of the vibrationless electronic transitio& 0 even though our fit is not perfect, the agreement in overall shape
given in ref 4. Figure 16 shows the experimental band contour indicates that the most prominent low-energy transition is
of ref 4 together with a fit obtained with the freeware program predominantly parallel polarized and, consequently, terminating
PGOPHER’ Fit parameters were the rotational constants of in the excited state d8, symmetry. The rotational band contour
the § and S states B,), the rotational temperaturd;., and simulation, thus, supports our assumption that the first excited-
the full widths at half-maxima (fwhm) of a Gaussian and a state possess&s orbital symmetry and gives rise to Franck
Lorentzian line profile giving together a Voigt line profile. The Condon-allowed, parallel polarized transitions.
best fit was obtained by varying manually single parameters Moreover, previous findings of Gillispie and co-workers
show that most of the rotational band contours change funda-
(0 L L L L L L mentally in shape for excess energies above00 cntl.
09l ] Although the rotational band contours belews00 cnT! are
of the type given in Figure 16, most of the rotational contours
above ~600 cnt! lack the dominating Q-branch and are,
therefore, certainly not parallel polarized. We interpret this
finding as support in favor of our previous assumptfotihat
these bands are due to transitions originating in the 1,10-quinone
well. The difference between our point of view and the
previously advanced conjectures is that the fluorescence orig-
inating in the 1,10-quinone well is not preceded by vertical
cross-well absorption into this well, but by vertical absorption
into the 9,10-quinone well and subsequent fast ESIPT above
the HT barrier, which should rather be compared to fast
intramolecular vibrational relaxation. We, thus, favor case c of
ref 4. The HT barrier of~700 cm calculated on the TDDFT/
E, [em™] 6-31G(d,p)//CIS/6-31G(d,p) level of theory (Figure 9) supports
Figure 16. Rotational band contour of thegmransition of the FE our assumption as well as the tlme-re_solved fluorescence
spectrum of 1,8-DHAQ taken from ref 4 (full line) and rotational band M€asurements presented in the next section.

contour simulation (dotted line). The rotational temperaturgjs= 4.2. Dynamics.4.2.1. Fluorescence Lifetimehe fluores-
19 K. cence lifetimesy (E) of a multitude of vibronic transitions of
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jet-cooled isolated 1,8-DHAQ (Figure 13), 1-AAQ (Figure 14) 1TF~ T T T T3
and 9-HPA (not given in Figure 15) were determined by time- ]
correlated single photon countiigas a function of excess
vibrational energy. The fluorescence decay curves were analyzed
by a least-squares convolution and fitting routine using the |
Levenberg-Marquardt algorithn§85° 0.1 Hi
The fluorescence decay curves of 1,8-DHAQ turned out to !
be highly nonexponential. Not even triple-exponential fits
yielded satisfactory results for the entire time range of 2048
channels. Notwithstanding, double-exponential fits over a small :
range of the fluorescence decay curves at early delay times (300 0,01 | i
channels), which were still of poor quality, served to determine b
estimates for the fluorescence lifetimes. All fit parameters of
the fluorescence decay curves of 1,8-DHAQ are available as
Supporting Information (Table 1). The major componenbf
the double-exponential fits, whose relative amplitude wag%
in every case, is given in Figure 13. As can be seen from the
scaling of the right ordinate of Figure 13, all estimated
fluorescence lifetimes, lying in the range between 30 and 330 2H
ps, are very close to the fwhms of our instrument response «
functions (56-70 ps). This finding provides an additional caveat,
suggesting to conceive the major componeninerely as an
estimate of the falloff time of the corresponding fluorescence
decay curve. With these provisos in mind, we, nonetheless, think 4 ——— % % 10 12
that the estimated fluorescence lifetimes of Figure 13 support

I, [a.u]

residual

our assumption of a two-region-type FE spectrum and, more- 44 : : il : : :
over, our conjecture that the vibronic bands abex&90 cnt?! ; ]
are due to a different tautomer. We draw this conclusion from  05f E
the observation that below600 cnt?! the estimated fluores- 0.0 B st o e bt it itk
cence lifetimes show a strong scatter arowri®0 ps, whereas < [ T A
above~600 cnt?! they exhibit a smaller scatter arounes0 05F 3
ps. b , . . . 3

Although the estimated lifetimes of 1,8-DHAQ show no 10 200 400 600 800 1000
uniform excess energy dependence, such a monotonic energy channel

dependence, superposed by a moderate state-selective scattefigure 17. Fluorescence decay curvetg. = 940 cnt! with double
can be observed in the case of 1-AAQ (Figure 14). Further- exponential fit § = 1.243 ns).

more, the mean fluorescence lifetimes of 1-AAQ are much
longer than those of 1,8-DHAQ and lie betwee2.3 ns for

LA L B S B R B B B R BN B R L RS [oLE

o [ 4
the vibrationless transition and~950 ps for the vibronic p1e [ ]
transition at 1425 cmt. All of the fluorescence decay curves ox10® L ]
of 1-AAQ could be fitted satisfactorily over the entire time range L ]
by either single-exponential or double-exponential model func- o F ]
tions. As an example, in Figure 17, the fluorescence decay curve 810 . ]
at Eexc = 940 cnrt is given together with a double-exponential T 10 r ]

@, 7y ]

fit. The residuals and their autocorrelation function (ACF) ‘=
illustrate the high quality of the fit. We could quantitatively r
account for the uniform excess energy dependence of the 6x10°F
fluorescence lifetimes in a quite satisfactory way using Fermi’s '

Golden Rulé738 5x10° f
L o o ]
Ax1 20 I AR S SPUN (SRS U R SN S R SRR NP S NS
ﬁ =Ky(E) = Kpg + H IV 2 ps,(E) = Kag + C'p5 (E) X100 200 400 600 800 1000 1200 1400
! ) E,,[om ]
) ) ) Figure 18. Excess energy dependence of the rate condtardf
For the calculation of the density of staigg(E) in the S state, fluorescence and fit according to Fermi's Golden Rule.

normal-mode frequencies calculated on the B3LYP/6-31G(d,p)

level of theory were used (Table IV, available as Supporting excess energy dependence of the fluorescence lifetimes of
Information). The rate constahktqof the radiative process and  1-AAQ to be due to internal conversiory S- S;. From our

the constant, containing the modulud/ | of the mean coupling point of view, the absence of any strong coupling to a nearby
matrix element between the initial vibronic stai@nd the final excited singlet or triplet state and the comparatively weak
vibronic statef, served as fit parameters. The automatic least- intramolecular hydrogen bond as reflected by the low charge
squares fit to the experimental rate constants of fluorescencedensity at the bond critical poip(r¢) in the $ state (Figure 7)
kq(E), which yielded values okaq = 4.9 x 10®* st andc = and the high HT barrier in the;Sstate (Figure 10) provide
7.9 x 10717 cm™Ys, is given in Figure 18. On the basis of the reasonable explanations for the relatively long fluorescence
success of this quantitative account, we attribute the uniform lifetimes and their uniformm excess energy dependence.
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For 9-HPA, we have determined estimates for the fluores- assumption that in the excess energy range under investigation
cence lifetimes of only two transitions: the. Qransition (0—1450 cn?) the energy- and time-resolved fluorescence
(~155 ps) and the vibronic transition at 628 th{~56 ps). properties of 1-AAQ are associated with a single-minimum-
These fluorescence decay curves exhibited features that obtype potential. This assumption is in line with the occurrence
structed a precise determination of the fluorescence lifetimes of a uniform excess energy dependence of comparatively long
and that have already been discussed in the case of 1,8-DHAQfluorescence liftetimes, which can be quantitatively accounted
They were highly nonnonexponential and possessed falloff timesfor according to Fermi’'s Golden Rule. The success of this
close to the time resolution of our TCSPC apparatus—(BD analysis indicates that this energy dependence is due to internal
ps). We, therefore, decided not to determine further fluorescenceconversion into the Sstate. Thus, there is no indication of the
decays, as in the case of 9-HPA there seemed to be no prospegtresence of any strong coupling to or intersection with a nearby
to reveal fluorescence from a second tautomer as in the case oexcited-state destroying the single-minimum-type potential.
1,8-DHAQ. Having calculated only the vertical excitation Further evidence in favor of our assumption is provided by our
energies of the lowest triplet and singlet states on the CIS/ ab initio calculations. The low charge density at the bond critical
6-31G(d,p) level of theory 4, we can only speculate about the point p(r¢) in the § state and the high HT barrier in theg S
reasons for the observed very fast fluorescence decays. As westate provide strong indications of the weakness of the intramo-
have already noted in Section 4.1.1, only triplet states, particu- lecular hydrogen bond in 1-AAQ and of the presence of a single-
larly Ts, are energetically close to the first excited singlet state minimum-type potential in the excess energy range under
Si. We, therefore, suggest that an intersystem crossing, mostinvestigation.
probably & -—S,, is very likely to be the reason for the observed  The FE spectrum of 1,8-DHAQ exhibits two distinct excess
fast fluorescence decays. This assumption would also accom-energy ranges, which were characterized by different spectral
modate for previous findings of structured phosphorescence incongestions and relative intensities in the frequency-domain
matrix luminescence studié?> We should note that our  measurements and by different fluorescence lifetimes in the
assumption departs from a previous proposal advanced bytime-domain measurements. This finding is supported by
Sobolewski and DomcRé*concerning the mechanism of rapid  previously reportetirotational band contours of several transi-
nonradiative decay in an intramolecularly hydrogen-bonded tjons studied in a supersonic jet. The rotational contour
analogue of 9-HPA, malonaldehyde. According to their analysis simylation of the most prominent low-energy band showed that
based on CASPT2 ab initio calculations, the fast nonradiafive thjs transition is (predominantly) parallel polarized and, hence,
relaxation of malonaldehyde is associated with a low-lying terminates in the excited state B§ symmetry. All rotational
intersection of théxz* state withlro* and *no* states, which band contours below-600 cntt were previously shown to be
are strongly repulsive with respect to the in-pla@g,symmetric of this type, whereas most of the rotational band contours above
detachment of the H atom away from both O atoms. The _gog cnrt Jack the dominating Q branch and are, therefore,
potential energy profile resulting from this intersection would  cetainly not parallel polarized. We interpreted these results as
subsequently lead to another low-lying intersection with the S support in favor of our previous assumptidfisthat the
state, thus giving rise to efficient internal conversion to the g,,qrescence bands below600 cntt are due to transitions
ground state. Future theoretical efforts should address Whetheroriginating in the 9,10-quinone well, whereas the bands above
Fhis mgcha}nism, int.ersystem crossing, oracombi.ned mechani.smwsoo cn! are due to transitions originating in the proton-
involving intersections between singlet and triplet states is (.onsferred 1,10-quinone well of the; $IT potential. We
appropriate for a description of the fast nonradiative fluorescence ;4 cted attention to the difference between our point of view

decays of 9-HPA. and previously advanced conjectures: The fluorescence origi-
nating in the 1,10-quinone well is not preceded by vertical cross-
well absorption into this well, but by vertical absorption into

The main goal of our present investigation was to determine the 9,10-quinone well and subsequent fast ESIPT above the HT
the influence of structural and energetic features associated withbarrier. This assumption is supported by the value of the S
intramolecular hydrogen bonding on the energy- and time- HT barrier of~700 cm calculated on the TDDFT/6-31G(d,p)//
resolved fluorescence properties of large organic molecules.CIS/6-31G(d,p) level of theory. A conventional normal-mode
Particularly, we were interested in spectroscopic evidence analysis with harmonic frequencies calculated on the CIS/
indicating the occurrence of excited-state intramolecular proton 6-31G(d,p) level of theory could not be carried out, this failure
transfer and in the types of potentials (single-minimum type or being attributed to the nearby intersection of thestate B)
double-minimum-type) governing the intramolecular hydrogen With the S state £) and the occurrence of a lowi 8T barrier.
bonding and the ESIPT processes. Future theoretical efforts should address our assumption that

In line with these goals, we carried out energy- and time- the ESIPT process gives rise to sufficiently severe changes of
resolved fluorescence measurements as well as ab initio calculathe rotational constants corresponding to the 1,10-quinone wells
tions on $and S properties of three intramolecularly hydrogen- N order to furnish substantially different rotational band
bonded model systems: 1,8-dihydroxyanthraquinone (1,8- contours.

DHAQ), 1-aminoanthraquinone (1-AAQ), and 9-hydroxyphenale-  For 9-HPA, only frequency-domain measurements yielded
none (9-HPA). tentative evidence for the presence of a pronounced double-
The FE spectra of all three molecules were determined. A minimum-type potential along the HT path. On the basis of our
comparison with spectra reported previously showed very good St HT potential energy curve calculated on the TDDFT/
agreement for the identity and the relative intensities of the 6-31G(d,p)//CIS/6-31G(d,p) level of theory, we calculated the

vibronic transitions. However, a conventional normal-mode tunneling splitting of the vibrationless level in thg State,
analysis based on ab initio harmonic normal modes frequencieswhich allowed us to assign the bands-#46 and 33 cm! as
calculated on the CIS/6-31G(d) level of theory was only feasible the O_ and the Q transition, respectively. Only two fluores-
for the FE spectrum of 1-AAQ, the tentative assignment giving cence lifetimes were estimated from decay curves deriving from
no evidence for large anharmonicities. We, therefore, favor the fluorescence of the vibrationless transitionls5 ps) and from

5. Conclusions
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the vibronic transition at 628 cm (~56 ps). These decay curves
turned out to be highly nonexponential and possess falloff

times close to the time resolution of our TCSPC apparatus

(50—70 ps). We attributed the underlying rapid nonradiative

relaxation mechanism to intersystem crossing to a triplet state,

most probably §— S;. This conjecture is supported by previous
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