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Optical nonlinearities (including nonlinear absorption and nonlinear refraction) and the temporal properties
of the nonlinear refraction of hypocrellin A (HA) in its resonant region have been investigated by using
single-beamZ-scan and time-resolved two-coldrscan techniques with picosecond pulses. The reverse
saturable absorption effect can be attributed to the efficient absorption of excited states of both the normal
and tautomeric forms,;&nd §', with the contribution of $as the dominant mechanism. The change of the
refractive index of HA increases with increasing irradiatget low irradiances €5 GWi/cn?), while it

hardly changes witly at high irradiances. The explanation for such an experimental phenomenon is that the
averaged population densities of bothe®d S' increase with at low irradiance, while those of these two
states become saturated at high irradiance. The refractive nonlinearities exhibit a very slowly decaying tail,
which is attributed to the contributions of,S5,’, and the triplet state of the normal form,, Bind is dependent

on the rise times and lifetimes of these intermediate states. The kinetic model for HA allows for the
determination of the absorption cross sections of the ground state of the normal form af H §round

state of its tautomer S the excited state of its tautomer Sand the refractive nonlinearities of,&,', and

Ti1. The close match between the theory and experiment not only shows the completeness of the five-level
kinetic model but also demonstrates the close relationship between the optical nonlinearities of HA and the
dynamics involved in excited-state intramolecular proton transfer.

1. Introduction H H

Hypocrellin A (HA, Figure 1) is a natural perylene quinonoid OCH oCH
pigment that has been used for centuries as folk medicine to
cure various skin diseases and tumors in CRirRaecently, it c CH H.CO cH,
has also been shown that HA possesses extremely high toxicity H3 s
toward enveloped lentiviruses. An example of this insidious 3 OoH
type of virus is the human immunodeficiency vifuS herefore,
much attention has been directed toward the investigation of 3 3
the photophysics and photochemistry of HA for the purpose of \ - ~o/
developing a scientific basis for ultimate understanding of
antivirus prinCip|e§-77 (a) Hypocrellin A (b) Hypocrellin A

Although several studies have been done on HA, it should normal tautomer
be noted that most of them only focused on its chemical Figure 1. Two-dimensional structures of the normal form (a) and the
properties as a singlet oxygen sensitizer and its photophysicaltautomer form (b) of HA.

properties as a light-induced antiviral agent. These studies used 012 .
steady-state and transient spectroscopic technitqesiow- properties: Although we have recently reported the studies

ever, few of them focused on the studies of the nonlinear optical of optical nonlinearities of HA with the excitation of nanosecond
prop,erties of HA pulses by a single-bea@scan techniqu,ts dynamics and
Furthermore, our previous results showed that HA is a optical nonlinearities with the excitation of picosecond pulses

promising nonlinear optical materialTherefore, from this point f]:l geeqelﬂr:hlgv\\l/isttrg?ttlﬁg t?%retzgnf:tg?l\ivlonfge;iﬁzglstétgIi;St%alr;[wo-
of view, the intensive study of its nonlinear optical properties

is significant. On the other hand, it has been demonstrated thatIeCUIar proton transfer (ESIPT) of HA is on the time scale of

HA will undergo an intramolecular proton transfer in the excited 3/?2(':50;1 hgfng;?\?:nﬁ?g f)/\llti:%s?gr?ngrs r?;goézcii%engggs OPh;he
state of its tautomer to produce the excited state of the normal ESIPT yrocess can. be ne Iect% d ’beca se its rai)e is ér fast
form. Such a process will result in the population and relaxation relativepto the duration of ?he excitatiorllJ ullse Thére\florg a
of several electronic states, which cause the change in the third- X ; 1 pulse. N
order susceptibility of the molecule. Therefore, it is an effective three-level model is a perfect approximation to its photophysical
way to investigate the dynamic processes of the molecule by processes. On the contrary, W.'th the shorter, picosecond puls_es
studying its optical nonlinearities and their temporal _and a solvent of lO.W viscosity (e.9., ethanol), the E.SIPT IS

important because its rate is comparable to the duration of the
* To whom correspondence should be addressed. Present address: Th excitation pulse. As a result, a more complicated, five-level

University of Chicago, Department of Chemistry, 5735 S. Ellis Avenue, kinetic ‘model is appropriate. This model allows for the
Chicago, IL 60637. E-mail: xshang@rainbow.uchicago.edu. determination of the linear and nonlinear optical parameters of
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Aperture curve, the sample transmittance versus sample position, exhibits
a dispersion-like configuration with a peak followed by a valley.
This can be explained by a simple physical medgbtically
induced lensing effect. When the sample is far from the focus
and closer to the lenZ (< 0), the irradiance is low; no nonlinear
. -z € 4y process occurs. Therefore, the transmittance through the
‘_l aperture is fairly constant with in this regime. As the sample
is moved closer and closer to the focus, the irradiance increases,
inducing a negative lensing effect with a varying focal length.
Sample This induced negative lens tends to collimate the laser beam
and results in an increase in the aperture transmittance. At the
(b) D2 focal position Z = 0), the sample can be seen as equivalent to
a thin lens positioned at the focus, which does not change the
2>, beam feature. Therefore, the sample transmittance at this
Dl position is similar to that far from the focus. Immediately after
Figure 2. Schematic diagram fat-scan setup showing both the closed the focus £ > 0), the d_efocusmg due '.[O the negative lensing .
aperture (a) and open aperture (b) configurations. effect causes a beam divergence, leading to decreased transmit-
tance through the aperture. As the sample is moved far from

the tautomer and the attainment of useful information about the the focus (large positive), the nonlinear refraction become
transient properties of the electronic states of the tautomer. Thisnedligible because of the low irradiance and the sample
knowledge cannot be extended by use of the three-level model.transmittance returns to its linear value, which is independent
Further, in our previous work, we did not give the time response of Z. Therefore, theZ-scan curve shows a peakalley
of optical nonlinearities because only a single-be@mscan  configuration withAn < 0. For a sample with a positive
technique was involved in and the nanosecond pu|se width Wasrefractive nonlinearity, a pOSitiVe |ensing effect will be induced
much larger than the time constants of some relaxation processed'hen the sample is closer to the focus. A similar analysis shows
of HA. With picosecond pulse excitation, this kind of important that theZ-scan curve is characterized by a prefocal minimum
information can be obtained by using a recently developed transmittance followed by a postfocal maximum. It should be
technique, time-resolvegtscant2-15 Consequently, it is neces-  noted that the sign of refractive nonlinearity can be determined
sary to study the optical nonlinearities of HA with the excitation Simply by examining the configuration of Zscan curve.
of picosecond pulses. Besides closed aperturescan, there is another kind Bfscan
Also worthy of a special mention is that the quantitative study measurement called open apert#scan. In this case, by
of the photophysics of HA is in progress? and further work removing the aperture and collecting all the transmitted light
is still needed. As a matter of fact, one of the main goals of on detector D2, one can measure sample transmittance as a
this paper is to deal with this issue. That is, with the numerical function ofZ (see Figure 2b). Such a measurement can provide
simulation of the kinetics of HA based on an appropriate model useful information about nonlinear absorption of material. If a
in order that the further understanding of its photophysical sample exhibits purely refractive nonlinearity, the open aperture
processes can be achieved. Z-scan curve shows a flat response. However, if nonlinear
In this paper, for the first time to our knowledge, the absorption is present, th&scan curve is quite different. The
experimental and theoretical studies of the optical nonlinearities presence of saturation absorption will result in a symmetric peak
of HA obtained through excitation by picosecond pulses in its configuration with respect to the focal position, whereas the
resonant region are reported. Both the nonlinear absorption andpresence of multiphoton absorption or reverse saturation absorp-
nonlinear refraction of HA were conveniently investigated by tion will give rise to a symmetric valley configuration, which
the single-beard-scan technique. Then, the temporal properties has a minimum aZ = 0. It is worth noting that nonlinear
of nonlinear refraction of HA were also obtained by time- absorption has some effect on the closed aperisean curves.
resolved two-coloZ-scan measurements. In addition, based For example, saturation absorption enhances the peak and
on a five-level kinetic model, we determined the nonlinear suppresses the valley of a closed aperfisean curve, whereas
optical parameters of several states. Furthermore, the relation-multiphoton absorption or reverse saturation absorption results
ship between the optical nonlinearities of HA and its dynamics in the opposite trend; i.e., it suppresses the peak and enhances
was also discussed. the valley. There is a simple way to separate the contribution
Z-Scan Technique. The Z-scan technique is a simple and ©of nonlinear absorption to closed apertdrscan measurements
sensitive method based on the principle of spatial beam under the certain conditiot§. That is, the closed aperture
distortion. It has been used to measure the sign and theZ-scan data are divided by the open aperftigean data point
magnitude of nonlinear refraction and nonlinear absorption of by point. The newly obtained curve depends only on purely
variety of materialg6-21 nonlinear refraction. The analysis method¥efcan data have
The schematic diagram f@scan measurement is shown in  0een given in detail in several literature sourtes.
Figure 2. The transmittance of a tightly focused Gaussian beam In this work, we also employed a new technique, time-
through a finite aperture in the far field is measured as a function resolved two-coloZ-scan, which was developed on the basis
of the sample positio# with respect to the focal plarehence of single-beanz-scan. It can not only measure nondegenerate
the name closed apertu&scan (see Figure 2a). With the nonlinear refraction and nonlinear absorption simultaneously but
absence of nonlinear absorption, the closed aperture transmit-also provide temporal information about the optical nonlineairies
tance depends on the sign and the magnitude of refractiveof material. The unique advantage of this technique is that it
nonlinearity, represented by the change of the refractive index, allows us to distinguish mechanisms with different time
An. For an optically thin samplé (thickness smaller than the  responses and to study them separat&lfxperimentally, this
diffraction length of the focused beam) wittn < 0, theZ-scan technique involves two laser beams with a variable time delay
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Figure 3. Experimental scheme for the single-beam and time-resolved two-Zedoan techniques. BS1, BS2, BS3, and BS4 are beam splitters;
M1, M2, M3, and M4 are mirrors; L1, L2, and L3 are lenses; DBS1 and DBS2 are dichroic beam splitters; OD is an optical-delay stage; KDP is
the second-harmonic generator; D1, D2, D3, D4,,@8d D4 are detectors; F is the filter that transmits only 0:588 light.

between them. The stronger one, called the excitation beam,pulse energy passing through the aperture to the total pulse
is used to generate the nonlinear effect, while the other weakerenergy, for all the closed aperture measurements given in this
beam, referred to as the probe beam, is used to “read out” suchpaper. Each of the experimental data points was obtained by
a nonlinear effect. The actual experimental arrangement is averaging at least 10 shots. All the measurements were
shown in Figure 3. The detailed theoretical description for this performed at room temperature.
technique will be provided in discussion section. By performing single-bear#-scans at 0.53 and 1.Q6n on
a standard sample, @Sve found a distance of 1.7 mm between
the focal plane of the two beams because of chromatic aberration

2. Experiment of lens L1. In addition, the waist radiuses were determined to
be 24 and 3@m for the 0.53 and 1.06m beams, respectively.
2.1. Sample Preparation. HA was isolated from the fungus Before performing the two-coldZ-scan experiment, several

sacs ofHypocrella bambusaend recrystallized twice from  careful calibrations are required. First, adjustment of the

benzene-petroleum ether before use. Greater than 98% purity incident pulse energy is necessary in order to ensure that the

(determined by TLC and NMR) of the HA sample was obtained. individual incidental probe light does not produce any nonlinear

Spectrograde ethanol (Aldrich) was used as the solvent withouteffect in the sample. The single-beaiyscan method is used

further purification. The concentration of HA in ethanol used for this measurement. Second, the accurate spatial overlap

in this study was 2.5¢ 104 M. between the excitation and probe beams at the focal positions
2.2. Experimental Arrangement. The experimental ap-  must be achieved, and the precise position of the zero time delay

paratus, shown in Figure 3, can perform both the single-beambetween the two beams must also be locatéd.

and time-resolved two-colat-scan measurements. The excita-

tion light source was a home-built mode-locked Nd:YAG laser

operating in TENMo mode and producing pulses of 40 ps (fwhm) 3. Results

with a repetition rate of 1 Hz. The 1.Q6n single pulse from

the laser is separated into two beams by a bream spli'rter BSL. 54 Single-BeanZ-Scan. With the excitation at 0.5am,

'I_'he weaker _probe beam passes through a variable optical dela%e recorded nine series @fscan curves at nine different peak-

line OD, while the other stronger beam goes through a KDP on-axis irradiances at focusds, One of them for the case of

crystal to produce the second harmonic pulse (Qu53. This _ : P
0.53um output is used as the excitation light. These two beams lo = 25 GW/ent is shown in Figure 4.

are recombined by a dichroic beam splitter, DBS1, and then
focused with a nearly achromatic lens of focal lenfgth212.3

As is shown in Figure 4a, the normalized transmittance curve
of an open aperturg-scan exhibits a symmetrical valley with

mm into the sample. These transmitted beams are separated€SPect ©oZ = 0, which implies the presence of nonlinear

by another dichroic beam splitter DBS2, causing the (.68 absorption in HA solution at 0.58m. After confirming that
light to be entirely reflected and the 1.Qn light to be the solvent, ethanol, does not exhibit nonlinear absorption under

transmitted. This transmitted 1.08n light is then split by a the same experim(_antal conditior_rs_, we conclude that the observed
beam splitter BS2, allowing for the measurement of the two- nonlinear absorption should orr'gln.ate r‘rom HA. Furthermore,
color closed and open apertufescan signals simultaneously. Pecause the wavelength of excitation light (0.68) is located
Moreover, we can conveniently use the .68 beam reflected ~ ©N the red side of the resonant absorption peak of HA (see
by DBS 2 to perform the closed and open aperture single-beam':'gu_re 5), this observed nonlinear absorptron effect can be
Z-scans. D1, D2, D3, D4, D3and D4 are the probes of the ascrr_b_ed to reverse saturable qbsorptlon (R_SA) of HA, more
laser energy meter (Laser Precision, Rj 7200). D1 and D2 are specifically, the efficient absorption of the excited states of HA.
used to monitor the pulse energies of the excitation light and  In addition, with the experimental apparatus, shown in Figure
the probe light, respectively. D3 and D4 are used to detect the 3, we can also conveniently determine the effective absorption
two-color Z-scan signals of open and closed aperture measure-coefficient at the focuseges. Experimentally, by fixing the
ments, respectively. Dand D4 are used to measure the single- sample at the focal positioiZ & 0), we measured the incident
beamZ-scan signals of open and closed aperture, respectively.energykE; and the transmitted ener@y. Thenaes is determined
The length of the sample is 406n. We used an aperture with by the relationE/E; = exp(—aesL), with L being the sample

a linear transmittance of = 0.1, defined as the ratio of the length. The result is presented in Figure 6@ evidently
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Figure 4. Typical (a) open aperture, (b) closed aperture, and (c) divided
Z-scan data for HA at 0.58m. The solid lines are the theoretical fits.
lo = 25 GW/cn?.
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Figure 5. Linear absorption spectrunf a 2 mmthick HA solution in
ethanol of 2.5x 1074 M concentration.
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Figure 6. (a) Measured®) and computed.s versuslo at 0.53um.

The solid line and broken line represent the computed results using
the five-level model and three-level model, respectively. (b) Measured
(©) Ang versuslg at 0.53um. The diamond symbols denatel, with

the contribution of ethanol deducted as a functiomofrhe solid and
broke lines represent the theoretical fits.

tion of the nonlinear absorption effect on the closed aperture
signal induced by purely nonlinear refraction (see Figure 4b).
To simplify the analysis of experimental data, a dividedcan
curve with the nearly symmetrical valleyeak configuration
was obtained by the division of the closed aperture data by the
open aperture ones correspondingly (see Figure 4c¢). Such a
curve, which depends only on the nonlinear refraction under
the certain approximation conditiof%jndicates the presence

of positive refraction nonlinearities in HA solution. By use of
the equatiof#f2°

AND(ZIZ,)
TA=1-—5-— 2,5 2 (1)
(Zzy +9)Z1Zzy + 1)
to fit the data of Figure 4c together with the relation
Any = V2IADI(KL) 2)

we can determine the peak-on-axis index change at focus for
each irradiance, shown in Figure 6b. In the preceding two
equations[A®yrepresents the time-averaged on-axis phase
shift at focusk = 27/4, is the magnitude of wave vector with

A being the laser wavelength, adgl= kwy?> is the diffraction
length of the beam withwv being the waist radius. As shown

in Figure 6b,Ang increases with increasirlg. This increasing

this increase becomes more moderate at the irradiances largetrend is maintained at high irradiance § GW/cn¥) as well.

than 5 GW/cri.
The signal of the closed apertufescan exhibits an asym-

3.2. Time-Resolved Two-ColorZ-Scan. 3.2.1. Z-Scans
at Fixed Time Delays.By fixing the time-delay stage at zero

metrical valley configuration, which indicates serious perturba- time delay and time delay of 100 ps, we measured the
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Figure 7. Signals of closed aperture two-coldrscan at zero time
delay (a) and a time delay of 100 ps (b)@t= 25 GW/cn?. The solid
lines represent the theoretical results.
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Figure 8. AT,y versusty with the theoretical fit (solid line) for the
HA sample at a peak-on-axis irradiance at focus of the excitation light
of 25 GW/cn? (a) and 0.64 GW/ck(b).

normalized transmittances as functions of the position of the
sample,Z. The open aperturg-scans showed the absence of
any nonlinear absorption in HA. The signals of the closed
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Figure 9. Five-level kinetic model of HA.

refractive index chang®,it reflects the time evolution of the
refractive nonlinearities of the sample. Figure 8 indicates that
either at high excitation irradianck & 25 GW/cn?) or at low
excitation irradiancel§ = 0.63 GW/cn3), ATp\(tg) consists of

a fast-growing and a very slow nonexponentially decaying tail,
which lasts much longer than the laser pulse width.

It should be pointed out that we did not observe the evident
signal of the solvent, ethanol, in the experiment under identical
experimental conditions. Therefore, the signals presented in
Figure 7 and Figure 8 are due solely to the solute, HA.

4. Theory and Discussion

4.1. Five-Level Kinetic Model. For HA, there are two
important photophysical processes that occur. First, HA
undergoes an ESIPT with a rate comparable to the duration of
the excitation pulse, resulting in a structural change from the
tautomeric form to the normal forth.Second, both the normal
and tautomerized species of HA exist in the ground state at
equilibrium?® Because the structural changes between these two
forms are so small, no significant differences in their electronic
structures are evidehtConsequently, it is reasonable to assume
that the ground states of the normal and tautomeric forms are
nearly isoenergetic and equally populated. As a result of the
above two points, we can develop the five-level model shown
in Figure 9 to describe the photophysical behavior in HA.

When HA is excited by laser pulses in its resonant region,
both the normal and tautomeric species in the ground states S
and §' are pumped to their first excited states &d S,

apertureZ-scan, presented in Figure 7, are characterized by respectively. In the first excited state of tautomer Be ESIPT,

prefocal valleys followed by postfocal peaks, which imply the
presence of positive nonlinear refraction for the two different

resulting in the relaxation process’' S> S; (ke1),>” occurs®
Because of the fast proton-transfer rate compared with those of

time delays. These data are, thereby, similar to the single-beamthe other decay pathways of'Sit is the dominant relaxation

Z-scan data. It is worth noting that the occurrence of the
refractive nonlinearities at long time delay, when there is no

temporal overlap between the probe and excitation pulses,

pathway of . The excited state of the normal formg, S
generally has three decay processes: intersystem cro&giig (
to the triplet state of the normal form,Tand radiative ) and

indicates the evident contribution of a slow nonlinear mechanism nonradiative K.) processes that return it to the ground state of

to the decay of the nonlinearities in the HA sample.

3.2.2. Temporal Scans at Fixed Sample PositioRiing
the sample at the positions of the peak transmittadgeand
the most extreme valleyZy, determined in the preceding

the normal form, & The population of Tis mainly depleted
by nonradiative relaxatiork{s) to S. In the ground state, it is
assumed that a fast equilibrium betweera8d $', with equal
rate constantks,s; andks,s, exists.

experiments (1), we scanned the time-delay stage and recorded Higher excited manifolds, such ag §', and T (i > 1), are

the corresponding transmittances at each time dglagferred
to asT(te,Zp) andT(ty,2v), respectively. The difference between
T(ta,Zp) and T(tg,2v), ATp(ta), is plotted versugy is shown in
Figure 8. Becausé\T(ty) is directly proportional to the

not considered in our model, since the nonradiative relaxation
from these higher excited states tg, &', and T, has been
proven to be very fast relative to the time regime in which we
are interested? According to the model described above, we
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write the rate equations for the five states as

N,

oyl )
W = - %NO + (klc + kF)Nl + kSO’SONO - kSOSO’NO +
krsNr (3)
Ny ogl ,
i %NO + kSOSO,N0 - kSO,SON0 4)
Ny oOIN RN N, )
at Ao ° o
N/ ogl .
Tt R ke (6)
G\
ot KiscNy — kreNr (7)

where No, N1, Ny, No', and N;' are the population densities
(molecules cm®) of Sy, 5, T1, &', and §', respectivelygo and
oo are the absorption cross sections of &d S at the
excitation laser wavelength, respectivelw is the input
excitation photon energy,is the excitation irradiance, which
is a function of the time, the space coordinatian the position
of the sampleZ, and the propagation depth in the sample
Thus, it can be written aKr,t,2,Z').

In the rate equations, the termkrsNt” might be neglected
because the lifetime of the; Btate (us®) is much longer than
the time scale we are interested in.

Now, the boundary conditions of eqs-3 can be determined.
In the initial time, only the ground states of the normal form
(So) and tautomer (§) are populated with equal population
densities Noo, Nog, i.€., Noo & Nog =~ 7.5 x 10% cm3
corresponding to the concentration of HA, Z5.0~* M. The

Shang et al.
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TABLE 1: Absorption Cross Sections of $, &', and &'

lo(GW/cn?)  0.18 0.40 0.64 1.2 50 11 25 34 50
0o(x 107cm?) 57 58 6.1 57 6.0
o0 (x 107cd) 45 44 41 45 42
o/ (x107cn?) 86 7.1 77 80 76 75 7.9 7.7 7.9

population densities of the other three states are regarded agd!scussed below. The depletion of the excitation irradiance is
zero. The values of several parameters related to the rategiven by

equations arekisc = 6.4 x 108 s7135k + ke = 1.3 x 10°

S 15 kg, & Kgs, & 5.0 x 10109 571,23 andkpr = 1.25 x 101
s15 gp andaog are related by the relatiomy + oo = 20ef,
where oeff is the effective absorption cross section of HA,
determined by the linear spectrum. In the experimegt,is
found to be 5.1x 10717 cn¥ at 0.53um.

With og or g9’ known, the numerical solutions to the rate
equations can be obtained by use of the fourth-order Rtnge
Kutta method.

Averaging the population density over, andZ, gives the
average population density for each state as

[irdz 7 dt [N ar
LLdZ' S5 dt [ ar

whereN; represent®o, N1, Nt, No', or N;" which are functions
of t, r, Z, andZ.

4.2. Single-BeamzZ-Scan. 4.2.1. The Absorption Cross
Sections of § &', and §'. Because the rate of intersystem
crossing ($— Ty), kise, is much smaller than the reciprocal of
the laser pulse width, the triplet statgi¥ less populated within
the excitation pulse duration relative te &d §'. Therefore,

INC=

®)

ol _

7 —al (9)

wherea = ggNg + 01N1 + 00'No + 01N is the transient
absorption coefficient.o; and o;' are the absorption cross
sections of $and §', respectively.o; has been determined in
our previous nanosecond studies to be 1130716 cn?.®

The irradiance at the exit surface of the sample=t L) is
obtained by solving eq 9 numerically with (or oo’) and oy’
known. Moreover, it will lead to the normalized transmittance
of open apertur@-scan after integration over the spatially and
temporally Gaussian pulse

27 [ dt [ri(l,r,t,2) dr
Eo exp(-o,l)

where Ey = 32l gto/2 is the incident pulse energy with
being the half width at 1/e pulse width.

0o, 00, ando; are determined by the fits to the data of open
apertureZ-scans at nine peak-on-axis irradiances at focus. Table
1 presents such a fit result, from which three conclusions can
be drawn. First, the absorption cross section®bg is larger

T(9) =

(10)

its averaged population density is also much smaller than thosethan that of §, g¢'. As a result, it can be expected thati$

of S;and §'. Hence, the principle mechanism causing RSA is
the efficient absorption ofSand S'; the contribution of the T

state can be ignored. Verification for this argument is found
in the computation results, shown in Figure 10 and will be

more populated than;S Such a deduction is also confirmed
by the numerical simulation result obtained with eg3shown
in Figure 10a. Second, the absorption cross section,afiS
is also slightly larger than that off'So;’. Therefore, as a result



Optical Nonlinearities and Kinetics of Hypocrellin A J. Phys. Chem. A, Vol. 102, No. 38, 1998193

of the above two points, the efficient absorption afis$ the states, $and ', because these two states are excited to be

more important mechanism resulting in RSA than is that;of S nearly empty under such irradiances. In addition, besides the

although &' has the specific contribution to RSA. Third, both  contribution of the solute, HA, the contribution of the solvent,

o1 andoy’ are larger thamy andogy’. This is the major reason  ethanol, should be included. By assuming that there is no

for the occurrence of RSA in HA. interaction between the solute and solvent, we can write the
The effective absorption coefficient at focusy, should be total change in the refractive index as

paid special attention to. It can be reasonably considered to be

the average value of the transient absorption coeffiaient X(R?»)r
Ang = o o+ or’SlElNlD-l- Or,sl’[Nl'D 12)
Qg = 0MNy(Z=0)H 04N, (Z=0)H- 0y Ny (Z=0)H- 2NgeqC

o IN,(Z=0)1(11) The first term on the right-hand side of eq 12 represents the
contribution of the solvent, wherg is the real part of the

where MNo(Z=0)[] MN1(Z=0)[] MNy'(Z=0)[] and N, (Z=0)C third-order susceptibility of ethanol with a value of 581022
represent the average population densities fSg &', and m2/V2 determined by the single-beaFscan experiment. It
S;' at focus, respectively. Equation 11 shows thaatis directly hardly changes withy. The last two terms represent the
related to the average population densities of the four states.contributions of the excited states of the normal and tautomeric
At the low irradiances, besides, @nd ', & and $' have forms, S and &', respectively. The refractive nonlinearities
contributions taoest because there is still significant population  of these two states are denoted by, and ors; (in cubic
of these two ground states. With increaslggN:Cland Ny’ centimeters), respectively.
increase, whiléNoCandNo' (decrease. Because the absorption  The fit to the experimental data, shown in Figure 6b, using

cross sections ofi1Sand §' are larger than those ob&nd &', eq 12 givesos, and oy sy values of 1.8x 1072t and 1.2x
the increase will surpass the decrease in eq 11. Therefgre, 102! cm?, respectively. The fitted curve is presented in Figure
will increase withlo. At higher intensities, both thep@ind &' 6b as a solid curve. It shows close agreement with the

states are pumped to be nearly empty. In other words, only experiment even at lower irradiance, which implies that the
the contributions from Sand §' are the dominant factors  contributions of the two ground states,sd %', can be ignored
governing the value odier. In this case, as is shown in Figure for all irradiances used in this experiment. In other words, the
10b, N, [still increases slightly with increasirig, whereasN;' [ refractive nonlinearities of HA mainly originate from the
shows a slight drop. As a result of the large cross section of contributions of the two excited states &d S'.
S; compared with that of S the increase of the termy[IN;[J To explicitly explain the experimental result shown in Figure
still overcomes the decrease of the tesftilN,'L] The overall 6b, we subtract the contribution of ethanol from the total index
effect is a slight increase alerr with lo. Consequently, the  change and obtain a curve only representing the refractive
experimental phenomenon, shown in Figure 6a, can be explainedhonlinearities of HA, also shown in Figure 6b with a diamond
satisfactorily. Furthermore, with the mean valuesogf oo, symbol. Such a curve indicates that evidemlgp increases
andoy, presented in Table 1, we calculategs as a function  with Iy at low irradiance, whereas it is almost independerig of
of lp, drawn in Figure 6a as a solid line. The theoretical curve at irradiances larger than 5 GW/ém The result can be
is in close agreement with the experimental one. explained upon inspection of eq 12. As is shown in Figure
To further verify the completeness of the kinetic model, a 10b, the time-averaged population densities of batar®l S’
series of contrast calculations were done based on a three-levedlistinctly increase with increasinlg at low irradiances, while
model, in which the ESIPT process is ignored. That is, the these two states become saturated at high irradiances.
excited state of the tautomenr'Ss not considered, and the 4.3. Time-Resolved Two-ColoZ-Scan. In the case of the
ground states of both the normal form and tautomeric form are time-resolved two-coloZ-scan measurement, there exist two
treated as one electronic state. Therefore, the three electronidaser beams, the excitation beam and probe beam. For the probe
states in this supposed model are the ground state, the firstboeam, with the approximation of a thin sample and a slowly
excited state, and the triplet state of the normal form of HA. varying envelope, the Maxwell equations can be separated into
Performing the computations analogous to those done for thean equation for the amplitud&,| and an equation for the phase
five-level model, we obtained the theoretical curvewgf versus ®,.1* The HA molecule exhibits neither linear absorption at
lo, shown in Figure 6a at the broken line. The calculated values the wavelength of the probe beam (1,6@) nor degenerate
of oefr are obviously larger than the experimental ones at high (hwp, + hwp) or nondegeneratehgp, + hwe) two-photon
irradiances. Since under the three-level approximation, only absorption. This absence of the probe effect on nonlinear
the first excited state of the normal formy, $redominantly absorption is due to very weak irradiance by the probe beam.
governs the absorption of HA, such a model overestimates theHence, we can further express these two equations as
contribution of S to ae. This implies that there might exist
another excited state, which has an absorption coefficient less JEy|
than that for $. In fact, by invoking the five-level model that Y 0 13)
involves the electronic states related to the tautomer, we can
give the experiment a good explanation. Thus, such a contrast- P
ing computation definitely demonstrates that the five-level model 7 KAN(wpwe) (14)
is reliable enough to describe the photophysical processes of
HA under the excitation of picosecond pulses. What is more, wherew, andwe, are the frequencies of the probe and excitation

we verified the occurrence of ESIPT in HA. beams, respectivelk, is the magnitude of the wave vector of
4.2.2. The Refraate Nonlinearities of Sand §'. In general, the probe beamin(wp, we) represents the total change in the

the four states § &', S, and §' make contributions to the  refractive index atw, upon excitation. It should consist of

nonlinear refraction in HA. At higher irradiances % GW/ contributions from both the ethanol solvent and the HA solute,

cny), it is reasonable to neglect the contribution from the ground including the ground states {S%'), singlet excited states {S
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Sy'), and triplet state (. As with single-beaniZ-scan, it is
credible to neglect the contributions of the ground statesn®

Sy'. In addition, no two-coloiZ-scan signal for neat ethanol
was observed. Therefore, the contribution of ethanol to the total

Shang et al.

Then the difference in the peak-to-valley normalized trans-
mittance can be further calculated with eq 17

AT, (ty) = £[T(t Zy) — Tty 2] (20)

index change can be ignored. Under these approximations, the

total change of refractive index is expressed by
An(w, wg) = Ang + Ang. + Ang.

= orysl(wp)N1 + Or,Sl’(wp)NI' + or]T(a)p)N-r (15)

where the terms on the right-hand side of the equation represen
the contributions of § S;', and T, denoted by s, or,sy, and

or1, respectively. Nz, Ny, andNy and are determined by the
rate equations (eqs-¥). The irradiance of the excitation beam

is also governed by eq 9 with the boundary condition

o4

_ 0
0)_1+(z+zf/zozx
(t+1t)°

ex;{ 2r’ > (16)

Wo' L + (Z + 2)7Z] ty
whereZ; is the distance between the waist positions of the two
beams due to the chromatic aberration of lens L1 tgnsl the
time delay of the probe pulse relative to the excitation pulse.
Following similar derivation procedures as described in ref
13, we can write the normalized transmittance of time-resolved
closed apertur@-scan as

00 la
SO dt [ dr|E

al

J7 dt [ dr|E, (1, =0))

T(ty, 2) = (17)

wherer,is the aperture radius artg is the electric field profile

The sign ofATpy is determined by the sign o, — Z,.

At the zero time delay, we can ignore the contribution of the
triplet state T. In this case, the best fit to the experimental
data shown in Figure 7a using eq 17 givess, = 9.8 x 10722
cm® andorsy = 7.4 x 10722 ¢,

Itis clear that the contribution of;Tbecomes evident at much
longer time delay because of its significant population. There-
fore, the evolution oA Ty, can provide useful information about
the refractive nonlinearity of this state. In fact, withs, and
orsy known, o, 1 can be determined by the fit to the experimental
curveATp((tq) atlo = 25 GW/cn? using eq 20. Such a fit gives
the resulto; 1 = 6.1 x 10722 cm?,

Using these fit resultsy s, orsy, ando; t we calculated the
theoretical curve of the closed aperture two-c@escan at the
time delay of 100 psl§ = 25 GW/cn? ATy (tg) and atlo =
0.64 GW/cm. They are in good agreement with the experi-
mental data (see Figures 7b and 8).

Consequently, on the basis of the experimental results of time-
resolved two-colorZ-scans, we determined the refractive
nonlinearity of the triplet statejfas well as those of the singlet
excited states Sand §'. Moreover, it can be expected that
the separated study of nonlinear refraction and dynamics of T
will become possible with long enough time delay (itg.>>
1/ksT), when T, is efficiently populated at such long time delays
whereas $and ' are depleted to be almost empty.

The explanation for the very slow decaysT ., representing
the refractive nonlinearities, involves the kinetics of HA. Itis
clear from eq 15 that the nonlinear refraction is governed by
the population densities 0fSS;’, and T;. That is, its decay is
directly dependent on the population and relaxation of these
electronic states. Therefore, we conclude that at the time delays
smaller than the lifetime of ;5(80 ps), the contributions ofi;S
and §' are the dominant mechanisms, other than that of T

of the probe beam at the aperture plane, determined by thecausing the nonlinear refraction becausehas a rise time of

Hugens-Fresnel propagation integt&P*

21 izrr? o0
E(r,t,2) = ex;{ ] r'dr’ x
a id,(d = 2) Ad—2) fO
C2 —
' _— izTr izrr
E(' 2,2 =L) eXF{/lp(d—Z) N lp(d—Z) (18)

whered is the distance between the aperture and the focal plane
of the excitation beart,, is the wavelength of the probe beam,
Jo is the Bessel function of zeroth order, aigr.t,Z,Z2 = L) is

the field at the exit surface of the sample, which can be

~1 ns and is much less populated in contrast to the other two
states within this time region. When the time delay is larger
than 80 ps, the nonlinear refraction largely comes from the
contribution of § within the upper limit of time delay in our
experiment (500 ps), although the contribution q@ftEcomes
more and more evident with the increasetpf

4.4. Can Other Models Describe the Kinetics of HA Well?
It is evident that there are several possible schemes to describe
the kinetics of HA other than the one developed in this paper.
Can the experimental data be explained well by these models?
To answer this question, we have tried two possible models
and done the similar calculations and analysis.

The first model we tried is shown in Figure 11. Assume

completely determined by egs 13 and 14. Taken as a Gaussiany,t the proton transfer occurs in an Sate, and this proton

E(r' 1,27

2]

whereZo, = mwo#/Ap is the diffraction length of the probe beam
with wop being the waist radius.

in space and time, it is given by
L)=
Eop

Vi1+2Z%Z,}

t? ! 4 .
;{—ltan (Z)] exp(Ad(Z'=L)) (19)

——| eXx
2t02 D

r2

- 5 5, X
Woo (1 + Z21Z4%)

transfer is coupled to intersystem crossing to produce the triplet
state of tautomer, 1T, and §' just forms T'. In such a model,

Si' is a strong fluorescent state with a long lifetimen@no-
seconds) instead ofySand T’ is populated rather thamTThe

rate equations can be obtained by rewriting eg§ dased on
such a scheme. The several parameters relevant to these rate
equations are such determined. The valudgok: + kic, ksys,,

Ks,sy» andker, and are the same as those for the original model.
The absorption cross sections of' Soi') and T (o7)
(equivalent too; and o7 in the original model, respectively)
are given values of 1.1% 10716 cn? and 8.15x 10717 cn?,
respectively’. Following similar procedures as those described
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18 [
g
16 Dg
X
14
g [
S}
es“‘j 12
I (GW/cm?)
10 0
« Figure 13. (a) Calculated time evolution of the population densities
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Figure 12. Computedaes versusly at 0.53um, together with the
experimental datad). The solid line and broken line represent the
computed results using the model shown in Figure 9 and the model
shown in Figure 11, respectively. Residuals for the theoretical curves
are shown at the bottom.

for the original model shown in Figure 9, we obtained the
theoretical curve obs versuslg, shown in Figure 12 together

with that based on the original model for comparison. Itis clear
that the theoretical curve does not match the experiment well. 002f

The reason for this is that the evolution of the population 3 of-r] 2\ /\\_/\v \//\ N
densities (see Figure 13) is quite different from those based on % ok Wl NN ‘\_/

the original model. By comparing Figure 13 with Figure 10, g M ‘/\,’\ A

one can easily find that there are two distinct differences el ‘\\,’ v
between the two cases. First, the triplet state is populated more -0.96 o o 20 e a0 s00
evidently for this model than that for the model shown in Figure t (ps)

9 within the time scale of interest. Another difference comes !

from the distribution of the population densities af&hd ' Figure 14. Theoretical fit (-— -) of the experimental curve akTpy-

In addition, as shown in Figure 14, the fit of the experimental (ta) (lo =25 GW/cn#) using the model shown in Figure 11, together

curve, AT,y versusty, is also not satisfactory. Much deviation Wlth the fit using the model shown in Figure 9). Residuals for the
. . . fitted curves are shown at the bottom.

occurs in the long time delay regime partly because of
overestimating the contribution of the triplet state relative to
the theoretical curve based on the original model. Therefore, We also tried another possible model; i.e!,dergoes back
the model shown in Figure 11 is not pertinent to describe the proton transfer to the triplet state of the normal form of HA,
kinetics of HA. T1. On the basis of such a model, the fits to the experimental
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data shown in Figures 6 and 8 are still not satisfactory. This experimental phenomenon is understood through consideration
suggested that this scheme is not a good model for HA. of the kinetics of HA. The time-averaged population densities
Atfter performing the above computations, we think that the of both § and §' increase withlg at low irradiance until the
original model shown in Figure 9 is complete enough to describe population of these two states becomes saturated.
the kinetics of HA. (C) Time-resolved two-coloZ-scan allows for the study of
In the end, it is still necessary for us to point out that the the nonlinear refraction of the triplet state of the normal form
observed results are insensitive to the presence of molecularof HA and of the singlet excited states of both the normal and
oxygen, although HA has an enormous yield of singlet oxygen tautomeric forms. Furthermore, this time-resolved technique
(*0y) (~76%). It has been demonstrated tha is formed by ~ gives important information about the temporal response of

energy transfer between the excited triplet state of HA &nhd refractive nonlinearities of the sample. The very slow decay
the ground state of oxygeh: of refractive nonlinearities is attributed to the contributions of
S1, S, and T, dependent on their own rise times and lifetimes.

T,+°0,='0,+ S (D) An original five-level kinetic model has been developed

to describe the photophysics of HA. This model explains the
This process is controlled by molecular diffusion rates and is experiment satisfactorily. The theoretical results show remark-
closely related to the molecular oxygen concentration. At 1 able agreement with experiment. Moreover, comparison of the
atm, the rate of energy transfer between the ground-state oxygercomputations using the five-level model and other models,
and T, ker, is estimated to be $6-10° s* with the presence  including a three-level model, clearly demonstrate the complete-
of saturated oxygeh.Because HA is nonphosphorescent, such ness of the five-level model. In other words, we verified that
an energy transfer process can be regarded as the dominanA undergoes ESIPT upon excitation, and such an ESIPT
pathway for deactivation of iTrelative to the intersystem  should be coupled between the first excited states of normal
crossing. In addition, because this process is much slower thanand tautomeric forms of HA. Furthermore, we obtained the
the time scale of interest (less than subnanosecond), thecross sections ofSSy, and §' and the refractive nonlinearities
molecules in the T state cannot return to the State within of S;, S, and . In summary, both the theoretical and
the subnanosecond time regime. So, we neglect the termexperimental results suggest that the optical nonlinearities of

“krsNt” in eq 7. When the molecular oxygen concentration HA are closely related to its photophysical processes involved
decreases due to a deoxygenating process, the energy transfen ESIPT.

(ket) will become slower compared with that without deoxy-
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