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We report the pressure effect on one- and two-photon-excited fluorescence from three organic molecules
dissolved in solid polymers. The molecules studied ar@-dittophenyl)-3,4-dihydropyrazolbenzop]-
morpholine (NDPB), 1-phenyl-3-nitrophenylpyrazoline (PNP), and bis[4-(dimethylaminophenyl)]methylide
ammonium chloride-Auramine O (AO). All these molecules exhibit strong fluorescence when subjected to
visible or infrared laser light. We determine the pressure dependencies of fluorescence intensity, as well as
energy and lifetime of the emitting state for one- and two-photon excitation. The pressure dependence of the
last two parameters reveals that the fluorescence, for all molecules, originates in the same state regardless of
the mode of excitation. In contrast to this, the emission intensity may change with pressure differently for
one- and two-photon excitation. We introduce a parameter defined as a ratio of the emission intensity following
two-photon excitation to the emission intensity following one-photon excitatiof(p{i1(p)). This
parameter, with increasing pressure, shows almost no change for NDPB but a significant decrease for AO
and PNP. Thus we postulate that absorption transitions may proceed for one- and two-photon excitation to
the same state in NDPB but to different states in AO and PNP. Moreover, for AO and PNP, the two locally
excited states for both modes of excitation may relax through different pathways to the same emitting state.
In the case of NDPB and PNP, a large Stokes shift indicates that the emitting state has a distinctly different
charge distribution than the initially excited state and that this distribution is strongly pressure dependent.

1. Introduction cross sections may be attractive for number of unique applica-
tions in photonics and biophotonits!®

Recently we have reported a strong fluorescence excited by
one or two-photon absorption in an organic crystal composed
of noncentrosymmetric moleculés!® By introducing the
pressure parameter, we concluded that the two-photon-excited
state in crystalline NDPB (4pfnitrophenyl)-3,4-dihydropyrazo-

Modern technologies such as high density optical data storage,
optical communication, and optical sensing increasingly require
methods and materials for efficient conversion of coherent near-
infrared radiation to visible light. The most common method
of frequency up-conversion is a use of second or third harmonic
generation. Another possible method for such frequency . .
conversion is multiphoton-excited fluorescence, especially two- [c]benzop]morpholme) relaxes_ Into th? same s;at(_e as the one-
photon. This process does not require phase matching and Carg)hoton-excned state, from Whlch radiative emission is subse-
provide a broad range of frequency tuning. An optical material qyeqtly .observed. The .e'mlttmg state had a different charge
exhibits two-photon-excited fluorescence when its appropriate distribution than the exciting state and revealed a remarkable
nonlinear absorption coefficients are sufficiently large and the Pressure tunability by significantly shifting its energy and
emission efficiency is reasonably high. Frequently, two-photon decreasing efficiency. However, these two parameters showed
excitation fluorescence is also employed as an alternative the same pressure dependence regardless of the mode of

section (see e.g. refs-b). sion photophysics being independent of the excitation mecha-

There has been extensive research in the area of two-photor/iSM in crystalline NDPB.
absorption in aromatic molecules (see e.g. ref4Z). The main In this paper we continue our high-pressure studies on one-
progress has been made in theory and experiment of TPA andand two-photon-excited fluorescence of polar organic molecules
has been devoted to finding and describing electronic stateswith evident electron doneracceptor properties (e.g. refs 19
which are symmetry forbidden to one-photon spectroscopy. For and 20). These types of molecules very likely exhibit energeti-
polar molecules with low or no symmetry the one-photon cally close excited states with different charge transfer distribu-
allowed transitions very often show nonnegligible two-photon tion. Here we are concerned with the fluorescence properties
intensities due to the excited-state vibronic perturbations and/ of molecules dissolved in polymeric media. Our investigation
or due to a significant change in dipole moment with excita- involves three polar molecules: previously studied NDPB, PNP
tion.1314 The very molecules which reveal especially large TPA (1-phenyl-3-nitrophenylpyrazoline, AO (bis[4-(dimethylami-

nophenyl)Jmethylide ammonium chloride, a cationic ¢ye

* This work was supported in part by the Department of Energy, Division Auramine O) (see Figure 1). Because these molecules possess
of Materials Science grant DEFG02-96R45439 through the University of different molecular symmetries one would expect that one- and
{LI)l&os at Urbana-Champaign, Frederick Seitz Materials Research Labora- two-photon-excited fluorescence in each case could exhibit

*To whom correspondence should be sent. different features. We show that this supposition is true for
® Abstract published irAdvance ACS Abstractdyovember 15, 1997. the molecules studied. On the basis of the pressure effect
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laser pulse width is monitored by an autocorrelator, and the

(o] : NH
/©/§% /(()/QB @ ““‘”2”“"""”5*1 pulse repetition is measured with a fast photodiode. A spectrum
O,N O,N
PNP

analyzer measures the excitation wavelength and line width.

NDPB AO The latter is essential because cw radiation can be produced
Figure 1. Molecular structure of NDPB, PNP, and AO. along. with the subpicosepond pulseg. Typical parameters of
the Ti—Al,O3 laser used in our experiments are= 840 nm
Spectrum (excitation wavelength)P,, ~ 100 mW (average power), and
lﬂ_xze-,'_—l L L 7 ~ 100 fs (pulse width). Intensity of the incident light is

s, 0 nm controlled and changed by an attenuator and focusing lejs (L

A long-wavelength pass filter (Jis inserted before the sample

Diode-pumped | 532 nm Q"ij’::';m'r‘:d 840 nm , " to eliminate any light except the excitation beam. In the case
8, ¥ of one-photon excitation we use either a second harmonic from
&é@ the Ti-sapphire laser generated with a BBO crystal at 420 nm
Photodetector or a cw He-Cd laser at 441.6 nm. The front-side excited
DAC | l:ﬂ fluorescence is reflected on the mirror {Mand collected by a
W“ n = s, telecentric system of two biconvex UV lenses. A colored glass
é M filter (F2) is placed in front of the entrance slit of the
L ¥ Fy ’ spectrometer to block the scattered pump light. Fluorescence
L Photodiode is dispersed with an 0.25 m spectrometer and detected by a
¢ microchannel plate photomultiplier tube (MEPMT) coupled
Gasket H H to a single-photon time-resolved system. The “start signal” from
Sample Ly CFDD [ Stop  Staril] pejay . e . .
TAC the MCP-PMT is amplified and then timed using an Ortec

. . F :
F@M;p PMT | ML H"" " | Model 583 constant fraction differential discriminator (CFDD).
' oromprer This gives an overall instrumental pulse full width at half-

Figure 2. Diagram of the experimental setup. DAC, diamond anvil maximum (fwhm) of 60 ps at 840 nm. A Tennelec Model 184
cell; My, Mz, M3 (with a hole), mirrors; L to Ls, lenses; $to S, beam is used to perform the time-to-amplitude conversion (TAC). The
splitters; k- long-wavelength band-pass filtery, Fshort-wavelength  synchronized “stop signal” for timing comes from a fast silicon
band-pass filter; SPEX, spectrometer; MCP-PMT, microchannel plate- photodiode. A PC based multichannel pulse-height analyzer

photomultiplier tube; WBA, wideband amplifier; CFDD, constant . .
fraction differential discriminator; counter, photon counter; TAC, time- (MCA) is used to accumulate time-resolved data. These data

to-amplitude converter; MCA, multichannel pulse-height analyzer. ~ @s well as the spectra are displayed by a computer. The
spectrometer grating with grid of 600 lines/mm is moved by a

on time-averaged and time-resolved fluorescence characteristic$tepper motor. The fluorescence spectra are corrected for the

we propose a kinetic model for fluorescent processes to drawsensitivity of the spectrometer grating, photocathode of PMT,

conclusions on: (i) pressure-induced changes in the absorbingand transmission of theFilter.

and emitting state and (i) differences in the relaxation pathways One-photon absorption measurements in the range ef (12

for the one- and two-photon excited state. 32) x 10° cmt are performed with a 150 W tungstehalogen
lamp, a Kratos monochromator and an EMI PMT with an Ortec
2. Experiment photon-counting system. Fiber optics are used to direct the light

to the DAC and from the DAC to the detector. The data are

NDPB and PNP, derivatives of pyrazoline, were synthesized 4y racted point by point by a computer on-line.

according to the general method described elsewderkO
was obtained from the Aldrich Chemical Co. Before using,
AO was purified by several recrystallizations from ethanol and
vacuum sublimations. NDPB and PNP were dissolved in poly-  3.1. Absorption and Emission Spectra.Figure 3 presents
(methyl methacrylate), PMMA, using methylene chloride as a the one-photon absorption spectra of three chromophores in
solvent. AO was dissolved in poly(acrylic acid) using methanol. polymers at atmospheric and high pressure (50 kbar). In the
In all cases concentrations of ¥0mol/mol (mole of compound  range of (16-32) x 103 cm™?, where diamonds transmit the
per mole of the monomeric unit of the polymer) were prepared. light well, all samples show strong absorption transitions. At
The solvent was allowed to evaporate slowly at room temper- atmospheric pressure, both NDPB and PNP exhibit one absorp-
ature. The transparent films were then placed in a vacuum ovention band with a maximum located respectively at 28.3.03
for a few days at~50 °C. The thickness of the films was and 22.0x 103cm™1. The difference between absorption peaks
estimated to be (5680) um. for these molecules may indicate betteelectron conjugation
High pressure is generated in a gasketed Merrill-Bassett typein PNP than NDPB. With increasing pressure three features in
diamond anvil cell (DAC). The diamonds are of the modified the absorption of these molecules are observed: (i) a shift of
brilliant design and have 0.6 culets with 16 facets on the both the peak to lower energies-2.5 x 10 cm* for NDPB and
the table and culet. The samples and a small chip of ruby are1.5 x 10 cm™ for PNP), (ii) clear appearance of a second
placed in the 0.3 mm diameter hole of an Inconel alloy gasket. absorption peak in the case of PNP, (iii)) some decrease in the
Light mineral oil serves as a pressure medium. Pressure isoptical density (note that in Figure 3 spectra at different
determined by monitoring the shift of the Ruorescence line pressures are normalized to the same maximum value). In
from a ruby chip. A cw He-Cd laser line at 441.6 nmis used contrast to the above molecules, AO in PAA already shows at
to pump the ruby. atmospheric pressure at least two absorption peaks. At 50 kbar,
The experimental setup is shown schematically in Figure 2. there is only one broad peak with a maximum coinciding with
Two-photon excitation is by an 76-MHz mode-locked titanium- the position of the high energy peak observed at atmospheric
sapphire (T+Al,O3 or Ti-sapphire) laser (Tsunami, Spectra- pressure. Since, we do not resolve the peaks from the broad
Physics) pumped by the second harmonic of a diode-pumpedabsorption band the position of peaks at high pressure cannot
Nd:YVOq, laser (Millennia, Spectra-Physics). The Ti-sapphire be determined. Nevertheless, from the shape of absorption

3. Results
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ﬁb%ﬂgigénizeg c,ilfg;,eg S”L: rFe,l\(jlr,:/lSApeCtra of one- and two-photon-excited ¢ uq<ion maxima of these molecules at 1 atm appear almost at
' the same energy; 17.8 10° cm~! (NDPB) and 17.4x 1C°

spectrum one concludes extended overlap of at least two bandscm~1 (PNP). The emission from AO appears, however, at much
It indicates that pressure shifts the high energy peak to lower higher energy (19.2«< 10® cm™1) than that from the above
energies much more strongly than it does the lower energy peak.molecules.

One-photon excitation of NDPB and PNP in PMMA and AO All compounds studied are transparent below120® cm™2
in PAA within the main absorption band induces strong (~715 nm); thus, they do not absorb directly any near-infrared
fluorescence (see Figures—8, upper part). In all cases light. However, due to multiphoton absorption these compounds
fluorescence spectra consist of a broad and smooth band withshow an efficient emission following the intense laser illumina-
one maximum. In the case of NDPB and PNP, despite the tion at 840 nm. The intensity of this emission depends
significant difference in the position of absorption peaks, the essentially quadratically (see e.g. NDPB in Figure 7) on the
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Figure 7. Log—log plot of two-photon-excited fluorescence intensity g e 9. pressure dependence of the Stokes shift in NDPB and PNP
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peak intensity of the pump laser, indicating two-photon absorp- 15 4 © g0
tion. The exponent is almost pressure independent. The spectra )
of two-photon excitation of the three molecules are displayed 10 —
in Figures 4-6 (lower graphs). At atmospheric pressure these 0 20 40 60 80
spectra are very similar to the spectra excited by one-photon Pressure (kbar)

absorption. A comparison of the upper and lower graphs at 1 _. _
P g Figure 10. Pressure dependence of the energy and lifetime of the
bar reveals that for both excitations: (i) the fluorescence peak emitting state of NDPB in PMMA following one- and two-photon

is located at the same energy, (ii) spectral shapes are similargygitation.
but the fluorescence bandwidth (fwhm) is a few hundreds of
cm! narrower in the case of TPA than OPA, mainly due to a the spectra and lifetime from the time-resolved experiments.
stronger reabsorption effect in the former case. With increasing For the samples studied, at all pressures the emission intensity
pressure, in general, all emission spectra show lower intensity exhibits a single exponential decay, indicating that only one
and a shift of the peak to lower energies. It should be noticed excited-state participates in the emission. The above results
that in the case of AO in PAA the integrated emission intensity for two types of excitation, for three molecules are combined
with pressure, in fact, increases due to some broadening of thein Figures 16-12. With increasing pressure several features
emission peak. For all three molecules, the emission peaks arecan be observed: (i) a moderate decrease of the emitting state
much less shifted to lower energy than the corresponding energy (800 cm! for NDPB, 600 cr! for PNP and 600 crmit
absorption peaks. This results in a pressure-induced decreaséor AO), (ii) a reversal of energy shift (from red to blue) for
of the Stokes shift. This feature is shown for example for NDPB PNP in PMMA above 40 kbar, (iii) a decrease in lifetime for
in PMMA in Figure 8 and will be discussed later. Since the NDPB (from 2.8 to 1.5 ns within 70 kbar) and for PNP (from
absorption spectra for AO are complex the Stokes shift can only 3.6 to 2.5 ns within 80 kbar), (iv) for the lifetime of AO in
be approximated. There is a modest increase followed by aPAA, an initial gradual increase (about 25%) and then above
decrease. All of these Stokes shifts are exhibited in Figure 9. 40 kbar a decrease of about the same amount as the increase.
3.2. Absorbing and Emitting States under Pressure.To The most characteristic feature of these results is that the energy
characterize the emitting state induced by OPA and TPA the as well as the lifetime of the emitting state changes with pressure
energy and lifetime of one-photon-excited fluorescence (OPEF) in the same fashion following either one or two-photon
and two-photon-excited fluorescence (TPEF) under high pres-excitation. This is strong evidence that for both excitations,
sure conditions are measured. The energy is determined fromfluorescence takes place from the same excited state.
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Figure 11. Pressure dependence of the energy and lifetime of the

emitting state of PNP in PMMA following one- and two-photon Pressure (kbar)

excitation. Figure 13. Pressure-induced fluorescence intensity change following
: : : one- and two-photon excitation in the molecules studied.
]
= 192 Toe i | one- and two-photon excitation is different for the different
§ ], AQ in PAA molecules. In the case of NDPB, the pressure dependencies of
:6_ 19.0 1 5 . emission intensity for OPE and TPE are almost identical with
e © ] respect to the character as well as the magnitude. For both
:g 188 4 S | excitations the emission intensity decreases five times over the
2 °T L ® range of 80 kbar. In contrast to the above, PNP and AO show
S o 'O. o ©| different changes of emission intensity under pressure when
S 186 © oq excited by one or two photons. For PNP the intensity of two-
o photon-excited fluorescence decreases more with pressure than
184 ‘ ‘ does the one-photon-excited emission. This difference is not
so large as it is in the case of AO. For the latter the changes
24 o B of emission intensity with pressure are _entirel_y d_ifferent for the
_ b oo * © two excitations. In OPE t_he emission intensity increases with
2 | o © o | pressure about 25% but it decreases by a factor of 5 in TPE.
re o ® © ° ° . .
E o © © ® e 4. Discussion
f';-,"’ 20 ﬁo Excitation ° The fluorescence signal includes information on both the
o 1-photon emission and absorption processes. When photobleaching
181 e 2-photon ) processes are n(_egligible the time-averaged fluorescence intensity
(photon/cmd s), in the case of one [1] and two [2] photon
16 T T excitation, can be expressed as follows:
0 20 40 80 80

Pressure (kbar)

I, = I (0= KD ANT, ()T f(F)dV  (1a)
Figure 12. Pressure dependence of the energy and lifetime of the ! ! oot j\]/ !
emitting state of AO in PAA following one- and two-photon excitation.

(I)Z 2 2/—
In Figure 13 the changes in emission intensity upon one- and I, = DO0= K76NO[I]02(t)Dﬂ/ fz(r) dv (1b)
two-photon excitation are presented for all molecules studied.
Since the emission intensity is a strong function of the absorption In egs 1a and 1kK is the efficiency of the emission collecting
coefficient, changes in emission intensity should also reflect system (per unit area of the detector (@) and it does not
the changes in absorption. The data in Figure 13 are determinecchange with mode of excitatiod, and®; are the fluorescence
from the fluorescence spectra at different pressures and represerguantum yields, respectively for one- and two-photon excitation
the area under the emission curve. The emission intensities for(note thai®, is divided by two because two photons are needed
one- and two-photon excitation are then normalized to the value for each event of excitation) (cm?) ando (cn* s/photon) are
at atmospheric pressure. From the graphs in Figure 13 one carthe one- and two-photon absorption cross sectidiasis the
notice that the relationship between the intensity changes for number of molecules per unit voluméjs the observed volume;
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' of NDPB the ratio, except for a modest increase below 25 kbar,
hardly changes with pressure. For the PNP and AO molecules,
* ®e . the ratio decreases at all pressures but more significantly for
A ¢ e AO. It is noticeable that neither NDPB and PNP (derivatives
08 1 A of pyrazoline) show significant change abovd0 kbar. As
‘o, we see from eq 3 the ratio is governed by the product of two
06 4 L2000 006 4 ratios: absorption cross sections and fluorescence quantum
L, yields. At this stage of our investigation it is difficult to separate

044 o NDPBInPMMA & R the pressure effect on these two parameters. However, two

) N limiting cases can be considered; the fluorescence intensity
02 © PNPmPMMA fa changes with pressure because the absorption cross sections are
A AQInPAA changing or because the fluorescence quantum yields are
0.0 ‘ ‘ ‘ changing. The latter would imply different relaxation pathways

0 20 40 60 80 for the one- and two-photon-excited states.

Pressure (kbar) 4.1.1. One-Photon Absorptiars Two-Photon Absorption.
][:igl:\f; 14h F;ressufe_te:_feCt ?n faltiCtJ_Of t?le relative fluqfetscer_lcefintenSity In many cases it is found that the emission spectra of one- and
or two-photon excitation (o relative tiuoréscence intensity for one- - wyq-photon-excited fluorescence are almost idenfidak325
photon excitation for NDPB and PNP in PMMA and AG in PAA. Thus, in the fluorescence excitation experiments, focused on
obtaining the absolute values of cross section for TPA, it is
often assumed that fluorescence quantum yields for TPA are
the same as for OPA%% Our results show that for both modes
of excitation, for each molecule: (i) the fluorescence spectra

can be seen the emission intensity for both modes of excitation are similar, (ij) the energy of the emitting state exhibits the same
is characterized by four arameterg' fluorescence quantum yield pressure effect and (iii) the lifetime has the same magnitude
y P : q YI€I0and pressure dependence. It implies that, for the molecules

absorption cross section, Z?md. the spatial and temporal StrUCturestudied, emission following one- and two-photon excitation takes
of the excitation beam inside the sample. The last two

arameters are of special importance in measurements of the lace from the same excited state, at all pressures. Moreover,
P P P ; one can also assume that fluorescence quantum efficiencies are
absolute value of the absorption cross sectidf? In the case

of the weak light absorption (the product of the relevant the same regardless of the path of excitation. Hence, the ratio

absorption coefficient and thickness of the sample is much of the fluorescence intensities due to one- and two-photon
smalltlaor than one) eqs 1a and 1b can be a roxifnated b theexcitation is, simply proportional to the ratio of absorption cross
following: q PP Y N€ections for two excitations:

(o] 4
>

I'AP)"(p)

lo(t) and lox(t) (photon/cm s) are the incident photon flux
profile as a function of time, respectively for one- and two-
photon;f;(F) andf,(r) describe, respectively for one- and two-
photon, the spatial distribution of the incident laser beam. As

|, = K'DBNLP,,, (23) 15()13(P) ~ S(EVA(P) (4)

C, L, If this relation is applicable, the data in Figure 14 reflect the
l,= K'75N0;Pavz (2b) pressure-induced change in the ratio of two absorption cross
sections. Inthe case of NDPB in PMMA, since the ratio hardly
differs from one, it seems thai(p) and f(p) change with
pressure in the same fashion. It is worthy to note that this result
is identical with the result obtained for crystalline NDPBS
The molecular structure of NDPB indicates that this molecule
has no axis of rotation, no center of inversion, and a mirror
plane so it can be formally assigned to t8e point group.
Consequently, the wave functions have mixed one- and two-
photon character, and thus the excited state can be accessed by
both one- and two-photon absorption. The very similar pressure
4.1. Pressure Dependence of Fluorescence Intensity. dependence af andg suggests that the same states are reached

Since we compare the effect of pressure on the one- and two-" the case of both TPA and OPA. ]
photon-excited fluorescence it is convenient to introduce a Both AO and PNP are low symmetry molecules but still
parameter defined as a ratio of the emission intensity following higher than NDPB. AO has, in the ground stég, symmetry,
two-photon excitation to the emission intensity following one- @nd PNP can be practically included in the same class. Thus,

In the aboveK' is the constanK including the temporal profile

of the laser beaml. is the absorption path length in cm (a
thickness of the samplepay1 and Pay, are the average laser
powers (photon/s), for one- and two-photon excitatidis the
area of the laser beam at the sample4cnOne should note
that although both the concentratioNgl and thicknessL()
change with pressure, the product ML does not, i.e., the
number of molecules in the light path is constant (up to 80 kbar
there is no noticeable expansion of the gasket).

photon excitation: absorption in these molecules should probably obey different
selection rules for one- and two-photon excitation. In fact, this
m 0) @.(O\S(p) is evidenced by somewhat different changes of ratiwith
'Z(p) = PO) )\ (P) Po(p) 3) increasing pressure. At this stage it is difficult to account for
1) \0(0) @,(0))B(p) 4(p) the origin of such a difference. However, we can propose the

following possibility. It is not unusual that two different

In the above edj(p) andl5(p) are the fluorescence intensities electronic states, associated with a one- or two-photon transition,
at any pressure, respectively for one- and two-photon excitation, may interact differently with the medium. Hence, the pressure
normalized to fluorescence intensities at atmospheric pressurecould perturb differently the transition moments for one- and

(0). The factor in parentheses is pressure independent. Thewo-photon absorption. In addition to the change in electronic

ratio is shown in Figure 14. The points in this Figure represent coupling to the medium, the change in the vibronic interaction

a division of the values (every 5 kbar) obtained after smoothing may also participate. This is due to the strong electigmonon

the original data from Figure 13. One notices that in the case coupling characterizing conjugated compounds in which the
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(A) respectively small and large degree of charge transfer relative
LE(2) to the ground state; this assumption can be supported by a large
LE(1 K" g(2) ' o kg Stokes shift in these two molecules, see section 4.2); (iii) for
: . CT AO the emission comes from the LE state (a small Stokes shift)
but the energy can also be dissipated through charge redistribu-
tion in the excited state. Furthermore, we propose that
absorption of one (1-ph) or two photons (2-ph) by the molecule
takes place to different locally excited states, respectively LE-
(1) and LE(2). (We assume that the two-photon allowed
y v transition has higher energy than that allowed for the one-photon
Fluorescence transition®% From the LE(1) state, the PNP molecule (scheme
A) may relax nonradiatively ka(l)) to the ground state or
LE@) (B) transform k;) to a charge t_ransfer (CT) state. The I__E(2) state
- r may undergo transformation to the LE(1) state with the rate
LE(1) LE@) y k2 Klg OF to the CT state with the rate.2® Ultimately, both the
! e LE(1) and LE(2) states decay radiatively from the same CT
state. Scheme B, assigned to the AO molecule, involves the
same processes as listed above, with only the difference that
fluorescence originates in the LE(1) state instead of the CT state.
The time-resolved measurements show (see section 3.2) that
. the decay of fluorescence intensity following the laser pulse,
L for the one or two photon excitation, exhibits a single-
Fluorescence exponential character. (Note that the resolution of the detection
Figure 15. Scheme of the kinetic model for one- and two-photon- System is estimated to bel00 ps.) As we show below, the
excited fluorescence. Case A describes processes in PNP (and NDPEKinetic schemes in Figure 15 are, under certain conditions, in
if one assumes only that one- and two-photon transitions are identical); agreement with the time-resolved results. For example the
case B describes processes in AO. The meaning of the various ratejnstantaneous fluorescence intensity upon one-photon excitation,
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constants is explained in the text. for scheme A, assumes the following form:
excited-state vibrational levels may be involved in the absorption Sew 0)
transitions. 11(t) = Key {expl-(ker + keptl —
In addition to the above processes involving a different k'g"‘ kET
interaction of two separate states with surroundings, the pres- 1- W
sure-induced changes between two states can also be considered. L B
As mentioned above, AO and PNP are low symmetry polar exp[—(k, + kEE(l))t]} (5)

molecules. Thus two-photon transition intensities may partially
originate from the one-photon-allowed transitions. Pressure, by In this equation,Sg@)(0) is the initial (t-0) population of
changing the intramolecular coupling, may alter the symmetry molecules in the LE(1) stat&; andkg, are, respectively, the
of the molecule and thus change the distribution among the radiative and nonradiative rate from the CT state; the meaning
absorption transitions associated with one-photon (linear) and of the remaining symbols is explained above. Equation 5 has,
two-photon (nonlinear) excitations. However, itis not obvious in general, a double-exponential form. However
why, for both AO and PNP, the intensity of the two-photon
transition decreases with pressure more than the intensity ofjf k, + klrjE(l) > K., + K, then
the one-photon transition.
4.1.2. Pressure Effect on Fluorescence Efficienty.the () = k;:TS_E(l)(O) expl=(ker + kel (6)
previous section, we assumed the equality of fluorescence
efficiency for two different excitations. Consequently, we It can be easily shown that the time-dependent intensity for two-
attributed the difference in fluorescence intensity change with photon excitation lg(t)) also assumes single-exponential form
pressure to different pressure perturbation of the one- and two-if ko + Klg) > Koy + Koy andks + kigq) > ker + ker. For
photon absorption transitions. scheme B, In the case of one-photon excitation, there is only a
Below we present an alternative, or rather supplementary, single-exponential decay of the excited state. Two-photon
explanation for different pressure dependence of the fluorescenceexcitation gives a single-exponential form of the time-dependent
intensity following one- and two-photon excitation. The intensity, if K'gp) + k2 > Kguy + Klgqy + ki Thus we
analysis of the pressure effect on the fluorescence intensity isconclude that the proposed models are not in contradiction with
based on a kinetic model that is schematically shown in Figure the time-resolved results as long as the nonradiative rates
15. The schemes A and B describe the photophysical processeslepopulating the local exciting states (LE(1) and LE(2) for PNP
following the one- and two-photon excitations, respectively for and LE(2) for AO) are much larger than the rates depopulating
PNP and AO. Scheme A can also describe the processes irthe emitting states. Note that the latter (see Figures 10-12) are
NDPB if the one- and two-photon transitions reach the same typically ~5 x 1 s71, so the nonradiative rates from the LE
excited state. The bases for the formulation of the above states are expected to be higher thal®'®°s~1. Since this value
schemes are as follows: (i) regardless of the mode of excitationis beyond the resolution of the detection system it is not
the emission originates from the same state, at all pressuressurprising that experimentally only a single-exponential decay
(identity of the emission spectra and lifetime for two excita- is observed.
tions); (i) both PNP and NDPB emit from a state with a From the kinetic models in Figure 15 one can easily obtain
different charge distribution (charge transfer (CT) state) than expressions for fluorescence quantum efficiencies for one- and
the locally excited (LE) state (LE and CT are the states with two-photon excitation
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scheme A dissipated from the LE(2) state, through the LE{2)LE(1)
path, to the total energy dissipation from LE(2) should decrease
P = kE:TTCTﬁ ) with increasing pressure. . ' .
1 Finally we want to emphasize that the above considerations
give a reasonable description of fluorescence processes in the
1+ rzL molecules studied, provided that the nonradiative rates in egs
@ _ 1+n 12 and 13 are much larger than the radiative rates. At the same
3" = kerTer 1+r, ©) time these nonradiative rates have to be of the same order of
magnitude.
where 7o+ (Ko + KL) ™! (lifetime of the CT state), Above we showed that for PNP and AO the fluorescence
efficiency may change differently with pressure for one and two-
r= kEE(l)/k » = kEE(Z)/ ky (9) photon excitation. To evaluate the importance of this effect
on fluorescence intensity, further studies are needed with
scheme B different matrixes and compounds.
o® — 10 4.2. Absorbing and Emitting State under Pressure-Stokes
= Kearie (10)  shift. NDPB and PNP in PMMA exhibit a large shift of the
1 emission maximum with respect to the absorption maximum,
q><25) = erE(l)TLE(l)—_l (12) referred to as the Stokes shift. In general the Stokes shift
1+r, increases with the increasing difference between the equilibrium
geometries of the ground and excited states. In an overwhelm-
where 7,¢q) = (Kga) + Klea) k)~ ing number of experiments, with organic molecules, the Stokes

shift has a moderate value (2,068,000) cnt! and moderate
dependence on pressidféé However, for NDPB and PNP in
Since the pressure effect on the ratio of fluorescence quantumPMMA the Stokes shift decreases significantly with increasing
efficiency for two-photon excitation to fluorescence quantum pressure (Figure 9). This effect was observed before in
efficiency for one-photon excitation is of special interest (see intramolecular charge-transfer compouftisWe comment

eq 3) we present the above equations in the following forms: briefly on this relatively unusual effect.

A large Stokes shift is usually attributed to an intramolecular

is the lifetime of the emitting state

k'L‘E(l)(p) charge redistribution that takes place between the absorption

q)(A)(p) W and emission processes. Thus the fluorescence may originate
for PNP 2 = 1 (12) in a state which is distinct from the LE state. As we shall see,
oW (p) k'e(P) this statement is well confirmed by the pressure effect on the

W Stokes shift. For our molecules the Stokes shift decreases with

2P pressure, indicating a stronger pressure effect on the absorbing
®) n energy than on the emitting one. Moreover, it implies a different

for AO @;(p) _ 1 _ kLE(2)(p) inte_raction bet\_/veen the _exci_ted and th_e emitti_ng species and
CI)(lB)(p) ky(p) kEEZ (P) + Ky(p) their surroundings. This difference in the intermolecular

1+ ——— @) interaction can be understood if one considers that during a

kLE(Z)(p) lifetime of the excited state the molecule assumes a form

(13) different from that after instantaneous absorption. It is widely

These equations show that the fluorescence quantum efficiencydocumented that the shift in energy with pressure of absorption
may be different for one- and two-photon excitation and also or emission _p_eaks is almost always_ determined by the difference
that the ratio of ®,(p)/®i(p) may change with pressure. " po_larlz_a_blllty of the tv_vo states involved, as well as by the
Because the expression 12 or 13 is a part of eq 3, one expect@olarizability of the medium (see e.g. ref 30). Thus for NDPB
that the pressure change du(p)/®1(p) will contribute to the and PNP in PMMA we expect lthat the Iocglly excited state is
pressure dependence Gf(p)/Ii(p). The magnitude of this ~ MOre polarizable than the emitting state. Since these molecules
contribution depends on the pressure changes in the absorptio?'€ Polar, both states (absorbing and emitting) may have a
cross sections. Provided that the latter have a negligible pressuréharge-transfer character. However, the emitting state should
dependence, the ratio @,(p)/®1(p) is expected to decrease be more polar (usually less polarizable) than the excited state.
in proportion tolyx(p)/Ii(p). These kinds of changes can be In this case pressure controls the barrier between two electroni-
easily ensured by egs 12 and 13. For example in the case ofc@lly different states. - .

PNP a 40% decrease, over 70 kbar, in can be in general provided Itis, of course, p055|bl_e that the Stokes_sh|ft could be affected
when the ratio OWE(z)(p)/kz(p) increases with pressure more by chan_ges in the relat!ve shape and d_|splace_ment of ground
than the ratiokEE(l)(p)/kl(p). It would imply that a pressure and excited-state potential wells. There.ls no ewdencg for these
increase favors a pathway for energy dissipation from the local changes here (the shape of the absorption and emission spectra

excited states at the expense of the pathway for intramolecularShOWS almast no change with pressure).

There is also an apparent blue shift of the emission peak of
charge transfer. Furthermore, the changes should be stronge - ;
in the LE(2) state (two-photon-excited) than in LE(1) (one- E’NP in PMMA at pressures above 50 kbar. It seems that this

photon-excited). Since a dissipation of energy from the LE(2) gffect is caused by an intramolegular rgplistribution of charge
the ground state of molecule, in addition to changes in the

state takes place to the energetically close LE(1) state, a strongeFn ited
change, with pressure, kﬂE(z)(p) than in kEE(l)(p) can in fact excited state.
be expected.

In the case of AO the ratio decreases almost 80% within 70
kbar. This decrease may be caused by an increase ki(i)é We use the pressure parameter to study the fluorescence
kﬂE(z) ratio (see eq 13). In other words, the fraction of energy process in organic molecules following one- and two-photon

5. Summary
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excitation. We show that pressure affects the fluorescence (7) Peticolas, W. LAnnu. Re. Phys. Chem1967, 18, 233.
properties of the NDPB molecule in the same fashion regardless ~ (8) McClain, W. M.Acc. Chem. Re$974 7, 129. _

of the mode of excitation. Thus, for this noncentrosymmetric Acagge)m'\i/lccgﬁg]é:\,\(\ie'\cv"Y%?Lr,lsigF;'?';AbIrf_XCItEd Statestim, E. C., Bd.;
molecule we propose that two-photon excitation follows the one-  (10) Freidrich, D. M.; McClain, W. MAnnu. Re. Phys. Chem198Q
photon-allowed transitions. In contrast to the above, the PNP 31, 559.

and AO molecules exhibit different pressure dependences forEd(_l?Cfc;fegrﬁichF;rséghuéfgfigiﬁbiégg_e; Slggmoscopk”ger, D.S.,
the fluorescence intensity for one- and two-ph_oton excitations. (’12) Goodman, L. Rava, R. Bcc. Chem. Re984 17, 250.

To account for this effect we discuss the different possible  (13) pick, B.; Hohlneicher, GJ. Chem. Phys1982 76, 5755.
changes in the absorption cross sections and fluorescence (14) Beljonne, D.; Btdas, J. L.; Cha, M.; Torruellas, W. E.; Stegeman,
quantum efficiencies for two different absorption transitions. G. I; Hofstraat, J. W.; Horsthuls, W. H. G.; Mbmann, G. R.J. Chem.

A different pressure dependen_ce_of the absorption cross s_ectiongh{lsgggﬁa\llvojk;??'D_; He, G. S.: Prasad, PRep. Prog. Phys1996
for one- and two-photon excitation may be traced to: (i) the 59 1041.

difference in the electronic and vibronic coupling to the medium  (16) Denk, W.; Piston, D. W.; Webb, W. W. lHandbook of Biological
of two different states, (i) the change of symmetry of molecules Confocal MicroscopyPawley, J., Ed.; Plenum Publishers: New York, 1995;
QUe to the alteration of intramp!ecu!ar coupling. The diﬁerenceg P (17') Dreger, Z. A.; Yang, G.; White, J. O.; Drickamer, H. &.Phys.

in fluorescence quantum efficiencies are analyzed on the basischem.1997 101, in press.

of a kinetic model which takes into account different excitation (18) Dreger, Z. A.; Yang, G.; White, J. O.; Drickamer, H. Bull. Am.
and relaxation pathways for one- and two-photon absorption. Phylsé s;c%tgag?, \/\%&596' Chem. Int. Ed. En990 25 971

The model can explain different pressure dependences of (a) [ionch 't " etig, .. Bonacic Kulecky. Heisel .. Miefe
fluorescence efficiency for two different excitations even if the |5 Advances in Chemical PhysicBrigogine, I., Rice, S. A., Eds.; Wiley:
emission originates, for both excitation, from the same state. New York, 1987; Vol. 68, p 1.

The pressure-induced changes in the Stokes shift are attributedChg%)lgggmziéuyl ggg”ayasmv Y.; Miki, M.; Teramura, Kl Heterocyc.
to 'th dlfferencg in polarlzablllty of the .Iocally excited and (225 Xu, C.: Guild, J.: Webb, W. W.: Denk, \Opt. Lett. 1995 20,
emitting state. Finally, we would like to point out the usefulness 2372.
of the external pressure parameter in revealing photophysical (23) He, G. S.; Zieba, J.; Bradshaw, J. T.; Kazmierczak, M. R.; Prasad,

processes which are masked at atmospheric pressure. P. N.Opt. Commun1993 104, 102. ,
(24) Curley, P. F.; Ferguson, A. |.; White, J. G.; Amos, W. @pt.
. Quantum Electron1992 24, 851.
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of Materials Science grant DEFG02-96R45439 through the (26) The rate; andk,, respectively for one- and two-photon excitation,

University of lllinois at Urbana-Champaign, Frederick Seitz are assumed to control a change of the molecule conformation in the excited
! state from the primary the same conformation as the ground state (LE) to

Materials Research Laboratory. We thank the referees for helpful 5 gifferent structure with a significant charge transfer (CT) character. In
comments. the case of NDPB and PNP these rates may correspond to the “twist” around
the single bond between nitrophenyl (electron acceptor) and pyrazoline group
(electron donor). In the case of AO the rotation of dimethylamino group
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