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We report the emission spectra, intensity decays, and anisotropy decay of 2,2′-dimethyl-p-terphenyl (DMT)
with four-photon excitation. When excited with a fs Ti:Sapphire laser the emission intensity of DMT was
found to depend on the third power of the incident intensity for excitation of 783 nm, and on the fourth
power of the incident intensity for excitation at 882 nm. Surprisingly, at the highest value incident power, the
emission intensity for four-photon excitation was about 10-fold less than with three-photon excitation. The
emission spectra, intensity decays and correlation times were found to be identical for three- and four-photon
excitation. However, the fundamental anisotropy (r0) of DMT depended on the mode of excitation. To the
best of our knowledge, ther0 value of 0.70 is the highest ever observed for an isotropic solution. These
results suggest that four-photon excitation can be used with red-NIR lasers to obtain excitation of UV-absorbing
chromophores.

Introduction

Multiphoton absorption processes can be used to characterize
the excited states of organic molecules.1-2 The interest in
multiphoton excitation increased dramatically after it was shown
that two-photon imaging was possible with laser scanning
fluorescence microscopy.3-4 Since this time there has been
intense activity in using multiphoton excitation in fluorescence
spectroscopy.5 Two-photon excitation has been used to char-
acterize biological macromolecules6-9 and tissues,10-12 and in
biochemical assays.13-14 Simultaneously, the use of two-photon
imaging was implemented by many other laboratories.15-17

Subsequently, three-photon excitation was shown to be useful
in fluorescence spectroscopy18-20 and imaging.21-23 Addition-
ally, there is an ongoing effort to design and synthesize
fluorophores with improved two-photon cross sections for
absorption.24-28

In the present report we describe the first observation of four-
photon excitation. We examine the UV-absorbing chromophore
2,2′-dimethyl-p-terphenyl (DMT) which display a maximum
absorbance near 250 nm, with the absorption ending near 300
nm. When excited with the 882 nm output of a fs Ti:Sapphire
laser the emissive intensity depended on the fourth power of
the incident intensity. The emission was demonstrated to be due
to a direct four-photon process based on the steady state and
time-resolved anisotropies. These results suggest that four-
photon excitation can be useful for the study of UV-absorbing
species.

Theory

It is useful to briefly review the theory for anisotropies with
multiphoton excitation. The emission anisotropy depends on the
extent of excitation photoselection and the angle between the
excitation and emission transition moments (â). For z-axis
polarized one-photon excitation the anisotropy is given by29-30

whereθ is the angle from thez-axis, andâ is the angle between
the absorption and emission transition moments. The subscript
zero indicates the absence of rotational diffusion during the
excited-state lifetime or the time-zero anisotropy. The average
value of cos2 θ depends on the type of photoselection and is
given by excitation this distribution is given by

The termfi(θ) is the directional distribution of the excited state.29

For one-photon excitation this distribution is given by

and for one-photon excitation eq 1 becomes

The factor of 2/5 originates with cos2 θ or one-photon
photoselection (eq 3). For collinear transitions (â ) 0) the
fundamental anisotropy (r01) without rotational diffusion is 0.40.
For nonzero values ofâ the anisotropy ranges from 0.40 to
-0.20 (Table 1).

The anisotropy expected for multi-photon excitation can be
calculated using

wherei indicated the number of simultaneous absorbed photons.
Substitution into eq 1 yields
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† Abbreviations: DMT, 2,2′-dimethyl-p-terphenyl; FD, frequency-

domain; 1-, 2-, 3-, and 4-PE, one-, two-, three-, or four-photon excitation;
PPO, 2,5-diphenyloxazole.
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For any number (i) of simultaneous absorption events the value
of 〈cos2 θ〉 is given by

so that forâ ) 0

The anisotropy values for multiphoton excitation and for
various values ofâ are given in Table 1. For collinear transitions
multiphoton excitation is expected to result in a more highly
oriented excited-state population than for one-photon excitation.
Observation of a larger anisotropy than possible for three- or
two-photon excitation provides strong evidence for four-photon
excitation. The description in eqs 1-10 assumes that all
transitions involve matrix elements with a single transition dipole
orientation. For completeness we note that the anisotropy for
two-photon excitation can be as high as 0.61.31-32 However,
the simple theory described above is adequate for interpretation
of these initial results.

Materials and Methods

2,2′-Dimethyl-p-terphenyl (DMT) was from Lambda Physics
and was used without further purification. The solvents cyclo-
hexane (Aldrich), hexadecane (Aldrich), and triacetin (Becker)
were of spectroscopic grade. The concentration of DMT was
5 × 10-4 M. Emission spectra were recorded on a SLM 8000
spectrofluorometer with 10 nm band-pass. Solutions were in
equilibrium with air and stirred during the measurements with
Teflon-coated magnets.

Multiphoton excitation was accomplished with the funda-
mental output of Tsunami Ti:Sapphire laser from Spectra
Physics, Inc. The pulse width was near 80 fs. The repetition
rate of 80 MHz was held fixed by the lock-to-clock accessory.
The Ti:Sapphire output (770 to 900 nm) was focused on the
sample with a best form 2 cm confocal length lens. The beam
waist was estimated to have a diameter of about 20µm. The
average excitation power was 0.5 W. This condition results in
a pulse peak intensity of 2× 1028 photon cm-2 s-1. For time-
resolved measurements the emission was isolated with a
combination of BG-39 and UG-11 filters transmitting from 320
to 370 (CVI, Inc.). For all measurements, the background signals
from solvent references were less than 1.0%. All intensity and
intensity decay measurements were performed using magic angle
conditions, which is excitation with vertically polarized light
and measurement of the emission through a polarizer oriented
54.7° from the vertical. Under these conditions the intensity
and intensity decays are not affected by Brownian motion or

the anisotropy decay of the sample. For measurements of the
dependence of the emission on laser intensity, the peak power
was attenuated with neutral density filters. To avoid any effect
of widening the laser pulses by the filters, a single filter of the
same design and thickness but varying optical density was used
for the intensity measurements at various peak powers.

Frequency-domain intensity and anisotropy decays were
obtained using the instrumentation described previously.33-34

The data were analyzed in terms of single exponential models

whereτi is the decay time andθi is the rotational correlation
time. The subscripti refers to the number of photons in the
excitation process. The FD data were fit as described pre-
viously.35-36

Results

Emission spectra of DMT are shown in Figure 1 for one-
photon excitation at 293 nm and for excitation at 882 nm. These
emission spectra were obtained from the same solution of DMT,
using the same instrument, the only difference being the
excitation wavelength. The emission spectra are essentially
identical for both modes of excitation. We believe the small
difference in the emission spectra for one- and four-photon
excitation is due to a different spatial distribution for the excited
volume. Since the absorption of DMT in cyclohexane is
essentially zero above 300 nm, it seems clear that this emission
must result from three- or four-photon excitation.

To clarify the nature of the excitation process we examined
the effect of attenuating the incident power at 882 nm. A 2-fold
decrease in the incident power resulted in an over 15-fold
decrease in the emission intensity of DMT (Figure 2). The extent
of decrease is in close agreement with that expected for the
2.03-fold attenuation, that is a decrease by a factor of 17 due to
the fourth-order dependence of the 2.03-fold attenuation. The
dependence on incident power is obviously not in agreement
with that expected for 1, 2, or 3-PE. For excitation at 793 nm
the emission depended on the incident power cubed (Figure 3).
For excitation at 882 nm the emission depended on the fourth
power of the incident intensity. We further examined how the
power dependence varied with excitation wavelength (Figure
4). As the excitation wavelength changes from 810 to 870 nm
the power dependence shifted from the cubed dependence to a
fourth-power dependence (Figure 4).

TABLE 1: Fundamental Anisotropies for One-, Two-, and
Three-Photon Excitation

â
(degrees)

one-photon
r01

two-photon
r02

three-photon
r03

four-photon
r04

0 0.40 0.57 0.66a 0.73
45 0.10 0.14 0.17 0.18
54.7 0.00 0.00 0.00 0.00
90 -0.20 -0.29 -0.33 -0.36
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Figure 1. Absorption and emission spectra of DMT in cyclohexane.
Also shown (- - -) is the emission spectrum with 884 nm excitation,
which revealed a four-photon process.

I(t) ) I0 exp(-t/τi) (11)

r(t) ) r0i exp(-t/θi) (12)
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We questioned whether the DMT sample was being damaged
by the intense 882 nm excitation needed for 4-PE. Hence we
examined the intensity decays measured in the frequency domain
(Figure 5). The same single-exponential decay was found for
3-PE at 783 nm and 4-PE at 882 nm. Additionally, the same
single exponential decays were measured for 3-PE and 4-PE of
DMT in hexadecane and triacetin (Table 2). These results

suggest the DMT is not undergoing photochemical transforma-
tion to a different emitting species.

We examined the steady-state anisotropy of DMT in triacetin
at 5° where rotational diffusion occurs (Figure 6) and at-50
°C where triacetin forms a rigid glass (Figure 6). Higher
anisotropies were observed at lower temperature. The anisotro-
pies of DMT at-55 °C for excitation near 830 and 870 nm are
in good agreement with those expected for three- and four-
photon excitation with collinear absorption and emission transi-
tion moments (Table 1). One can use the anisotropies in Figures
6 and 7 to calculate the rotational correlation time of DMT using
the Perrin equation:

Figure 2. Fluorescence intensity of DMT in cyclohexane with and
without a 2.03-fold attenuation of the 882 nm excitation intensity. The
horizontal lines are the expectations for 1-PE (- ‚ -), 2-PE (‚‚‚), 3-PE
(- - -), and 4-PE (s) excitation.

Figure 3. Dependence of the emission intensity of DMT on the
excitation intensities at 783 and 882 nm. The power is in mW.

Figure 4. Effect of a 2.03-fold attenuation of the excitation light on
the emission intensity of DMT in cyclohexane at 20°C. The horizontal
dashed lines show the expected values ofI0/Iatt for 1-, 2-, 3-, and
4-photon excitation.

Figure 5. Frequency-domain intensity decays of DMT in cyclohexane
with 3-PE at 783 nm and 4-PE at 882 nm.

TABLE 2: Intensity and Anisotropy Decay Parameters of
DMT in Cyclohexane, Hexadecane, and Triacetin for Three-
and Four-Photon Excitation

anisotropy decays

solvent

exci-
tation
(nm)

intensity
decays
τ (ns) øR

2 r0 θ (ns) øR
2

cyclohexane 783 1.07 (0.01)a 1.7 0.53 (0.05) 0.06 (0.03) 0.9
882 1.06 (0.01) 1.8 0.57 (0.03) 0.10 (0.01) 1.0

hexadecane 783 1.12 (0.01) 1.6 0.61 (0.03) 0.11 (0.01) 1.5
882 1.11 (0.01) 2.8 0.69 (0.03) 0.11 (0.01) 1.5

triacetin 783 1.15 (0.01) 2.5 0.61 (0.02) 0.79 (0.03) 2.6
882 1.14 (0.01) 1.5 0.70 (0.02) 0.78 (0.03) 1.5

triacetin 783 0.61 (0.01)
global fit 882 0.70 (0.01) 0.78 (0.02) 2.4

a The numbers in parentheses are the estimated uncertainities.

Figure 6. Excitation wavelength-dependent anisotropies of DMT in
triacetin at 5°C.
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wherer0 is the fundamental anisotropy observed at-50 °C, r
is the anisotropy at 5°C, andτ ) 1.81 ns the lifetime at 5°C.
This calculation yields a correlation time of 3.3 and 3.4 ns for
excitation at 830 and 870 nm, respectively. The closeness of
these values suggests that the DMT solution does not undergo
local heating at the intensities needed for four-photon excitation.
The change in excitation from a three-photon to a four-photon
process resulted in a less than 10-fold difference in emission
intensities at the highest incident power. Incident powers about
1 W should result in higher emssion intensity for 882 nm
illumination than for 793 nm illumination (Figure 4).

To further determine if the DMT samples were heated by
illumination we measured the frequency-domain anisotropy
decay in cyclohexane and triacetin (Figure 8). In all cases nearly
the same time-zero anisotropies (r0) and correlation times were
observed for three- and four-photon excitation (Table 2). The
slightly different values ofr0 and θ found for DMT in
cyclohexane can be due to the shorter correlation times which
are more difficult to measure. The fact that the anisotropy decays
were the same for 3-PE and 4-PE is demonstrated by the ability
to globally fit the FD anisotropy data for 783 and 882 nm
excitation (Figure 9) to a single correlation time (Table 2). The
closeness of the correlation times for different excitation

wavelengths demonstrates that 4-PE can be accomplished
without significant heating of the samples.

The r0 values found for DMT with 4-PE are the largest yet
observed in an isotropic solution. For one-photon excitation the
maximum ratio of intensities of the parallel and perpendicularly
polarized component of the emission is 3.0. It is interesting to
see the relative magnitude of these components with four-photon
excitation (Figure 10). TheG-factor for our instrument was near
unity, as can be seen from the vertical (IHV) and horizontal (IHH)
components with horizontally polarized excitation (Figure 10,
right side). For vertically polarized excitation the vertical (IVV)
and horizontal (IVH) polarized components of the emission differ
by 8-fold. Such high ratios for the vertical and horizontal
components is an indication of the high degree of orientation
of the excited-state transition moment distribution (Figure 11).
As the mode of the excitation changes from 1-PE to 4-PE the
fundamental anisotropy increases from 0.40 to 0.727.

An important advantage of two-photon excitation microscopy
is localized excitation at the focal point of the lens.3-4 This
effect is due to the quadratic dependence on the illumination
intensity. As a result one expects still greater excitation
localization with higher modes of excitation. Figure 12 shows
the calculated distribution of the excited-state population along
the excitation beam. As the mode of absorption increases the

Figure 7. Excitation wavelength-dependent anisotropies of DMT in
triacetin at-50 °C.

Figure 8. Frequency-domain anisotropy decays of DMT at 20°C in
cyclohexane (C), hexadecane (HD), and triacetin (T) at 20°C.

r0

r
) 1 + τ/θ (13)

Figure 9. Global analysis of the frequency-domain anisotropy decay
of DMT in triacetin with 3-PE at 783 nm and 4-PE at 882 nm.

Figure 10. Emission intensities of the four polarized components of
DMT with 882 nm excitation, in triacetin at-50 °C.

Four-Photon Excitation of 2,2′-Dimethyl-p-terphenyl J. Phys. Chem. A, Vol. 106, No. 5, 2002757



excited-state population is expected to become more localized
along thez-axis.

We examined the excited state distribution along the excita-
tion beam (Figure 13) and across the excitation beam (Figure
14). We scanned images of the fluorescence spots using a 50µ
precision air slit along the beam and a 10µ pinhole across the
beam. These measurements were all performed with the same

excitation wavelength of 882 nm. We obtained 2-PE using
perylene, 3-PE using PPO, and 4-PE using DMT. These data
demonstrate that at the same excitation wavelength, more
localized excitation can be obtained with a higher mode of
excitation. Importantly, the intensities rapidly decrease to zero
at short distances from the center of the laser beam.

Discussion

Our observation of four-photon excitation has implications
for the use of multiphoton excitation in spectroscopy and
imaging. For example, we have shown the emission from
saturated alkanes can be observed with excitation near 300 nm
via two-photon excitation.37-39 It would be difficult to obtain
good transmission of 300 nm through a microscope objective.
However, higher-order three- or four-photon excitation of
saturated hydrocarbons may allow detection of deep UV
emission from cellular membranes in an optical microscope.

The high anisotropies possible with 4-PE may also be useful
in cellular imaging. It is possible to accomplish anisotropy
imaging in laser scanning microscopy.40 As shown in Figure
10 there is an approximate 8-fold intensity difference between
the parallel (V) and perpendicular (H) components of the
polarized emission. Such large intensity differences should
facilitate the use of anisotropy measurements in cell imaging.
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