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We measured the triplet extinction coefficients €y over the laser action spectral region of
Rhodamine 6G; Rhodamine B; Rhodamine 110; Fluorol-7GA; Coumarin 540A; Coumarin
522; Coumarin 1; Coumarin 120; 4,4'-diphenyl stilbene; and 2,7-bis-(4-methoxy-phenyl)-9,9-
dipropylfluorene. We employed the different lines from an argon ion cw laser for excitation.
McClure’s method was used to obtain the triplet extinction coefficients €. The method
requires the measurement of triplet optical densities OD, as a function of different cw laser

excitation intensities (powers) I,

.- The importance of triplet-state losses on dye laser efficiency

is reviewed. The laser action propemes of the laser dyes we studled are briefly discussed as

they relate to the measured €7 values.

(. INTRODUCTION

> Fer lasiilainp pumped dye lasers, the negative effect of
triplet state losses on laser action efficiency is well known 2
Oscilloscope traces of laser pulses showed that laser action
diminishes much sooner than the flashlamp excitation pulse.
This effect was attributed to the buildup of triplet-state dye
molecules during the excitation from the flashlamp pulse.
These triplet-state molecules absorb the laser light more or
less efficiently, depending on the number (concentration)
N, of triplet-state dye molecules generated during excitation
and the magnitude of their triplet absorption (extinction)
coefficient €, (4,,.) over the fluorescence (laser action)
spectral region. Therefore, triplet-state losses (TSL) are giv-
en by the product

TSL = V,€,(4,.). n
.V, is determined by the rate equation
ay, . N,

dr = Ve Rise T T, (2)
I"

which describes population and depopulation of the lowest
energy triplet state T,. k4 1s the intersystem crossing rate
constant. .V is the population (concentration) in the first
excited singlet state S, and depends on the intensity and
shape of the excitation pulse. 7, is the triplet-state lifetime.
For long flashlamp pulses ¢ (1> 10 “s) or cw laser excita-
tion, we have d.V, /dr = 0 and the TSL are given by

TSL =V, e, = N kg€, 7). (3)

Therefore. to describe quantitatively laser action parameters
such as laser action efficiency, laser action threshold, etc., of
alaser dye used as an active medium in a dye laser, one must
know the values of k... €, . and 7, . Unfortunately, thereis a
critical lack of experimental data on all three of these spec-
troscopic parameters. This makes a quantitative evaluation
of laser dye performance impossible in most cases.

To obtain etiicieni laser action, one generally is interest-
ed in laser dyes that have a high quantum fluorescence yield
&, (&, = 1). Thereasonis that k- and &, are related by the
approximate relationship'

521 J Appl Phys. 64 (2), 15 July 1988

[

oood

s

¢F =1/(1+ TFleC)) (4)
or

leC = (1 - ¢F)/TF¢F1 (5)

which neglects excited singlet-state S, nonradiative transi-
tions to the ground state S,. For ¢~ 1, Eq. (4) reduces to

leC = (l _éF)/TF' (6)

7¢ is the fluorescence lifetime, which is generally in the
5% 10~% s range. Experimentally, 7, is not too difficult to
measure. Equation (6) explains why a high-quantum-effi-
ciency & is equivalent to the presence of a small intersys-
tems crossing rate constant K,s-. From a practical point ot
view, Eq. (6) is, in many cases, useless. It is experimentally
rather difficult to measure quantum fluorescence yields &
better than + 29%.* For example, if the true value of the ¢, is
0.98, one would measure all values between 0.96 and 1.00,
which would yield meaningless information on ksc. @
(and to a certain degree 7,) is also solvent dependent.

Tripiet-state lifetimes 7,- of organic compounds in solu-
tions at room temperature are generally measured by em-
ploying flash photolysis equipment.>* These experiments
are rather difficult for triplet-state lifetimes 7, in the range
of 1077 to 10~ 7 s. This is the range of lifetimes one en-
counters for laser dyes in solutions and when triplet-state
quenchers, such as oxygen from air, are present. 7, also
strongly depends on the solvent employed. The knowledge
of 7, values 1s not necessary for dye laser systems that em-
ploy short pulse (laser or flashlamp) in the 100-ns and
shorter pulse duration region.”

Similarly. experimental values of €, (4,,.) for most of
the presently used laser dyes arc also not avatlable. It is this
scarcity that prompted our study. However, therc is a second
reason.

For efficient laser action to occur, triplet-state losses
TSL must be very low. From Eq. (4), this implies that k.
7,.and €, must be small. Pavlopoulos proposed™ that laser
action efficiewcv of laser dves could be improved by synthe-
sizing new laser dyes, which had lower €, (4,,, ) values than
those presently found in commercially available laser dyes.
This conclusion was derived from an examination of the few
€, (A,,.) values on laser dyes available in the literature.

las
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Therefore, measuring values of €, (4,,,) on a rather
large number of known laser dyes would answer the follow-
ing question: are these values really low? If not, finding or
synthesizing new laser dyes with lower €, (4,,, ) would make
sense. It would lead to dyes that would have superior laser
action efficiencies than those presently available from com-
mercial sources.

Schaefer proposed to improve the performance of laser
dves by reducing their triplet-state lifetimes 7,..""

For later reference, we define very strong, strong, etc.,
tor conventional singlet as well as triplet absorption, ex-
pressed in decadic extinction coefficients [liter (/)/mole
cmi] as follows:

e=1x10"-1x10°

€=1x10"-1x10
€= 1x107-1x10°
€=10-110°

¢ — below 1C

very strong absorption,
strong absorption,
medium absorption,
weak absorption,

very weak absorption.

Il. MEASUREMENT OF TRIPLET EXTINCTION
COEFFICIENTS OF LASER DYES BY McCLURE’S
METHOD

Several methods are available to measure the triplet ex-
tinction coefficients or organic compounds.® McClure's
method'' allows the measurement of triplet extinction coef-
ficients. for spectral regions only, which do not overlap with
conventional (S-S) absorption. This is not a limiting factor
for laser dyes.because one is mainly interested in €, (1) val-
ues over the fluorescence (laser action) spectral region. Ba-
sically, the method requires the generation of a high concen-
tration of triplet-state molecules N, and steady-state
excitation. This is conveniently accomplished by employing
a cw laser as excitation source and focusing the laser light
with the aid of a lens on the sample.'” McClure's relationship
holds only for small concentrations .V, no appreciable pho-
todecomposition, and for uniform excitation areas.

McClure derived his simple and very useful relationship
by considering all the rate equations that cover the popula-
tion and depopulation routes of an excited organic molecule
in the singlet as well as in the triplet manifold. The following
simple linear equation holds:

1 1 A,
e 1+ -——). 7
oD, (erfv.qd>( L-v.) )

A, 1s a constant that depends on the different rate constants
k,. One only records triplet optical densities OD,. at a fixed
wavelength (e.g., at a triplet absorption maximum) as a
function of the different cw laser excitation intensities ( pow-
ers) /... A plotof 170D, against 1/1,, yields a straight line.
Extrapolating to the intersection with the ordinate (i.e.,
/1, =0, 0or I,, = =) yields 1/0D}. OD7 is the triplet
optical density at infinite excitation intensity /,, . At infinitc
excitatici Lawen ity I the cuncentration of triplet-state
molecules NV, is equal to the original ground-state concen-
tration V. One can easily calculate €, from the relationship
€; = OD; /Ngd, with d the thickness of the sample.
Equation (7) does not contain any expression that de-
pends on the actual value I, (laser power/excitation area)
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or A;. Using different illumination densities, the validity of
McClure’s method can be tested. These different illumina-
tion densities can be obtained easily by setting the lens that
focuses the cw laser light at different distances from the sam-
ple."” Plotting the different 1/0D, values against 1//,, al-
ways yielded straight lines, all of them converging well to
one intercept point 1/0D#¥. In addition, regardless of the
concentration Ng used for the experiment, one should al-
ways obtain the same value for €,.. The method was tested on
anthracene and pyrene. The values of €;- measured agreed
well with values obtained by other methods.'”

Another important parameter is the size of the excita-
tion spot, which can be estimated from an expression derived
by Kogelnik and Li."* Focusing a laser beam of Gaussian
intensity profile with the aid of a lens will also produce a
laser beam with Gaussian intensity profile. The waist w, at
1/€” intensity is given by the expression

wy = w1+ (mw’/A,.,R)*] ", (8)
where A, is the laser wavelength and R is the wavefront
curvature. w is the radius at which the intensity of the laser
beam has decreased to 1/¢* (the beam diameter). As long as
the size of the excitation area on the sample was not below a
critical size (the size of the hole in the dovetail plate in front
of the monochromator slit), all straight lines converged well

» 12

into only one value of /0D ;.

ill. EXPERIMENTAL PROCEDURES
A. Concentration ranges

The ranges of dye concentrations available for the ex-
periments was actually rather limited. At the temperature of
liquid nmitrogen (1.e., 77 K). the solubiiity of the dyes we
studied in the glassy solvents employed was not too high. If
one starts out with a concentration N,(RT) at room tem-
perature, which is higher than the unknown saturation con-
centration N (sat) at 77 K, meaningless results are ob-
tained. We have NV (RT) > N (sat) and the obtained ¢,
values are smaller than the one that one would have been
obtained if all the dye had stayed in solution. This is simply a
consequence of cquation €, = OD; /N 4. We therefore al-
ways performed measurements on two different concentra-
tions Ny (1) and N (I1). If the higher concentration was I1
and saturation occurred at 77 K, one would find
€, (I1) < €,(I). In this case, we would disregara €, (11). It
both concentrations N (I) and N, (1) were higher than N
(sat), one should observe the samc intercept point
1/0D7 (I) = 170D (11). This is because N (sat) should
be the same in both experiments. In this case, one has to
perform another experiment at even lower concentration.

With the glassy solvents we employed. the highest con-
centration was generally 2:< 10 * mol. The lowest concen
tration we atiemnpied was in the range of S x 10 * mol. How-
ever, at this concentration, considerable laser excitation
light would pass through the sample unabsorbed.

Cooling the sample down to 77 K causes the dye solu-
tion to contract. Therefore, one measures €, values that are
higher than would be observed performing the experiments
at room temperature. The contraction coefficients p for the

T. G. Pavlopoulos and D. J. Golich 522




glassy solvents employed was determined and used to calcu-
late €, values based on N (RT):

No(77 K) = pN4(RT), or €, = pé,. 9)

B. Recording triplet optical densities OD,

Triplet optical densities OD - (A) are similarly defined
as conventional (singlet) densities. namely

OD,(4y=logl/I= N,e, (A)d. (10)

I, 1s the intensity of the monitoring light source after passing
through the sample and 7 is its intensity with the cw laser
excitation on. It should be noted that expression (10) is the
same as expression (1).

For excitation. the wavelength 4, we used was the one
available from the cw argon ion laser that came closest to the
absorption maximum of the strong, lowest-energy S-S ab-
sorption band of the dve. To measure values of €, (4, ), we
used the tollowing procedure. Werecorded €, (4, ) at fixed
wavelengths at intervals of 20 nm. The wavelength range we
covered was taken from the tuning curve shown in the
EXCITON Laser Dye catalog under Lasing Wavelength
Range (nm). For example. for Fluorol 555 (Fluorol-7GA ),
the shortest lasing wavelength is 518 nm for a XeCl(308)
pump source and the highest 1< 608 nm foi o flashilamp (F1)
pump source. Consequently. we measured OD - from 520-
620 nm 1n 20-nm mtervals and present the €, (4,,.) values
for these wavelength intervals in Table I. In between wave-
lengths can be obtained by interpolation. All the OD, values
were measured ata wavelength 4, that was at the long-wave-

length side of the tuning region 4,,,. Where possible, we mea-
sured OD, ata 7-T absorption maximum. For the xanthene
laser dyes, however, OD . values were obtained, where 7-T
absorption was lower than the one present over the laser
action spectral region.

To obtain the intercept point 1/0D; we always record-
ed five 1/0D7 values by varying /., , the cw laser excitation
intensity (power), by a factor of 5. For example, if the high-
est cw laser power used was I, = 50mW, we would perform
measurements at 25, 16.7, 12.5, and 10 mW in order for the
1/1., points to be equidistant from each other. However, we
used only the first four points, disregarding the one obtained
with the lowest power. Since a straight line is completely
determined by two points, one needs only two 1/0D,. values
to extrapolate to the ordinate to obtain 1/0D ;. Because of
photodecomposition, noise from the liquid nitrogen, intensi-
ty fluctuations of the monitoring light source, etc., one
would like to use more than two points to average over mea-
surement errors. But with decreasing intensity 7, , the sig-
nal-to-noise ratio in the obtained 1/0D,. values gets larger
and larger, exerting a disproportionately large effect on the
location of the intercept point 1/0D7. We obtained much
better agreement among different 1/0D; values we mea-
sured by dropping the fifth (largest) 1/0D, value.

We used a pocket calculator and the method of linear
regression to find the intercept points 1/0D7 .

C. Photodecomposition

The main reason why we could not measure triplet ex-
tinction coeflicients of many coumarin laser dyes, POPOP,

TABLE L Mcasured triplet extinction cocflicients €, of laser dyes as function of wavelength A4, 4, (nm) is the wavelength at which 170D ; was measured.
[ s the manimum ew faser power (i mW) employed for excitation. A, (nm) is the wavelength of the exciting cw laser line.

A,,. (nm)
Laser dyve €,(1 <10 *1/molecm) A, (nm) I.. (mW) /.. (nm)
Rhodamine B 580 600 620 640 660 680 50 528.7
12.5 i2.5 12.1 11.6 10.2 6.9
Rhodamine 6G 550 570 590 610 630 650 S0 S28.7
8.7 9.0 9.7 9.4 9.7 8.3
Rhodamine 110 530 350 570 590 610 590 100 501.7
6.8 7.6 7.9 7.5 7.4 7.5
Fluorol-7TGA 520 540 560 580 600 640 50 4579
37 31 32 RN ] 2.6 1R
Coumarin S340A SO0 520 540 560 600 580 100 IS/
1.9 2.1 23 2.6 23 2.9 363.8
Coumarin 522 480 500 520 540 560 580 S0 3511/
1.4 1.8 2.7 2.6 2.5 32 RIRRS
Coumarin 1 460 480 SO0 520 540 S8S Su asit/
nag 1.3 1.9 2.4 a4 A 33
Coumarin 120 420 440 460 4R0 S00 57§ 20 511/
0.9 0.9 1.0 1.6 27 71 RIRR
Diphcn_\l 400 420 440 160 480 500 100 s/
Stilbene 6.1 11.0 256 429 462 94.4 36318
2.7-bis 380 400 420 440 460 SBO 0s st/
(4-methoxy- 1.3 1.3 19 2.0 2.5 19.2 1638

phenyl)-9, 9-
dipropyifiuorenc
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and some other laser dyes, was photodecomposition. It
should be emphasized that photodecomposition, as it applies
to laser dyes. 1s actually the combination of two effects. One
is true photodecomposition of a molecule because of ab-
sorbed rachation. The result is reduced concentration of the
ortginal compound. The second effect is the formation of
decomposition products, which absorb the laser radiation. If
this absorption is strong, minute amounts of the decomposi-
tion product will affect laser action efficiency as well as our
experimentai results, even though the original concentration
of the dve itself has only been reduced by a small amount.

These two effects were amplified in our experiments
with laser dves. which had a long triplet-state lifetime ( phos-
phorescence) -, (in the range of 1 s), but only moderate
decomposition rates. Upon excitation of the sample with cw
laser light, steady-state condition 1s reached only after sever-
al seconds. This was often sufficient time for the accumula-
tion of excessive amounts of photodecomposition products,
or reduction indyve concentration, or both, yielding unaccep-
table data.

To reduce photodecomposition effects on the measure-
ment accuracy of OD, . we used the following procedurcs.
We perforined experiments at fixed wavelengths only, We
also tried to conduct measurements as quickly as possible. If,
after recording [, aid 1. I, was not quite reproduced because
of the formation of some photodecomposition products, we
would raise the liqguid mtrogen dewar flask, together with
the sample. about ! mm. This would make available an exci-
tation area without photodecomposition products from the
previous experiment. If the discrepancy between 7, and the
[, recorded after cutting off the cw laser excitation light was
too large. we would discard the laser dye.

For most of the laser dyes we studied, there was some
difference between the original 7, and the 7, recorded after
shutting off the excitation. This, of course. was also depen-
dent on the spectral region studied. Because of the difficulty
in estimating experimental errors arising from some photo-
decomposition. no measurement error analysis on our €,
values was performed.

D. Spectroscopic equipment

We used the same setup as employed in Ref. 12, except
that we replaced the Spectra Physics model 164 cw krypton
100 laser with a model 2025-05 cw argon ion laser.

A 350-mm-focal-length planoconvex quartz lens was
used to focus the cw laser light on the sample surface. The
fens was positioned 250 mm from the sample surface to pro-
duce a somewhat eniarged excitation arca on the sample. As
pointed out earlier, it is impartant that the diamater of the
excitation arca projected on the hole of the dovetail plate be
larger than the diameter of the hole.

E. Chemicals

Rhodamine 6G. Phodamine B, Rhodamine 110, Cou-
marin 1. and Coumarin 120 were obtained from Fastman
Kodak Company. and Coumarin 522 and Coumarin 540A
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from Exciton. 4,4’-diphenyl stilbene was purchased from J.
T. Baker Chemical Company and recrystalized from ben-
zene. Fluorol-7TGA was furnished by the GAF Corporation
and was recrystalized five times from ethanol.

2,7-bis(4-methoxyphenyl)-9,9-dipropylfiuorene  was
supplied by Kauffman. With the exception of diphenyl stil-
bene and 2,7-bis(4-methoxyphenyl)-9,9-dipropylfiuorene,
all compounds were dissolved in ethyl alcohol (from U.S.
Industrial Chemicals Company) and methyl alcohol (from
Aldrich Chemical Company) in the ratio 4:1. The contrac-
tion coefficient p for this mixture was U.79. Diphenyl stilbene
was dissolved in a mixture ¢f 2-methyltetrahydrofuran
(from Lancaster Chemical Company) and toluene (from
Matheson, Colemand & Bell) in ratio 1:1. The p for this
mixture was 0.80. 2,7-bis(4-methoxyphenyl)-9,9-dipropyl-
fluorene was dissolved in 2-methyltetrahydrofuran as glassy
solvent, which had p = 0.84.'*

13.0
5
120} A0
ot
W
11.0F—
10.0—

0.0 0.1 0.2 03 04 0.5 0.6

FIG 1T Plot 1°OD w1 toobtain 1 OD; by eatrapolation for Rhoda-

mine otV prosents the room femperaturs concentrations 2 | preseits
the o Jaser excitation wanelength
T G Pavlopoutos and D J Golich 524
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IV. RESULTS AND DISCUSSION
A. Triplet extinction coefficients
1. Rhodamine 6G

Among laser dyes, Rhodamine 6G holds a special posi-
tion. It is one of the most efficient laser dyes presently known
and also has good photochemical stability. It has been
known to exhibit laser action since 1967.' Any new laser dye
claiming superior performance must measure up to Rhoda-
mine 6G.

With our equipment, 7-7 absorption of Rhodamine 6G
(as well as of the other xanthene laser dyes we studied) was
casy to observe because of the relatively long triplet (phos-
phorescence) lifetime r, (in the second range). This, to-
gether with good photostability in the glassy solvent, was the
main reason for the good reproducibility of the spectroscop-
ic data we recorded. An €, (590 nm) = 1.3 10*/ /mole cm
(see Buettner et al."*).

Figure 1 presents a typical 170D, plot against 1/1,,
using different Rhodamine 6G concentrations N (RT). For
excitation, the A., = 528.7-nm line was employed and 4,

= 650 nm. Using the resulting intercept points 1/0D7, one

obtains the following €, (650) values: 7.6, 8.3, 7.3, and
7.610" /molecmforthe 5> 10 *.1x 10 *2x 10 * and
3 x 10 * molar solutions. Because the 1% 10 * molar solu-
tion yields the highest €, value, we list it in Table I, discard-
ing all the others obtained with higher concentrations.

We also did not use the value obtained from the 5§ x 107*
molar solution. At this low concentration, the laser light was
only partially absorbed, yielding small OD; values. Mea-
surement errors {e.g.. noise) are probably responsibie for
the discrepancy. We did not perform experiments at this low
concentration for any of the other dyes we studied.

Our value of €, (590 nm) = 9.7 % 10"/ /mole cm agrees
fairly well with the one obtained by Ref. 14.

Rhodamine 6G

2. Rhodamine B

Laser action from this laser dye was first observed by
Schmidt and Schaefer.” This laser dye was of good photoche-
mical stability. Qur valuefore, (610nm) = 12 - 10*/ /mole
cmagrees well with 142 10/ /mole cm measured by Ref. 14,
The higher quantum fluorescence yield ¢; = 0.84 (Ref. 14)
and the lower €, (/.. ) of Rhodanune 6G could explain its
somewhat better laser action properties compared to Rhoda-
mnine B, which has a é, = 0.62."*
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Rhodamine B

3. Rhodamine 110

Rhodamine 110 (Ref. 15) was another stable laser dye
we studied. Performing three independent measurements
with 1 10 * mol solution, we obtained for €, (590): 8.9,
8.9, and 9.0 X 10* / /mole cm. Using a 2 x 10* mol solution,
we found €,(590) =9.7x 10" I /mole cm. The value for
€ (590) shown in Table I is the average of all four measure-
ments.

Rhodamine 110

4. Fluorol-7GA

Laser action under flashlamp excitation from this com-
pound was reported by Lambropoulos.'® This dye was rath-
er stable photochemically. The €,(640) value shown in Ta-
ble I is the average from the two measurements at 1 and
2x 107 mol solution, which yielded €, (64G) = 4.5 and
5.0x 10"/ /mole cm.

N
H” ™ n-Bu

Fluorol-7GA

5. Coumarin 1

Coumarin 1 (7-diethylamino-4-methyl coumarin) was
the first coumarin derivative from which Sorokin and Lan-
kard'” observed laser action. Since then, about 100 coumarin
laser dyes have come to be known.'® Their laser action wave-
lengths caver the spectral region from about 440 to 540 nm.
Among the several coumarin laser dyes we tested, Coumarin
1 belonged to the few that were fairly stable photochemical-
ly. We spent considerable effort measuring the €, (A,,.) val-
ues of this compound, because the values we obtained deviat-
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ed considerably from the ones obtained by Dempster et al."”
[€,(620) =22 10" //mole ¢m] and Pavlopoulos™
[€,(585) = 19% 10" //mole ¢cm] for the T-T absorption
maximum. Our values were considerably lower; specifically,
those with the 110 * and 2x 10 * molar solution. We
measured €, (585) = 6.6 and 6.6 x 10" [ /mole cm, respec-
tively. The €, (4, ) for the four coumarin dyes we measured
are all in about the same range, and we do not believe that
photodecomposition is responsible for the difference with
the values reported in Refs. 19 and 20.

Perhaps the deviation could have resulted from the em-
ployment of the depletion method, as discussed in Refs. 12
and 21. Itis well known that, when there is some overlapping
of S-§ with some 7-T absorption, questionable €, values
may be obtained.

CH;
= | X
> N
(HgCy),N (o} (o]
Coumarin 1

6. Coumarin 540A

Coumarin 540A (Ref. 22) was photochemically rather
stable with the exception of the 480-nm spectral region. The
2« 10 “*molar solution yielded €, (580) = 3.3 x 10"/ /mole
cm., but the 1x 10 * molar solution yielded €, (580)
= 3.9 10" / /mole cm. Because the lowest concentration
gave a higher value, the €, (4,,.) values shown in Table I are
derived from the latter concentration only.

CF,

Coumarin 540A

7. Coumarin 522

Coumarin 522 (Ref. 22) is another coumarin dye that is
photochemically fairly stable. Two different 2x 10 * molar
solutions gave €, = 3.5 and 3.8 10" / /mole cm. We dis-
carded both values, since the one obtained froma 1 x 10~ *
molar solution €, (58C) = 4.4 10 *!/mole c was lower;
it is therefore used in Table 1.

CF,

X

rlq 0" o

CH,

Coumarin 522

8. Coumarin 120

Coumarin 120 (Ref. 15) was photochemically some-
what unstable. The two concentrations 1 and 2 ¥ 10 * molar
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solutions resulted in the two €,(575) values of 8.2 and

9.8 10"/ /mole cm. The average of both values is shown in
Table 1.

A

X
H,N o” ~o

Coumarin 120

9. Diphenyistilbene

Laser action from this compound was first observed by
Furumoto and Ceccon,™ employing a short-duration (50
ns) flashlamp. The sulfonated derivative of this molecule
(known as Stilbene 1), which exhibits improved solubility, is
a widely used laser dye showing efficient laser action under
ultraviolet cw laser excitation.** Stilbene 1 could not be dis-
solved in sufficient concentration in glassy solvents. How-
ever, diphenylstilbene could be dissolved in a mixture of 2-
methyltetrahydrofuran: toluene (ratio 1:1), and showed
good photostability under ultraviolet cw laser excitation.

Both compounds show strong fluorescence. Furtiher-
more, their triplet-state lifctimes 7, should be very small,
since both are stilbene derivatives.>* The fluorescence (laser
action) spectral region also falls on declining 7-T absorp-
tion. It falls on the tail of a 7-T absorption band with its
intensity maximum at about 500 nm.”* It is difficult to un-
derstand why this laser dye does not show efficient laser
action in conventional dye laser systems, which employ
flashlamps with 200- to 500-ns risetimes. However, accord-
ing to our measurements shown in Table 1, 7-T absorption
(expressed in €;) is not small for this compound. The T-T
absorption maximum at 500 nm has an €, of about 1x 10°
{ /mole cm, which represents a very strong absorption. And
although 7-T absorption over the 400- to 460-nm spectral
region has considerably declined, the €,-(4,,,) values over
this region are still rather high (see Table I). This may ex-
plain the rather high laser action threshold of this laser dye.

\E

4,4'-dipheny! stilbene

10. 2,7-bis(4-methoxyphenyl)-9,9-dipropyl/fluorene

This new dye** presents a realization of improved laser
dyes, suggested by Paviopoulos and Hammond,* and exhi-
biting a favorable A,c constellation. To improve the laser
action properties of p-quaterphenyl (and similar chromo-
phores), substitution in the p,p’-position by auxochromic
groups (e.g., -OCH, ) is made, in addition to rigidization of
the phenyl groups of the molecule by bridging them with
> CH, group(s). Auxochromic group substitution moves
the strong lowest energy absorption band to longer wave-

T. G. Pavlopoulos and D. J. Golich 526




lengths (bathochromic effect). The shifting of the absorp-
tion band to longer wavelengths also shifts the fluorescence
spectrurn to longer wavelengths. The > CH, group(s)
bridging the phenyl groups keep the molecule planar, which
results in maintaining a high quantum fluorescence yield é,..
In addition, solubility of the laser ve is also improved.™
Laser action properties of other substituted quaterphenyls
and related molecules have been reported by Guesten and
co-workers.” %

In addition. p-quaterphenyl presents a chromophore,
where the fluorescence intensity maximum is positioned at a
considerable distance (i.e., large energy separation AE)
from the 7-T absorption intensity maximum. It therefore
presents a typical chromophore, where long-axis (i.e., in the
p.p -position) auxochromic group substitution should yield
an efficient laser dye.” ™" A red shift of all electronic transi-
tions results, maintaining the large energy separation AE.
Consequently, and as seen in Table I, low T-T absorption
[i.e..small e, (4, )] is present over the laser action spectral
region, which results in the exceptional laser action proper-
ties of this new laser dye. Again. this conclusion rests on the
assumption that the quantum fluorescence yield &, is high
{or, more accurately, k¢ remains small).

This compound was relatively stable under cw ultravio-
let laser light illumination. The reported €,(4,,.) value is
the average from measurements on 1 and 2 10™* molar
solutions.

Pr Pr

2.7-bis(4-methoxyphenyl) -9.9-dipropylfiuorene

B. Discussion

From the €, (4,,,) values on laser dyes we collected in
Table 1, it is apparent that they are not really small. The
lowest value is 0.9 ¥ 10*7 /mole em for some of the coumarin
laser dyes and goes up to about 12 x 10° / /mole ¢cm for Rho-
damine B. From our definition of very strong, strong, etc.,
absorption, most of these €, (4,, ) values fall under the de-
finition of strong absorption. If laser dyes were available
with €, values falling into the lower part of the “medium
absorption™ range, much more efficient laser action should
be observable. There is no obvious theoretical criterion that
states that 7-T absorption over the laser action spectral re-

gion cannot have small €, values. Employing these im-
proved laser dyes, efficient cw laser action with noncoherent
sources,™ or with sunhght as the pump source, might be
possible.
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