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FLUORESCENCE SPECTROSCOPIC INVESTIGATIONS OF RHODAMINE DYE VAPORS
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Rhodamine 19 is heated in a vapor cell and the fluorescence emission is analysed. Above 320°C rhodamine 19 vapor disinte-
grates quickly into 2,7-dimethyl-rhodamine 110 vapor. The fluorescence quantum distribution, the fluorescence quantum effi-
ciency, the stimulated emission cross section and the fluorescence depolarization of this 2,7-dimethyl-rhodamine 110 dye vapor

are determined.

1. Introduction

Spectroscopic studies of rhodamine dye vapors are
scarce because these ionic molecules have a very small
vapor pressure and their thermal stability is weak at
elevated temperatures. Rhodamine 6G [1] and rho-
damine B [2] dyestuff was evaporated and analysed
by absorption and emission spectroscopy. The ther-
mal dye stability was not considered. In a recent study
rhodamine 19 dyestuff was evaporated and analysed
by absorption spectroscopy [3]. Below 320°C the
neutral zwitterionic form of rhodamine 19 was found
to be stable in the vapor phase. Above 320°C rhoda-
mine 19 was observed to disintegrate into the neutral
zwitterionic form of 2,7-dimethyl-rhodamine 110 (2-
[6-amino-3-imino-2,7-dimethyl-3H-xanthen-9-yl1]
benzoic acid) [4].

In this paper the fluorescence behaviour of rhoda-
mine 19 vapor and of 2,7-dimethyl-rhodamine 110
vapor is investigated. The structural formulae of the
neutral zwitterionic forms of these two molecules [5]
are displayed in fig. 1. The fluorescence quantum ef-
ficiency of rhodamine 19 vapor is found to be very
small (gyv<$0.0025). The rotational motions of the
ethyl-amino groups of rhodamine 19 in the vapor
phase at elevated temperatures are probably respon-
sible for the fast radiationless deactivation [5-7]. The
fluorescence quantum efficiency of 2,7-dimethyl-
rhodamine 110 vapor is high (gy~0.63) and the flu-
orescence quantum distribution, the stimulated
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Fig. 1. Structural formulae of the neutral zwitterionic forms of
rhodamine 19 (I), and 2,7-dimethyl-rhodamine 110 (II).

emission cross-section spectrum, and the fluores-
cence depolarization could be determined.

2. Experimental

The vapor cell for the heating of the rhodamine 19
dyestuff is described in ref. [8] (reservoir and cell
are made of stainless steel, cell windows consist of
sapphire; cell length /=5 cm). The experimental ar-
rangement for the fluorescence studies is depicted in
fig. 2. The 457.9 nm line of an argon ion laser is used
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Fig. 2. Experimental arrangement for fluorescence measurement.
LA, argon ion laser (Spectra Physics), wavelength A, =457.9 nm,
average excitation power at vapor cell is approximately 10 mW.
BS, beam splitter. VC, vapor cell. VAC, vacuum chamber (for
details, see ref. [8]). DP, 90° deflection prism. PO, dichroitic
polarizer. L, lens. EF, dielectric edge filter. SP, grating spectrom-
eter. DA, diode-array system (Tracor DARRS).

for dye vapor excitation (pump power at vapor cell
was approximately 10 mW). The fluorescence in
backward direction is directed to a spectrometer with
a 90° deflection prism and a lens [9]. The scattered
pump laser light is discriminated by dielectric edge
filters. For fluorescence depolarization studies a di-
chroitic polarization filter is entered in the fluores-
cence path and the fluorescence components polar-
ized parallel and perpendicular to the pump pulse
polarization are determined. The fluorescence spec-
tra Sy(4) are registered with a diode-array system
(Tracor type DARRS system).

3. Spectroscopic fundamentals

The absolute fluorescence quantum distribution
Ey(4) of the dye vapor is determined by calibrating
the fluorescence spectra to the total fluorescence sig-
nal, [.mSg(4)dA, of a reference dye solution in the
same dye vapor cell. In our experimentsa 10~7 molar
solution of rhodamine 19 in methanol was applied
(fluorescence quantum efficiency gg #0.97 [10]).

Ey(A) is given approximately by [9]

SV(A)/Wabs,V AQV q
JemSr(2) A2/ Wapsr AQR

~ Sv(4) oLrNr(1 —RR) qr (1)
oLvNv(1=Ry) [emSr(A)dA nEg’

Ev(1)=

The absorbed pump energies in the dye vapor and
in the reference dye solution are

Wisy = Wi[1—exp(—oyNy)1(1=Ry)
~ WyoLyNyI(1-Ry)

and

Wabsg = Wi [1—exp(—0LrNr!) ] (1-Rg)
~ WioLr Nrl(1-Rg) ,

respectively. g, v and o are the absorption cross
sections at the pump laser frequency. Ny and Ny are
the dye vapor and dye solution number densities.

Ry = (nL,W_ 1 )2/(’1L,w+ 1 )2

and

Rp=(n.w _nL,R)z/ (nLw+ ”lL,R)2

are the pump light reflectivities at the sapphire win-
dow-dye interfaces (n w is refractive index of sap-
phire at A;, 7, g is refractive index of reference dye
solution at A ). The ratio of the solid angles of fluo-
rescence acceptance by lens L is

AQy/AQR = n%‘,R/an«‘,V ~ ”12-‘,R

(ngr is the average refractive index of the reference
solution at the wavelength of the fluorescence band,
ngv~ 1). The spectral characteristics of the elements
in the fluorescence path are taken into consideration
in the determination of absolute fluorescence quan-
tum distribution Ey (1) (seeref. [9]).

The fluorescence quantum efficiency of the dye va-
pors is obtained by integration over the fluorescence
quantum distribution:

w= [EBna. )

em

The radiative lifetime, 7.,4v, Of the dye vapors is
determined by application of the Strickler-Berg for-
mula [11,12]

1 _875’1%/,1:6’0 JehEv(4) dA

Trad,V - nV,A femEV(}-))-‘t d}.
x [ 2 g 3

abs

¢o is the vacuum light velocity. The refractive indices
in the S,-S, fluorescence region, ny g, and in the Sq-
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S, absorption region, #y 4, are practically equal to 1.
Oabs.v (4) is the absorption cross section of the dye va-
por at wavelength 4. The integrations extend over the
S,-S, fluorescence band (em) and over the S¢-S, ab-
sorption band (abs).

The stimulated emission spectrum is calculated
from the fluorescence quantum distribution Ey (1),
the radiative lifetime 7,4y and the fluorescence
quantum efficiency gy by [13]

AEv(A)
8nn %/,FCO Tradvav

Oem,v (A ) = (4 )

The fluorescence depolarization is determined by
measuring the components Sy ;(4) and Sy , (1) of
fluorescence light polarized parallel and perpendicu-
lar to the pump laser light. The degree of fluorescence
polarization, P, is given by [14-17]

= ~[emSV,II(l) dl_femSV,J. (A) dj'
femSV,n ()-) dl+femSV,.L ('1) d)'

~ SV,|| (Amax) _SV,J. (}'max)
- SV,|| (Amax)+SV,J_()*max) '

The degree of polarization depends on the reorien-
tation time, 7., and on the fluorescence lifetime, 7,
by [17-20]

1 1 1 1 T

P‘3‘(Po‘3)<l+ r) ©)
The reorientation time of a dye molecule is propor-
tional to the viscosity, #, of the surrounding medium

and to the free rotation time, 7, of the molecule
[21,22],i.e.

To=kn+7,. (7)

For spherical molecules x is given by xk=V/kd
[20,23], where V'is the hydrodynamic volume of the
molecule, & is the Boltzmann constant, and 9 is the
temperature. The free-rotator time 7, is given by [21]
7o = 2n(I/k®)'/? where I is the moment of inertia. P,
is the degree of polarization in the absence of reorien-
tation (7,,—c0). For an electric dipole transition with
absorption and emission oscillator parallel to one an-
otheritis Py=0.5 [14-17].

In our experiments the degree of polarization of the
reference solution (rhodamine 19 in methanol) is
calculated by use of eq. (6) to be Pr=0.0135
(tor= 100 ps [24], T =Traqrqr ® 4.3 ns, Py=0.5).

P

(3)

The degree of polarization Py of the dye vapor is
measured (relative to Pg) by application of eq. (5).
For the vapor the molecular reorientation time (eq.
(7)) is equal to the free-rotator time 7, (7—0).

4. Results

The measured fluorescence signals are presented in
fig. 3. Rhodamine 19 dyestuff was inserted in the res-
ervoir of the vapor cell. The vapor cell temperature,
¢, was kept approximately 15°C higher than the res-
ervoir temperature 9 in order to avoid dye deposi-
tion at the sapphire windows of the vapor cell.

Lem3)
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Fig. 3. Temperature dependence of vapor fluorescence signal
(solid curves) and of saturated vapor number density (dashed
curves, from ref. [3]). (a) Total vapor density. (b) Neutral
zwitterionic rhodamine 19 vapor density. (c) Neutral zwitter-
ionic 2,7-dimethyl-rhodamine 110 vapor density. (1, O) Heat-
ing of rhodamine 19 dyestuff to 93 =378°C. (1’, @) Cooling the
vapor starting at 93 =378°C. (2) Cooling the vapor after heating
to 9 =340°C. (3) Observation of temporal effects by heating to
Yr=280°C, then remaining at this temperature of a period of 4.5
h before cooling.
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The dashed curves (a)-(c) of fig. 3 represent va-
por densities which were determined in ref. [3]. The
curve (a) gives the total vapor density of the neutral
zwitterionic rhodamine 19 vapor (curve (b)) and of
the neutral zwitterionic 2,7-dimethyl-rhodamine 110
vapor (curve (c)). In ref. [3] arguments are given
that the cationic (protonic) forms of rhodamine 19
and 2,7-dimethyl-rhodamine 110 do not exist in the
vapor phase. The lactonic forms of the dyes [25,26]
may be present in the vapor phase, but their vapor
density contribution is not included in the curves
(a)-(c) of fig. 3 [3]. The lactonic forms absorb in
the UV spectral region [25,3] and are not excited in
our measurements. The disintegration of rhodamine
19 into 2,7-dimethyl-rhodamine 110 is temperature
and time dependent. The stainless steel cell walls seem
to act catalytic for this decomposition. The curves
(a)-(c) were obtained for a heating rate of approxi-
mately 2°C/min. This heating rate applies also
roughly to the fluorescence curve (1).

A comparison of the fluorescence curve (1) (open
circles) with the vapor density curve (a) indicates a
later onset and a steeper rise of the fluorescence emis-
sion. At temperatures 9 <300°C where practically
only rhodamine 19 is in the vapor phase the fluores-
cence quantum efficiency is very small. At 9 =300°C
a total fluorescence quantum efficiency of ¢y~ 0.0025
is determined. Since fluorescence contributions of
2,7-dimethyl-rhodamine 110 cannot be excluded at
300°C, the fluorescence quantum efficiency of rho-
damine 19 vapor is thought to be gy $0.0025. A fast
rotation of the ethylamino groups (see formula (I)
of fig. 1) seems to be responsible for the small quan-
tum efficiency [5-7]. For rhodamine 19 in ethanol
at room temperature a fluorescence quantum effi-
ciency of gg=0.97 was measured [10]. In liquid so-
lution the solvation seems to hinder the rotation of
the ethylamino groups.

At 9g =378°C (accuracy of temperature measure-
ment is +5°C) approximately 80% of the vapor
molecules converted to 2,7-dimethyl-rhodamine 110.
Using egs. (1) and (2) and the fluorescence spec-
trum at 378°C (see fig. 4 below) a fluorescence
quantum efficiency of gy~ 0.63 is determined for 2,7-
dimethyl-rhodamine 110 vapor. For the commercial
dye rhodamine 110 in ethanolic solution at room
temperature a fluorescence quantum efficiency of
gr=0.94 was measured [10].

The fluorescence curve (1’) (closed circles) is ob-
tained by heating to 378°C (curve (1)) and then
cooling (rate ~ —1°C/min). The vapor density is
now given by the thermal equilibrium between 2,7-
dimethyl-thodamine 110 molecules in the vapor
phase and at the stainless steel cell walls. The curve
(1) represents the temperature dependence of the
2,7-dimethyl-rhodamine 110 vapor density since the
fluorescence quantum efficiency of this dye is thought
to be nearly independent of temperature.

The fluorescence curve (2) (no experimental
points shown ) is measured by heating to 9x =340°C
and then cooling. In the case of curve (3) the cell is
heated to 9 =280°C and then kept at this tempera-
ture for 4.5 h. The vertical part of the curve is an in-
dication of the disintegration of rhodamine 19 into
2,7-dimethyl-rhodamine 110. In cooling, the decay
characteristics of the fluorescence curves (1'), (2),
and (3) are the same.

The fluorescence quantum distribution Ey(4) of
2,7-dimethyl-rhodamine 110 vapor (determined
from fluorescence spectrum at 378°C) is depicted in
fig. 4. The fluorescence maximum is at approxi-
mately 515 nm. For rhodamine 19 vapor the fluores-
cence quantum efficiency is too weak to determine a
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Fig. 4. Fluorescence quantum distribution of 2,7-dimethyl-rho-
damine 110 vapor at 9 =378°C.
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Fig. 5. Absorption cross section spectrum and stimulated emis-
sion cross section spectrum of 2,7-dimethyl-rhodamine 110 vapor.

reliable fluorescence quantum distribution.

The absorption cross section spectrum [3] and the
stimulated emission cross section spectrum (eq. (4))
of 2,7-dimethyl-rhodamine 110 vapor are shown in
fig. 5. A radiative lifetime of 7,4 v~ 7 ns is calculated
(eq. (3)). The product of radiative lifetime and flu-
orescence quantum efficiency gives a fluorescence
lifetime of 7¢ v = Traq. v gv 4.4 ns.

The degree of fluorescence polarization of the 2,7-
dimethyl-thodamine 110 vapor is found to be
P, <0.0045 (eq. (5)). This polarization value gives
a reorientation time of 7,,< 33 ps. The result is com-
patible with an estimate of the free-rotator time of
To~2 ps (to=2n(I/k8)"?, I~0.5 mr?, m~6.56X
10-?kg, r~0.4 nm, 3~ 650 K).

5. Conclusions

The dye rhodamine 19 was evaporated and the flu-
orescence behaviour was analysed. While rhodamine
19 vapor has a very small fluorescence quantum ef-
ficiency of gy $0.0025, the fluorescence quantum ef-
ficiency of the disintegration product, 2,7-dimethyl-
rhodamine 110, is rather high (¢yv~0.63). For this
dye vapor the fluorescence quantum distribution, the
stimulated emission cross section spectrum and the
degree of fluorescence polarization could be
determined.

The low vapor density of 2,7-dimethyl-rhodamine

110 hinders the application of this dye as a laser ac-
tive medium despite the high fluorescence quantum
efficiency since the single pass amplification in a cell
of /=5 cm length at 9x=378°C is only G=
eXP[Oem (Amax ) Nsl]1~1.013.
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