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ABSORPTION CROSS-SECTION AND DENSITY MEASUREMENT OF DYE VAPORS
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The absolute absorption cross-section spectrum of dimethyl-POPOP vapor is measured and comparefi with so.lution. spectra.
The dye vapor density versus temperature is determined by absorption coefficient measurement. Calibration is achieved by
evaporation of a fixed amount of dye.

1. Introduction

In the vapor phase a solvent-free spectroscopic analysis of dye molecules is applicable [1-3]. For some
dye vapors laser action was achieved [1-3]. The dye vapor pressure rises approximately exponentially with
temperature. Reasonable vapor pressures ( p around 100 Pa =1 mbar) are obtained for many non-ionic
dyes in a temperature region between 200 and 400 ° C without considerable thermal decomposition of the
dye molecules [1-3]. Ionic dyes have lower vapor pressures and are more difficult to transfer to the vapor
phase without decomposition [4-6].

Most dye vapor absorption and emission spectra are presented in relative units, since the number
density of dye molecules in the gas phase is seldom determined. In ref. [4] the vapor pressure of some dyes
was measured with an isoteniscope (a glass spring pressure gauge) [7]. If all dye molecules in a closed cell
are evaporated the vapor pressure is determined by the amount of inputted dye and the absolute
absorption cross-section spectrum may be obtained [8-11]. The method of flow of molecules through a
calibrated orifice and dye condensation at a cooled plate [12] was sometimes applied [9-12].

In this paper the saturated dye vapor density and dye vapor pressure of dimethyl-POPOP (1,4-di-[2-(4-
methyl-5-phenyloxazolyl)]benzene) is determined as a function of temperature by absorption measure-
ments. Calibration is achieved by studying the temperature dependence of the absorption for a fixed
amount of inputted dye. The absolute absorption cross-section spectra of dimethyl-POPOP are measured
for various vapor temperatures. In some measurements buffer gas (He) was added to the dye vapor. The
dye vapor absorption cross-section spectra are compared with liquid solution spectra (solvents cylohexane,
toluene, benzene, chloroform and methanol). Relevant dye-dye desorption and dye-stainless steel
desorption parameters are deduced.

2. Experimental

The experimental arrangement is sketched in fig. 1. The vapor cell is made of stainless steel (inner
length 5 cm, inner diameter 1 cm). At the bottom of the cylindrical cell a dye reservoir is flanged, and at
the top of the cell a high-temperature valve (Nupro type SS-4H-TW) is welded. The vapor cell windows are
made of saphire (thickness 5 mm). The windows are sealed with gold O-rings. The dye reservoir is sealed
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Fig. 1. Experimental setup for transmission measurements. LS, light source (tungsten lamp for A > 350 nm, deuterium lamp for
A <350 nm). MO, monochromator. CH, light chopper. PM, photomultiplier. VAC, vacuum chamber. VC, vapor cell. DR, dye
“ reservoir. HTV, high-temperature valve. V1-V3, valves. VC, DR and HTV are separately heated.
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with Ag covered stainless steel gaskets. The main body of the vapor cell, the dye reservoir, and the valve
are separately heated electrically (thermocoax cables of 6, 12.5, and 12.5 Q, respectively, voltage 0-80 V).
Thermocouples (Cr-Ni-alumel) are used as temperature sensors. A home-made control unit regulates the
temperatures. '

The vapor cell is inserted into a vacuum chamber. The vapor cell itself is connected to a vacuum pump
(cell evacuation down to about 10~ ? Pa) and to a buffer gas reservoir. The transmission measurements are
carried out with a conventional UV-VIS spectrophotometer (Beckman model ACTA M4).

3. Results

The dye dimethyl-POPOP is investigated. Its structural formula is included in fig. 3. Three types of
measurements are performed: (i) The absolute absorption cross section at the wavelength of peak Sy-S,
absorption is determined by a procedure of transmission measurement at various temperatures for a fixed
amount of dye in the vapor cell. (ii) The dye vapor absorption cross-section spectra at various tempera-
tures are measured. The influence of the buffer gas He is studied. The vapor spectra are compared with
liquid solution spectra. (iii) The saturated dye density in the vapor phase is measured versus temperature
and the dye-dye desorption (sublimation or evaporation) energy is determined.

3.1. Absolute absorption cross-section determination

The absolute absorption cross section of the dye vapor is determined at the peak of the Sy-S,
absorption band. A fixed amount of dye is inserted in the cell (degassed by preheating). The fixed dye
input limits the dye density in the cell to a maximum density N,. The dye reservoir is heated to
temperatures T > T, where the saturated vapor density Ny is above N, so that no dye is left in the
reservoir. The main cell and the valve are heated 15 K above the reservoir temperature (i.e. cell
temperature T = Ty + 15 K). The following complication occurs: even in case of T = Ty + 15 K > T, the
vapor density in the cell N is still less than N, since some amount of dye is adsorbed at the cell walls.
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Fig. 2. Absorption coefficient measurement procedure for ab- Fig. 3. Absorption cross-section spectrum of dimethyl-POPOP
sorption cross-section determination. (a) Selected temporal vapor at T=260°C (solid curve) and of dimethyl-POPOP
temperature profiles. (b) Corresponding absorption coefficients dissolved in cyclohexane (concentration 2 X 10”* mol/dm’,
versus time. Dashed curves are explained in text. Maximum 20° C). Structural formula of dye is included.
dye number density Ny = 3.4 X 10" cm™>. Dye is dimethyl-
POPOP.

With rising cell temperature T above T, the vapor deposition at the cell walls reduces and the light
transmission

Tirans = €xp(—al) = exp(—oNI) : (1)
approaches the limiting value T, o = exp(—ao/) = exp(—oNy/).

In the experiments the transmission is measured at three cell temperatures 7Ty, T,, T3 with T;, < T) < T,
<T,. The corresponding absorption coefficients are a,, a,, and a; with a; < a, < a3 < a,. In fig. 2 the
results are shown for three different runs at the cell temperatures 7; =265°C, T,=316°C, and
T, =360° C. The vapor cell is heated up at a rate of 10 K/min to the limiting temperatures T}, T3, and T;.
The temporal temperature profiles and the corresponding temporal dependences of the absorption
coefficients are depicted in figs. 2a and 2b respectively. Instead of three separate runs at different
¢mreratures the analysis may also be carried out in a single run with successive rise of temperature from
I' 0 T, and T, in due course after steady-state transmissions have settled in.

The limiting absorption coefficient ay = aN, is calculated from the following considerations:
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At a vapor pressure r the flux of dye molecules n , (m™? s™!) impinging the walls is [13]
n, =p/(2-.mu’;T):‘ - (2)

m is the mass of a dye molecule, k is the Boltzmann constant, and T is the dye cell temperature The
surface density of adsorbed molecules n,4 (m™") is given by [14]

ng(r)=n + SwaTs.wa [1 —exp(— 1/7s wa )] . ' (3)

S.a is a sticking coefficient, ¢ is the time. Deposition starts at 7 = 0. The steady-state density of adsorbeq
molecules is

nad =n n S“.dTS.wd .

(4)
The desorption time constant g, is given by [14]

Tswa = (1/74a) €XP(Qua/kT ). (5)
¥wa 1S the surface-vibrational frequency of the admolecules and Q,4 is the wall-dye desorption energy.
The vapor pressure p is approximately related to the vapor density N by the ideal gas equation

p = NkT. _ (6)

The relations n,44 = (Ny — N)V = (a; — a)V /o (A is cell surface, V is cell volume) lead to the steady-state
dependence

ap— a=kK,qaT'? exp(Q.a/kT), 7
or .
ag= a1+ K, T? exp(Qyqe/kT)] (8)
with
= (k/27m)"X(Sps/Y0s) A/ V = (k/2mm)""*(Spa/ua)(2/7), (9)

r is the inner cell radius (r = 5 mm for our cell). Eq. (8) contains the three unknown quantities a,, x,4 and

Q..q- They are determined by the known absorption coefficients a;-at T}, a, at T, and a5 at T. The final
results are

(“3 - 01)731/: exp(Qwa/kT;)
"‘1T1V2 exp(Qua/kTy) - ay T T}/ CXP(de/kTa)

a; —Qa

a,T; exp(Qua/kT;) — oy T exp(Qya/kTy)

(10)

Kwa =

(11)
and
ay/0y = [T)/? exp(Qua/kT,) = T3/* exp(Qua/kT;)]

X {1} exp(Qua/kT;) — T}/* exp(Qua/kT;)
+(a3/0))[ T3 exp(Qua/kT;) — T2/ exp(Qua/kT3)] } (12)

Qua is obtained from the transcendental eq. (12). For the situation of fig. 2 (dimethyl-POPOP without
buffer gas) the obtained wall-dye desorption energy is Q.4 =13 X107 J=0.8 eV. «,4 has a value of
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8x 107" Pa K™'/? giving #,4/S,q=1X10" 57! (m=6.5X10"% kg, eq. (9)). Assuming a surface-
vibrational frequency of »,4= 10" s~! it results a sticking coefficient of S,y =1 and a desorption time
constant of 75,4 =7 X 1077 s at T = 600 K (eq. (5)). The limiting absorption coefficient is &, = 0.54 + 0.03
cm™! for Ny, =3.4 X 10 ¢cm™3 leading to o = (1.6 + 0.1) X 1076 cm® at the used wavelength of A = 330
nm.

In fig. 2b the overshoots of the absorption coefficient Aa; (i =1, 2, 3) over the dashed lines resemble
the dynamics of the dye adsorption to the stainless steel walls (eq. (3)). It is mainly determined by the
diffusion of dye molecules to the surfaces. The slopes of the dashed lines of fig. 2b are thought to be due to
thermal dye molecule decomposition and cell leakage.

The same absorption cross section ¢ is found for dimethyl-POPOP vapor with He buffer gas (He
pressure = 3.5 X 10* Pa at room temperature).

3.2. Absorption cross-section spectra

The absorption cross-section spectrum of dimethyl-POPOP vapor at T = 260 ° C without buffer gas is
depicted in fig. 3. In the cell temperature range between 200 and 320°C the cross-section spectra are
found to be independent of temperature. At higher temperature the short-wavelength absorption cross
sections increase slightly, probably because of absorption of decomposed molecules. At T=320°C a
spectrum was also measured with He buffer gas (3.5 X 10* Pa at room temperature). Its spectrum is
identical to the depicted spectrum in fig. 3 within our experimental accuracy.

The long-wavelength tail of the S,-S, absorption band decreases exponentially according to o(») =
o(vy) exp[—h(vy—v)/kT’). For a cell temperature of T=610 K a temperature of T' =680 K is
obtained. A long-wavelength exponential decrease of the apparent absorption coefficient ¢ is expected by
assuming thermal Boltzmann population of the vibrational states of the S, ground state [15,16].

The absorption cross-section spectra of the dye vapors are compared with solution spectra of
dimethyl-POPOP in methanol, cyclohexane, chloroform, toluene, and benzene. In fig. 3 the absorption
cross-section spectrum of dimethyl-POPOP in cyclohexane is included. Spectroscopic data of the investi-
gated solutions are collected in table 1.

Compared to the vapor spectra the solution spectra are shifted to longer wavelengths. A general formula

for the shift of the pure electronic S-S, transition frequency, A7, = 7,p5yapor — Pabs solutions 15 derived in
ref. [19]. It reads

2,2 2_ 2 _ _ - . )
Mm=(1+“‘ ne)n 1, 2mg(k ue)(u 1 n 1)+K(D n)(@D +n?)

(13)
hega® | 2n* +1 hcya® D+2 pr42 1)(,,2+2)2
Table 1
Spectroscopic data of dimethyl-POPOP
Parameter Vapor Solution
methanol cyclohexane chloroform toluene benzene
xm.,.(S‘,—S,)\nm) 330+1 363 +1 364+1 366 +1 368 +1 368 +1
N ) Y 1.00 1.3437 1.4516 1.4703 1.5394 1.5502
b" 1.00 33.64 2.023 438 2.379 2.284
9(A ) (em®) 1.6x107'6 1.8x10716 1.9%x10716 1.7x107'6 1.75% 1071 1.7x107'
f:g@'ﬂdi" (cm ) 9.5%x10™ 1 9.1x10"13 9.5x10"1 8.6x10°1 8.7x10°"? 8.4x10°"
A5, (em™h) 0 2755 2830 2981 3130 3130

! D12 from refs. (17.18] are extrapolated by use of a single oscillator model, i.e. [n%(7)— 1]/[n*(5)+2] = C/(3¢ — #?) where C and
., ‘e litting parameters.

' Data from refs. (17.18] at 20°C.  © Integration over Sy-S, absorption band.
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J is a molecule-dependent constant, p, and u, are the permanent ground-state and excited-state dipole
moments. respectively, 4 is Planck’s constant, ¢, is the vacuum light velocity, a is the molecule radius,
1> the opucal refractive index at the excitation frequency and D is the static dielectric constant. X js ,
constant that depends on solute and solvent parameters. Eq. (11) has to be modified if solute-solven,
hydrogen bonds are formed or charge transfer occurs.

For nonpolar molecules in nonpolar solvents eq. (13) reduces to

At =J(n?=1)/(2n* +1). (14)

The frequency shift is due to dispersion force interaction. The situation applies to dimethyl-POPOP ip
cyclohexane, toluene, and benzene.

For nonpolar molecules in polar solvents eq. (13) reduces to
Aby, =J(n*=1)/(2n* +1) + K(D - n?)(2D + n?)/D(n* + 2)*. (15)

The second term describes the solvent Stark effect (solvent permanent dipoles induce field to solute and
cause frequency shifts). This situation applies approximately to dimethyl-POPOP in methanol and
chloroform. :

In fig. 4 the frequency shift of the S, — S, absorption peaks, A¥yy,, = A i (vapor) — AL, (solution), is
plotted versus (n? —1)/(2n? + 1) for the investigated solutions. The spectroscopic data are listed in table
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Fig. 4. Frequency shift, Ay, ,, = A1, (vapor) — A7, (solution), Fig. 5. Saturated vapor density (circles and solid curve) and
versus (n?—1)/(2n+ 1) for dimethyl-POPOP dissolved in saturated vapor pressure (triangles and dashed curve) versus
methanol (O), cyclohexane (@), chloroform (a), toluene (a), reservoir temperature. Dye is dimethyl-POPOP.

and benzene (0). Used spectroscopic data are listed in table 1.
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1. The frequency shift of the absorption peaks A, is identical to the pure electronic transition frequency
shift A#,, if the Franck—~Condon shift is the same in the vapor phase and in the liquid solutions. The data
are reasonably well described by eq. (14) (cyclohexane, toluene, benzene) and eq. (15) (methanol,
chloroform) with the parameters J = 13100 cm ™! and K = 100 cm™.

The spectrally integrated S-S, absorption cross sections of the dye vapor and of the solutions are equal
within our experimental accuracy (see table 1).

3.3. Saturated vapor density and saturated vapor pressure

The saturated vapor density as a function of temperature is determined with surplus dye in the
reservoir. The vapor cell is heated up to a maximum temperature and is then cooled down in small
temperature intervals. After each cooling step the temperature is held constant until the steady state
transmission has been approached.

From the measured absorption coefficient a(A, Ty, T) and the known absorption cross section o(A),
the saturated vapor density Ng(Ty) is obtained by

Ns(Tg) = [a(X, Tg, T)/o(A)] T/Ty. (16)

Ty is the reservoir temperature and T is the cell temperature. The factor T/ Tg is derived from eq. (6) with
constant pressure p.

A determination of the saturated vapor density by slowly heating up the vapor cell is not advantageous,
because at low temperatures the equilibrium vapor pressure is very slowly approached. The dye adsorption
to the vapor cell walls does not influence the measurements as long as there is condensed dye left in the
reservoir.

The measured N5(Ty) data are presented in fig. 5 by circles. The triangles belong to the saturated vapor
pressure ps(TR) and are obtained by use of eq. (6).

The temperature dependence of the saturated vapor pressure may be derived by a similar procedure as
applied to the determination of a, (egs. (2)-(6)). At equilibrium the rate of adsorbed dye molecules is
equal to the rate of desorbed molecules. The density of adsorbed molecules, n,4=n Syy7sqq4, remains
constant and is equal to the surface density n,; (m~?) of dye molecules in the condensed phase, i.e.

](de/"dd) exp(Qaa/kTR)- (17)

Ts.aa 1§ the desorption time constant of dye molecules from the condensed dye, S,4 is a sticking coefficient
of impinging dye molecules, »44 is the surface-vibrational frequency of dye molecules at the surface of the
condensed dye Q44 is the dye-dye desorption energy. It is equal to the sublimation energy below the
melting point (232° C in case of dimethyl-POPOP) and to the evaporation energy above the melting point.
The saturated vapor pressure is obtained from eq. (17). It is

Pourt = N | SaqTs.aa = [Ps/ (Z“kaR)l/z

Ps(Tr) =Ny (Z“kaR)l/ (Yaa/Saa) exp(— Qua/kTR) = k4aTr"* exp(— Quaa/kTR)- (18)
. The saturated vapor density is obtained from eq. (18) by use of eq. (6):

Ns(TR) = ngus Rum/kTg )" *(aa/Saa) €xp(— Qaa/kTg) = (kaa/kT&'*) exp( = Qua/kTr).  (19)

¢ calculated pg-curve (dashed) and Ng-curve (solid) are depicted in fig. 5. The fitting parameters are
a=2.5x%10" Pa K™% and Q4q = 1.9 X 107! J = 1.2 eV. Assuming a surface density of 2 X 10'®* m~2
ne finds v,/Syq = 1.7 X 10" s (m = 6.5 X 10~% kg). For a surface-vibrational frequency of vy = 10'?
i results a sticking coefficient of Syy =6 X 10”*. A desorption time constant of Toaa =9 X 107% s at
=000 K is estimated (eq. (5)). The calculated saturated vapor pressure and vapor density curves follow
¢ experimental points very well over a region of about five orders of magnitude.
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Table 2 .

Collisions in rure and buffered dye vapors. Dye: dimethyl-POPOY Buffer gas: helum of density N, =8.65>10% m™ “ (py, = 15,
107 Pu at roor temperature)

Cell temperature Dye concentration Dye-dye collision time Dye-gas collision time
7:°C) N(m™?) Icda (5) I.gd (5)

o 22 x10%° 1 x107° 1.4x1071

e 3.3 x10% 6.5x10°8 1.3x1071°

415 1.04x10% 1.8x107° 1.2x1071°

The mean time between two collisions of evaporated dye molecules in the vapor cell is given by [1 3)
legs = N/2Z4g = }[4na?(4kT/nm)'*N]| " (20)

Z44 is the number of collisions per unit volume and per unit time, a is the dye molecule radius (a = 0.4
nm), N is the density of dye molecules in the vapor phase. In table 2 dye-dye collision times are listed for
three cell temperatures. Since the fluorescence lifetime of dimethyl-POPOP in the vapor phase is
approximately 0.4 ns [20,21], dye-dye collisions in the excited state are negligible in the appiied
temperature range.

For dye vapors with buffer gas the time period between two collisions of buffer gas molecules with a
dye molecule is given by [13]

-1
loga = N/Zog= | nd?(8kT/mu) *N,| 7. (21)

Z,; is the number of collisions between buffer gas and dye molecules per unit volume and unit time,
d=a+ag is the sum of the molecule radii of a dye molecule (a) and a buffer gas molecule (a,),
p=mym/(m+ m,) is the effective mass of a dye (m)-buffer gas (m,) collision pair. For dimethyl-POPOP
in the He buffer gas the parameters are d = 0.4 nm and g = m, = 6.6 X 10~?’ kg. Some calculated collision
times for our experimental situation are listed in table 2. The dye-gas collision time is about a factor of
three shorter than the fluorescence lifetime of dimethyl-POPOP, i.e. about three He atoms hit a
dimethyl-POPOP molecule within its fluorescence lifetime.

4. Conclusions

A method is described to determine the absolute absorption cross-section spectrum of dyes in the vapor
phase and to measure the saturated vapor pressure and vapor density. The technique is applied to
dimethyl-POPOP. It may be used to the absorption cross section and vapor pressure measurement of any
dye. The accurate knowledge of the vapor density and of the absorption spectrum is the prerequisite in the
spectroscopic analysis of dye vapors and in the investigation of their laser applicability.
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