Absorption cross sections, saturated vapor pressures, sublimation energies,
and evaporation energies of some organic laser dye vapors

J. Schmidt and A. Penzkofer

Naturwissenschaftliche Fakultiat I1-Physik, Universitit Regensburg, D-8400 Regensburg, Federal Republic

of Germany

(Received 23 August 1988; accepted 27 March 1989)

A new technique of transmission measurement of overheated dye vapors is applied to
determine absolute absorption cross-section spectra of three active dyes for vapor phase dye
lasers. The investigated compounds are 1,4-di[2-(5-phenyloxazolyl) ]-benzene (POPOP),
1,4-di[2-(4-methyl-5-phenyl-oxazolyl) ]-benzene (dimethyl-POPOP), and 2,5-diphenylfuran
(PPF). The vapor absorption spectra are compared with liquid solution spectra in order to
obtain information on the dye-solvent interaction. The saturated vapor densities are
determined by transmission measurements after knowing the absolute absorption cross-section
spectra. The latent heats of sublimation, evaporation, and melting are derived by analyzing the
dependences of the saturated vapor densities on the vapor temperature.

I. INTRODUCTION

The spectroscopic analysis of dye vapors gives molecule
parameters free of solvent contributions.'~® The comparison
of vapor spectra with solution spectra delivers information
on the dye-solvent interaction.* '° The determination of ab-
solute absorption cross-section spectra renders possible the
measurement of thermodynamic dye properties like satu-
rated vapor pressures and latent heats of sublimation, evapo-
ration, and melting.*®'"'> Dye vapors are applied to laser
action'™ and nonlinear optics.'*!” A thorough investiga-
tion of the dynamics of the laser action and of the nonlinear
optical phenomena of dye vapors requires a detailed knowl-
edge of the dye vapor densities and the absolute linear spec-
troscopic dye vapor parameters.

In this paper the technique of transmission measure-
ment of overheated dye vapors’ is applied to measure the
absolute absorption cross-section spectra of the compounds
1,4-di[2-(5-phenyloxazolyl) ]-benzene (POPQP)*>:!!:17-38
and 2,5-diphenylfuran (PPF).!!:12:22:2627.37.3% The absolute
absorption cross-section spectrum of the dye 1,4-di[2-(4-
methyl-5-phenyloxazolyl) ]-benzene (dimethyl-PO-
POP)>**?' has been determined previously.” The investigat-
ed dyes are active media for vapor phase dye lasers. Their
structural formulas are shown in Fig. 1.

After knowing the absolute absorption cross sections,
the saturated vapor number densities are determined by
transmission measurements in cells with surplus dye con-
tent. Assuming an Arrhenius-type dye desorption mecha-
nism latent heats of sublimation (temperature below melt-
ing point of dyes) and evaporation (temperature above
melting point of dyes) are calculated. The energy differences
between the latent heats of sublimation and evaporation pro-
vide the latent heats of melting.

Il. FUNDAMENTALS

The theoretical fundamentals for the determination of
(i) the absolute absorption cross sections, (ii) the saturated
vapor densities, and (iii) the latent heats of phase changes,
are derived in the following.
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A.Determination of absolute absorption cross sections
of dye vapors

-~ Theoptical transmission of an overheated dye vaporin a
cell is measured. (At the temperature of measurement no
condensed dye is left in the cell.) The light transmission T at
wavelength A is

T(A) =exp[ —o(A)N,I] = exp[ —a(A)!], @)

o(A) is the absorption cross section at wavelength 4, N, is
the number density (dimension cm™>) of the overheated
vapor, and / is the sample length. a(1) = o(A)N, is the
absorption coefficient at wavelength A.

The total number of dye molecules N,V in the vapor cell
is given by the molecules N,V in the vapor phase and the
molecules N, A4 adsorbed at the cell walls. ¥ is the cell vol-
ume and 4 is the inner wall surface of the cell. The dye vapor
density is '

N,=N,—N,A/V. (2)

The number density of dye molecules N, (dimension cm™?)

N N '
o
CH, cH,
N N T
Dimethyl - POPOP 0 ”—O—lo
O/O\Q

FIG. 1. Structural formulas of investigated dyes.
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adsorbed to the walls is obtained by equating the rates of
adsorption 4, and desorption n4 .,

The rate of adsorption is (Refs. 7 and 40, and page 874
of Ref. 41)

b,
S
Qumkd)'/?

172

nad,w = nJ,Swd =

n, is the rate of vapor flow to the walls and is determined
from gas kinetics. p, is the dye vapor pressure. m is the mass
of a dye molecule. k is the Boltzmann constant.  is the cell
temperature. S, is the dye-wall sticking coefficient denot-
ing the fraction of incident molecules that are adsorbed at
the wall. The last expression of Eq. (3) is obtained by appli-
cation of the ideal gas equation

p, =N, kd. 4)
The rate of desorption of dye molecules from the walls is
ndes,w = Nw Vwd CXP( . de/kt?)’ (5)

¥, is the attempt frequency of desorption of molecules from
the wall and exp( — Q,., /7k¥) gives the escape probability.
Q.4 is the dye—-wall desorption energy.

Equating the adsorption rate [Eq. (3) ] and the desorp-
tion rate [Eq. (5)] gives

172 § )

N, = Nv( kg ) wd exp( Qu ) (6)
2mm) v, kd

Insertion of this equation into _Eq. (2) results in

9 \1/2
N, =N, [1 +-‘i( k'?) Sud exp(Q“’d)]
V\2mm) wv,, kd
. N,

= 7
1+Kwd0"2¢xp(de/kz?) M
and, finally, Eq. (1) reads
AN,
T(A) = exp| — 7(4)No
4 CXP[ 1+ Ky 2exp(Qua/kd ) ]
=exp[ —a(d)!]. (8)

The three unknown parameters, o(4), k.4, and Q,,, in Eq.
(8) are determined by measuring the transmission 7°(1)
through the overheated dye vapor cell at three different tem-
peratures ¢ well above the saturation temperatures ¢ (for
details see Ref. 7). J is defined as the temperature where
the amount of dye in a saturated vapor, NV, is equal to the
dye inweighted, N, V, i.e., N, = Ng.

B. Determination of saturated dye vapor densities

Saturated dye vapors exist in vapor cells with surplus
dye in the reservoir. The saturated vapor pressure p, is deter-
mined by the equality of the rate of desorption and the rate of
adsorption at the condensed dye surface.

The adsorption rate is

Ds
="
(2mmkdg)''?

1y is the temperature of the dye reservoir and S is the dye—
dye sticking coefficient.

ng=n.S

€))

The desorption rate is

Ryes = nsurfvdes exp( - Qdes/kﬂR )’ (10)

R, 18 the surface number density of dye molecules (dimen-
sion cm ™ ?). v, is the attempt frequency of desorption from
the condensed dye and exp( — Qg /k¥%) is the escape
probability. Q. is the dye—dye desorption energy.

The equality of adsorption of desorption rate results in

Vaes n CXp( _ Qdes)
S surf

kg
Qdcs)
= K4 P K2 exp| — — ).
desUR € P( PR

The saturated dye vapor density in the vapor cell (tem-
perature ) is determined by use of the ideal gas equation
(ps = Ngki). The result is

Kdes 0 }2/2 Qdes
Ns==5 " "%/
R

After knowing the absorption cross-section o (1), the satu-
rated vapor density Ng is determined experimentally by
transmission measurements {Eq. (1): T(1) = exp[ — o(A)
NgI1}. The desorption energies Q.. and the constants &,
are determined by fitting Eq.12 to the experimental Ng

points.

ps = Qrmkdyg)"'?

(11)

(12)

C. Determination of latent heats

The phase transition from solid to liquid (melting), sol-
id to vapor (sublimation), and liquid to vapor (evapora-
tion) follows a Carnot process with work AW = AVdpg and
heat AQ = n,,A. AV is the change of volume in the phase
transition, A is the molar latent heat, and n,, is the number
of moles transferred from one phase to another. The thermo-
dynamic efficiency of the Carnot process is
Nn=AW/AQ=d¥, /Py = AVdps/(ny,A).

The change of saturated vapor pressure with tempera-
ture is

dpg nyA

d¥, TRAV

Equation (13) is the Clapeyron equation (see, e.g., page 186
of Ref. 41). In the case of sublimation and evaporation it is
AV = V(vapor) — V(condensed) =~ V(vapor). Using the
ideal gas equation one obtains V(vapor) = n,Rdy /ps
= ny N,k /ps, and Eq. (13) transforms to the Clausius—
Clapeyron equation:

dps - Aps
d%; N,kd%
R is the molar gas constant and N, is the Avogadro con-

stant. Calculating the temperature derivative of Eq. (11),
the left-hand side of Eq. (14) reads

(13)

(14)

d es
Ds =( 1 " Qs )Ps- (15)
ddy 29y k93
Insertion of Eq. (15) into Eq. (14) leads to
A=%NAk19R + Ny Ques =N 4 Qs - (16)

More specific, the molar latent heat of evaporation A, is
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FIG. 2. Schematic experimental setup of absorption measurement in spec-
trophotometer. LS, light source. MO, monochromator. CH1 and CH2,
light reflecting choppers. VC, vapor cell. M1 and M2, mirrors. PM, photo-
multiplier.

A, =N,Q, (Jg >13,,, 3, melting temperature of dye), and
the molar latent heat of sublimation A, is A, = N,Q, (¥,
<9,,). The latent heat of melting A,, is obtained by
A, =A;, —A,.

1. EXPERIMENTAL

The optical transmissions of the dyes POPOP, di-
methyl-POPOP, and PPF in the vapor phase and in the sol-

400

- 3 —
o 300 2 -

B ; -
o5 & 3 ]
a - m .
E 200 -
fu s i
[+ 4 o -
—
S) - 4
& 100 —
w - -
u""_‘ u
[ L (a)

1 1 1 1 1 1
08

'TE " %0
S N
] 041
[
= n
[78)
S
&
o2
w
o
(W)
= | .
8 0.1 N ]
a N ]
&
S - A
o - b)
< 001. 1 1 1 1 1 1 ( )

0 20 40 60

TIME t [min]

FIG. 3. Absorption coefficient measurement procedure for absorption
cross-section determination. (a) Temperature profiles. (b) Corresponding
absorption coefficients vs time at A = 322 nm. Maximum dye number den-
sity is N, = 4.3 10" cm™?. @, is absorption coefficient corresponding to
N,.Dyeis POPOP. Dye-wall desorption energy Q,,, = 1.0X 107 ' J, coef-
ficient x,,;, = 1078 Pa K~ '/2 (Ref. 7).

vent cyclohexane are measured with a conventional spectro-
photometer (Beckman type ACTA MIV). The schematic
experimental setup is shown in Fig. 2. Details of the experi-
mental arrangement and of the vapor cell are described in
Ref. 7. The vapor cell temperature < is kept approximately
15° higher than the reservoir temperature ¢, in order to
avoid dye deposition at the vapor cell windows.

The absolute absorption cross-section spectra are de-
rived from transmission measurements of overheated dyes at
three different temperatures. The saturated vapor densities
are obtained from transmission measurements with surplus
dye in the reservoir.

IV. RESULTS
A. Absorption cross-section spectra

The absolute absorption cross-section spectrum of di-
methyl-POPOP was determined in Ref. 7 and is not shown
here.

Figures 3(a) and 4(a) show the applied temperature
profiles to the vapor cells, and Figs. 3(b) and 4(b) give the
corresponding absorption coefficient curves at the wave-
lengths of maximum S,—S; absorption for POPOP and PPF,
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FIG. 4. Absorption coefficient analysis for absorption cross-section deter-
mination. (a) Temperature profiles. (b) Corresponding absorption coeffi-
cients vs time at A =305 nm. Maximum dye number density is N,
=3.37Xx10" cm . @, is the absorption coefficient corresponding to N, .
Dye is PPF. Dye-wall desorption energy Q,, = 1.3 107 '’ J, coefficient
Koy = 35X 107°Pa K~ "2 (Ref. 7).
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FIG. 5. Absorption cross-section spectra of POPOP. Dashed curve, dye
dissolved in cyclohexane (concentration 10~* mol/dm?). Solid curve, dye
vapor at ¢, = 250 °C. Cell temperature ¢ is 15° higher than reservoir tem-
perature J.

respectively. The rise of absorption slows down above the
saturation temperature ¢5 (where N, = Ny). In the con-
stant temperature regions the absorption decreases gradual-
ly, probably due to cell leakage, dye diffusion into pores of
the cell walls, and dye decomposition. The calculated total
absorption coefficients, @, = N, 0, for the amounts of dye
inweighted are indicated.

The absorption cross-section spectrum of POPOP va-
por at a reservoir temperature of ¢z = 250 °C is shown by
the solid curve in Fig. 5. The vapor spectrum is nearly inde-
pendent of temperature in the investigated region between
200 and 300 °C. The absorption spectrum of POPOP dis-

TABLE 1. Dye parameters.

[em?)

(o]

ABSORPTION CROSS -SECTION

|
250 300 350
WAVELENGTH A
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FIG. 6. Absorption cross-section spectra of PPF. Dashed curve, dye dis-
solved in cyclohexane (concentration 10~ mol/dm?). Solid curve, dye va-
por at 3, = 130°C (¢ = 145°C).

solved in cyclohexane is shown by the dashed curve. The
vapor spectrum is blue shifted and smoothed compared to
the spectrum in cyclohexane.

The absorption cross-section spectra of PPF vapor (J
= 130 °C) and of PPF dissolved in cyclohexane are shown
in Fig. 6. Again the vapor spectrum is blue shifted and
smoothed compared to the solution spectrum. Between 100
and 170 °C the vapor spectrum changes only slightly with
temperature.

Dye Dimethyl-POPOP POPOP PPF

Vapors

Amax (S=Sy) (nm) 330 322 305

Opnay (cm?) 1.6x 1076 1.5%10'® 1.12x 107"
§s,— s 0("dv (cm) 9.1x10™" 1.09x 10~ 6.26x 107"
4, (K) 505 515 361

A, (J/mol) 1.5x10° 1.4x10° 1.02x10°
A, (J/mol) 1.2x10° 1.1x10° 7.4x10*
A,, (J/mol) 3x10* 3x10* 2.8x10*
Solutions

Solvent cyclohexane cyclohexane cyclohexane
Arax (So=S}) (nm) 364 358 325

0., (cm?) 1.9% 107" 1.95%x 10~ 'e 1.3x107'
Ss,-s,0(»)dv (cm) 9.5%x10™" 1.13x 107" 6.36x107 "
1 (Aax ) 1.4461 1.4472 1.4549
Data from comparison

AV, (cm™") 2830 3123 2018
J(em™") 1.34x10* 1.48x10* 1.13x10*

#Extrapolated from Ref. 43.
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The wavelengths of maximum S,-S, absorption 4,,,,,
the peak S,-S, absorption cross-sections o,,,,, and the
integrated So—S; absorption cross-sections fg_s o(¥)d¥,
(¥ =4 ") arelisted in Table I. The S,-S, absorption cross-
section integrals of the dye vapors and the cyclohexane solu-
tions are approximately equal.

The spectral shift of the absorption peaks of the solu-
tions compared to the vapors was discussed in Ref. 7. For
nonpolar solutes in nonpolar solvents the shift is caused by
dispersion force interaction (London forces) and is given
ble

n?—1
22+ 1
J is a dye molecule dependent constant and # is the optical
refractive index of the solution at its absorption peak. The

obtained J values of the investigated dyes are listed in
Table I.

AV =J 17

B. Saturated vapor densities

The saturated vapor densities Ng are obtained from
transmission measurements with surplus dye in the reser-
voir. Ny is given by Ny = a(4)/0(A). The measured satu-
rated vapor densities against temperature are shown by the
data points of Figs. 7, 8, and 9, for POPOP, dimethyl-PO-
POP, and PPF, respectively.
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FIG. 7. Saturated vapor number density N and saturated vapor pressure
Ps vs reservoir temperature for POPOP. Dashed-dotted line indicates melt-
ing temperature ,,. Below ¢, circles indicate heating up and triangles
indicate cooling down from above #,,. Solid curves belong to dye evapora-
tion (Qu, =Q.=177X10"" J, k4, =52%x10" PaK~'2 v,/
§=3.6x10" s ~'). Dashed curves belong to sublimation (Q,,, = 0,
=228X10""J, k4o =6.5X107 PaK ™" v, /S =4.5%10"s"").
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FIG. 8. Saturated vapor number density of dimethyl-POPOP vs tempera-
ture. ,, is melting temperature. Below ¢, the circles belong to heating up

and the triangles belong to cooling down from above #,,. Solid curve is
evaporation curve (Qu.=Q.=194x10"" J, . =3.9x10"
PaK~'? v,./5S=2.5%10" s~ '). Dashed curve is sublimation curve
(Quee =0, =2.43X107 "), k., =4.6X 10" Pa K~ ""2 v, /S =3%x10"
s™h.

Reasonably high saturated vapor densities are obtained
at temperatures where the dyes are still thermally stable.
Therefore high stimulated emission gains may be obtained in
dye vapor lasers with vapor cells of a few cm length.

The Ny curves in Figs. 7 to 9 are calculated [Eq. (12)]
by fitting the constants «,.; and the desorption energies Qg
to the experimental points. The fitting parameters are listed
in the figure captions. The curves depend exponentially on
0 4 and linearly on k4, . Therefore Q. can be determined
more accurately than «,.,. Assuming a desorption attempt
frequency of v, = 10'* s ~! and a dye surface density of
N = 2% 10" m ~2 the sticking coefficient may be deter-
mined (parameters are listed in the figure captions). In Figs.
7 (POPOP) and 9 (PPF) the calculated saturated vapor
pressures pg are included [Eq. (11)].

The theoretical curves in Figs. 7 to 9 fit to different Q 4,
values above and below the melting point of the dyes. Above
the melting point the desorption energy Q,., is equal to the
evaporation energy Q,. Below the melting point Q,,, is given
by the sublimation energy Q,. The energy difference
0,, = Q, — 0, is the melting energy. The Q, and Q, values
of the investigated dyes are listed in the figure captions.

Below the melting point the actual saturated vapor den-

J. Chem. Phys., Vol. 91, No. 3, 1 August 1989
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FIG. 9. Saturated vapor number density N and saturated vapor pressure
ps of PPF vs temperature. ,, is melting temperature. Below ¢,, the circles
belong to heating up and the triangles belong to cooling down from above
9, Solid curves are evaporation curves (Qges = Q. = 1.23X10 ~'°J, xy,

=82X10°PaK "2 v, /S=7X10"s""'). Dashed curves are sublima-
tion curves (Qys = Q, = 1.69X 107 "°J, Ky, = 8.8 X102 Pa K=V, v,/
S=77x10"%s"1).

sity depends on the vapor treatment. In the case of POPOP
(Fig. 7) the saturated vapor pressure follows the sublima-
tion curve when starting from temperatures below the melt-
ing temperature. In cooling down the POPOP dye from
above the melting point, the experimental points continue to
follow the evaporation curve down to nearly 30 °C below the
melting point and then change over to the sublimation curve.
It is thought that either supercooling of the liquid or an
amorphous solidification of the dye occurs before at low
enough temperatures the recrystallization of the dye occurs.
If POPOP is heated up above 350 °C and kept at this high
temperature for time durations longer than 1 h, then some
dye decomposition occurs showing up in an increased short-
wavelength vapor absorption in cooling down below 220 °C
(not shown in Fig. 7).

The experimental saturated vapor density points of di-
methyl-POPOP (Fig. 8) indicate no hysteresis effects (no
supercooling in decreasing the temperature below the melt-
ing point). Only in the case of heating up the dye above
340 °C for about 1 h, then in cooling down below the melting
point the experimental points continue to follow the evapo-
ration curve (see Ref. 7).

The temperature behavior of the saturated vapor den-
sity of PPF is shown in Fig. 9. In heating up to the melting

point the experimental points follow the sublimation curve.
In cooling down from above the melting point the experi-
mental data continue to follow the evaporation curve (no
recrystalization). Down to 40 °C below the melting point no
return to the sublimation curve is observed (last measured
point at 9, = 47 °C gives some indication of beginning re-
turn). :

C. Latent heats

The molar latent heats of sublimation A, and evapora-
tion A, are proportional to the sublimation energies Q, and
evaporation energies Q, [see Eq. (16)] which have been
determined above by fitting the saturated vapor density
equation (12) to the experimental points. The latent heats of
melting A,, are obtainedby A,, = A; — A, . Thelatent heats
of the investigated dyes are listed in Table I. For comparison
the molar latent heats of water are A, = 4.76 X 10* J/mol,
A, =4.16X10*J/mol, and A,, = 6 X 10* J/mol.*?

V. CONCLUSIONS

The dyes POPOP, dimethyl-POPOP, and PPF were
analyzed by absorption spectroscopy. The absolute absorp-
tion cross-section spectra are determined. The blue shift of
the vapor spectra compared to the liquid solution spectra
allows to study the solvent influence. The temperature de-
pendence of the saturated vapor density or the saturated va-
por pressure allows the determination of the latent heats of
sublimation, evaporation, and melting. The break in the va-
por density curves determines the melting temperature of
the investigated dyes.
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