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Convection-Induced Absorption Oscillations in a Cuvette after Irradiation of a
Pentazadiene Solution by Laser Pulses
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After irradiation of a pentazadiene solution (in THF) in a cuvette by laser pulses, damped oscillations of the
absorbance were observed and mistakenly interpreted as being of photochemical origin. Additional experiments
gave results that were incompatible with our photochemical interpretation and led to the identification of
convection as the physical mechanism behind the observed oscillations. A simulation model based on the
Navier—Stokes equations reproduces the damped oscillations. Analytical formulas are given to estimate
convection velocities in cuvettes and might help to prevent misinterpretation of photolysis experiments. They
show that arbitrarily small horizontal temperature gradients lead to convection in even very thin cuvettes. In
any standard temperature-controlled cuvette, the fluid has to be assumed to be in motion rather than at rest.

Introduction on Diazo Chemistryy Zollinger! The combination of the well-
known organic azo chemistry with polymer science has led to
a great variety of functional azo polyméfsOne of the newer
fields for azo polymers is the application for laser direct
structuring or laser ablatiol¥. 1> Typical azo polymers for laser
ablation are poly(arylazophosphate)s, poly(phosphorotriazene)s,
poly(triazene)s, poly(azosulfide)s, poly(pentazadiene)s, etc. It
'’ has been suggested that, in addition to the photothermal
properties, the photochemical properties (e.g., quantum yield
of decomposition) are important for the sensitivity of these

The first homogeneous chemical oscillator was observed in
1921 by W. C. Bray, and 30 years later, B. P. Belousov
discovered another type of a homogeneous chemical oscillator
(published only in 1958 because scientific journals rejected its
publication for 7 years). Supported by models of A. M.
Zhabotinskii and I. Prigogine in the 1960s and of R. J. Field
E. Koros and R. M. Noyes in the early 1970s, the reality of
chemical oscillations in homogeneous solutions is now generally

accepted.Due to biological implications, the interest for new polymers!® Polymers containing chromophores that are sensitive

Eggkdlrféifgt ct):l?seeT\l/;?iloﬂ2C|c|)|faborrjsljalsglla:g:gazlg]:.o(s)cr;llgzilf)nsto the laser radiation reveal the desired low ablation thresholds,
ar PN o . - allowing a better utilization of the laser photot{sThe design
occurring after irradiation of a pentazadiene solution by laser

ulses triggered our interest and our attempts to interpret themOf laser ablation polymers is mainly based on photochemical
P 99 . pt pret considerations and studies of model compounds. These model
on a photochemical basisHowever, as we will show in this

aver. the observed damped oscillations were caused b compounds are structurally closely related to the repetition units
paper, 1 P . ) - Yot the polymers. In previous investigations, the photochemical
convection and not by photochemical reactions. We would like

to add that convection, especially when combined with polym- activity'® and decomposmoq mechanisthsf various mode_l :
erization reactions intérfacial tension, and diffusion, can create c_ompounds have t_)een stu_dled. The pentazadienes were ident-
a large variety of i’nteresting phenom,ena that are i,nvestiga'[edfled as photochgmlcally active compounds. The absorptlon band

; . of the pentazadienes is in the range of common excimer laser
by different groups:~

A h of the literat lated to chemical ilati wavelengths, i.e., XeCl (308 nm) and XeF (351 nm). Various

h WSG;I’C'[ Wo renl ?:ﬁ u;;er ﬁ abe m(i) c i%mc'jcg osc;:va 'gnz pentazadiene model compounds and polymers have been
iaglasnte aan de Igofti ec? afteer msan(;/ ir?consé?lhjsiv(ae ezpfe?imsgtso " investigated to elucidate the UV-induced decomposition path-
. . ' . ; ) = ' way?0 the thermolysis mechanisthand th ntum yield of
introduced microdust particles into their cell and illuminated y € thermolysis mechanisfand the quantum yield o

them with a laser to prove the existence of a convection cell. It decompositiort.
was inducegl by the opening of the cell for inspection, resulting Experimental Section
in evaporation of solvent that cooled the surface and caused a ) ) ) ) )
hydrodynamic instability. Further, Epstein efdbund that the Materials. The pentazadiene and cinnamylidenemalonic ester
“photochemical oscillations” claimed by Bose ef&nd others ~ Polymer (CM polymer) have been synthesized according to
were of the same physical origin. Convective movement of procedures desc_rlbed elsewhé¥é? and their chemical struc-
fluids should therefore be considered the rule rather than thetures are shown in Scheme 1. The polyester (PE polymer) was
exception: The common idea of the fluid at rest in a cuvette, kindly provided by the BAYER AG and the hexachloroplatinum
moving only upon stirring, can be dangerously misleading. ~ acid (HPtCk, HCPA) was purchased from Fluka.

Framework of Investigations. With investigations of azo ~_ Photolysis and SpectroscopySolutions of all compounds
compounds, we contribute to a major area of research, asin THF (Merck spectroscopic grade) were irradiated in a

documented by numerous publications and, e.g., the monograpifommercial quartz cuvette (Starna GmbH), equipped with a
temperature control. It has a volume of 2 mL, and the

* Corresponding author. Tel: 056-310 26 47. Fax: 056-310 44 16. temperature cor_ltrol uni_t is Iocat_ed on_the backside of the cuvette,
E-mail: gassmann@psi.ch. with the front side facing the incoming laser beam. The path
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Figure 1. Photo-Fries rearrangement of the PE polymer. The growing peak at 350 nm (pointed line, after application of 100 pulses) is due to the

new chemical structure shown in Scheme 2.

SCHEME 1: Chemical Structure of the Pentazadiene absorbance with periods of 3®0 s were observed after
Compound (Top) and the CM polymer (Bottom) application of a laser pulse. They showed a clear temperature
g dependence and could only be observed within a temperature
< \>O—N=N—N—N=N range from 8 to 45C. Further, they were detected in cuvettes
with different thicknesses in the light propagation direction but
s HC0 disappeared upon stirring. Therefore, we evaluated various

mechanisms responsible for these oscillations, i.e., chemical
instabilities, gas evolution oscillators, and convection. Simula-
tion of the oscillations using the first two mechanisms initially
gave motivating results, but severe discrepancies with the
experimental data remained. In our preliminary sfudye
classified convection as very unlikely, due to the extremely small
temperature gradients induced by the incident laser light.
n However, after failure of all other explanations, we decided to
reexamine the possibility of convection within the cuvettes,
length for the detection is 10 mny-glirection), while the path ~ designed new experiments with additional compounds, and
length for the laser beam is only 6.8 mmdirection). The developed a model to simulate convection in small cuvettes.
concentrations were adjusted such that the-Wig spectra could Further Experiments To Test the Convection Interpreta-
be recorded with an optical density of-1.5 (typically in the tion. Many additional measurements, most of them based on
10°°M range). The UV irradiation source was a XeCl excimer the pentazadiene compound due to its large absorption oscil-
laser (Lambda Physik, model Compex 205). The cuvettes werelation amplitudes, were performed and compared with simula-
placed in a special aluminum sample holder (homemade), with tions. They were carried out at various temperatures, as a

fiber optic couplings perpendicular to the laser beanx@t5 significant influence of temperature on the oscillation period
mm, z= 7.4 mm). This detection path lies behind the vertical was observed. Faster oscillations were detected at larger
symmetry plane of the fluidx(= 3.4 mm). The U\-vis differences between the temperature of the thermostat and room

absorbance was recorded at selected wavelengths (i.e., at theemperature; no oscillations occurred when the temperature
absorption maxima of the compounds) with a diode-array control was switched off or when the temperature control was
spectrometer (Polytec, XDAP) with a sampling rate of 1 Hz adjusted exactly to room temperature. Repetition of the mea-
over periods up to 1000 s. The detection wavelength was 384 surements after reduction of the amount of solution to ensure
nm for the pentazadiene, 325 nm for the CM polymer, and 280 jrradiation of the entire fluid (we used 0.8 mL instead of 1.9
nm for HCPA. For the PE polymer, the maximum of the mL) showed absorbance transients that quickly (within about
growing band at 350 nm was used (cf. Figure 1). The cuvette 50 s) stabilized to the final level, exhibiting only small
was temperature-controlled by a thermostat (Lauda, model RML fluctuations or oscillations, resulting from homogenization of
6) in a temperature range from 15 to 56. small absorption inhomogeneities due to decreasing laser
Observations of Damped Absorption OscillationsDuring intensities inx-direction (beam direction). Simulations repro-
many of our studies, unusual damped oscillations of the duced the transients also for this situation. Further, mixing of
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SCHEME 2: Scheme of the Photo-Fries Rearrangement TABLE 1: Physical Parameters
of the PE polymer

symbol value units definition
e § T 7 0.46x 1072 Pas dynamic viscosity of TH®
O—Q‘ZAQ—O—C—-@—C v 52x 107 m2s? kinematic viscosity of THF
Ha n y 128x10°% K! volumetric expansion coefficient

of THF?
0 890 kg nt3 density of THRP
K 0.6 W nTt K1 “effective” thermal conductivity

ﬂ hv
4
Ha o 0 of THF
O—Q—E OJ ch 1720 Jkg' K™ heat capacity of THF
éHa D 15x10° mis?t “effective” diffusion coefficient
n

of pentazadiene in THF
g 9.81 m s? acceleration due to gravity
L

3 ; .
the fluid by stirring also stopped ongoing oscillations, because 68x10% m W'c(i)tfd?rfei)t(i%%'memal chamber

of drastically accelerating the mixing process and so destroying 4  28x 102 m height of THF columnzdirection)
the absorption inhomogeneities. All these observations gave

clear Inr?lcatlons.for a Convectlgn-bgs?]d meChamsmi dow f data bank, 19981999.P The given value applies for 2%C. For the
In other experiments, we reduced the entrance window for gjmjations,  is considered as a quadratic function of temperature.

the laser light to 20% of its normal area using 3 mm wide ccalculated value using the relation= /p. @ Molecular values for
horizontal slits that were placed below or above the location of similar compounds found in the literature as, e.gH£D and GHgO,
the spectrometer beam. To correct for the lost light, we applied are about 25% of the given “effective” value for thermal conductivity.
10-20 laser pulses (within 1 s) and observed oscillations at With the adopted value fdK, the Prandil number evaluates Ro =

Ts = 25 and 37°C with periods around 17 s for both slit vik = 1.3 (cf. eq 2 for the definition of). ¢ The “effective” diffusion

locati As th iod learly shorter than the simulat oefficientD describes the diffusion of pentazadiene in THR{) as
ocations. As these perioas are clearly snorter than the SImulateqq| a5 the effect of microturbulence produced by the velocity gradients.

single-convection-cell period of 27 s (cf. Figure 4 below), they The molecular value can be guessedig, < 10 m? s based on

can be explained only by an additional physical mechanism values found in the literature for compounds much smaller than
leading to smaller and more intensive eddies. We assume anpentazadiene. The effect of microturbulence must therefore be dominant
extra buoyancy (in addition to the heat deposition by absorption and can be inferred approximately by comparison of measured and
of laser energy already implemented into the simulation model, Simulated damping of the oscillation (cf. Figure 3).

which is not negligible when multiple pulses are applied)
attributed to N bubbled? produced by photocleavage of pen-
tazadiene. This extra buoyancy can disrupt the large convection

cell and so result in complex spatiotemporal velocity fields . . ) . .
- . . . e . setup, simulation of fluid convection within the temperature
containing smaller eddies leading to absorption variations with e .
stabilized quartz cuvette can be restricted to the two most

sho_rter wavelengths and .therefore shorter observed osculatlonimportam dimensions: the verticab)(and the horizontal
periods, as could be confirmed by simulations (see below). To

. o direction &) parallel to the laser beam. In thedirection, a
experimentally test the assisting role of gas bubbles for faster : .
o : temperature differenc@T between the vertical back and front
oscillations, a different compound was used. The PE polymer

belongs to a class of compounds that undergo a Photo-Friesbounda”eS of the simulated fluid is driving a convection cell.

rearrangement upon UV irradiati#r(shown in Scheme 2) and Its physical origin is the temperature stabilization system

h consisting of a separate stabilization chamber at the back of
therefore produce no gaseous products. A growing UV absorp- ) -
. - R the cuvette, through which water from a thermostat is pumped.
tion band at longer wavelengths, i.e., 350 nm (shown in Figure

1) can be assigned to this rearrangement. Experiments at highe}t keeps the back wall of the experimental chamber at a

) controlled constant temperatuiig that can be set higher or
temperatures with up to 100 pulses were performed, and lower than room temperatuiig, resulting in positive or negative
oscillations with periods above 30 s were observed. This P ! ginp g

: . - -~ OT, respectively. The front wall of the cuvette (where the laser
supports the above-mentioned hypothesis that oscillations with beam enters), however, is not temperature stabilized and
periods below the simulated values are caused by gaseous ! ' - .
reaction products, which are absent in the case of a rearrange-'k?ﬂuenced by_ room rt:_emphereﬁu_re. To estimai W(ahec1cual|ze I
ment reaction. In addition, gas bubbles could be seen in some eat COﬂdUC'[IOI’l.Vi;IIth n tﬂe E'd segmehnt Pear ¢ e” ror:jt \a’a
experiments with the other compounds after heavy irradiation. g.nev.i’r(?rg)r(n;n?)vm?ch Vevzt a:;ro;maetinutsiﬁg rt%r;t gtaefaa:)rlltz-t €
Oth%éuISé)u;glt;emn:fSal ?/Sai;!iiogihl:er;lq;ﬁott%ézzE?Q;ﬁ;agftir\]/zs mann law for blackbody radiation linearized around room
materials were tested. The inorganic compound HCPA as well temperaturel
as the polymer CM revealed damped oscillations similar to those 3 aT
observed for the pentazadiene compoditas example is shown — 40Tg (Ts — 0T = Tg) = Kox heo where
in Figure 3 below, thicker line). The damped oscillations have _ g o, a
lower amplitudes, probably due to the lower photochemical 0=5.67x10"Wm “K " (1)
activity of these compounds. The fact that the oscillations can
be observed for vastly different compounds added to our
conviction that chemical oscillations must be excluded to explain
the oscillations.

a Beilstein Institut fu Literatur der organischen Chemie, electronic

transport equations for heat and matter have to be séfved.
Equations and the method for their numerical integration are
given in Appendix A. Due to symmetries in the experimental

The right-hand side of (1) can be evaluated during simulations,
and the temperature of the front boundary of the fléd— 0T
is continuously adjusted using (1). An “effective” thermal
conductivity K is used as a fitting parameter for adjusting
simulations to our observations (see Table 1). To avoid
instabilities during the initial simulation phase, simulations start
Method for Simulation of Convection. For simulation of with a nonmoving fluid with homogeneous temperatdie
fluid convection, the NavierStokes equations together with ~ Within an initial time interval, a corrected temperature difference

Model Section
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TABLE 2: Spectroscopic and Laser Parameters

symbol value units definition
Spectroscopic Parameters
Ao 0.89 initial absorbancA (spectrometer readout
. value}
Vi 0-17 absorbance atay after destruction of all

. pentazadiene (needs8 laser pulse3

Ass  0.382 absorbance at 308 nm when all pentazadiene
is destroyed (needs8 laser pulseé3

€ 29300 L moftcm! molar absorption coefficiefit

o 0.317 fraction of destroyed pentazadiewnéth
one laser pulge

B 0.21 factor for calculation of absorbance at
308 nm from absorbance &t

Laser Parameters

N 1-100 number of applied laser pulses

E 0.180 J average energy of one laser pulse

do 0.95 transmission of cuvette window

a A = ecswherec = concentration of absorbing material [mol/L];
s = spectrometer path length, hese= 1 cm.® Concentration drop of
pentazadiene due to one laser puls&ds= —oc. ¢ A linear relationship
is assumed between variations of absorbancg.at= 384 nm and
absorbance at 308 NnMAsos = Asos T S(Ai e — Almad-

oT f(t) is applied, instead odT from (1), with f(t) linearly
increasing from 0 at = 0 to 1 att = 5 s. The following 145
s of simulation allows for stabilization of the convection cell;
subsequently, the simulated laser pulse is applied. At this time
point, the integration time stefit is reduced by a factor of 5
for the following 40 s, and the laser energy is distributed over
100 (reduced) time steps to avoid numerical instabilities. To
calculate the distribution of temperature increase and reduction
of the absorption along the laser beaad{rection), every single
laser pulse fraction is further split into 10 parts, successively
reducing the absorption and increasing the temperature. Param
eters used for the simulations are given in Tables 1 and 2.
Simulations. A typical example for flow and temperature
fields is given in Figure 2. Extensive investigations of the
Rayleigh-Bénard convectioR® 28 (i.e., convection between two
horizontal and parallel plates heated from below) show that the
dimensionless Rayleigh number

where «=

3
Ra= gy‘j% @)

PCy

is the governing control parameter (definition of symbols cf.
Table 1) for buoyancy-induced transport in a viscous fluid. In
investigations of the RayleighBénard convectiondT is a
vertical temperature difference between the bottom and the top
boundary, and the aspect ratiH is normallylarge, whereas
in our casegT is ahorizontal temperature difference, and the
aspect ratio ismall (between 0.1 and 1). For vertical temper-
ature gradients, the basic physical state at siiais pure heat
conduction, and convective motion sets in at a critical Rayleigh
number. However, in our situation with horizontal temperature
gradients, a convection cell is created even by an arbitrarily
small horizontal temperature gradiéhTheoretical reasons for
this important difference for all aspect ratib&H are given in
Appendix B. It is further confirmed by other analytical calcula-
tions, numerical simulations, and comparisons with experi-
ments30-32

To help estimating convective velocities for situations with
horizontal temperature gradients, we performed simulations with
varied temperature differencé3 (0.01-2 K), dynamic viscosi-
tiesy (0.02x 103to 0.8 x 103 Pa s), densitiegs (300—2000
kg m™3), volumetric expansion coefficients (10 x 1075 to
200 x 1075 K1), “effective” thermal conductivitie® (0.05-1
W m~1 K1), heat capacities; (1000-3000 J kg! K1), widths

Gassmann et al.
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Figure 2. Cross section X = horizontal versusz = vertical) of
stationary velocity field (left) and temperature field (right) after
stabilization of the convection cell. The temperature of the stabilization
chamber (right side) is 30C, room temperature is 224, giving
29.6°C for the left wall based on eq 1. Coordinates are given as grid
points 0-16 and 6-66 according to a 1% 67 grid with a grid constant

of 0.425 mm (i.e., the fluid within the cuvette has a cross section of
6.8 mmx 28 mm). The effect of boundary cohesion at the left, bottom
and right walls results in vanishing velocities for grid pointxat 0,

x =16, andz = 0. Maximum velocities of 1.9 mm/s are found around
z= 33,x = 3 and 13. The same value results from an estimate based
on egs 1 (givingdT = 0.47 K, when the gradient is approximated by
OT/L) and 3 with parameter values from Table 1. The spectrometer
beam is aligned parallel tg (i.e., perpendicular to the shown cross
section) at coordinates= 12,z = 17. The laser beam is parallel xo
and enters from the left with almost homogeneous energy distribution
betweenz = 0 andz = 37.

of experimental chambér (3—20 mm), and aspect raticsH
(0.2—-1). This sensitivity analysis led to the following relations
for maximum (vertical) velocities:

2
v~ 53x 103Y ‘5;" for Ra< 150000

2~ 2.7 x 1072 ZOTHK
1Cy

Ra> 350 000 andT =ca. 0.1 K (3)

for

The transition between small and large Rayleigh numbers occurs
in the range 150 000350 000. Instead of usinRato select

the appropriate formula, one can show that the relation giving
the smaller velocities is correct for a large range of usual
cuvettes. The flow field displayed in Figure 2 has been
calculated forRa~ 3 x 105 i.e., the relation for largdRa
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applies. This relation was found also from other numerical
simulations for vertical temperature gradieffterom analytical 0.8
calculations for horizontal temperature gradiefitand from
results from simple estimates based on the Bernoulli law. Our
simulations withRa < 150 000 (smallRa) show negligible
effects ofK andcy on v and linear relationships betweerand

p, v, 0T, andL? Here,L is the important geometrical parameter
rather tharH, because for very smallT (in the order of mK),
viscous forces and buoyancy are in equilibrium in every w

™~

0.75+

absorption

o
~
L

horizontal cross-section of the fluid column. For the resulting
low velocities (in the order of 0.1 mm/s), linearization of the 065 I . . . . .
dynamical equations is possible, making the relation plausible. 0 50 100 150 200 250 300 350
The two coefficients in (3) have been calibrated with different time (s)

numerical simulations and hold foras the maximum velocity. Figure 3. Measured (thicker line) and simulated damped oscillations
The relations are useful to estimate convection velocities in small of the absorbance with a period of 37 s after application of a laser
cuvettes induced by horizontal temperature differences. pulse (at second 38) to a pentazadiene solution in THF stabilized to

: . - - . . 27.7 °C. The simulated laser energy was adjusted to reproduce the
The effective diffusion coefficient of pentazadiene in THF absorbance drop following the laser pulse, and the simulated stabiliza-

of D~ 15x 109 m?s™ (cf. Table 1) results from a calibration  tion_chamber temperature was slightly increased t6G@o exactly

to reproduce the experimentally observed damping of the reproduce the observed period (parameters cf. Tables 1 and 2). Using

absorbance oscillations by our simulations. Based on otherthe maximum velocity of 1.9 mm/s (cf. Figure 2) and an estimate for

numerical simulation3 the relation the path length for one revolution of the fluid of 60 mm leads to a
lower bound for the period of 32 s.

D vH

~+/Pe  where Pe"'= 4) 140
Dmol Dmol

71204

holds over a large range of (modified)dhet numbers and can -‘5100_

be used to estimate the molecular diffusion coefficient: -% 80

S 804

D S 604

Dho ™ —0 (5) =

me - oH = 40-

Dmol thus attains an order of magnitude of 2dm? s~1, which 8 204
is 3 orders of magnitude belo® (cf. footnote e of Table 1). 0 . . . , . .
-10 0 10 20 30 40 50

Results stabilization temperature (C)
Damped Oscillations with Temperature-Dependent Peri- Figure 4. Measured (large points with error bars) and simulated (small

. - . points) periods of the absorbance oscillations for different temperatures
ods. After irradiation of only the lower half of the solution (cf. of the stabilization chamber. If the thermostat pump is switched off,

Figure 2), the distribution of the absorption is inhomogeneous he stabilization temperature adjusts to room temperafiie=(22.4
within the fluid after the laser pulse. The convection cell °C) and no oscillations are present (equivalent to an infinitely long
transports and mixes the two parts of the solution, resulting in oscillation period). The calculatedT on the basis of eq 1 is nearly
damped absorbance oscillations at the spectrometer locationlinearly related to the stabilization temperatdie 6T ~ a(Ts — Tg),

The resulting oscillation periods are directly coupled with the With @ ~ 0.06 betweerz + 2 °C, anda ~ 0.04 for Ts outside this
turnaround time of the convection cell, and the damping of the interval.

oscillation is due to diffusive mixing of the two parts of the might be due to photochemical tranas isomerization followed
fluid. The simulations show that a single laser pulse of 0.18 J by a slow thermal relaxation. Both effects, supporting each other
has negligible effects on the temperature field (i.e., below 30 to reduce the amplitude of the absorbance oscillations, are not
mK) and therefore has only a small influence on the stationary taken into account in our simulations. For improved estimates
flow field produced primarily by horizontal temperature gra- of the “effective” diffusion coefficienD, these effects would
dients caused by the temperature stabilization system. Figure 3have to be quantified on the basis of additional measurements,
shows measured and simulated damped oscillations with ademanding considerable changes in our experimental setup.
period of 37 s for the convection cell displayed in Figure 2.  Our simulations also reproduce the observed temperature
Due to different effects not taken into account in our simulations, dependence of the oscillation periods (Figure 4). We would like
differences between simulated and measured absorbances have point out that all simulations were made with a constant value
to be expected. The simulated laser energy (the experimentalfor “effective” thermal conductivityK in our phenomenological
laser produced pulses with an average of 0.18 J that variedheat exchange eq 1 and in the dynamical heat transport equation
+10—20% between single pulses) was adjusted to reproduce(cf. Appendix A). The adopted “effective” value f&r (cf. Table

the absorbance drop following the laser pulse, resulting in a 1) was calibrated for best matching the observed periods. The
reduced value of 0.13 J. The still remaining differences between simulated points in Figure 4 are not symmetric around room
observed and simulated absorbance oscillations are probablytemperature due to the decreasing viscosity of THF with
caused by uncertainties of the quantum yield (in the order of increasing temperature. From the point of view of the application
+10%), and an unknown part of the radiation might be diffracted to photochemical laboratory praxis, the results clearly show that
to the upper part of the cuvette that is not directly irradiated. differences between thermostat and room temperatures have to
Some photolysis might therefore occur also in the shaded partbe belav 1 K to prevent convection disturbing the absorbance
of the fluid and so lead to the observed lower first maximum. measurements. This implies that temperature differeddes
The roughly 10% higher level at which the absorption stabilizes between the back and front wall of the cuvette have to be below
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60 mK (cf. caption of Figure 4). The error bars #2 K in With an appropriate layout of the experimental setup, the
Figure 4 result from estimates for the mismatch betwé€n convection cells investigated in this paper might be useful for
calculated with eq 1 and the real but unknoém. It also indirectly estimating different properties that are difficult to

contains neglected effects related to the unknown temperaturemeasure in a straightforward way, as “effective” diffusion

field within the sample holder as well as errors due to molecular diffusionDng, “effective” thermal conductivityK,

insufficient waiting time for establishing an exact thermal and the volumetric expansion coefficient For the latter, we

equilibrium. found references differing up to 50%, and for the former three
Effects Due to Bubble Formation.To test our hypothesis  parameters, no indications were found in the literature.

that N, bubbles might reduce oscillation periods, we introduced

bubble formation into our simulation model. The dbncentra- Acknowledgment. This work has been supported by the
tion is calculated from the absorbance difference, assuming thatSwiss National Science Foundation. We thank F. Geiger for
each cleaved pentazadiene molecule results in tnodecules. the synthesis of the pentazadiene.

These dissolved Nmolecules are transported by the flow field .

and, immediately after creation, do not contribute to buoyancy, Appendix A

because no bubbles are formed yet. For nucleation theory, For our two-dimensional convection simulation model, we
reference is made to Bowers et?&lTo describe bubble  consider the NavierStokes equations under the Boussinesq
formation and growth, we used a phenomenological bubble gpproximation (A1) with velocitiesi andw for coordinates<

formation function andz, respectively, and transport equations (A2) for temperature
T and concentratior (the concentratiorr of pentazadiene is
2e7" forr<1 | linearly related to absorban@®:
Wo=1"% . withz=1 " (6) Y %
1—-e” fort>1 tg au dJu du 19p
w Uk Wz T pax T VAU
wheretg is a phenomenological bubble formation time &and P
means time after application of the laser pulse. The numerical ow_  ow_ oaw  19p _
- = W o = vAW A gy(T — T,
constant 0.4587 ensures continuity of the funcfipatz = 1. ot X az poz v 9r( o
For fg = 1, the additional buoyancy is assumed to result from U ow
N2 bubbles with atmospheric internal pressure; i.e., the bubbles —+—==0 (A1)
; X 9z
are large enough such that surface tension can be neglected.
However, we did not take into account any upward movement aT aT aT K
of the bubbles relative to the fluid. Both assumptions hold for ot U TWo T PTAT
bubble radii of a few micrometers. In this way, the above- H
mentioned short oscillation periods could be simulated using ac _ _ua_c _ Wa_c 4 DAcC (A2)
tg on the order of 1620 s, but a good fit to our observations ot X 0z

could not be achieved with our two-dimensional simulations.

It seems plausible that the third dimension has to be taken into
account to correctly simulate small and intensive convection
cells.

Symbols and their numerical values are given in Table 1. The
Laplace operatoA refers in all our equations to the two
dimensionsx andz. Our method for solving the system (A1,
A2) of partial differential equations is widely used in meteorol-
ogy3* By introducing a stream functiohN and a vorticity
function &

The results of different experimental series and the successful
simulations of observed damped absorbance oscillations prove u= — ¥ W= E=———(A3)
that the underlying mechanism is a purely physical convection 9z X ox 9z

cell induced by the temperature stabilizing system. Theoretical jnig (A1), pressurep and the continuity equation can be

considerations show that any arbitrarily small horizontal tem- g|iminated and the integration of (A1) is reduced to integrating
perature gradient induces convection. Simulations indicate that, e dynamical equation faf

in practice, convection can be neglected only if the temperature

Conclusions

o ow _ ou

difference between the thermostat and room temperature is o _ _ 08 08 aT
%= % —WE fAE+ g A4
below 1 K (i.e., 0T below 60 mK), which leads to oscillation at u& oz § gyax (A4)

periods longer than 2 min. In other words, a nonnegligible
convection cell is always present when the thermostat is
switched on and can give rise to large errors in photolysis E=AW (A5)
experiments, when intensity differences of the incident light ) . .

within the sample are present. In our case, where only 50% of (A5) is solved for a rgctangular domain with qugdrat[c grid cells
the sample was irradiated, transport processes can result in error§Sing the IMSL-routine FPS2F# For 17 x 67 grid points and

of more than 20% in absorption spectra measured at one<0 000 time steps (0.06@.03 s), a simulation needs roughly
arbitrarily chosen time point after the laser pulse, leading, e.g., + Min CPU time on an Alpha 4100 computer. To take boundary
to errors in the quantum yield on the order of 50%. As our cohesion into account, boundary conditions at the front, back,
temperature stabilized cuvettes as well as our experimental@"d bottom walls are coupled with respective velocities in such
procedure reflect standard procedures, our findings are a warning® W& th"’}t even small _VE!OC'lt'eS re”sultlln large corrections,
of a perhaps unexpected source of errors. Our analytical relations ©'¢Nd Ve ocities to vanishingly small values.

are useful to estimate periods of oscillations due to convective
transport of concentration inhomogeneities in a large range of
cuvette geometries and temperature differences and might help The theoretical reason for the important difference between
to prevent misinterpretation of photolysis experiments. implied vertical and horizontal temperature differences is

and the Poisson equation

Appendix B
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explained in detail in Chandrasekifarwhere the following andep = € gives
theorem is proved:‘Thermal instability as cellular conection 2 2

; ; e ; ; w 0T Ow (B9)
will set in at the minimum (agkrse) temperature gradient which m m

is necessary to maintain a balance between the rate of pjfferent from (B6), (B9) has a solution with non vanishing
dissipation of energy by all ireersible processes presentand \_ only, if T meets a critical condition related to the well-
the rate of liberation of the thermodynamicallyaalable energy known critical Rayleigh number. Though the above given

by the buoyancy fqrce act.ir)g on the fluidVe use this the.orem reasoning is somewhat heuristic, it clarifies the point of much
to show that there is no critical horizontal temperature difference ore involved exact analytical solutioffs.
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