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Direct Detection of C,H, Photochemical Products:
Possible Routes to Complex Hydrocarbons in
Planetary Atmospheres

Ralph E. Bandy, Chitra Lakshminarayan, Rex K. Frost,
Timothy S. Zwier*

The photochemistry of diacetylene (C,H,), the largest hydrocarbon to be unambiguously
identified in planetary atmospheres, is of considerable importance to understanding the
mechanisms by which complex molecules are formed in the solar system. In this work, the
primary products of C,H,’s ultraviolet photochemistry were determined in a two-laser
pump-probe scheme in which the products of C,H, photoexcitation are detected by
vacuum ultraviolet photoionization in a time-of-flight mass spectrometer. Three larger
hydrocarbon primary products were observed with good yield in the C,H,* + C,H, reaction:
CgH,, CgH,, and C H,. Neither CH,, nor CH, is anticipated by current photochemical
models of the atmospheres of Titan, Uranus, Neptune, Pluto, and Triton. The free hydrogen
atoms that are released during the formation of the CgH, and C,H,, products also may
partially offset the role of C,H,, in catalyzing the recombination of free hydrogen atoms in

the planetary atmospheres.

Diacetylene (C,H,) plays a role in the
stratospheres of several of the solar system’s
planets and moons analogous to that played
by O, in Earth’s atmosphere. The absorp-
tions of C,H,, like O, serve as an effective
ultraviolet radiation shield for the lower
atmosphere and planetary surface. Yet, like
0,, C,H, is photochemically reactive (1)
and is postulated as the primary source of
yet larger hydrocarbons in these atmo-
spheres (2—-6). Despite the importance of
C,H,, the products of C,H, photochemis-
try in the ultraviolet are not known. As a
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result, the current photochemical models of
Titan (2), Uranus (3), Neptune (4), Pluto
(5), and Triton (6) postulate that CgH, is
the sole primary product of C,H,’s self-
reaction. This report presents results of a
photochemical study of C,H, in which the
primary photochemical products of the
C,H,* (excited state) + C,H, reaction are
unambiguously identified. Three primary
products are observed with good vyield:
CH, (+ C,H,), CiH, (+ H,, 2H), and
CgH; (+ H). Secondary products formed
by subsequent reaction of the primary prod-
ucts with C,H, are dominated by C,,H;
and C,H;.

The methods used to synthesize and
handle C,H, have been described (7). The




photochemistry is carried out just outside
the ion source region of a time-of-flight
mass spectrometer (8). The doubled output
of an excimer-pumped dye laser (Lambda
Physik LPX/FL3002) tunable from 245 to
220 nm is used to excite C,H, to various
vibronic levels in the A, excited state (7).
This photoexcitation laser is counterpropo-
gated down a 5-mm length of quartz tube (2
mm in diameter) through which the mix-
ture of 1 to 10% C,H, in He is introduced
by means of a pulsed valve. The C,H,*
reacts with C,H, during its 10-ps traversal
of the reaction tube. The products of the
reaction are subsequently photoionized 7
cm from the end of the reaction tube with
118-nm light (10.5 eV) produced by tri-
pling the 355-nm output of a Nd:yttrium-
aluminum-garnet laser in Xe gas (9). The
photoions are mass-analyzed in a linear
time-of-flight mass spectrometer and de-
tected with a microchannel plate ion detec-
tor. Because the C,H,* reactant ion signal
is nearly 1000 times the size of the product
signals, a 1.0-ws-long, +800-V pulse is
applied to a steering plate in the time-of-
flight tube to deflect away the C,H," ions
before their arrival at the ion detector.
Time-of-flight mass spectra were taken
with and without the photoexcitation la-
ser present under conditions optimized for
the detection of photochemical products
(Fig. 1, A and B). The difference mass
spectrum (Fig. 1C) highlights the products
of C,H, photochemistry. The mass 86 and
88 peaks present in Fig. 1, A and B, are
due to minor impurities of 2-chloro-2-

butene-3-yne present in the C,H, sample
from its synthesis. The total integrated
intensity of all C;H, photochemical prod-
ucts is about 0.2% of the C,H,™ reactant
ion signal (not shown).

Action spectra (Fig. 2) confirm that the
products observed are the result of gas phase
photochemical reactions of C,H,. In per-
forming a resonant two-photon ionization
scan (Fig. 2, curve a), we used the photo-
excitation laser both to excite the neutral
C,H, molecules and subsequently to ionize
them directly in the ion source of the
time-of-flight mass spectrometer. The dom-
inant absorption feature is the 21,6, vi-
bronic transition of the 'A, < '2,_* band at
231.3 nm, observed earlier by Bandy et al.
(7) and others (10). Action spectra taken
by tuning the photoexcitation laser while
monitoring CH,*, CgH,*, CgH;™, and
C,oH;* are shown in Fig. 2, curves b
through e, respectively. Both the faithful
reproduction of C,H,’s absorption spectrum
by the product masses and the linear depen-
dence of the primary product signals on the
photoexcitation laser power demonstrate
that the primary products (Fig. 2, curves b
through d) result from the absorption of a
single photon by gas-phase C,H,.

Glicker and Okabe (1) have determined
a photochemical quantum vyield for loss of
C,H, at 2.0 £ 0.5 over the wavelength
range of interest here. The present results
demonstrate that three primary photo-
chemical reaction channels are responsible
for the loss of C,H, after excitation in the
range 245 to 220 nm:

Fig. 1. Time-of-flight mass spec-
tra after vacuum-ultraviolet photo- 100 A
ionization: (A) with the photoexci-
tation laser on, (B) with the pho- 80
toexcitation laser off, and (C) the 60
difference between (A) and (B), 40
highlighting the products of C,H, 20
photochemistry; m/z, mass-to- 0
charge ratio. The mass 78, 86,
and 88 ions present in both (A) 80 100 120 140 160
and (B) are impurity ions in the
C,H, sample. The peak corre- 100 B
sponding to the C,H,* ion arising 2 80
from C,H, reactants (not shown) g
is about 1000 times the size of the £ 60
product peaks shown. 2 40
T 20
Q
o T : Ty T
80 100 120 140 160
100
80 c
60
40
20
80 100 120 140 160
miz
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C4H2* + C4HZ g C6HZ + CZHZ (].)
g CSHZ + H2 (OI' ZH)

@

The distribution of product ion intensities
is only weakly dependent on the excitation
wavelength over the range 245 to 220 nm,
even though this range extends below the
lowest dissociation limit for the molecule.
This result confirms the deduction of
Glicker and Okabe (1) that, at the reaction
tube pressures of our studies (~10 torr total
pressure), bound metastable states of C,H,
are responsible for the photochemistry rath-
er than free-radical reactions arising from
direct photolysis.

The relative yields of CgH, and CgHj,
depend sensitively on the C,H, concen-
tration, the time spent in the reaction
tube, and the nature and amount of buf-
fer gas. One route for the formation of
CgH, is likely to be loss of H, from the
CgH,* reaction complex. However, as
Fig. 3 shows, if H atom loss from CgH,*
forms vibrationally excited CgH;f with

b) CgHyp*

ot
s

¢) CgHyp*

d) CgHg*

e) CyoHg*

A RERTE PN AT AREEE PR AN AU ETE SR EUE FENEE | al
43,200 43,400 43,600 43,800
Excitation frequency (cm™?)

Fig. 2. Curve a: Resonant two-photon ioniza-
tion scan (R2P1) in the 2" 6", region of the A,
< '%,* transition of C,H, monitoring the
C,H,* mass. Curves b through e: Action
spectra of the photochemical products
CeH,o*, CgH,t, CgHa*, and C,gH,* in the
21,67, region recorded with both photoexcita-
tion and photoionization lasers present. The
close correspondence of the scans shows
that the observed products arise from photo-
excitation of gas phase C,H,.
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Fig. 3. Schematic energy level
diagram of C,H,'s ultraviolet pho-
tochemistry. The 3A, state is a 140|—
metastable state of C,H,. The ex- CaH,” (226") + G, H.
tent of collisional deactivation of R 216N+ 0
the reactant C,H,* species can 12042 E2°61;:CAH2 Reaction
affect the distribution of products 4 4 —~
formed. The reaction enthalpies = Collisional C.H. + 2H
are estimates based on extrapo- g 1%~ deactivation] |~ 82
lation of the heats of formation of g \j —
C,H,, C,H,, and C,H, (77) to the < 80— C,H,"(3a,) +CH,
larger C,H, and C,H, species. ? RN

L - s ———  CgHy+H

o s|E 83

k- 512

@ 40— 518

@
-
20—
ol— CHy,+C4H, CgHy + CH,
CgH, + H,
Reactants Products

enough internal energy, it can undergo
loss of a second H atom to form CgH,:

C4H2*+C4H2 —> C8H4* (43)
C8H4* i C8H3T + H (4b)
C8H3T g C8H2 + H (4C)

Furthermore, the highly reactive CgHj radical
can react with C;H, by H atom exchange
- driven by the reaction exothermicity:

CgHst + C,H, — CH, + GeH,  (5)

As a result, gas mixtures with high N, and
low C,H, concentrations (that is, condi-
tions that minimize reactions 4c and 5,
respectively) increase the CgH; product
signal to roughly twice that of CgH,. On
the other hand, conditions that provide
short reaction times and minimal colli-
sional deactivation almost completely
eliminate the CgH; product signal from
the time-of-flight mass spectrum. Despite
the sensitivity of the CgH3/CgH, product
ratio, the relative yield of Cq to Cg prod-
ucts is much less sensitive to changing
conditions than the CgH;3/CgH, ratio.
For a given set of reaction conditions,
the ratio of two product ion intensities,
Lroa(1)/Ipr0a(2), is given by

Iprod(l) _ ¢prod(l)UPl(l) fdet(l)
Lrod(2)  proa(2) 01(2) fuerl2)

where ¢,,,q(m) is the quantum yield for
formation of product m under these con-
ditions, opp(m) is the 118-nm photoion-
ization cross section of product m, and fj,
is the fraction of product m entering the
photoionization laser interaction volume.
Because the reaction occurs primarily
within the confines of the reaction tube,

(6)
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differences in the fraction of products col-
lected should not be large. Quantitative
measurements of the 118-nm photoioniza-
tion cross sections are not currently avail-
able for the product molecules. However,
the photoionization cross sections for the
CH, and CgH, products should be similar
by virtue of their similar chemical struc-
ture. In addition, the transfer in intensity
between CgH,* and CgH;* with changing
N, pressure (that is, with decreasing reac-
tant internal energy) suggests that the
118-nm photoionization cross sections for
CgH, and CgH; are also roughly similar.
As a reasonable first estimate, then, the
relative photochemical quantum yields for
a given reaction mixture follow directly
from the relative intensities of the product
ions, normalized to a total quantum yield
of two.

From the standpoint of reaction dynam-
ics, perhaps the most intriguing product
channel observed is the C,H, + C,H,
channel. The C,H, product is not directly
observed in this experiment because its
ionization potential (11.4 eV) is greater
than the vacuum-ultraviolet photon energy
(10.5 eV). The extensive rearrangement
that accompanies formation of CH, +
C,H, in a C,H,* + C,H, collision will
require further study if we are to understand
the mechanism for its formation.

In addition to the primary products,
_also present are small amounts of second-
ary products, formed by the subsequent
reaction of the primary products with
C,H,. The C,;H; and C ,H; products
dominate the secondary products ob-
served. Thermochemical considerations
point to CgH; as the primary product
responsible for C,;H; and C,,H; forma-
tion because its reactions with C,H,
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CgH; + CiH, — CjoH; + C;H,  (7a)
CgHs + C4H, —» C;Hs + H, (7b)

are near thermoneutral (11) and thus could
be driven by the primary reaction exother-
micity. These products may represent the
initial steps toward the polymer formation
that is the final end product of ultraviolet
irradiation of gas phase C,H,.

The present results may have significant
consequences for current photochemical
models of hydrocarbon-rich planetary atmo-
spheres. Glicker and Okabe’s work on C,H,
(1) has established that the metastable state
of C,H, is not quenched even by thousands
of collisions with H, or N,, two major
constituents of Titan’s atmosphere. As a
result, despite the small concentration of
C,H, in many of the planetary atmospheres,
C,H,* + C,H, photochemistry may repre-
sent an important route to the formation of
larger hydrocarbons on Titan and the outer
planets. The unanticipated CgH; product
may be especially important because it pro-
vides an entry point to free-radical processes
even below the threshold for direct photolysis
of C,H,. As a free radical, CgH; may react
readily with a wide range of hydrocarbons.
Our results provide some evidence in support
of this contention in the dominance of C,,H,
and C,,H, over other secondary products.

Finally, the present results also impact
planetary modeling in the free H atoms that
are produced in reactions 3 and 4. The
current models of CH,, photochemistry pos-
tulate a scheme (2-6) for recombining H
atoms from the stratosphere which uses
C,H, as catalyst:

C,H, + H+ M — CH; + M
C4H3 + H—)C4H2 + HZ

(8a)
(8b)

However, the present results indicate that
C,H, photochemistry produces free H at-
oms in both the CgH; + Hand CgH, + 2H
channels. Thus, C,H, photochemistry also
plays a role as a source of free H atoms,
counteracting the molecule’s role as a cat-
alyst for H atom recombination.
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Production and Initial Characterization of Bionites:
Materials Formed on a Bacterial Backbone

Neil H. Mendelson

The addition of soluble metal salts of calcium, iron, or copper to cultures of Bacillus subtilis
grown in web form nucleated precipitation at the surface of the bacterial cell walls. The
mineralized cell filaments can be drawn into a fiber that when dried consists of a bacterial
thread backbone carrying an inorganic solid. The ratios of organic to inorganic components
(by weight) in the stiff brittle materials, called bionites, were: 1.08 for fe(2)bactonite, 1.8 for
calbactonite, 2.3 for fe(3)bactonite, and 5 for cu(2)bactonite. X-ray photoelectron spectra
suggest that the fe(3)bactonite contains Fe,O,, that calbactonite contains calcium car-
bonate, and that cu(2)bactonite contains CuCl (Cu I). Acid-base reactions of the bionites
are compatible with these identifications. Burning out the organic phase of the febactonites
yields a black magnetic material, presumably magnetite. The burnt cubactonite appears
to yield elemental Cu(s). Calbactonite upon hydration was able to retain a genetically

engineered enzymatic activity.

Recent advances in biotechnology have
provided new tools for the manipulation of
biological materials and the production of
chemical products (1). Similar approaches
have yet to be applied to materials synthe-
sis. This report describes a system in which
it may be possible to do so. The basic idea
is to use bacterial cell walls in situ as a
matrix for mineralization and to draw the
products (2) into fiberlike materials. Three
such products, called bionites, are described
here: (i) calbactonite, a calcium material;
(ii) febactonites, which are iron deriva-
tives; and (iii) cubactonites, which are
copper derivatives. All three forms were
produced on Bacillus subtilis strains shown
previously to be suitable for drawing into
threadlike fibers. The electronegative na-
ture of the cell wall in vivo is the basis for
metal binding.

The B. subtilis cell wall is a gel-like
viscoelastic material composed primarily of
two polymers: peptidoglycan and teichoic
acid (3). Both carry ionizable groups that
have the potential for metal binding (4).
Carboxylate groups in the peptide moiety of
peptidoglycan are believed to be the pri-
mary sites of metal binding (5). Cell walls
behave as complex ion exchangers. Some
bacterial walls have capacities (3.5 mil-
liequivalents per gram) that are equivalent
to those of commercial resins such as
Dowex A-1 (6). Although there is selectiv-

ity in the binding of counterions in vivo,

Department of Molecular and Cellular Biology, Univer-
sity of Arizona, Tucson, AZ 85721.

cell walls are capable of binding many
different ions (4, 6, 7). Ions such as Fe3*,
Cu?*, and Ca?* are known to bind in high
quantities (4). In living cells, the wall is a
multilayered material that is cross-linked
into a supramolecular network that encom-
passes the entire cell (a cylindrical shape
about 4 um long by 0.7 wm in diameter).
The B. subtilis cell wall is a dynamic struc-
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ture that is constantly added to on the inner
surface and shed on the outside (8). The
material itself is a flexible porous network of
considerable strength (2).

The bionites were produced by using
derivatives of B. subtilis strain FJ7 called
7(1I), 7(0), and F3N. The first two strains
have been selected for their ability to grow
as web cultures from which bacterial
threads of uniform diameter can be drawn
(9). The genetically engineered strain F3N
carries the Escherichia coli lacZ gene under
the control of an unidentified host gene
promoter and constitutively produces the
enzyme B-galactosidase (10). It can also be
grown in web form but not as successfully as
those selected for that property. Web cul-
tures were grown at 20°C in TB medium
(11) for ~18 hours. One milliliter of 0.5 M
CaCl,, 1 M FeCl;, or 1 M CuCl, was added
to each web culture and dispersed, taking
care not to disrupt the integrity of the web.
The mixtures were incubated at 23°C for
periods indicated in each experiment de-
scribed below. The mineralized web (Fig. 1,
A and B) was then drawn into the room
atmosphere at the rate of 5 mm/min with a
rate-controlled electric motor (Fig. 1, C to
E). The drawing process itself compressed
the adherent wet precipitate along with the
cellular filaments at the fluid-air interface.
The draw rate was chosen to prevent the
weight of the wet fiber from exceeding the
tensile strength of the bacterial filaments,
which is inversely related to their water
content. The wet fibers were hung vertical-
ly and allowed to dry. Additional fluid
drained from them during this process. In

Fig. 1. (A and B) Phase
contrast micrograph of a
bacterial web undergoing
mineralization. A static cul-
ture of Bacillus subtilis
strain 7(Il) was grown in 8
ml of TB medium in a 100
mm (diameter) by 15 mm
(depth) Petri dish at 20°C
for 18 hours. One milliliter
of 0.5 M CaCl, was added,
and a portion of the web

was transferred to a microscope slide. (A) A portion of the web with crystals on some cell filaments.
(B) A higher magnification view of a single filament with crystals aligned perpendicular to the
filament axis. Filament diameter in both is 0.7 um. (C to E) Bionites being drawn from mineralized
webs of B. subtilis. Fibers were drawn after 1 hour of mineralization of web cultures with (C) CaCl,,
(D) FeCl,, and (E) CuCl,. Draw rate was 5 mm/min. Petri dish diameter is 100 mm.
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