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The laboratory investigation of the atmospheric photochemistry
of planets and satellites is mainly carried out in static systems. These
studies are often poor models of chemical processes in atmospheres
because: (1) much higher mixing ratios of minor constituents must
be used to accurately determine the amount of reactant consumed
and to obtain sufficient products for analysis, (2) secondary photo-
lysis of the initial photoproducts often occurs, (3) wall reactions oc-
cur, and (4) most of the starting material is converted to products to
obtain enough for spectroscopic analysis. The use of a photochem-
ical flow reactor either circumvents or minimizes these problems
by using gas mixtures and photolysis conditions more representa-
tive of a planetary atmosphere. A gas mixture, composed of a small
amount of a reactant gas diluted in a much larger amount of car-
rier gas, is flowed past a UV lamp for an extended period of time.
Unconsumed reactants and products are collected in traps down-
stream until amounts sufficient for spectral analysis are collected.
FTIR and NMR analysis provides structural information and quan-
titative data on their rates of formation.

The feasibility of this approach for the investigation of planetary
atmospheres has been demonstrated by the photolysis of mixing
ratios of 10~3-10-% of cyanoacetylene, (2-propynenitrile, HC3N) in
nitrogen gas. Hydrogen cyanide (HCN), acetonitrile (CH3;CN),
acrylonitrile (CH,CHCN), and a polymer have been identified as
reaction products. The quantum yields for reactant loss and prod-
uct formation have been determined. Aspects of polymer structure
have been determined by FTIR. Its empirical formula has been de-
termined on the basis of the reaction products produced, and its
morphology has been examined by scanning electron microscopy.
Itis concluded from the high quantum yields for HCN and CH3CN
formation that the C/N ratio of the polymer is high. This was con-
firmed by infrared analysis of the polymer where it was observed
that the intensity of the C=N stretching frequency decreases as the
HC3;N mixing ratio is lowered to a mixing ratio closer to that of
Titan. (© 2000 Academic Press
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INTRODUCTION

Titan, the largest moon of Saturn, captured the interest of a
tronomers and atmospheric scientists alike when methang) (Ch
(Kuiper 1944) was discovered in its 1.5 bar nitrogen)(&tmo-
sphere. This interest has continued to grow as additional groun
based measurements and the Voyager | flyby in 1980 added otl
organics to the list of atmospheric constituents. Among thos
identified are a suite of saturated and unsaturated hydrocarbo
several nitriles, and small amounts of four oxygenated con
pounds. The presence of stratospheric haze layers suggests
the photochemistry of these minor constituents may be critical |
understanding Titan’s atmospheric chemistry even though the
mixing ratios range from only 1@ to 10-°. Despite the low
mixing ratio of water vapor (& 10~°) (Cousteniset al. 1998)
and the low temperatures presentflg0 K), the haze formation,
coupled with the wide array of organics found, has fostered tf
opinion that Titan may be the best observable model of process
of chemical evolution similar to those that occurred on primitive
Earth. Laboratory studies of the atmospheric processes occ
ring on Titan might also contribute to our understanding of the
data returned from the Huygens probe of the Cassini Missic
due to reach Titan in 2004.

One of the more interesting components of Titan’s atmo
sphere is cyanoacetylene (2-propynenitrile,sNE HCsN is
the third most prevalent nitrogen-containing compound in th
atmosphere, after Nand HCN. Its light absorbing properties
and photochemical reactivity also indicate that it could have a
important role in the atmospheric chemistry on Titan (Clarke
and Ferris 1996). HEN absorbs light at wavelengths as long as
260 nm (Job and King 1966a, 1966b) and is photoreactive
wavelengths out to at least 254 nm (Ferris and Guillemin 1990
As HG;N has been identified as a precursor to the pyrimidine
essential to the origin of life on Earth (Fereal. 1968, 1974), it
is a molecule of prebiotic significance as well. Previous studie
of HC3N photochemistry have examined the primary processe
that occur following irradiation, as well as secondary reaction
(Halpernet al. 1990, 1988, 1989, Ferris and Guillemin 1990,

1Current address: Albany College of Pharmacy, 106 New Scotland A\,leal’k(.% and Ferris 1995{ 1996, 1997b. Sekal. 1996). HO_W'
Albany, NY 12208. E-mail: clarked@panther.acp.edu. Fax: 518-445-7202. ever, in all of these studies the HI€ pressure has been higher
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than 0.01 Torr. While providing insight into the photochemical TABLE |
processes occurring, it is unknown how well this data can be  Experiments for the Verification of Complete Mixing
extrapolated to the conditions on Titan, where the;N@nix-

ing ratios range from 10 to 10-°. The use of lower pressures Dt of run Run time (h) HEN recovered (mol/s)
in static systgms_(systems in which a _sealed ves;el contammg March 29 4 118 x 10-5
reactants is irradiated) such as these is not practical as neither march 31 3 118 x 10°5
the small amount of reactant consumed nor the products formed April 1 12 121x10°°
can be determined with any degree of accuracy. April 11 2 123x107°

A flow system was designed to overcome the limitations of
a static system by flowing small quantities of reactant in an
inert carrier gas through a reaction zone for extended periods D e
of time. Flow systems have been successfully utilized for theAn oil dlﬁus;or:hpumpt andtho Welch Model 14(12 rl?lugh
study of charged particle reactions under conditions similar Bnopﬁ_evacua € de sg/s er&KSre;surf meiﬂsu(;elrngegosl_(')Alezgg(
those expected in planetary atmospheres (Thomgisaln1991, orr areé made by a aratron Mode A

McDonald et al. 1994). Our work has concentrated on deve?’-Vith a Model 270C Signal Conditioner. The initial pressure ir
. : e cylinder of the flow system (62,000 Torr) was measured wit

oping a flow system capable of examining photochemical pro- ;
cessesinavariety of planetary atmospheres. The flow system contrreoglllzlgtl;); g?ﬁ}gg ;V'ltg gaBnJg:Sr ?angc;r:trrgllifioﬂivg (\)NS[Zn
frlé);/\:):factor photochemistry of HiBI will be described in this dard cnimin—! capacity) connected to a MKS Type 246B Single
Channel Readout. The sample cylinder, for preparing gas mi
tures for flow experiments, was constructed with 318 stainle:
EXPERIMENTAL steel valves and tubing capable of withstanding 1800 psi al
holding~10~* Torr vacuum.

A. The Flow System Preparation of reactant gases.Reactant mixtures were pre-

System construction.The flow system is divided into three pared using Mas a carrier gas and had B{Cmixing ratios vary-
primary sections (Fig. 1). The first is a standard glass vacuung from 1073 to 10°6. HC3;N was synthesized by the method
rack that allows for trace (reactant) gases to be introduced imfoMoureau and Bongrand (1920) as modified by Miller anc
the second section. In the second, stainless steel, section thé.esamon (1967). The impurities present in the #i0vere less
actant gas is mixed with a carrier gas. The gas mixture is thévan 0.03% as determined byH NMR. ULSI grade N
introduced into the third section using a mass flow controll€99.9999%) was used directly as obtained from Matheson.
where the photochemistry is performed. After passing throughder to prepare a mixture for photolysis, the system was eve
the photolysis cell, gases are collected in cryogenic traps dovwrated and a measured amount ofgiiGvas introduced into the
stream. A restriction, situated before the traps, controls the gample cylinder. The stainless steel portion of the system w
erating pressure in the cell. then isolated from the glass section and pressurized wittiAN

typical mixture containing an H§N mixing ratio of 10-° would

be prepared by pressurizing 0.62 Torr of #with 1200 psi
bleed  reliel " gmuge (62,000 Torr) of N. As the precision of the mass flow controller
valve valve gas storage and analysis methods was greater than that of the sample cylini
10 pume pressure gauge, control runs, in which no photolysis occurre
were used to determine the actual mixing ratios. These contl
pressurizing gas _ runs were also used to determine if impurities were present

sample cylinder .
s ow the s_tartlng gases used._ _

controller (¢ With such small quantities of reactant gases present, comple
mixing is essential. An estimate of the time required was ca
pressure culated by assuming a cylindrical sample compartment and tt
e secondary the gases are initially present as two separate layers (Eq. (
10 pump (Bamford and Tipper 1969). The times calculated for complet
° mixing are on the order of days. As some turbulence durin
pressurizing is expected, the gases will not start uniformly se|

-

N \ arated and actual mixing times should be significantly less th:

photolysis cell primary iR S‘fﬁggﬁi{y the calculated values. A series of control runs was performe
. t . . ..

primary  PIPoN¢t ool Tap over a period of two weeks to verify that complete mixing of

restriction

the reactant gases occurs within this time frame (Table I). Tt
FIG.1. Photochemical flow reactor. variation in HGN recovered, expressed as a relative deviatiol



284 CLARKE, JOSEPH, AND FERRIS

is less than 3%, in the system increases as a result of photolysis (R1), the t
) tal pressure in the system rises during an irradiation. Ther

t— £ D— 3c 1) fore, measuring the extent of reaction requires only an accure

4D 32n62° measurement of the system pressure. The increase in press

at any time is equal to the loss of NHor the same time. A
where static photolysis was performed in which a section of the flov
line was filled with a quantity of Nkl sufficient to absorb all

L length of cylinder the incident light (20 Torr), and the increase in pressure we
D diffusion coefficient o5 recorded. Taking the quantum yield for Nkss at 185 nm and

¢ average speed (8KT/(w 1)) 20 Torr as 0.28 (Groth and Rommel 1965) results in a flux
5 mean collisional diametet 0.5(51 + 6) 1.16 x 10 photons min~2.

u  reduced mass

k  Boltzmann constant. 2NH3 + hv — Ny + 3H, R1

B. Photochemistry

C. Analysis

General considerations. All photolyses were carried out us- HCsN loss and product formation. NMR (Varian Unity 500)
ing an air-purged low-pressure mercury lamp with principal,y F1|R (perkin—Elmer 1800) spectroscopies were used f

emissions at 185 and 254 nm. As the absorption coefficient HE determination of reactant loss and product formation. At th

HCsN at254 nmis nearly 1000 times less than thatat 185 nm, tbgmpletion of a flow run, volatile products were transferred un

photochemistry observed is the result of absorption of 185 nja. .- ,um to agas IR cell (10 cm, NaCl windows) and spect
photons. - . . . were taken at a resolution of 0.5 cta HCN was identified by
The low mixing ratios use_d in the flow runs result in a \_/er}fomparison of its FTIR spectrum with that of an authentic san
small number of photons being absorbed. In order to maximi o Comparison of peak areas at 3320 and 3351*dmstan-
the photon flux into the photolysis cell, irradiations were pegard curves was used for the determination of;N@oss and
formed throughthe side of the cylindrical photolysis cell (Fig. 1)~ formation, respectively. The gases were then transferr

The path length through the cell varies as a function of Whege 5 ,art7 cell and extracted into a weighed amount of GDC

the light strikes the cell. In order to calculate the fraction of lig larke and Ferris 1996). Acrvlonitrile HCN) and ace-
absorbed in this configuration, a definite integral for the aver:g1 ) y (Gl )

X ) itrile (CH;CN) were identified by comparison of their NMR
value of a function was used (Fig. 2) (Satsl. 1986). spectra with authentic samples. The identification of;CN

Actinometry. Ammonia (NH;) (Groth and Rommel 1965, was supported by measuring the NMR after adding an amou
Noyes and Leighton 1941) actinometry was used to determipeCH3sCN equal to that formed to the CDgolution of the pho-
lamp flux at 185 nm. Since the number of moles of gas presdgaproducts. A single sharp peak at the chemical shift ofCM
was observed. The amount of @EN formed was determined
by comparing the integration of NMR signal a020 § with

y = (r2- x2)08 the signal from the residual CHEIn the CDC} solvent. NMR
signals at 5.671, 6.072, andd86 § were used for CRCHCN
determinations.

Polymer. Polymer filmswere collected on aquartz plate rest
N ing on a quartz boat inserted in the side of the flow cell (Fig. 3)
The infrared spectra of the film polymers were measured on sal
ples scraped from the quartz plate and transferred to a NaCl ir
Spectra Tech Spectra Scope infrared microscope attachmen
the FTIR. Polymer powders were collected in a chamber (Fig. -
connected to the bottom of quartz cell via an O-ring joint. The

J1'251_1O-abc o gas and polymer were constrained through a funnel and in

0 pinge on a scanning electron microscope (SEM) stub covere
J"zsdx with aluminum foil on carbon tape. The constriction that resulte
0

from pressing the tip of the funnel into the aluminum foil on the
carbon tape allowed the particles to collect. The stub was the

whereb = path Iength =f fur|1|ction of position on circular cell=2 -y removed and SEM analyses (J EOL JSM_840) were performe
r = radius of ce R . .
x = position on cell as previously described (Clarke and Ferris 1997b).

FIG.2. Calculation of fraction of light absorbed by the cell. (Top view of PhOtOWSiS of propionitrile. Propior)itrile (propanenitrile,
cell). Aldrich) was degassed on a vacuum line and shown to be pu
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<> of 15 standard cubic centimeters per min (15 sccm). This flo
gas flow . . . L

rate resulted in a residence time of 15.8 min in the photolys

cell and a percentage of conversion to products of less than 5

gas flow l

‘ The light source used in the flow reactor is a low-pressure me
cury vapor lamp with principal emissions of 185 and 254 nm ©
d:P—O radiation. UV light was chosen as the energy source becau
= solar ultraviolet light is the predominant energy source drivin
the atmospheric chemistry on Titan (Clarke and Ferris 1997
collection boat Sagan and Thompson 1984). A 185-nm light source was us
collection disk to simulate the photochemistry initiated by the longer wave
length UV that is not absorbed by methane but is absorbed |
l the unsaturated compounds present on Titan. In addition, t
solar photon flux at the longer wavelengths is greater than
SEM stub shorter wavelengths. Photochemical reactions more closely si

—

ulate the atmospheric chemistry occurring on Titan than elect
cal or plasma discharge studies (Sagéaal. 1992, McDonald
et al. 1994, Thompsoet al. 1991, 1994).

The flow reactor has four important advantages over stat
systems in the laboratory simulations of the atmospheric phot
chemistry of Titan or atmospheres of other bodies. First, me
surable amounts of minor constituents can be mixed with a lar

FIG. 3. Polymer film collection chamber (left) and polymer powder colamount of a carrier gas, nitrogen in the case of Titan, to obta
lection chamber (right). the mixing ratios that approximate those in the atmosphere &

ing investigated (Table II). As noted above, a second advanta
by *H NMR. Two Torr was added to a.2x 10 cm cylindri- is that one can vary the flow time and flow rate to obtain enoug
cal quartz cell and irradiated ifd h by thesame low pressure products for analysis. The third advantage is that the compo:
mercury lamp used in the flow reactb NMR analysis of the tion of the gas mixture being photolyzed does not change wi

powder polymer
collection chamber

products was performed as described above. time because fresh reactant gas is always passing through
flow cell. This is a much better model of a planetary atmosphe
RESULTS AND DISCUSSION than a static system because usually only a small percentage
the total atmosphere is undergoing photolysis at any one time.
A. Flow System addition, the gas flow removes the initial photoproducts from th

The purpose of this research was to develop and evalull gd|at|on zone and thus minimizes the formation of secondal

the photochemical flow reactor using reactants of atmosphe'iJ otoproducts._Fourth, the very low partial pressures OT th_e '
tants results in their absorption of less than 1% of the incide

interest. This approach was prompted by our previous Iabofé: ) . .
tory investigations of the photochemistry on Titan using a sta f@ht' This results in photochemisiry throughout the volume

system. In the static approach it was not possible to duplicate EHS |rrad|a}t|on chamber apd notjust near .|ts walls. Th|§, t.o.gethw
low mixing ratios of the minor atmospheric constituents (%0 with the high pressure of inert gas, minimizes the possibility thz
10-°%) which make important contributions to the atmospherfé‘a"’lct'OnS on the yvalls could give reaction produ'cts thatiwoul
photochemistry (Clarke and Ferris 1997a). The lowest possiﬁ'lg_trbe observed n the planetary atmosphere_ being studied.
mixing ratio attainable in our static system]10-2, is governed he_re are two _Ilmltat|0ns of a _photochemlcal flow sy;tem
by the sensitivity of the pressure gauge used to prepare the 39 first arises in the. prgparatlon O.f the _reactant mixture
actant mixtures and by the sensitivity of the analytical metho rre ntly, _the best qua_hty hitrogen available IS 99'999.9% purs
available to determine the rates of reactant loss and the pr e impurities presentin the gas have atotal mixing ratio of 10
uct formation. These limitations do not apply to flow systems.
The reactant gases are measured at higher pressures and then
diluted with an inert gas. The amount of reactant consumed is

TABLE I
Comparison of Reaction Conditions to Those on Titan

controlled by the flow rate through the system. At lower flow Static Flow
rates, the reactant gas remains in the reaction zone for a longer Titan experiments  experiments
period of time (longer residence time), which results in an in-

creased degree of conversion. The amount of product collectedotal pressure (Torr) 7.6-76 1-760 700
can be increased, not only by increasing the degree of converM":"ng ratio 107109 1102 102106
sion, but also by extending the length of time that the gases are , : 0.98 0—0.99 1.0

flowed. In this research, gases were flowed from 7-13 h at a rate
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TABLE 111 than 10°® were avoided because the sum of the mixing ra

ULSI Nitrogen (99.9999%) tios of the impurities in the Nused is in the 16'—10°° range
our tank (Table II). The identities and yields of gaseous products, HCN

Impurity (mixing ratio) CH3CN, and_CHCHCN, aljd t.he amount of unreacted jg-N:
were determined by quantitative proton nuclear magnetic res

Oxygen 1x 10°7 nance spectroscopyH NMR) and Fourier transform infrared

Carbon dioxide <1x107”’ spectroscopy (FTIR). These quantitative data together with tt
%gohn g:gg;’;gii content <1X 18:; measurement of the lamp’s flux at 185 nm permitted the ca
Water y = 1: 107 culation of quantum yields. The structural units present in th
polymeric products formed were determined from their FTIR
a As per Certificate of Analysis (Lot G38-1102-C4) spectra. The quantum yields of reactant loss and product fc
provided by Matheson (Montgomeryville, PA). mation, along with the degree of incorporation of the startin

material into the polymer, made it possible to propose an overz
(Table I111). Consequently, one cannot use reactant mixing rdescription of the photochemical reaction pathway.

tios of less than 1P, and additional care must be exercised in Quantum yields. The photolysis of gas mixtures containing

Interpreting 'the results of experlments' W'Fh mixing 'rajuos.th 0 Torrof an N : HC3N mixture with HGN mixing ratios rang-
approach this value. The absence of significant variation in t from 104 to 10° resulted in the consumption of HE and

guantum yields between experiments with high reactant mixi formation of HCN, CHCN, CH,CHCN, and a solid (poly-

ratios and those with low reactant mixing ratios,wheretheimpl,ﬁeric) product. The initial steps in the photolysis of §iCare
rities represent a smaller proportion of the reactants, would s Jenin (R2)—(I.?4) in Scheme 1. The quantum yields determine

gestthatimpurity problems were not significantin this study. T f the loss of HGN (Table V) are consistent with the quantum

lack of thes_e variations is evident in the following discussions % elds obtained in the static system (Clarke and Ferris 1996). T}
quantum yields, polymer morphology, and polymer FTIR spet-

tra. The second limitation is the low fraction of light absorbed
by the reactantgas. Thisis determined by both the mixing ratio ¢
the absorbing gas and the total pressure in the system. Curren
the system is operated at KIEmixing ratios between I and  HCN + hv ——= :C,H +:CN R3
10° and a total pressure of 700 Torr. This results in absorption ¢
only between I7 x 10~* and 25 x 10~3% of the incident light
or between D x 10" and 29 x 103 photons min~!, respec- -«cN + H-—M__ . HoN RS
tively. Consequently, further lowering of the mixing ratios or
the operating pressure is not possible as the resulting photoly:
time required would be too long to be practical. Hence itwas NCHg,N + He —= CH,GCON R7
possible to operate the flow system at the approximate presst M

(7.6 Torr) and temperature (160 K) where light of wavelength: HeCCN + H——"—= CH,CHCN
greater than 160 nm is reaching kICin the stratosphere of cu,docN + XH ——— CH,CHON + X R9
Titan. The flow system will have to be modified to carry out
photolyses at 160 K, the temperature in Titan’s stratospher

CN + hv — HCyN" R2

HCN + hv — He + -CN R4

+ XH — HCN + X R6

R8

CHgCH,CN + hy == *CHy + “CH,CN R10

rather than at 298 K. We do not believe temperature will be a -cH,cN + v —M— cHeN A1
important factor in these studies because the photon energy .ch,cn + XH ——— CHCN + X R12
dependent on its frequency and not on the ambient temperatu

Low-temperature studies will be undertaken since temperatu cH,cHCN + H——> CH,CHCN R13

influences the rates of subsequent thermal reactions. M R14

CH4CHCN + Ht——— CH,CH,CN

B. HGN Photolysis R15

CH,CHCN + XH ———= CHyCH,CN + X
The simulated Titan photochemical reactions we performe CHCH,CN + hy —= CHzCH,* + *CN R16
in static systems, with higher partial pressures of reactant gas¢

. : ) —— <CH *CN R17
laid the groundwork for the flow reaction studies (Yuetgal. CHON =+ tw s 7

1984, Clarke and Ferris 1997b). Mixtures of fNCand N, were Y- +  nHCgN —= —= — Polymer R18
used in this initial study to test the flow system and to provide (Y=H; *CN, *C3N,*C,H, and other radicals formed in the reaction.)
baseline data for the reaction of gas mixtures which more acci .ci + H.—M—» c,n, R19

rately model the mixture of gases in Titan’s stratosphere. Th
mixing ratios of HGN used in the flow studies were varied
in decades from 10 to 10°%. Mixing ratios of HGN lower SCHEME 1

‘CH + XH ——= CHy; + X R20
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TABLE IV
Quantum Yields for Photochemical Static and Flow Reactions of HC3;N

Mole HGC3N QY QY QY QY QY
Reaction fraction pressure HE HCN CHsCN CH,CHCN 1,3,5,TCB

type HGN (Torr) loss formation ~ formation formation formation
Static 1 25.0 0.61 ND ND ND 0.009
Static 1 17.5 0.47 ND ND ND 0.006
Static 1 10.0 0.38 ND ND ND 0.003
Static 1 5.0 0.32 ND ND ND 0.001
Static 1 2.5 0.31 ND ND ND ND
Static 1 1.0 0.35 ND ND ND ND
Flow 17x10% 7.0x102 1.8 0.28 11 x 102 0.01 ND
Flow 17x10° 70x10°3% 244 1.29 0x102 ND ND
Flow 17x108 7.0x10* 278 1.76 5 x 102 ND ND

Note.QY, quantum yield; ND, not detected; TCB, tricyanobenzene.

quantum yields in the static system decrease with the decreagimgformation of polymeric products may be the source of sorr
of HC3N pressure from 25 to 2.5 Torr and then increase in tlué the HCN produced in the flow reactions. This may also ex
2.5t0 1.0 Torr range. At the lower pressures used in the flow sysain why the intensity of the nitrile absorption (2210 thin
tem, the quantum yield for H{DI loss continues to increase aghe FTIR spectrum decreases in the polymeric products as t
the pressure is further decreased ©>7 10~* Torr (108 mix- mixing ratio of the starting HEN decreases (Fig. 4) and the
ing ratio) (Table IV). As expected from the decreasing quantuguantum yield of HCN formation increases (Table 1V).

yields in the static system, no 1,3,5-tricyanobenzene was fouanOIymer formation. Polymer formation was studied at
in any of thebﬂow rgr_]s. ;—h?l formation of HCNt’) QE]N,dqr HC3N mixing ratios of 103 to 107. It is initiated by excited
si;'tziglr-'e(;l:tignzerve In the flow runs was not observed in ths“:‘{ate HGN (R2) and by the radicals formed from the photodisso
T i ciation of HGN, (R3) and (R4), to give polymer, (R18) (Clarke
. The quantum y@ds for .the formqtlon of HCN and &N _ 4 Farris 1995). Polymer is the principal reaction product i
Increase as the mixing ratio of HR is decreased (Table IV). experiments with HGN mixing ratios greater than 10 while
The_se Increases suggest that the rate of HCN a”f*m'_*o“ CN predominate at mixing ratios less tharr1®ince no GH,
mation increases relative to the rate of polymer formation as s observed as a reaction product, the polymer is most like

pressure of Hg\] decreases. . : a copolymer of HGN and-C,H. The similarity of the reactions
HC.N’ the primary non-polymeric product., is formed by th‘?hat produce ¢H, (R3, R19, and/or R20) to those producing

reacpon O.f theCN (RS and/or R6) for'med in (R3). The Pro-yeN (R3, R5, and/or R6) would predict that the amount o

portional increases in the quantum vyields for #dCloss and C,H, formed should equal the amount of HCN formed.

HCN formation are coupled as would be expectedll were empirical formula of the polymer can be estimated fror

produced by (R3). [t is not clear why the quantum yields f%e reaction products observed (Table V). The moles of H, (

HCN formation are greater than one, an indication of a chaé{?1d N in the HGN consumed minus the moles of H, C, and N
reaction. The formation of C/LHCN would be expected from T

H. addition to HGN (R7) followed by reaction (R8) or (R9).
The formation of CHCN, a minor product, from the pho- o TABLEV )
tolysis HGN was initially puzzling and was investigated fur- C-H-N Ratios in Polymers Generated in HC3N Flow Reactions
ther. One possible pathway is via the photolysis of propionitrile
(CH3CH,CN) (R10). CHCH,CN can be formed in the reaction
mixture by the reduction of CH#CHCN, (R13)—(R15). We found Hc;N consumed (molimin) 2x10°°  80x 10710  14x10°10
that irradiation of CHCH,CN yielded HCN and CHEICN in a HCN produced (mol/min) 1x10° 42x10%°  86x10°M

ratio of 5.6 : 1, respectively. Observation of @EN indicates the C'?rzn%'l'/'g]:\r'])m"d“ced 8x 101 0 0
-CH,CN radical, resulting from the photochemigaicleavage . 10 oY 1
of CHiCH,CN (R10), yields CHCN by (R11) and/or (R12). 1y corporated mopoymer  810°° 35,100 45« 101

HCN formation proceeds by the-cleavage of CRHCH,CN (mol/min)

(R16) to give-CN, which yields HCN by radical combina- C incorporated into polymer ~ .&x10°  28x1077  46x10°®
tion (R5) or abstraction (R6). HCN formation appears to be(mol/min) , . .
a general reaction of alkyl nitrile photolysis (R16) since HCN '(r;fglr/‘;:’i:gted into polymer 8> 107 7.0>107 9.2 107
is also formed from photolysis of GEN (R17) (McElcheran gppirical formula HoCaaNis HioCso N1z HioCreNis
et al. 1958). Photolysis of the nitrile intermediates leading ta

Mixing ratio of HG3N 104 105 1076
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T S S N N U 1 i1 N L 1 1
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FIG. 4. FTIR spectra for the polymeric materials generated in theH\C3N flow reaction series. (A) 1& MR, (B) 10 MR, (C) 10°°> MR, (D) 1. The
peaks between 2290 and 2400 chare due to atmospheric GO

in the non-polymeric products formed equals the moles of tg210 cnt?). Unlike with the static polymer, no peaks due the
H, C, and N in the polymer. The polymer has approximatelytgéiple bond (G=C) at 2100 cm* (Silversteinet al. 1981) were
1:1H:Nratio atall mixing ratios while the C : H ratio increasegbserved.
from 4.4 to 7.6 as the H{N mixing ratio decreases from 1® A marked decrease in the intensity of the nitrile stretching
to 10°°. frequency (2210 cm') was observed as the mixing ratio of
HC3N was decreased (Fig. 4). This finding is consistent with th
FTIR analysis. The polymers formed from the irradiation ofdecrease in the nitrogen content of the polymer relative to carb
HC3N at mixing ratios of 103 to 10-° were removed from the (Table V). The observation of an N—H stretching frequency &
photolysis cell, and the infrared spectra were measured (Fig. 3300 cnt! and the very weak nitrile stretch at 2210 thin the
The spectrum of the polymer formed at a-#0mixing ratio polymers formed at the 16 and 10°® mixing ratios suggest that
of HC3N was comparable to that of the polymers prepared llge decrease may be due to the reduction of the nitrile group to.
the static irradiation of HgN (Clarke and Ferris 1996). Peaksamino group. This conclusion is consistent with the formatiol
could be assigned to N-H (3330 ch), C—H in CH; (2960 and of ammonia (NH) by pyrolysis of the polymer formed in a
2870 cntt), C—H in CH, (2920 and 2854 cmt), and G=N static system (Clarke and Ferris 1997a). The presence of infrar
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FIG. 5. Particle size distributions for the polymeric materials generated in theH®3N flow reaction series. Particle size range is in micrometers
(A) 1073 MR, (B) 10* MR, (C) 10-° MR, (D) 10°©.

absorption due to Ckand CH groupings is also consistent with0.15 and B4 um in diameter. A similar particle size distri-
reduction processes which result in the formation of polyméution was observed for the HN polymer generated in static
chains with terminal Chigroupings and internal CHyroupings. irradiation reactions with 50 Torr of H{BI, which ranged from
The particle size and morphology of the polymer were dé€-1 to Q7 um in diameter (Clarke and Ferris 1997b). The par
termined from SEM images (Fig. 5). The morphology and aticle size does not vary significantly with the partial pressur
pearance of particles formed in the NHC3N series of flow of the HGN or the mode (static or flow) of irradiation of the
reactions are quite similar to those generated in static irradgas mixture. These results compare favorably to other studies
tions of HGN (Clarke and Ferris 1997b). Particle size distriTitan haze, where high pressures of a variety of gas mixtur
butions for the polymer were measured for each mixing rataond either ultraviolet light or an electrical discharge were use
of HC3N studied, with the majority of particles falling betweeras the energy source; polymers were produced with particle siz
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