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MASS SPECTROMETRIC STUDY OF PHOTOLONIZED GASES
Michael Mosesman
Inorganlc Materlals Research Division, Lawrence Radiation Laboratory

‘ and Department of Chemistry
Univer31tyiof California, Berkeley, California

ABSTRACT

The ionic composition of gaseous photoionized nitric oxide,
ammonia,‘methylémine, dimethylamine, and trimethylamine has been studied.
The photoionized gases were sampled through a very small leak and analyzed
with a quadrupole mass spectrometer. The leak cons1sted of thlrty holes,v

the diameter of which wa.s 0.0lO mm. The holes were laser driiled in

0.0038 mm thick platlnum foil. The pressure range studied extended‘

from 0.030 t0'10.0 mmHg. The only detectable ion in nitric oxide at

294K wa.s No . In ammonia and the amines many ions were detected at

.29MK. Some of these ions were attributed to 1on-neutral assoc1ation

réa°t10n3° From a»study of the temperature dependence of these reac- fi

“tions the cbfresponding enthalpies and entropies were derived.
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" follows from the equation

I, ~ INTRODUCTION

.Frequently_deionization-processes such as ion-ion recombination,

iQnFelectron recombination, or diffusion are studied without. the benefit

‘of the knowledge of what lons are actually involved in such processess K

The obvious solution is to incorporate a mass spectrometer into the rate

determining apparatuse In this case the lonized gas in which the rate

process 1s measured serves as an lon source for the mass spectrometer.

The initial stimulation for the present study came from a previous work;

on the rate of 1oes of cherge in photolonized nitric oxide at pressures
ih the tenths mmHg range diluted with inert gases in the‘mmHg range. ’in
that work the ions were hot investigated mass spectrometrically but |
simply celleeted.‘ Crude mobility measurements i;dicated that a mass
spectfoﬁetric study was hecessary_to idehtify with certainty what ions .
ﬁere recombining. In our study we simulate conditions under which the ;
rate study was made and sample the photoionized gas to determlne the |
ionle spectrum. | |

In addition, it vas later realized that if any primary'ions compleXed

‘with a neutral whose pressure could be controlled and if such complex1ng

reached equllibrium, the - enthalpy of the complex could be determined if

the equilibrium could be followed as a funetion of temperature.2-8 This

K(p) _ e-‘(AH-TAS)/RT

From the enthalpy one can then estimate the bond energy of the complex.

An apparatus was built to accomplish these two objectives.



II. APPARATUS

;"The'apparatus that was builtvto determine the ionic coMpoeitionﬂana.to
perform the'equilibrium measurements in a photoionized gas consisted of‘
the following itemsz a photoionization light source, a photoionization : N4
cell capable of temperature control, a vacuum preparation and admittance
| system, a very small leak, an electrostatic ion 1njection lens capable of
ion modulation, a quadrupole mass spectrometer, a differential pumping
system, and.-ion detection: 1nstrumentation.v Figure 1 shows the: experimental
layout of these items. TFigure 2 is a block diagram of the apparatus and

~ the essential electronic equipment.

A, Light Source

iThe ultravioletflight used to photoionize the gases studied ﬁas‘
‘emitted from a microwave discharge‘of an inert gase. The microwave source
’was a QK-6O magnetron operating at a power input of 100 watts. " The magneQ

9

tron output was coupled to a Broida cav1ty with a flexible microwave cable.
The discharge was contained inside & 13 mm o.ds piece of quartz tubing with
a 3;2'mm thick quartz flange on one ends, As is shown in Fig. 3, this

flange was used to attach the lamp via an O-ring to the vacuum chamber.

' One this end was sealed a 1 mn thick LiF window with a silver ring and

AgCl cement, The ‘window, in principle, could have been sealed directly to

. Athe quartz but, in practice, this procedure was found unsatisfactory.

The silver_ring was easily sealed to the quartz and to the LiF window with
AgCl and therefore was used to facilitate the assemhly; (See Fig. L) ;
The ionizing”light produced in the discharge passes through the window,

vrinto the main vacuum chamber, and through another LiF_windQW'attached to

the photoionization cell.
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' Fig‘.‘ 1 Experimental layout,

- (A) Lemp, (B) Reaction cell, (C) Sampling leak,

(D) ion lens, (E) Quadrupole mass spectrometer,
(F) Magnetic electron multiplier and (G) To gas
handling system,
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Fig. 2 Block diagram of experimental setup
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' Fig. 3 Detail of ion source. (A) To gas handling system,
‘ (Bg quartz lamp, (C) flanged cone, (D) Broida cavity,

(E) reaction cell, (F) sampling leak, (G) ion 1ens,
~and (H) quadrupole mass spectrometer. :
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Fig., 4 Detail of lamp constructionz

A. Quartz tube
B, Silver ring (Drawing LRL 12M880)
¢. Idthium fluoride window
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In order to avoid the mhny.lined emissibn spectrum of water desorbed
froﬁ‘the'wallsjpfifhe quartz by the agfion of the discharge, the lamp w&s
fitted‘wifh a cold finger. When krybton and argon were discharged, the
finger was cooled ﬁith 1i§uid ﬂitrbgen; when xenon was employed, solid

Cdé was used as tﬁe‘coéiant.

The pressure of the rare gases at which the emission lines were most

'intense'have.been'shbwn by Okabelo to be around 1 mmHg, Accordingly Kr

was used with its‘pressure'that at 1liquid nitrogen temperature, Ar at 1 mmHg,

" and Xe at 0.75 mmHg.

In some respects the lamp arrangement was unsatisfactory. The ultra-
Lo

violet light‘was beamed directly into the sampling pinholes. Some of the

light whiéh*passeg through the pinholes traveled all the way to the magnetic

electron multiplier and was detected as nolse. Also if the light were
beamed‘horizontally across the pinholes, it would have been interesting
to make observations on the effect of producing ions at given distances

eway from the pinholes.

_B. Resction Cell

- The reaction ceil'was_fabricated from stainless steel type 304

. and was flanged with knife edges. The IiF window through which the
‘ultraviolet light entered was sealed to:a silver gasket with AgCl cement.
.Thév050058 mm thiéksplatinum_foil was rolled from 0,0064 mm thick stock..

It was cemented to a flat silver gasket and then shipped to Maser_OPtics

in Boston, Mass. The foll always tended to wrinkle slightly in the -

ceﬁentingiprocéss. At Maser Optiecs thirty 0,010 nmm maximum diameter holes

" were laser drilled in the foil. The pattern of the holes was five rows of
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l6 holes with 0,076 mm between the holes. The pattern was successfully
drilled within 0,076 mm of center of the flat silvef gasket. These silver
~ gaskets were then.carefully compressed on the knife edged flanges to.
provide a vacuum fight assembly. Although the knife edges were designed
to shear the silver gaskets, the compression process tended to cause the
platinum foll to wrinkle slightly.

‘The design of the cell and the assembly procedure for compressing ﬁhe
flat gasket on-the knlfe edge was performed 1ln-such a manner tovkeep the
pattern nf pinholes concentric with respect to the perimeter of the

compression_flangeé. The reaction cell was then aséembled'to'the flanged

~cone with a device (eell centerirgijig) such that the reaction cell compression

"'alcorresponding mating surface on'the flanged cone. When the flanged cone: N

flanges were concentrlg with the mating surfaces of.the flanged cone,

The reactinn cell was fabricated with a glass-kovar seal welded ontn
its side. Wnile the reaction vessel was being held concentrically on the
flanged cone, é glass blown joint was made connecting the glass;kovar seal
to a piecg.ofrglass sealed by_epnxy cemenf into the side of the flangéd
cnne. Thé cell centering jig was removed and a support 180° from the
glass-kovar seal.was attached. vThe support had 3 jacks.wiﬁh glass:tubing
spacers befween each jack and the bottom compression flange., The cone -
wns then taken to a Jig borer where the Jacks were adjusted to make the_;

inside surface of the bottom cell compression flange parallel with the

was placed -on the apparatus, the pattern of the sampling holes would be

on the same axis as the ion injection lens and the quadrupole mass spec~-

" trometer (see Fig. 3).-
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The reaction cell aaxdescribed above was mounted so that 1t was

eleétricaily and thermally isolated. An insulated nichrome heating element

- _ |
. was wound around the reaction vessel to thermostat it at temperatures

above 20?C. In order to coo% the cell to below room temperature, copper
wires were wrapped around thé cell and then pressed against a cold finger

with a few strips of teflon_ﬂape between the wires and cold finger for

~electrical insulation. With the cold finger filled with liquid nitrogen,

the cell éould be cooled to =T70°C in about 6 hourss An arrangement was set
up so tha# the cold fingei éould be filled automatically at fixed time
intervals. -Temperaturesihtermediate between ~T0°C and 20°C were'obﬁéined
by using the>oven in conjunction_with the cold finger. -
Chromel—Alumel_therﬁocouple wires of 0,076 mm diameter were spot
weldédbto;the cylindrical_outside surface of the reaction cell. To deter=
mine how well such a thermocouple monitored the gas temperature, an.” |

additional thermocouple was inserted inside'fhe‘reaction cell, With:a

mmHg of gés in the cell, there was no detectable difference between thermo-~

cauple readings at any of the temperatures investigated.

One additional wire was attached to the cell to float it at the

._'deéired electrical potential, This was about +1.5 volts for positive lons.

The cell was floated at a positlve voltage so that positive ions would

have enough energy to enter the quadrupole mags spectrometer.

?n ' C. Ion Injection Lens

- The ion lens (see Fig., 3) served to transport the ions as they

fﬁ;_ emerged from the sampling pinholés into the quadrupole mass spectrometer.

I."The'lehs consisted of four cylirdrical tubes. The first two and the
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last two were essentially two electrostatic lenses in series. The lens
system was designed from data given by Spangen‘berg.l:L
prude attemptsfto determine the transmission efficiency'of the lens
were unsucceSSful. However we can estimate the total diminution of ion
intensity as the ion current travels to the magnetic electron multiplier
‘(MEM) The ion density in the photoionized gas was estlimated to be
109 ions/cc}12 The ion current coming from the sampling pinholes was Fn
.where F was the conductance of the pinhole in ce/sec and n was the ion
density. For'yiscous flow in air F = 20 A liters/sec where A = cross
section area of the orifice in emt. A = 2.4x10™2 crf for the thirty
10,010 m diameter sampling holes, Then Fn = (0. h? cc/sec)x(109 ions/ce) =
10° ions/sec which wasvequivalent to a current of 10~ 10 amp. - Wlth thel
.gain of the magnetic electron‘multiplier estimated to be 106,_a 10 mv
voutput'at the lockFin amplifier‘corresponded to a primery current of 10_16
amp . lat.the MEM. A typical experiment in nitric exide resulted in a
200 nv total idn signal.wnich eorresponded to lbelh'amp. This calculation
shows that the primary ion intensity issuing from the sampling orifice
h
meinal working voltages used on tne four ion lens elements were
- respectively -20, —70, -6k, and -2k volts. Actually a squere wave voltege,
~70 to + 70 voltags peak to peak, at a frequency of 100 cps, was applied
to the second lens element. This voltage served to modulate all the lons :
» whichlentered the-Quadrupble mass spectrometers Iihis ion modulation'
then made possible the use of phase sensitive'detection of.the amplified
'eMEM‘output, The amplifier used to provide the suuare wave of'variable

voltage and frequency is shown in Fig. 5.
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Fig. 5 Square wave amplifier used to modulate ion current.
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We used a phase sensitive detection methdd because the direct current
bsignal/noise ratio made it impossible to measure some mass resolved ion‘
currents, The main source of noise ceme from the ultraviolet light emitted
by tne dischurge. Some of this light exited.the sampling pinholes. It d
» then fraveled to the cathede of the magnetic electron.multiplier1where it
ejectgd photoelectrons. |

The last lens element protrudes into the R.F. field of the mass
spectrometer., A small flange with an aperture in it was spot welded to
the‘end of this lens element. This aperture ﬁas one variable which:detér-

.mined the performance of the mass spectromEter. Its diameter, 1;6 mn, Wwas
cnosen to glve a comprcmiserin resolution and intensity. A better arrange-
ment ﬁifh regard to the performanee of the mass spectrometer might have-.
been achieved by placing the aperture in a plate at ground potenfial. This
plate would serve to shield the-quadnupole from the lens voltages.. It
might alsodpermit the ions to enter the quadrupole with a smaller angular

spread.

D. Quadrupole Mass Spectrometer

'The quadrupole mass.spec’crcimeter]f3 (see Fig. 6) was a resonance type
of instrument. Tons which werebstable in the spectrometer underwent helical
paths and exited with fairly high radial veloclties« Unstable lons also

undexwent helical orbits but the radius of the orbits rapidly increased until

o

these ions were neutralized on the poles.
The parameters which determinedwhich ions were stable in the quadrupole 7

“were the frequency and absolute value of the R.F. voltage applied to the

'poles, the D.C. voltage the R,Fy rides on, the aperture 1nto the quadrupole,

and the inscribed radius of the quadrupole. The latter was fixed and
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- Fig, 6 Detail of quadrupole mass spectrometer. (A) Last ion lens

element, (B) quadrupole mass spectrometer, (C) grid over
‘ground plate, (D) extracting tube, (E) ‘megnetic electron
multiplier.

l
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therefore not an experimental variable. The R.F. voltage could be varied
from 50 to 500 volts peak at 4 different frequencies to cover the mass
ranges 1 to 10, 3 to 30, 10 to 100, and 30 to 300, The electronics for |
generating the R.F. voltéges and the poles and pole spacer design were
essentially those used hleent Wilson.lu The voltage (Acos(wt) + B) was
applied to‘diagonal.poles:with the same voltage of»opposite sign being
simultaneously applied to thevother two poles. The ratio of the D.Ce.
voltage, B, to the peak R.F. voltage, A, was called the D.C. bilas.  This
retio and thevaperture size determined the mass resolving power with other
parameters held fixed and nith the initial radial velocities within certain
limits. A mass scan was perfbrmed by keeping the D.C.ibias constant and
changing the absolute value of A and B, An 1/5 r.p.m. Bristol clock motor
was attached to the helipot which varied the absolute values of A and B

to provide a semlautomatic mass scanning facility.

| .The performance of the mass spectrometer fell into two cateéories.

| At low resolution all the stable ions which entered the quadrupole exited -
it;' In such & situation a masa‘scanbgavefe trepezoidal signal shape for

& stable ion. . As the D.C. blas was increesed the speetrometer reached a
print whefe the_transmiesion was not complete. The signal shape of a mass
soan of a steblevion was then triangular.

- Some -of the stable Ions~which eiited?had lerge radial velocities.
'Iniofder to-miniﬁize the loge,of'suchvions,”they were extiaeted rapidly
with a high‘negative voltagee Also the path length from the end:of the
quadrupole field to the cathode of the magnetic electron multiplifer was
-maderas short as possible,‘ Initially the ions were simply extracted by -«

extending a tube at -1700 voltage Jjust past the bottom ground plate. The
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grﬁund plates, one at the top and bbttom of thé mass spectrometér, served
to intercept stray ions that might hit the quadrupole spacers and build
up an uﬁdesirable surface charge. Under gll D.C, bias settiﬁgs the signal
shape 6f a mass scan of an ion was highly irregular. Upon placing a 96%
tr;nsparency section of gold gauze éver the ground plate, positioning the
extrécting_tube about 1.6 mm away from the ground plate, and putting a

plece of 96% transparency gold gauze on the end of the extracting tube,

- the mass scanned signal shape became highly regular. At loﬁ‘resolution

settings the pea% ghape was trapézoidal and became tfiangular at higher
D.C. bilas settings.
| The mass spectrometer exhibited one type of behavior which was not

understoods This was that with & fixed D.Ca bias, the meagured resolution

~ increased as a function of mass. This was true even when the resolution

setting was such that trapezoidal peak Shapes were 6btained. The D,C.
bias.was measured at a fixed instrumental setting as a function of peak’

R.F. voltage and found not to very. For example, at the same resolution
! ' : '

setting, m/Am at mass 30 was measured to be 1l and at mass 60, was 13. It

was still éssumed that trapezoidal peak shapes meant the transmission of

. the quadrupole was 100%. This was because the peak ion intensity was

cbnstant as the D.C. bias was increased untll a value of the blas was

_reached beyond Which the peak intensity dropped off»Sharply.

. It was of interest to determine how well the observed performance

' compared to design expectations. Using Paul‘s15 equation (18) with the

_ - : . _ = .
ratio D.C. voltage/peak R.F. = 0.,1635, one calculates the resolution,

E [ . " ' :
”*a-m/Am, to be 30 (Am is the width of the peak at the base of signal).
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¢ Experimentally 1t was measured to be li atvmaSs 30s The maximum achievable
resolﬁtion should depend on'tho ion injection aperture size and the initial
radiol ion energies. Ihe»aperture size was 1.6 mm which according. to
Paul's equation (21)15 should give an achievable resolution of 23, Actually B
resolutions of the the order of 60 cbuld be achieved but with an accoﬁpanying
sacrifice in ion intensity. |
Jons which were extracted from the mass spectrometer impinged on tﬁé
" cathode of a Bendix type 306.resistonce strip magnetic electron multiplier.l5
Crude measureﬁents indicated this detector produced gains of thé'order of
106 with sensitivities to dons different in mass byﬂaffactor‘Of?two varylng
‘roughly frompﬁvto 10%. Working voltages for détecting positive ions with -

the multipliof were these; Field strip.input end = -800 volts, field strlp

[}

output end = 0,0 yolts, dynode strip input end = -1700 volts, dynode strip
voutput,end = =170 volts, and,;anode‘;io;O?volps. |
| The current drawn from the anode of the magnetic electroo multipliér
' was passed through‘a 10M ohm résistor. Thevvoltage producéd théﬁ was
~put into.a Prlnceton Applled Research Corporation low noise ampllfler

model no. CR—M Its output was fed into a PaA«R. lock-ln ampllfler model

JB-5. The output from the JB 5 was put into a Heath strip chart recorder.

E.' Gas Handling Systém
l.o Vacuum Line | 4
A conventional Qacuum.line_(see Fig. T) was built to distill the gases
studied, to admit them in a regulated fashion to the photoioniiation‘ | 4
cell, to pfepére mixtores of the photoionioable_and inert gases, and to
p‘fill the photoionizatlon lamp. Theiline was fabricated:from glass and

greased stopcocks. GranVillé—Phillips needle valves were used for pressure
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Fige 7 Gas handling system. - (A) Granville-Phillips needle valve,
(B) capacitance manometer sensing head, (C) to cylinder of
inert gas, (D) to small oil diffusion pump, (E) to ammonia
or amine cylinder. ' ' ' A
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regulation. The line was evacuated with a 2 in. C.V.C. metal oil diffusion
pumpis - The line could be evacuated to 1076_mmHg with a trap between the
diffusion pump and the system cooled to liquid nitrogen temperature.

Connection of the vacuum line to the reaction cell was accomplished

with ball joints.  A similarICOupling,including a. section of stainless steel

beilows was used to attach the lamp housing to the line,

2, Mixture Preparation

- The preparation of mikxtures containing the photoionizable gas at a

pressufe of the order. of 0,10 mmHg miied with an inert gas at abort 10.0
\ mﬁﬂglinitially posed & miking problénu In order to obtain a hoﬁogenéous
‘mixture, the following procedure Qas used. A 1l liter pyrex tube served
as ﬁhe mixing vessel. - Thé volume of 14 liters wés-chosenvby estimating
what voiumelwoqld?be‘nééessary so_thét the tdtél preésure wﬁuld be reduced
by'only h%lin 10 minutésias the gas effused through the sampling pinholes._
The mixing-vésseifwas-evacdated, the stopcock to reaction vessel qlosed;
and tﬁe phofoioniZable gasvlet‘in to £he desired pressure which was read .
on a Granville-Pnillips capacitaﬁce manométer.3 The manometer could detect
pressures from 5 microns to 10 mmHg directly. The stopcock isolating the
,mixing vessel was then closed ahd the remainingvgas pumped aWay."The B
vvaéuum line was fhen opened to a McLeod:gﬁuge with a liquid nitrogen
cooled trapvseparatinglit fromvthe'rest of‘the;systgmg Some inert gas

was let in until the capacitance manometer gave‘thé same.reading as before,
'~The.pressure was measuréd'with fhe McIeod gauge and it corresponded to the
pressure of the §hotoionizéble gas in the mixing vessel, In principle
- the capacitancg manometerYCOuid have been calibrated at these ioW‘pressures

but the O-drift-of the instrument méde éuch a calibration inaccuratea

.,
[

-
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The gas was thén pumped away, stopcocks to;the capacitance manometer and
Meleod éauge closed, and the stopcock to the Hg manometer opened. Then

the inert gas was let_inté the iine at a high enough pressure és indicaféd
by the Hg ﬁanometer, so that upon expansiqn ihto(the mixing vessel, the
deéired total pressure would be obtained., The étopcock to the mixing vessel

was opened and the.inert gas rushed in as a plugs The_total preséure

reached equilibrium in & few seconds as measured by the Hg manometer and

: ”_thén the stopcock was closeds The mixing vessel was warmed on one side with

a hot air blower for five hours so that mixing would be accelerated via
convection, The mixtufe was allowed to cool to room temperature and
further mix over night;

The remaining gas in the line was evécuated, the Hg manometer 1isolated,

and stopcocks to the reaction éell and the capacitance manometer reopened.

If the capacitance manometer was exposed to pressures over 50 mmHg, recali-

bration would have been necessary. The reaction cell was always isolated

"during preparation of & mixture for obvious reasons. .

When the reaction vessel had reached the deslred temperaturé, the

. photoionization lamp was" turned on. After a few minutes the mixtuie was

let into the cell. ,The méss spectrometer éignal of the primary photo-ipn
leveled of in ébéut 5 minutes‘indicating that‘the géseous mixture in the

cell wasg homogeneouss If the pressure of tﬁe mixture was less_than 10 mmHg,
ii was reaé difectly ﬁitﬁ the capaéitance manometer which had been‘calibrated

in thié pressure range with an 01l manometer., If the pressure was greater

~ than 10 ﬁmHg,,a static amount of gas could be admitted to the'referénce

:"f.YSide'of the capacitance maﬁometer. The total pressure: was then the .. .

reférenée,préssure which was measured with an oil manometer plus that

read on the capacé¢itance manometer.
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F. Gas Purity

The‘photOibnizable gaées‘were purchased from Maﬁheson. Matheson'é

. stated maximum impﬁritieé of thesevandvthe inerﬁ gases are given .in

Table I. Nitric oxide was cooled to liquid nitrogeh temperature and pumped
én:to>femove:npnc&ndénsabies.  It was then;twiée'distiliéd from a_trap |
at liquid oxygen temperaﬁﬁré ﬁbvone‘af liquidrniﬁrOgen temperatﬁré. Di-
?m@ﬁhylamine freed of noncondensables at 5196§C was singly distilled from
& trép cboled with a-toluene élush Eath (-95°C) to one cooled with liquid
-nitrégén; Aﬁmonia, methylamihe) and ffimethylamine were ffozen"to ~196°C
aﬁd removed of noncondensablés.. The inért gases weie taken from cylindefs.
and used without further»purificatioq. The tubulation up towthé'cylindef'

valve indiudihg'the préssure-regulator was evacuated prior to opening the

éylinders.
' - Table IL. ,Géé purity
“Nitric Oxide - 98,50% Ammonia  99.9%h Methylamine - 98.0%
Nitrous Oxide = O0.45%  Water = U5 p.p.m. Dimethylamine 0.8%
Nitrogen Dioxide 0.20% o011 5 pepeM. Trimethylamine 0. 6%
_ Nitrogen ' 0.20% 7 _ Water _ 0.8%
Dimethylamine 99.0% ‘Trimethylamine §9,0% ‘Helium  99.997%
Trimethylamine'v - 0.3% Methylamine 0.1% 'Nitrogen 99.999%
~ Methylamine . 043% - Dimethylamine O 4% ’

Water 0. 1% Water 0.5

&
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_Ga Differential Pumping System

The vaccum chamber (see'Fig. 1) into which the photoionized gas

"escaped must be kept atfa low pressufe;f This was necessary to ﬁfevent

éerious loss in iqh-intehsity from scattéring pfocesses and distbftion qf

thé ion speétrum_dué to féactions past the sampling pinholes. An N.R.C.'
1500 liter/sed“oil‘diffusibn pﬁmp,suitabiy baffled and vglved was chosen:

to evacuate the effusing neutrals. With no gas in the reactibn cell a
background pressure of 3x10~| mmilg could be achieved. ;w;th 10 mmHg of ﬁitro-
gen in the reaction cell, an ion gauge 6hvthe side of tﬂe first chamber.

read 1.hx10“5 mm Hg.‘ The pressure was uﬁdoﬁbtedly_somewh&t higher.inside

' the ion.injéction'léns.- The quadrupdle mass specﬁromEter chamber was also

pumped by a 1500 liter/sec oil diffusion pump similarly baffled and valved.

The'diffuéion pumps were sultably plumbed so that one'mechanicél pump

- could back both diffusion_pumps when there was no gas load from the photo-

ionization cells A small vacuum solenoid valve was put in parallel with

‘the mein mechanical pump isolation valve. 'Under'standby operation'both‘f

diffusion pumps could be backed through this solenoid valve. In case of.
power, cooling water, or vacuum failure the solenoid valve closed and
the diffusion pumps were turned off. This arrangement effectively prevented

any éeriods'qil contaminapion problems.

H, Experimental Difficulties

In the ammonia study, the light emitted from the argon lamp caused -

" the lamp window to become seriously color-centered. When this oceurred,

" the tfansmissioh of.light thmough the window fell, Correspoﬁdihgly,.the

ion intensitles fell, and this made the measurement of ion inténsitieS‘
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difficulte The transparency of the lamp.windOW'couid be recovered by
bleacﬂing iﬁ wifh a mercury iamp but this necessitated removing the‘lamp
 .from fhe apparatus andvcopsequently letting:thé_apparatus up to atmos-
"phéric.préséuré; | |

The resolution of the mass spectrometer was satisfactory for the

‘nitric oxide study, marginal in the ammonia, and unsatisféctory in some

) éases in the amine study. The obvious remedy would be to replace the

1.6 mm,apertufe into the'quadrhpdle with a smaller one.,

"-U
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ITI. FACTORS WHICH DISTCRT THE ION SPECTRUM

A, Ihstrumental

The resolution of the mass spectrometer undér most of the

”eXperiméntshperformed was high enoughAso that the current of an ion

. entering the spectrometer would be attenuated. The attenuation was

inverse1y propoftional‘to the resolution. The_ekperimentally measured
fesblution was obser&ed to increase slowly as a function of increasing
ma.sS. This.effect served ‘to decreasé the_heavybtb light ion ratio.

Another possible source of distortion was the degree to which

the gain of the magnetic electron multipliér depended on the mass of the

impinging ion. vThis,effect was expected to be.smallvas intensity raﬁios
were ﬁegsured for ions differing in mass at mostiby a factor of two. |
The gain might be expected‘toiincreaée Sloﬁlvaith>incfeasing ion masé.
The two'effects tended to cancel each other and the totai distérQ‘i
tion might be exp;cted'to bevless,than one’order of magnitude. Since.

these effects were independént of the'conditions in the lonization cell

they should‘nqt affect,the estimation of the enfhalpy from a InK vs.

1/T plot. The evaluation of the entropy would be affected.

B. Sampling Process

The éondensatiqn of neutral molecules around ions after:they have -

. passed through the sampling pinholes could be a serious source of distor-

tion of the true ion spectrum. This effect'shbﬁld become important

when the gas flowed through the sampling pinholes in a viscous manner.
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Viscous flow was expected to occur when the ratio of the mean free patﬁ'
to the'diémeter of the pinhole became less than.l. The mean free path
of helium at 10 mmHg and 300K was 0.OL4 mm, of helium at 10 mmHg and 200K "
waé 0.010 and of ammonia at 1 mmHg and 300K was 0.036 mm, The diameter -
of}the samplihg pinhplesiwere O.de mm. As will be shown in Section V;
eqﬁilibrium constants Weée independent of the total pressure in mixtureé
- of the_photoionizable gaseé and helium. Also the equilibrium constant
decreased és the proportion of the émine was increased. Both these
observations indicated that condensation effects were not important.

It was also_of'interéét to kﬁow from what region in the reaction
cell the photoionized gaé was being sampléd. Kebarle16 hasg shown that’
at pressures of from 5 to 20 ﬁmHg, the bulk of ions formed by alpha
particle irradiafioﬁ of ammonia and ethylene came from " a 1 mm radius

volume directly above the leak,"
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IV DATA TAKING AND REPORTING

A. Nomenclature

In the tabulation of results equilibrium constants are expressed

- for the association reaction to produce a complex. The units are (mmHg)_%

Conversion of the equilibrium constants to units of cc/molecule at 20.0C

can be accomplished by multiplying the equilbrium constant KO l'for the
. : . , »
reaction

Iy ) +
AT+ B+3B - AB + B

K | - _KED__ (mmg) ">

G (ahp(e)

is

where p(B) is the pressure of B in mmHg.

We report all our results as e@uilbrium constants. In several
cases the'data‘indicafe thgt true equilibrium has not been reached.
In suéh a situation the figures for the "equiiibriuﬁ conétaht" actually

give just a steady state ratio.

B..‘Apparatus Settings

The voltages on the cell and the ion injection lens were the same
far all of the data reported. Typicél values of these_volfages were
given in Section Ii (C). The instrumental resolution setting for'the_ff

nitric oxide experiments was 8.8. This setting, the D.C. bias, governs

* the ratio of the D.C. voltage to peak’R.F.'voltage applied to the polés
~of the quadrupole mass sﬁectrometer._ As the setting is raised the masé‘
:spectrometer will reach a point at which it does not transmit all of

" the ions in_the mass range for which the'Quadrupole is tuhed. At fhe
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TABLE II.

Experimentally Measured Resolution

R_ésolution Setting; S 8.8

9.2 9.2
Ion Mass : | m/Am, 2 /A, m/Al%b
30° 11. 22,
6 13.. 32,
b5, 68 o 10, 18.
59,60 10. - 20.
o1d 17. 26.
4 113. 31.

119

8. Amb refers to the width of the ion signal at its base.
; signal at half its pesk"

" b. Amh refers to.the width of the ion
'~ height. o '
Ce Mass range was 10 to 100.

d. Mass range was 30 to 300,
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. i

Mass 45,46

Relative 1.00 ‘ .13
. Intensity

XBLeg8-3788

Fig. 8. 'Ty'pi‘c‘al mass spectra of Series I in dimethglamine. :
Experimental conditions: 1.45 mmHg emine, 20.0°C, Kr-
Lamp. Each hash mark corresponds to 3 mass units.

e
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8.8 setting the transmission is close to 100% as infered from the signal
”'shape of a mass scan. Some of the data in the ammonia study were tsken
~at a resolution setting of 9.2. Here the signal shape of a mass scan
was triéngular and therefdre the transmission was less than 100%.. In
tﬁis case the percent transmission of an ion current through thé quad.-
r&pble was dependent on its mﬁss. This affects only the value of the

- entropy determined from a InK vs. l/T plot. All the data were taken
in:the amine studies with a resolution setting of 9.2.

Exampleé'of the experimentally measured resolution as a function of
the reéolution setting are given ih Table II. Typical mass.Spécfra,
Series I in,dimethyiamine, are shcwn‘in'Fig. 8.

The magnefic electron multiplier was run with -1700 volts appiiéd
to the dynode strip inﬁut end‘and also to the extractor tube except
duriﬁg'the trimethylamine study. Here fhe gain was léwered by reducing

the above mentioned voltage to QIGQO-volts.

C. »Method Used to Obtain Intensities
Ion intenSitiés in the nitric oxidg study were determined by

se@ting'the mass spectrometer'to d fixed mass setting and measuringvthe
inténsitya The noise was measured at a mass setting where there was
-ho ioﬁ,signa1; The‘difference-ﬁetwgenvthe signal at the fixed mass
bnuﬁber setting and the:noisé wés takeh tb»be the measure of the ion_i
intensity.v This proceduref was Justified when there were no ion signalé
inpeffering withbthe sighal of interest and when fhe signal shape of thé
, @ass scaﬁ_ﬁas flat atbthe maximum; In the ammonia study some data weré

- were taken like this. The rest were taken by performing a mass scan.
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The difference between the maximum signal in the scan and that at the
baée'of the peak where no ion signal was detected was taken to be repre-
sentative of the ion'intensity. All the data reported in the amine study

_Werertaken in this fashion,

D. Experimental Procedure

Thebreaction cell was thermostated to thé desired.temperature was
described in Section I1(B), pége 9. All neceséﬁry eiectfohics which
were not aiready on standby were turnéd on. The discharge was ignited
and the previously prepgredymixture or the photonionizable gas alone was
.admittéd to the reaction cell, Intensities were then measuréd with
each signal usually being.measured 3 times during the course of an
experiment; Thg pressure of the photoionizable gas in the mixtures was
corrected for the preésure drop upon expansion into the vacuum line and
reéction cell. It was also'suﬁﬁosed to decreasé aﬁ the same rate as thé
total pressure. The sbread.infthé datg 1ié£ed in the followingﬂtables»v
and in the error bars.on the gfaphs represented the experimental spread
made during the ccurse.of an experiment. Systematic errors sugh as the
vpressure of the photoionizable gas and reprodﬁcibility of aiai settings
ireré estimited to be 20%; the 'reprod_ucibility of a_g_iveﬁ experiment was
‘estimated to be 30%. | |

The density of each gas-mas:kepﬁ approximateiy the'éame;at_each
tempefétﬁfé investigafed. Thié procedure was followed so that distortidns
' of the equilibriuh cqhstants-due to different‘ion densities or to pressufe
»effects would at leaét reﬁain fixed. -

S The straight lineSvappearing in all the an_vs. l/T plots were



-30;4

'drawn-visually. The data were not considered precise enough to merit .
a least squaies treatment. Additional lines were drawn to estimate
, the spread in the enthalpy and entropy values reporﬁed. The entropy
was calculated from the free energy equation.

RInk = /T +AS
uéing thé‘value of InK obtained from the intersection of the straight
line and the 294°K ordinate; The enthalpy is calculated from the.slope

of the straight line.

E. Photoionization Light Sources

For reference the photoionization lamps used with'the various gases

studied are given in Table III,

TARIE III

Ionization Potentials of the Gases Studied and the
Energy of the Light Sources Employed

Gas ' Iomiz. Wavelength(A) Rare Emission. Emission Line
' _Pot. (ev) Toniz.Thresh. Gas . TLine(A) Energy(ev)
Nitric"Oxidé ) 9.25 | 1340, - Kr '1236.b - 10.03
: L ' 1167. 10.6L4
Ammonia 10415 | 1221, Ar 1067, - 11,62
- e - _1ok8, 11.83
Methyiamine o897 1382, © Kr 1236, 10,03
B ' N _ 1165. . 10.64 -
. Dimethylamine 8.2k 1505, ‘Kr 1236. : 10.03
' . 1167, 10.64 -
Xe 1h7o.b 843
. , : 1295, 9.57
Trimethylamine 7.82 1585 Xe 1470, 8.3
. _ _ 1295, 957

a. Values taken from Ref. 17. -
b. From Ref. 10, 1165 256 as intense as 1236; 1295 2% as intense
as 1470,
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It is important to kmow ﬁhen the photoionization is non-uniform, that is,
when the absorption of the ionizing light has become appreciable. The‘
abéorﬁtion cfosé secfions for nitric oxide_at‘1256A aﬁd for ammonia at |
.lOG?A haye been;measured by Watanabe.l8 The absorption cross sections
for dimethylamine and t?imethylamine at lk?OA were éstimateq from data .
given by Tahnehbaﬁm,19 Téﬁle IV list these»cross séctions and the -
fraction of light absorbed at a pressure of 1 mmHg (3.29x1016 moiec/cc),
a path length of 2,54 cm and a temperature of 294K. The calculations

indicate that absorption has become serlous under these conditions.
. TABLE IV.

Photoabsorption Cross Sections .

Gas o Cross Section . Wavelength I/ —e"0CL
: (cm?). S, (a) °
D . o
Nitric Oxide =~ = 2x1071°- - 1236, | 0.85
Ammonia 3x10 f7 AR 1067. 0,085
Dimethylamine ~ 1x10711 B S o, 0L bh

Trimethylamine  1x1071 o, o
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V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Photoionization of Nitric Oxide

The observations in the photoionization of nitric oxide fall into
two categories, namely those under which complexes were observed and were
absent. Initially,experiments were conducted with mixtures of nitric oxide
and helium or nitrogen.- The phctoionization of nitric oxide at a pressure
of 0.130 mmHg-diluted with helium at pressures from 5 to 2 mmiHg at a
temperature cf - 0°C produced mass spectrometer‘signals indicating vo' had
_COmplexed with up to twc molecules of nitrice oxides There were also signals
of appreciable intensity at higher mass numbers which were not criticalLy
investigated; At room temperature, 20°C? under:the same experimental
conditicns only NO+ could be detected. Table V Summarizes the opservations.

The measured equilibrium constant for the dimerization was found to be
independent of helium pressure in the pressure rangerlolto'E mmHg while
the trimerization equilibrium constant showed a marked dependence; in;g
creasing three foId over the pressure range. |

As the temperature was raised 36 C, K. . increased very slightly

0,1

| :and Kl 2 decreased fourfold. KO,l appeared independent of nitriec oxide

pressure whlle Kl 5 increased with decreasing nitric ox1de pressure.

Experlments with nitrogen as the diluent at 10 mmHg gave equlllbrlum

"constants which were sllghtly larger than those w1th hellum at -70° C.

:It was necessary to double the nltrlc ox1de pressure to 0.260 mmHg to be
able to make the measurements. When the temperature was ralsed by 70° c,
O 1 appeared unchanged while Kl 5 had decreased by a factor of thlrty. |

o In experlment DT the dlscharge produc1ng the ionizing radiation was

moved next to the 1amp w1ndow to see 1f the equlllbrlum constants were



Equilibrium constants measured in nitric oxide

3.32-4,01

o3

v T&b le | Ve
X, la Kl 2a Press.  (mmHg) Press. (mmHg)  Temp.  Expte
! : ’ : ‘ : _
(mmﬂg) (mmHg) Nitrie Oxide  Diluent °c '
| 2,21-2,29 *7.10-8;14 0,126 . 5.0 helium -68.0 B
2.53-2,75  9.21~10.1 0.12k 8.92 helium  ~67.0 ot
2;12-2.37 “1k,k-15,0 04122 15,71 helium '-68.0' N;
2.66-2.80  19.7-22.9 0.125 | 25.99 helium 68,5 M
| 2.38-2.72 21.1-27.9 0,066 '15.61 helium . AT0LT. .
3.30-3.69  2.45-3.68 0.148  10.25 helium 345 Q;\
© - Trimer not. . S S ' SN
o 286380 gotectea . 170 1226 hellum 4+ 2.2 R
 3.87-h59  9.09-12.3 0,247 8.91 nitrogen  -69.3 ¢
_Oq3h'0~j7.. '9.37 nitrogen B 0,01 »D2

0,1

a X refers to the reaction Not+NO = Nb*(No);'

Kl’ to . NO (No) + NO-» NO (Nc))2
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a function»of ion intensity., They were not. However, with the lamp

in this configuration all the lon intensities dropped suddenly and only
NO+ could be observed. From this point on all consistent and reproducible
observations in the nitric oxide system eeased; What follows is a summa.ry
ofjthe various experiments done in an attempt to recover the complex

siénals.

EEEt' E2:, Experiment C2 was repeated. ‘NO+ was observed when the mixture

was first let into the cell but it rapidly disappeared.

Expta sz Experiment 02 was. repested using helium as the diluent and NO+,‘

dimer and trimer were seen"‘They all decreased with time, the dimer and
trimer going away faster than NO until only NO could be seen.

Expt. : The apparatus was let up to atmospheric pressure of helium,
-A lamp with a neW'window was installed even though the old one did not
look bad. The apparatus was evacuated, Experiment F2 was repeated, and
nothing but NO was seens The stopcock to the mixing vessel was closed,
‘the vacuum line evaonated; and pure nitric oxide let intobthe reactionv
'cell.up tO'a'pressure ofp9 mmHg; A smell signal from the dimer may'havev

' been‘detected. Upon pumping out the nitric oxide and readmitting the
mixture, the dimer and,trlmer»signals were observed. KO ,1 was three times
smaller and Ki 5 five times smaller than previously'measured. The mixture
. was again isolated and the remaining gas evacuated. The next day the mix~-
ture was admitted and'only NO was seens There were some.signals above.
mass number lOO;_ Upon-exposing tne cell to:nitric oxide as before, ther_
‘NO s dimer, and trimer signals were recovered.

. pt. H?: A mixture as used in Expt. F2 was prepared. The cell Was

fallowedvto warm to room temperature before being cooled back to =T70° C.

.3

)
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" A freshly distilled batch of nitric oxide was used in the preparation of

the mixture, : The mass spectrometer was set to observe the dimer signal
and nitric oxide was slowly let into the reaction vessel. A signal was

bbserved which maximized at about 0.25 mmHg., Upon pumping the nitric

:oxide away andlletting‘it in again slowly, the dimer slgnal was observed

to decay with time, The nitric oxide was pumped away and the mixture was

vadmittedito the reaction vessel with the mass spectrometer again set to

observe the dimer, 'When the mixture was admitted, a large signal was ob~
served, .It rapidly decayed until it was undetectable. |
Exgt.vIEi Setting the mass spectrometer to the dimer peak, nitrie dxide
wa.s édmiftedvahd no signal was detected. ~The nitric oxide was pumped
away and 10 to 15 microns of oxygen were admitted. Nitric oxide was

slowly admitted and no dimer signal was observed. The gas was pumped away

" . and then 10 to 15 microns of water were admitted. At -70°C the gaseous

water sample condenses‘on the walls of the reactlon vessel leaving a

residual water vapor pressure of a few microns« Nitric oxide was admitted

~ and again no dimer signal'was detected. The gas was p@mped away and a

sample of water and 10 to 15 microns of oxygen were admitted togethef to

 the cell. Nitric oxide  wﬁs let in and no dimer signal was observed.

At fhis time; the'evideﬁce was tending to imply that the'complexes;

soﬁetimes observed in the photoiénizatioﬁ of nitric oxlde were not being

.fofmed.invfhe-gaé phase, ' The following experiments weére performed with

ammonia to.atteﬁpt to seé,if the apparatus was capable of seeing complexes.

At'rbom—temperatqre with_0;50 mnHg ammonia in the cell, photoionization of

. ' R ' +
- the gas produced eight signals under mass number 100. Of these NHH and

' -NHZ compléxed with up to four ammonia molecules were observed;
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Then a.photoionization experiment, K?, with an ammonia-helium
.mixturé such that the spatial‘ion_intensity in the cell wogld be similar
to those initialiy apparently successful experiments with nitfic oxidew=
helium mixturesbwas performeds . The desired ammonia pressure using the
pﬁotoionization cross sections for ammonia and nltric oxide was estimated
to be 0.060 mmHg at room- temperature. The helium pressure was taken to
be lO.mmHg. Under these condltions NHA+.and complexes through the pentamer
were again bbservgd, with the tetramer being the most.infense and ﬁhe
dimer andvpentamer’very'weak, The measured equilibrium constant K},h
equal to'2,5 (mmHg)'-l was in good agreement with Kebarle.8

In another experiment, I?, an ammonla~helium mixture was prepared
B tolgive.equivalent densities at iOO°C.but the signals were too weak fo;
make a measurement. waever;.with pﬁre ammbnia at a ﬁressure of 1 mmHg“
measufemenfs cbuld be made, A tgmpérature'run was made ﬁnder these
cbnditiéns; Thé‘equiiibrium consﬁaﬁt Ké’3 was meaéufed aé a funétion
of tempgrature. .A plof of }nKé,3 vs..l/T gave a good strgight line.
| On the basis of the data from Expt, ¥ an estimate of the maximum
? value of KO,l was made. The dimer intensity wa$ estimated to be the |
minimum'detectable signal,.approximétely one twentieth of.the'NO% intenf
.Sity.v.The meaéﬁremenfywas made on a mixture of 0425 mmHg nitric oxide::
with 9 mmﬁg helium admixed, Then K

0,1(Max)

is calculated to be 0,19 mmHg T
at —YOQC;"The fact that this number is 10 times smaller than that

previously measured lends some credence to the supposition that complexes

of'NO+ and nitric oxide mdy bevfbrmed in a surface reaction.
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B. Photoionization of Ammonia

The photolonization of ammonia at room temperature produced mass
resolved signals indicating that ﬂHh+ had complexed with up to four
moleculgs of ammonia. In addition signéls at fhe following mass numbers

v were ob;grvedz 66; TTy 80, 83, and 125, The suggested structufe for
66 was ﬂéNN*Hé(Nms)é'and for 83, HéNN*Hé(Nﬁs)B. The relative intensities
of these and the.ammonium complexes at room temperature are givén in |

Table VI. The equilibiium constants for the (2,3) and (3,4) steps at

room temperature are given in Table VIL.

. Table VI.' Ton intensities in ammonis

Expt. &2 , - Expt. & .
050 mmHg ammonia ‘ : 0.050 mmHg ammonia, 10.0
. Intensities via mass scan ‘ mmHg helium E
Resolution setting G2 .. . Intenslties via mass scan
Intensity (arbs units) Resolution setting 9.2
. ' '~ Intensity (arb., units)
18 120 o _ 56
35 _ Not -detected ‘ - Not detected
52 33 : ' 66 : :
Z 100x10% . | 220
86 - koo - o 21
66 . 225 : 58 _
T7. 20 . - ; : Not detected -
80 . 600 Not detected

835 . 19010




Table VIL Equilibrium constants in amonia at 294°K

- Exét. Press. (mmHg)

Press. (mmHg) K2,.

]-‘%,u'

o Resol, Method .
ammonia  belium y L )-;} s§tting etnod -
£ 0w 19-62 | 92 Mass Scan

L0450 | 0. 72-0. 88 942 Mess' Scan
3? o o.ohé '"_ 8.85 107-119 , 9.2 Mass Scan
0,050 9,12 ’ 2.4 - 2.6 942 “Mass Scan
0,05 9. k2 - 61-67 8.8 Fixed Point
Bl 100 B 141 -48a 8.8 Fixed Point

a

Obtained by extrapolation of 1nk, 5 VS« 1/T plot to room temperature.
. ’ . ’ .

-gg.
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With ammonia at a pressure of about 1.0 mmHg;'a temperature varia-
tion rﬁn was performed. Ihe intensities were obtainéd by the fixed point
method at a resolution setting of 8.8, The resolution was low enough
so that this method obfained the peak intensity for a given ion,' Barely
detectéble signéls‘were:observed at masses 18 and 35. There was a |
signal at mass 86 which was weak and increased slowly as the temperature
wasilowéred. The.signal\at mass 59 increased at a faster rate than 86
as the temperature was lowered. As a fesult K3,4 decreased from |
0.257 -(mmHg)‘l at 84°C to 0,133 (mmHg)'1 at 57.5°C. The measurements .
were taken by the fixed point method at the low resolution setting of
8.8 because the signals ﬁere 80 WEak; The loss. in intensityiwés due
to the lamp window becoming colored 1n the center. The low resolution -
did not affectvthe reliability of Ké,3 but did affect thgt of.Ké’h.

This was dﬁe_té the interference_of‘mass 83 which was not resolved from 86,
Maés'83 increased in intensity aé the temperaﬁure was lowered. Under
these_conditioﬁs it was possible to obserﬁe the temperatufe dependence
of‘Kéig. The déﬁa from t#is experimentvare giﬁeh ih Table VIIIL,

e »1@2,3“ 1/ vplofc. is shown in Fig. 9. From this plot an
_enthaﬁlpy»o_f -.12.5 to -1}4_5 Keal/mole and an entropy of -22.4 to -2k.8
__ei@..at‘298°K was_derived;; From Kéba:lefsB Fige 1, ﬁe givé for cpmpa#ison

‘these equilibrium ¢onstahtsx_ = 0.143 (mmHg)~l at 1.0 mmHg of

K,
o ' 2,5 ,
‘ammonta and 100°C; Ky ) = 1.32 (mHg )™’ st 1.0 mHg of ammonia and 23°C.

, R , .
His thermod ic dat = ~17.8 Keal/mole and AS, . = -38,0
_His thermodynamic data were éﬂéj3 7.8 Keal/mole an 5,5 3

, .e.li'.' at 298°K,



-LOo~

9.0

LK,y (otm™)

» |7 Lo 1 L-‘| bl | l4|‘ ' | ‘[ 1
260 280 300 320 340
1/Tx10® CK™) |
' o xaLsaa—37es'.;-

Fige 9 Temperature dependence of X, 5,for the reactiont
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Table VIII. Equilibrium constant Ké 3 and the corre-
S sponding ion intensiti€d”as a function

of temperature

Expte I

Ammonia press. (muHg) — 1a15 1.09 1.19 1,64

Temperature (C) 5745  7h.8 8k, 0 100.8

Mass : Intensity " Intensity Intensity Intensity
(arb. units) '

50 16.8 3545 22.2 6.6

69 ‘ 71.9 . 48,2 2k, 1 b1

Xy 5 (mmHg )™t 3,72+,18 1.25%2,06  0,91%.05 0.38%,02

Tﬁe following conclusions could be made from these experiments.
The measured:equilibrium.constant.KBJh at room temperature and Ké
at lOO°C were in reasonable agreement with that of Kebarle.9 The effect
of reduc1ng the ammonia pressure and using helium as a third body'was

to increase the value of the equilibrium constants roughly by two. The

.. plot of_ané 3 VSe l/T gives a good linear relationship and the enthalpy
J ‘ .

is in fair agreement with the values of Kebai-le.9

C. Photoionization of Dimethylamine

The photoionization of dimethyiamine produced a plethora of'ions.
The ion, (CH3)2NMQ, appeared complexed with up to flve dlmethylamine‘
molecules at 20°Ce - These complexes were observed in the amine at a
pressure of about 1 mm Hg and also at a partial pressare of 0.030 mmHg with

10.0 mmHg helium admixed. This series of ions provided the basis of a:

masgs callbration which was used to estimate the masses.of other ions

detected in the photoionization of dimethylamine. The calibration also
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" gerved to détermine the masses of the ions detected in the photoionization
of thée other two amines studied. The various ions observed in the photo-
ionization of dimethylamine with thelr suggested chemical composition

are listed in Table IX.

Table IX, JTonic spectrum of photoionized dimethylamine

Series I Mass " Series I(i) Mass
+ : : +
(CHB)ENH _ Ls , (CHB)QN (CHB)2 - 87
(CHy )N, k6
(CHy )N, [ (CHy ) M) 91 sTl(cH ) MH] 13
h6[(CH3)2NH]2 136 -87[(CH3)2NH]2 - 176
46[(033)2NH]3 | 181»
ete. ' L 226
271
Series IT " Mass Series II(i) 3 Mass
- 58 ‘ o : -~ 100
58[‘(CH35)2NH] o103 ©100f (oHy)pNE] 145
S8L(CH; ) MH], 148 | |
e‘tC'.‘ . ‘ 193
235
Series III Mass Series ITI(i) Mass
<CH3)MN* S ™o AR BTN
7h[(¢H3)2NH]- | 19 L 11&[(CH5)2NH] 159
T (CHy),NHD, 16k

etc. _ 206
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1. Seriles I,

' ‘ + +

Under high resolution both (CH5)2NH and (CH3)2NHQ could be seen,
‘The'ratio of their intensities under various experimental conditlons are

listed in Table X.

i o | + +
Table X. Intensity ratio of (CHB)ENHé to (CHB)QNH

Ratio Press. (mmHg) Press. (mmHg) Temp.

Expt. Le/us Amine . Helium (c) Lamp
Yea 2-0 : l.)"‘)‘" ) . 2]—.0 .Xe
Ye 3418 __2;20 | 1440 Xe
8 1.58 0.030 ' _16.31' 21.0 Kr-

e 0,030 b5k 20,0 Kr

The first series.lisﬁed in Table VIIIvcorresponds to dimethylamine
"cOmpleXingiwiﬁh dimethyiémmdnium ion. From the shape of the signal at
91 uhdéf high resolﬁ£ion it wés not possible to completely rule outvthere
being any Signal at mass 90. The maximum emount of the signal that might
be due tov9O was estimated to be 25%. Comparison of the 91 signal to the
90 signal seen in the nitric oxide under the Same résolution settings
indicgted there'was no signal at 90.

As the temperature was raised the lons of Series I(i) beganvto :
. interfere'wiﬁh‘those offéeries I, This inﬁerference'is now discussed
for data taken with no helium_admixed with the amine. The behévior was
_ similar for mixtdres. Thébintensity of tﬂe signals abouﬁ five mass unifs
_.icwer than 91 and 136 ihcreased as the temperatﬁre was raiséd. waeve;,

the masses 91 and 136 were sufficiently resolved from these ions that the
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interference was not éerious. The signal at mass 181 was not clearly
resolved at 20°C, It was predicted to maximize at an apparent mass of
191 ahd observed to maximize at 189. The apparent mass number was the
‘helipot (which controls the mass scan) setting'at which the maximum signal
of’aﬁ ion occurred. When the temperature was raised to 53°C,,thé maximum
signal had shifted to an:apparent mass of 185, This interference of a
signal about 5 mass units lower than.the signal of interest was consistent
with the other observations. It prevented>the ﬁeasuremeﬁt of the intensity
of mass 181_except at 20°Ce Therefore. the measurement of equilibriuﬁ con-
stants was limited to Kb,i and Ki’z.except for a tentative Ké,i at 20°C,‘
There were signals at the predicted positiqnsvfor masses 226 and 271 but,
considgring the above meﬁtioned interférences,‘it was impossible to deter-
minethat.portions of the signals were due to these masses.

| Ion intensities observed for the first-sefies under various experi-
:mentéi conditions are listed iﬁ Table XI, The resolution setting in these
experiments was such that ions U5 and 46 were not resolved.

Data indicating the effect of total pressure at 20°C on the measured
intensities and equilibrium_constants arevgiveh in Table XII. Within
experimental error the equilibriumAconsfants were independent of the
total pressure of admixéd helium iﬁ the range of 5 to 10 mmHg.

" .-Data indiéating the effect of thé amine concentration on tﬁe measured
iqtensiéies and equilibrium consﬁaﬁts gt 20°C are given in Table XIII.l‘

Theytotal pressure of admixed hellum was kept roughly-constant.
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Table XI. Temperature dependence of the ion inten~
o sities of Series I in dimethylamine
" Expt. X0 | Expt. X0 Expt. X°
1.45 mmHg amin 1.45 mmHg amine 1.69 mmHg amine
Temp. 20°C Temp. . 52.2°C Temp. 82.5°C
Kr lamp Kr lamp - Kr lamp
Mass ‘Intensity (arbs units) Intensity ~ Intensity
45,46 ° 276 296 125
91 313 703 102x10"
2 2 1
136 246x10 - 238x10 906x10
Expt. Y2 Expte Y0 Expt. ¥Y2°©
1.45 mmHg amine 1.67 mmHg amine 1.69 mmHg amine
Temp. 19.8°C Tempe 54.2°C Temp. 80.8°C
Xe lamp ' g Xe lamp Xe lamp
Mass Intensity (arb. units) Intensity Intensity
15,46 % 2u5 333 2l
91 356 6ok i01x10*
. o o2 2 1
136 124x10 135%10 825x1.0
Expt. T Expt. P | Expt. Q-
0.0%2 mmHg amine 0.032 mmHg amine 0.040 mmHg amine
8.60 mmHg helium 9.54 mmHg helium 11.75 mmHg helium
Temp. 20.8°C - Temp. 62.8°C Temp., 102.8°C
‘ Kr lamp Kr lamp Xr lamp
Mass Intensity (arbs, units) . Intensity Intensity
45,46 % 32k 558 556
91 319 25kx10% 511x10%
' PR ol , 1
136 130%10 661x10 178x10

.'§ M§sses 45 and 46 not resblved. -
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Table XII. Dependence of KO,l and K1,2 for Series I

on hellum pressure

Expt. 82 : Expt. 12 - Expt. R2 '
0.034 mmHg amine 0.032 mmHg amine 0.035 mmHg amine
5.20 mmHg helium 8.60 mmHg helium-  19.00 mmHg helium
Kr lamp Kr lamp Kr lamp

Mass Intensity (arb. units) Intensity Intensity

45,46 & 756 | 324 : 417

91 697 - 319 k2

136 : '2112"102 130 lO2 ' _ 241 102

Ko,i(man'l) 2728  30-31 28-3%

Ki 2(mcmHg-'l’) 830—102x10l lO7><lOl-4128><lOl l67x101-182xlolf

® Masses 45 and 46 not resolved.




Table XITI. Dependence of K and K

concentration.

0,1 1,2

for Series I on dimethylamine

Expt. T
0,032 mmHg amine
8.60 mmHg helium

Expt. 02
0.074 mmHg amine

9440 mmHg hellum

Expt. V2
0,155 mmHg amine
10.6 mmHg helium

Expt. W2

0.737 mmHg amine
7.82 mmHg helium

' Kr lamp Kr lamp Kr lamp Kr lamp
Mass - Intensity. (arb. units) - Intensity Intensity ~Intensity
bs,46 ek 246 162 33
9 - -39 282 188 31
. ) : "2 | 2 2 1
136 . . . 130x10 155x10 152x10 452510
K, l(mmHg"l) 30=31 15=16 6e2=Tolt 1.3-1.6
J : . . .

Masses‘h5 and 46 not resolved.

..Lfr-.
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The equilibrium constant K1,2 is plotted as a function of amine
pré%éu;e in Fig. 10. Ki,a was observed to decrease rapldly at first
and then slowly with increasing amine pressure in the experiments performed
" 'with mixtures of the amine and He. In experiments without helium the
eqﬁilibrium constant was:small aﬁ lOW'amine pressures, went through‘a
maximum at about O.YO‘mmHg, and then decréased. As the amine pressure
in the helium~amine experiments was raised while keeping the total pressure
approximatély constant, K1,2 mgasured in the mixture experiments approached
that measured in the experiments with no helium admixed.

This_behavior indicatedAthat equilibriﬁm had not been achleved in the
diluentiexperiments.‘_The behavior in the amine without helium was more
like one would expect if the reaction reéched equilibrium except for the
téiling down of the;equilibrium constaht as the pressure was increaseds
Aiso the temperature dépénaence will show that the measured constant'Kl,"2
at lower temperatures showed a curvature away from the more lineér_behavior
~of anl;g vs 1/T at the higher témperatufesi, |

Tb interpret this behavibr we suggesﬁ two.mechanisms whiéh help-
explain the'aependenCe of anl,E on the dminé prgssure..,Aftgr this

disaussioh'wé return to the thermodynamic results.
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The follow:Lng mechanism is proposed to help explaln the data obtained

~in the photo:.onlzatlon of dimethylamlne with no helium admn.xed.

~ AB + B> AB ¥ | (1) association ;___.(-CHB)EI\]Ha+
AB2_* + B> AB, + B (2) stabilization B = (CHB)éNH
AB,* — AB + B (3) decomposition :
AB, + B > AB* + B (4) excitation
AB, - _ (5) neutralization
AB, + B - AB3* | (6) association
AB* + B - AB, + B (7) stabilization
AB3¥ > AB, +B i (8) decoﬁposition
AB5 + B AB* + B (9) excitation

Applying the steady state approxlmatlon for A 2 A32 y and ABB* we get

(ABQ*) = kl(B)(AB) + kl;.(B)(ABQ) , ) = kQ(ABe*)(B) + k8(AB5*) '
| K, (B) + k; 2 k,(B) * k_ + K (B)

5

xg(48,)(B) + 16,42, ) ()

ard  (ABg¥) -
| ‘k_,?(B) + k8

Substitutin_g'(AB-e*)‘ and (AB3*) into (ABz) we get

o . k, (B)(4B) + kh(B')'(ABé)
(4B,) [ku(B) + kg + k6(B)] = k,(B) ARG

. [ k (4B, )(B) + k9(A_B3)(B)_] . -

'kT(.B) +._kB'
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Rearranging we get

(aB,) kk, (B) kgkg(B)
Z;;;ZQ;‘ k), (B) + kg + kg(B) - k(B) + k; Tk (B) * kg
k, k (aB, )
L + 8}‘(9 2., (11).
L+ kg /ky(B) k. (B) + kg (48) |

In order for the measured equilibrium constant to approach the
true value as the (B) is increased, the terms involving the rate con-
stants for the reactions (6) through (8) must be cancelled or neglected:

Consider first the term

Kok AB
k7(B) + kg (AB) - |
We take k8 > kT(B)' Meiselseo has shown that the unimolecular decay
~1 v

* ] 9 4 ¥ ‘
constant for (C6H12+) is equal to or less than 107 sec . (C6H12 ) ‘was

/formed'by the reaction

" '+ 4%
CAHS + CoH), —>(C6H12:)

If we estimateka = 10-1££c/m61éc sec, k7(B) = 5><106 sec™ with B at a-pressuré

Cof'l mﬁHg. Then the term above reduces to

-k9(AB5)
(4B)

The rate constant k +E/RT

9
taken to be the enthalpyvfor the reaction

is estimated to be kbimOleculexe where.E is

4B, + B = AB,

5 .
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We were not able to measure the enthalpy for the above reaction. There-

fore we estimate it to be at least 1/2AH AH, 5 was. measured to be

o 1,2° 7,
about: -14.6 Kcal/mole. Then
6

k = 10-10(2x10'6)‘= 2x107t ce/molec. sec

9
The ratio, (ABB)/(AB), was approximately 10 at 1.45 mmHg of dimethylamine.
Then the expressioh

k9(AB3)/(AB) = 2x10™% cc/molec sec

We now-consider the term

ky

ks
Hr®

and we assume k5 > k2(B) for the same reason we assumed k8 >> k7(B).

Then it reduces to ,
ki (B)
k

b}

»

. At o ' [ R S -
We estimate k) =k, = 10 _cc/molec sec and kg = 107 sec 3 ky(B) = 3x10
1 . .

sec”” with B at 1.0 mmHg pressure, Then the term

k.k,(B) :
lkz = 3><lO-15 ce/molec sec.
k .
3 .
”Thﬁsvwe,sée we can neglect the term

kgkg _(ABB)
k.(B) + k5 (AB)

in compérison to _ '
klkz(B) -
k
b)



Also the terms
(s - 6a(®)
6 k7Z35 + kg
cancel under the assumption kg >> k7(B).

Equation (II) then becomes

(}(\:I;?;) : kle(B,«)kgku(B)z | -
| kg [ku(_B) - m + k5] :
With the assumption that ky >> k,(B), the terms
_kh(B) - —kk% =.kh<B) - g%-(f)—}%
reduce to k (B). EQua’uiou (I1I) tuen'becomes
m(a%; °\k5[§f(§21‘3§251 R (W

Equation (IV) preuicts that the measurédvéquilibriumVCOnstant should be
small at low (B) and should increase as the (B) is raised. ‘This is seen
to be the case in Fig. 10 wiﬁh the exception thut the measured equilibrium
 ébnstant gbes through a maxium'.and then tails:down as the amine pressuré
is further increased. | |

If thé preceding assumptious are valid, equiliurium should be
achieved when kh(B).>> k5. . We estimute k5 tobbé kn(N_) = 1.0 séc_l wheré
k , the neutralization rate constant, is taken to be 1077 ce/molec ‘sec

and (N~), the concentration of negative particles, is taken to beu107f5n8/ccy
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If we require that kh(B) > 10 see™t with (B) = 3xlOl6 mole/cc, k), is
at least 3><10-17 cc/mole seé. From Fig., 10 the true value of Kl o is
3

estimated to be 150 mmHg“l. Use of the equation

) |
> 6 -
K 5 - Ei;i (3x10" ‘g 1y
10 -1 -10

permits a derivation of ks equal to 5X107° sec — if we take k) =k, =10

ce/mole sec and k), =.5_><]_.O_l7 cc/molec secs

To interpret the behavior in the mixture experiments the following
. . . . ' .+
mechanism is prop‘osed. A main assumption is that (CH3)2NH2 [(CHB)QNH].is
' +
lost at a faster rate than (CH3)2NHz [(0}13)21\11{]2. Also we obse;*ve that
: KO 1 of Series I in dimethylamine shows the wrong temperature dependence;
y ‘ .

that is, it gets larger as the temperature is increased. We conclude

 that the (O,l) step is not at equilibrium. If equilibrium is not attained,
one ’expects that ‘the rate of re-excitation of the stabillzed complex,

+o. ' ' . wi
(CHB)ENHQ [(CH3)21_\1H],15 not fast enough. Therefore in the following

‘mechanism we negleét the pdllisional‘éxcitation of this ion.

A+BoaB" (a) iati A (cH. ).nm.*
- a) assoclation | ‘—-0521\]}12

AB*»> A+ B _ : (b) decomposition B = (,CH3 )QNH

AB" + He — AB + He (c¢) stabilization

AB - (x) loss

AB + B - AB, . (a) association

C* :
AB, + He — AB, + He (e) stabilization
AB, - AB+3B - (f) decomposition

AB, + He — AB, + He (g) excitation
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* *
Applying the steady state approximation to AB , AB, and AB2 s WE

- get
e K (A)B) Ck(AB,) + k (He)(AB")
4AB Sk FE(E) AB = T, T K (8) ’
and (ABe*W ; kd(B)(AB) + kg(ABe)(He) ‘
' ke(He)v+ ke

* L * '
If we substitute (A.‘B2 ) and (AB ) into the expression for (AB), it follows

that

k [k;(B)(AB) + k (4B))(He)  k (He)x, (A)(B)

(48) = K (He) + &y —* K+ k_(He) [k g (B)1.
(v)
When we rearrange Eqs (V), we get
e - T - o ke-(::: ||ty - (@)?Ciaggimb i
g g c
' | ’ ‘o (VI)

We note that Ki will be independent of (B) if k_ = k,(B) where
52 X i
k; is an ion-molecule reaction rate constant. From Fig. 11 we see_thaf
K1'2 is iﬂversely proportional to (B). Thus we: conclude the loss process
is not due to an ion-molecule reactlon.
We now suppose that the loss process is déionization. Then
k = kn(A-) where kn is the neutralization rate constant and (A7) is

~ the concentration of recombining negative particles, With kn = 10-7"f

ce/mole sec and (A”) = lO7Vions/cé, k, = 1.0 sec™ .
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‘We consider the terms _
.kx kcka(A) ,
(B)(Ee) ~ TAB) Tk (Re) + &7 ° (VII)

Experimentally we measure (A)/(AB) approximately equal to 1.0. If

ké(He) >> k , the expression VII reduces to

[b,/(B)lk
(He) :

15

With B at 0,10 miHg we estimate k /(B) = 1.0 sec™ 3107 molec/cc =

16

3X10" " ce/molec sec. If we take k to be the order of a bimolecular

collisional rate constanf,,lo-lo

cc/molec sec, we see that k_ would have
to be a factor of 106_larger to compensate for ka.

If we now assume k  >> kc(He), the tefms of Expression (VII) become

k k k

__ X . _¢c8a
(B)(He) v
' We estimate v |
ke 1.0 sec™t

' 10703 a2 L
= ' . = 10 ce /molec2 se
(B)(He)  3x10%° 3x10MTmoréc® Jec ee

with helium at 10 miflg. We estimate k_ = 10710 ce/mole
possibly as low as lO.12 cc/molecsec. In keeping with our other assump-

-1

tions about unimolecular rate constants, we estimate kb‘='109_sec . Then

kK k.

-31
= 10
5

cc2/moleé2 sec .

We still have the sftuation that the correction term to the true equili~
brium constant is negative, but the two terms are muchvclosef.than in

the other case.
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Now we calculate the correction term,

ke(He) + kf kx _ kcka 3X1016 -1
kfk‘ B)(He kb g

y,

We have previously derived a value.of kf =5 lOlO sec-l (kf = k5) and

therefore k, >> k_ (He)s Tor the reaction
| Sy + B "
A - A
we have indicated that the rate constant 1s at least equal to 3><lo'l7
cc/moledsec, For the reaction
. % - kh .
B2 + He —)A32

+E/KT

we estimate k . We take E to be the experimentally

g - kbim.olecxe
measured enthalpy for the reaction

=10 =9, ~19 ' . : o
Then kg =10 710 7 = 10 cc/molec sec. We now substitute our estimates
of kx/(B)(He) and kcka/kb, respectively into the correction term to see

which 1s closer to the observed effect. The correctioh tefm.is

-1

(10777 or 107~ ZigxlO vaHg = (5><lO2 or 5X10h) mmHE—l .
10 o

We are doing this calculation for B at a pressure of 0,10 mmHg. At this

1,2

the correct order of magnitude., Also we observe that the total ion

pressure we measure K to be 600 mmHg-l.' The term kx/(B)(He) is then
'concentration is approkimately the same in 0.10 mmHg of dimethylamihe
with 10.0 mmHg helium admixed as in the amine at l.4 nmHg. Therefore

we éxpect ki to be $imilar in both situations. Thus we say that kb was
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under estlmated and require it to be of the order of lOll sec-l. The

correction factor now could be in the raﬁge observed if kx were 5 sec;l,
In conclusion we can say that the mechanisms predict the right c.

 qualitative behavior which was observed. One can combine fhe two mechaniéms

with the éxperimenpal results to obtain values for the cénstants k3 and

kh which give some.consistency to both types of‘expériments;

The equilibrium consfants for the addition of dimethylamine to
dimethylammonium ion are listed in Table XIV as a fUnction of femperatﬁré.
Plots of an1,2 Vs l/T are gi&en in Figs, 12-14, The temperature depen;
dénceiof the equilibrium constant Kl’_2 in the amine With no helium admiked
'waé.not very satisfactory. The slope approaches that of the mixture
measurements as the'temperature incréases. The absoluté Qalﬁes of the
equilibrium constants\are different in the mixture and the amine with no
He admixéd experiments. It should be noted thaf at'the‘higher tgmperatures 
the signals which were.about five mass units lowér than the signals of
‘interest were equal ﬁp or larger than those of Series I.

The LK) , vs 1/T plot for data taken in the amine with no helium
'admixed showed considerable curvature aﬁ th§ lower temperatures. Therefore
the lines from which the enthalpies were estimated were drawn to fit thé
‘data at the higher temperafures. Values of the'enthélpy and enﬁropy de;

rived from these plots are given in Table XV



Table XIV, Temperature dependence of the equilibrium constants K. .

4,90~

| and K_L,Q fpr Serles I in dimethylamine 051
Expt; P?;;;;§e o Pfii§§§e T?gg. Ko,l(ﬁmHg)-l - Kl,e(mmHg)"l KB’u(mﬁHg)fl Lemp
amine he_lium ‘ s

€2 L5 20.0.  0.799-0,7T10 5k4a3-40.0 0.103 Kr
2° L ,‘ 52,2 L.6h-1,48 £3,%-20.0 | Kr
£° L 82.5 - h.Ba-l.ik 8.92-8.47 Kr
2 L 1015 12.7-11.0 1.94-2,29 Kr
xe 2,10 151.2  14.9-16.4 0.394=0. k12 Kr
7 0.0%2 8.60 1 20.8  30-32 1278-1067 Kr
o 0.032 9.5k ’62,8» 11&2-128 81.5-76.5 Kr

& 0,040 11,70 12,8 224275 8.69-8.31 Kr
P 1k 119.8 '1,07-1,00 24,3-20,0 Xe
£ L S5h2  1.24-1.18 11.6-12.0 Xe
o 1.69 80.8  2.47-2.70 4.80-4,91 Xe
¥ 101 112.2 4.88-k.10 1.06-1.03 Xe
¥°  2.20 145.0 | 0.166 Xe.

..gg-.



Table XV. Enthalpy and entropy for the (1,2) step
' for Series I in dimethyla.mine

‘Expte | (Keal/mol AS, (294) e.u.
Exp AH1,2 (Kcal/mole) 1,2( 9k) e.u
Amine ~11.9 to ~13.9 -17.3 to =22.3
Kr Lamp . ' o .
Amine ~ =13.6 to -15.6 -22,5 to ~27,6
Xe Lamp C

Mixture -13.1 to =~13.8 ~17.5 to =19.3

Kr Lamp
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2. Series II

The chemical identity of mass 58 has not been determined. When it
was compared to the 59,60 signal, trimethylamine and trimethylammonium
ion,vdetectedrin the photoidnization of trimethylamine, it appeared 1 mass
unit lower. At 20°C thevsignals at masses 103 and 148 were covered by
the two sigﬁals qf'Seriés II(i), 100 and 1k45. .Whén the temperature waé
raised to 83°C, the ibns iOB and 148 had become predominant.

The eq@ilibfium constant for the addition of dimethylamine to the 
mass 58 ion showed tﬁe wrong temperature dependence at the lower tempefa-
tures; 'The second step showed the correct temperature debendence but

the linearity of anl o Was not.veryfgood; The data are given in
2 . . . .

Table XVI.
Table XVI. Equilibrium constants‘KO 1 and for Series II
: ~in dimethylamine andvthe’correspoﬁging ion inten-
sities as a function of temperature.
-Expt. Y2c 'Expt. de. : Expt. Yze
1.72 mmHg amine’ 1.92 mmHg amine 2,20 mmHg amine
Temp. 83.5°C Temp. 116° C Temp. 14k4°C
Xe lamp : Xe lamp ‘Xe lamp
Mass Intensity(arb. units) Intensity Intensity
58 b 66 285
103 - - 480 1830t u8ex10t
148 608x10"  g3exaot T50%L0™
X, l(mmHg)*l 6aT%e3 ‘ 14, 4=, T.68%,h

Ki.g(nﬂan) b T.38%.3 2,65%.1 '0,709%.03 |
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3 Sefies IIT

The ion observed atkmass T4 was believed due to tetfamethyiammonium
ion. - It colncided with a signal attributed to tetremethylammonium ion
seen in the photoionizatioﬁ of trimethylamine. The ieﬁs”at masses 119
end 164 were attributed.to mass T4 complexing respectively with.one and
two mplecules of dimethylamine. Masses 119 and 164 were interfered ﬁith
by the two ions, 114 and 159, of Series ITI(i). At 117.8°C mass 114 |
" was as intense as 119; at 83.5°C mass 159-was as intense as 164y There
were signals where 206 and 249 were expected to come but the contribution
. of these signals to the masses 206 and 249 could not be determined. The
: equiiibrium constant for the addition of dimethylamine to the mess Th ion
showed the wrong’ temperature dependence at the lower tempe’ratures. The
second step showed the right temperature dependence and:the linearity
of anl,Q VSe l/T was good. The data are given in Table XVI. A plet
of anl,E V8. l/T can be seen in Fig. 15. Frem this plot an enthalpy.

of =12,2 to -1h.1 Kcal/mole and an entropy of -20.6 to -26.2 €.u., at’

294°K were derived.



Table XVII. Equilibrium constants X. . and K1 for Series IIT in dimethylamine
o and the corresponding ioA intensities as a function of temperature.

Expt. Y2 ‘Expt. YO Expt. ¥° . Expt. v¥O
1,46 mmHg amine 1.68 mmHg amine 1.72 mmHg amine 1.92 mmHg amine
Temps 20.5°C Temp. . 57°C © Temp. 83.5°C - Temps 117.5°C
o Xe lamp »_ : Xe lamp Xe lamp ‘Xe lamp _
Mass - Intensity (arb.units) Intensity _Intensity - Intensity
e 13 21 )0 125
19 » 35 ok 146x10™ 122x10™
164 : 255%10% wsxiot 283x10" N
: F
- . ' ' ]
Ky 1 (mmHg l) 1.8%.1 ' 1ht,7 211 , 9.3%,4
2 . . : . .
. 1 _ 5
K o (mmig ) 5043 o Be36t3 1.13%,06
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D. : Photoionization of Trimethylamine

The photoiohization of trimethylamine produced a large number of
1signals. ‘The ion,’(CH?)BNH#;was seen complexed with up to > molecules
of trimethylamine. Using the mass calibration prepared:in the dimethyl-
amine study, these lons appeéred at mass numbers 59.5, 119, 177, and
'255. The complexes weré:detected ih the amiﬁe at a pressure of i mmHg_
and also at a partial présaufe of 0,030 mmHg with 10:0 mmHg helium o
admixed, - The various lons observed in the photoionizatidﬁ of“tri-
methylamine with their.suggested;chemical composition are listed in
Table XVIII. Since the ions in Séries IIT aﬁd v were.inféstigated in i

only one experiment, no additional data will be tabulated fdr them.



Table XVIII

Ionic spectrum of photolonized trimethylamine ‘

-Series I

(CH3}3N*
(CH,) NHT

'(mg)NH£<m%)N]

etce

- Series IT
(Cﬂi)uN :
(cHy ), N'T(CHy )]

etc.

Sefies Iv

101[(CH3)3N]

~ Mass -

- 59

60
119
178

237

Mass
b —r—

Th
133
192

101
105
108

' 160

Series I(i)

117[(CH3)3N1.'
1170 (CH, )N,

Series TTI(1)

132[(¢H3)NJ

Mass -

117
175
23k

Mass _

132

190

Serles IIT

(o )M (R, ),
870 (CHz )5 N]

87

14k

147

"'OL-
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l. Series I
E—— S N |
Under high resolution (CH3)3N and (CH5)5NH+ were detected. The
iatio of their intensities under the various experimental conditions

are listed in Table XIX.

' Table XIX. Intensity ratio of (CH3)5NH+ to (CHB)N*.

Ratio Press. (mmHg) . Press. (mmHg)

Expte  go/s9 amine helium Temps (C)_.
2% L5 121 _ 20.0
rY 1.6 \ 1.91 o | 118.5
B’ 0.7  0.02k 10.50 . 20.0

B .75 . 0.028 9.50 . . 118.5

The first sériés‘listeq in Téble”XVIII waé ﬁttributed to trimethyl-
amine compiexing with trimethylammonium ion,s, The mass spectpdmeter :
-could not determine whether (CHB)EN*[(CHB)Bﬁ]'contributed to the signal
detected at mass 119. The mass spectrometrié observations made in
methylaminevand dimethylamine indicated thét the ammoniatgd amine ion
was réspdnsible for the first ion-gmihercompiex. Also the equilibfium"
“constént data obtaiﬁed in dimethylaminé and'tripéthyiamine Substaﬁtiatédv
ﬁhisvsuggeéti6n._ The eQuilibriumvconstant information is discussed iﬁ
' Section VII.n'
| As the temperature ﬁas raised, the ions of Series I(i).began to
‘interfere with those_of Serieé_I. _The:interfErences were serious
- because the‘idns of Seriés i(i) were,ohly'two mass units lbwef than

the ones with which they interfered. The following discussion refers
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to observations made in the amine with no.helium admixed. The behaVion
was similar in the mixture experimenté. At 81°C the interference had
become éignificaﬁt. Here the relative intensities were the followingt
117/119 = o.3o,.175/177 = Oa 44, and 234/236 = 0.80, The nonlinear be~. .
ﬂavior of ané’3 Qs l/T and ani,2 tq a lesser degree was probably due

to these interferences at higher'temperatures. Jon intensities of

Series I as a functlion of temperature are listed in Table XX. The
resolution in thése experiments was such:that 59 and 60 were not resolved;
All the data refer to photolonization of trimethylamine with a Xe lamp.

Table XX, Temperature dependence of ion intensities for Series I
~in trimethylamine

Expt. A0°T Expt. AP
1.21 mmHg amine 1l.44 mm Hg amine
o Temp. 21°C Temp, 54,6°C
Mass Intensity (arb. unitg) Intensity
59,60°  139x10" | 109x10™
119 o 30210° T oad®
178 - 2ha0® : 180><10l
237 - 700x10™ o - eswx10t
Expt. B . Expt. ¢ ,
0.028 mmHg amine 0.032 mmHg amine
12,03 mmHg helium 10,08 mmHg helium
: Tempe. 19.8°C Temp. 54.8°C
Mass Intensity (arb., units) Intensity
59,60° 309 633
119  3eex10T | 867x10"
178 900 778

257 96 | (&

& Masses 59 and 60 not resolved
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.The equilibrium constanté for the addition of trimethylamine to
£rimethylammonium ion ére listed in Table XXI as a function of tempera-
ture. Plots of 1nK vse. l/T are showh in Figs. 16 and 17. From these
plots and Table XXI one can see that the temperafure'dependence of the
v équilibrium constapts was similar in the amine and in the amineIWith
" helium admixeds Vaiues-of the "enthalpy and entropy derived from thesé

plots are given in Table XXII.,

2. Series II.

The second series of signals in Table XXIIT was attributed to
 tetramethylammonium ion complexing with trimethylamine, The signals
éf masses 133 and 192 were interfered with»by ions at masses iBl and 190
reépectively. At 82.8°C the ratio'of mass 131 to 133 was 0;6 and the .
ratio of 190 to 192 was O47. The data for this serieé aie given in
Table XXIIT, A plot of 1nK) o vs. 1/T is given in Fig. 18. .F“rom this
plot an enthalpy of -5.23 to -6.,06 Kcal/mole and an entropy of =3.6 to

=642 esu. 8t 294°K were derived.



Table XXI., Temperature dependence of the equilibrium constants K

K1 5 and Ké 3 for Serles I in trimethylamine 0,1’
>
Pressure Pressure : =1 : -1 =1
EXPte  (mig) (g ) Temp. (c) KO,l(mmHg) g,g(mHg) KQ,B(nmrg) R
amine helium - ' ‘
ABar l.21 - - 21,0 N 23, T7=20.2 .. , 0.662-0.673- o;2h1-o.255
AP 1o 4k 54,6 26,8-25,0 0.298-04349 0009650, 092
A 1.68 81.0 oh,2-2h.1 0.138-0,157 0. 06450, 0665
x4 1.90 118.5 18,2-21,2 0.0347~0,0L403 0.0567=0,0586
Y 0027 11.68 19,8 380, <418, 13.6-1645 3,89k, 68
'03  0.031 10.62 54,8 Lp2, =515 2.80-3.61 . 2,48-3,22
D5 0. 032 10,85 85.8 353, 2413, - . 1,21-1,3%6 (a)
B 0,03k 1.2k 118.5 2694=350. 04 507=00597 (a)

The signal at mass 237 was weak and interfered with by other signals.

could not be measured.

Therefore, Ké 3
. &

-1-( L..



Table XXII. Enthalpy and entropy of the (1,2) and (2,5) steps for - Serles I
1n trimethylamine’

Expt. AHl,é (Keal/mole) Asl’e(a%K)(e.u.) AHZJ(Kcal/molg , 'ASZ’B(zguK)(g—:.u.)
Amine 7.95 to =9.50 13,3 to ~1T.7 4,07 to -4.83 3.7 to -6.0

Mixture =7.19 to -8,03 ~6416 to =8,65 -
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Table XXIIT. Temperature dependence of the equilibrium

constants K and for Series II in
trimethylamine and thé c¢orresponding ion
intensities.
Expt. A%  Expts A0 Expt. A°C
1.26 mmHg amine 1.44 mmHg emine  1.67 mmig amine
, Temp. :19,8°C Temp. 55.2°C Temp. 82.8°C
Mass Intensity (arbaunits) Intensity Intensity
0" 17 | 35 T3
133 _ 117x101 : h58><1ol 595x101
192 267x10T ~ dooxiot 865
K, (mHg™) - 5ki3 ' 91k 02812
,1V°

1.824,09 0. 606%. 0% 0.115%, 006
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E. Photoionization of Methylamine

The ions which were detected in the photolionization of methylamine
are listed in Table XXIV, where possible chemical identification 1s suggested.
The mass numbers were determined from a calibration obtained from ion
signalS‘obsérvedlin_the photoionizafion of diméthylamine. Signals be—'
low mass 125 are probably accurate to * 1 mass unit; above mass 125
the inaccuracy iﬁcreases reaching * 4 mass units at the highest mass
numbers, -

At 54,0C ih the mixture experiment the ihtensity of the primary
amine iqn was large ehough to observe gt high resolutién. The CHBNH;
to‘CHBNH; ratio wés-E,O. The signal at 63 appeared to be due to'just one
ion.and tﬂus was attributed to CHBNH;(CH5NH2). A signal af.9h,fthe next
cdmplex in Series I, was not detected in the temperatufe range 20.0C to:
78.0C. It is possible that the signal at 91, which increases with in-
‘creasing the temperaﬁure, may be covering a weék gignal at 94. The .
signal-at 125 was aftributgd to CHBNH;(CH3NH2)3' When the temperaturg
‘was raised from 20.0C to 54.0C, it decreased in intensity by & factor
of,five although.there was still no detectable signal'at g4k, 1In this,
situation the»temperature dependence of only KO,l caq be followed. Typi-.
cal ion intensities for the (O,l)'step are given in Table XXI. Also:
included are intensities from the other ions observed. Signﬁlé above
mss 125 were not systematicallyiinvestigated. | |

Theﬂequilibrium consﬁant for the addition of methylamine to methyl-
ammonium ion shows a very weak temperatﬁre dependeﬁce; Thevresults are’

given in Table XXVI,



© . TABIE XXIV -

Tonic spectrum of photoionized methylamine

- Mass :

Series IT

o 87(<:H3NHQ>2

Series I “Mass - .
C%NH; 31 | (01{3)31\1*;1+ 60
| C%N}g 30 (CH3)5NH+(H20) 77a
CI-%I\IH; (enm,) 125 - '(CHB)BNH*(Heo) (qHB'NHZ) 108
- .‘ | (C}%)3NH+(CH3NH2)2 | 122
Series III Mass Series IV Mass Series VIT Mass
(CH3)2NN+(CH3 )‘2 87 147 147 160 160
_-87(;{20) 105 1h7(CH5NH2) . 17h 16O(CP13NH2) 190
' | 87(CI<13NH2) 119 1&7(0}131\1}1 2)2 202 ;60(CH5NH2) o 216
87(CH3)2NH 132 - lh’('(ZCHBNHE)B' 229 ' 160(01{31\1}12)3 246
87(H20)(CH3NH2) ' 136
150.

The 77 Signal wag first noticed in the last experiment performed with methylamine and there-
fore its intensity is not tablulated in Table XXIIT, :

-!.'[8-
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Table XXV

Temperature depehdence of ion intensities in methylamine

Iy v be

Expt.Fl'L ’ Expt. F _ Expt. F
‘Mass 1.24 mmHg amine . 1.44 mmHg amine 1.26 mmHg amine
. Temp. 20.0C ‘ - Temp. 51.0C Temp. 77.8C
Intensity(ar. units) Intensity Intensity
f .
31,327 36 31 35
60 Lo 22 15
63 26 . 21 19
87 c Lo 100
91 55 183 246
105 21 . 89 b
108 250 340 b
119 Loo 750, L7o
122 T 90% c
125 305 110 e
132 125 210 a
135 - 85 190
RIS, Bsh 270
148 390 218
160 . 660 1 d
17k 107x10
190 109x10
20k - 860 1
219 125x10
233 480
235 5ho
2L6 510
261 360
276 330
Expt. Hh Expt. I)+
0.051 mmHg amine 0.055 mmHg amine
Mass 10.10 mmHg helium 9.90 mmHz helium
Temp. 19.0C - Temp. 5k4.0C
- ‘Intensity (arb.units) Intensity
f
51,32 67 63
60 19 22
63 58 53 .
87 15 80
91 367 790
105 6L 235
108 480 280
119 380 390
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Table XXV .continued

Expt.'HLL ‘ Expt. I4
Mass - 0.051 mmHg amine 0.055 mmHg amine
=€ 10.10 mmHg helium 9.90 mmHg helium
Temp. 19.0C Temp. 54.0C
Intensity (arb.units) Intensity
122 275 , 120%
125 200 S
152 185 _ 300
136 053 140
1h7 ' e ' : 150
- 150 - 360 e
160 - koo _ 220
17h 240 : 14k
190 o 138 98
202 d 90
216 : o 56
229 : o 10k

2k6 , 32

a. A distinct peak can not be detected.
b. Not meanured.
" c. Not detected.
d. Intensities of higher mass numbers not measured.
e. Peak intensity shifts from 150 to 147 as the temperature was
raised. '
f. Masses 31 and 32 not resolved
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TABLE XXVI
Temperature dependence of Ko. 1 for Series I in methylamine
Expt. Press.(mmHg) © Press.(mmHg) " Temp.”(C) Xy :L(mmHg)":L
amine - helium : ?

e 1.2k ‘ 20.0 0.54-0.58
Fl_*b_ CLs . 510 0.47-0.53
F* 1.26 - o 77.8 0.4h-0.46
i 10.051 . 10.10 . 19.0 6.08-10.75
T 0.055 9.90 sk . 5.65- 8.18
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S
VI. THERMODYNAMIC DATA

In “l‘abl_e' XXVII we list. the thermodynamié data which we have
measufed and which have been measuied by others using tﬁe same technlque
but différent lonization sources. We observe that the magnitudes of
our enthalpy daté are in agreement-with'that of otheré. The enthalpiles
are small,.all,being lesé than l.e.vs This is to be expected for the
yelatively weak interactions exhibited in a clustering type of reaction.

The entropies wé report for the reactions observed in dimethylé
émine'sgem reasqnable. The large uncertainty in the entfopy was due
to the uhcertainty in the enthalpy to which the entropy is véfy sensi-
tives Using_statistical mechanics we:célculate'what might be the

" maximum entropy change, AS , that due to the translational entropy

transe
loss when the neutral molecule complexes with the ion. We see that the.
data imply a net rotation and vibrational increase of about 6 e.u. in
reaction (4) and about 10,0 e.us in reaction (5).

~ The entropy changes observed in the trimethylamine system seem

vto_be too small when compared to AStr « We suggest two reasons for

ans.
this.reshlt. The first is that we might expect the enthalpies to be _
somewhat sﬁdlier iﬁ the trimethylamine system than in the dimethylamine
due to a sterié effect; that is, there ié present an additiénal meth&i :
group in the‘primafy ionvénd in the complexing neutrai.'_This trénd'is
 suggested upon compafing reactions (6) and (7) with (h)‘and (6). The,
| wéaker bo?dé-being formed in the triﬁethylamine'system shouid resuit |
in larger net vibration gontribﬁtionsvto the entropy chaﬁge. Secondl&,
: we believe that reactions (6) and (7)'éorrespond to addition of neufrél

- molecules to what is called a closed coordination shell while reactibn



86~

(%) correspbnds to the completion of a closed shell. This is discusséd’

further in the next section. Neutrals added to a closed shell are ex~

peéted to be more weakly bound than those of the inner shell, These
_more freely'bound neutrals ére.expected to provide an additional increase

'in the rotational and vibrational entropy change.



ety ), [(CHg )N ],

.;Table XXVIT. Enthaipies and eﬁtropiesbdetermined from 1rK vs. l/T”plots
v Reagtiéé _AH°(Kca1/mole) AS%(e.u.) As%rans(e.u,) | Invest
1) (N, ) (WL ) N, =(E, T (NE, ),  =12.5 to -13.5 22,4 to 24.8 34,0 a
T  5 ? 300k S > ars -38.0 298K 294K - 3h.0 b
) + - + . :
2) 0, +0, =0, -9.68_: -20. 6295K ‘f54'2 c |
3) o + N, = 50,7 -5.69%,08 ~18.9 poxte ¥ -32.0 d
L) (CH )2NHu [(cH )ENH]+(CH )2 = =11.9 ‘to -13.9 . =17.3 to -22. 3 94K ~3041 a
(CH3) Nﬁé *[(cH )ENH] -13.6 @o -1556 - -22.5 to -27. 629AK‘ :
5) (CH )uN [(CH )ENH] + (CH )2 = -12.2 to_;lu.l -20.6 to;-26.229uK -52f7 a
(cH >uN [(CH3) NH] ‘
6) (CH ) NH [(CH ) N] + (CHy) N = -7.95 to -9.50 -15.3 to ~1T.Toguye -37.2 a
_ (CH ) NH [(CH )BN]2 - .
7)_(CH3)3NH [(CH3)5N12+(0H3)3N = =4, 07 to -4.83 -3.7 to '6'029uK | -39, L4 )
+e :
| (CHy )3 [ (CHy )5 N] | _
: + . - ; . } -
8)»(CH5)AN [(CH3)1N]+(CH5)2N = -5.23 to .6.o§ -5.60‘to -b.2029hK =374 a

a-Present work; b-Kebarle, Ref. 9 ; c~Conway,

f-Ionization with Xe lamp.

Ref. 3; d-Conway, Ref. 21;

P

e-Ionizatidn with Kr lamp;

- L8..
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VII. CONCLUSIONS

-One of the initial objectlves was to determine the ionic compositlon

of phot01on1zed nitric oxide at pressures in the tenths mmbg range L .
diluted with inert gases in the range 1 to 10 mmHg at room temperature.

We can conclude that NO was the only ion of 1mportance under these

conditions.

The exﬁeriments performed in ammonia were undertaken to prove that -
the apparatus waslcapable_ef detecting complexes.k Tﬁis was affirmed. v
‘The data obtainea were in fair agreement with that reportedvby Kebarie.9
The'ammonie in his experiments was ionized with an alpha partiele source.

' The.study of the photoioniZation of the amines wa.s performed to pro-
vide seme new information regarding‘their ionic compesition et relatively
high_pressures; The data takeh regarding equilibrium constants were,
in general less than:satisfying. The date in the dimethylamine study
suggested that the lifetime of the collls1onally excited ion (CH3 +
[(CHB) NH] * was of the order of" lO sec.

The information obtained in the amine study indicates that the
primary amine -ions do ndt.completely reaet.with the parent amine to
give the ammoniated ion. 'This_is in contrast to the very fast reaction
ofithe ammonia ion with ammonia to givevthe ammonium ion. However,

‘the.mass spectrometric evidence indicated thet the am@oniated‘amine ions_" 5
were responsible for complexing with the parent amine, This Was corro--
borated by the observation that the.addition of one and two neutral mole-

cules respectively to trimethylammonium and dimethylemmonium ions pro-

‘quced a closed shell. When the ratio of two equilibrium constants,
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Kn,n+l/Kn+1;n+2’,iS very large, the_ioniq shell is said to be completed

with ntl neutral molecules. In dimethylamine the ratio Kl E/Ke 3 was at
' _ ] > .

least l38;-in trimethylamine the ratio KO l/Kl o Was 72, One expects
. 5 »

the nﬁmber of neutrals needed to complete a closed shell to be equal to

the number of H atoms in the primary ion..
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