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T H E  J O U R N A L  O F

Hydrogen Displacement in n-Butane by Fast T 2 and T2+ Collisions1

by J. W. Beatty2 and S. Wexler*
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 604-39 (Received February 22, 1971)

Publication costs assisted by Argonne National Laboratory

The translational energy dependences of the formation of tritiated n-butane resulting from collisions of beams 
of fast T2 molecules and of T2+ ions with a crossed sheath of n-butane molecules have been measured 
with a “ chemical accelerator.” For the neutral-neutral collisions the hydrogen displacement reaction possesses 
a threshold of 6.0 ±  0.6 eV (laboratory system) and the reaction probability rises to a maximum near 30 eV 
and then remains constant as the kinetic energy of the T2 molecules is raised to 100 eV. The observed onset 
energy indicates that the lowest energy observable reaction involves displacement of a hydrogen atom in 
the butane molecule by a tritium atom from the fast T2 molecule with concurrent release of the second tritium 
and the displaced hydrogen as atoms. The reaction probability for T2+ impinging on W-C4H10 decreases rapidly 
as the energy of the ion is raised from 5 to 20 eV, remains fairly constant up to 40 eV, and then shows a broad 
peak centered at about 60 eV. The shape of the yield curve suggests that there are two translational energy 
dependent mechanisms involved. Below ~20 eV T2+ energy, the most likely mode indicated is proton transfer 
followed by loss of H2 and hydride transfer. At higher energies, collisional dissociation followed by tritium 
pickup is suggested.

Introduction
A  fundam ental problem  o f chem ical kinetics is the 

determination o f the threshold energies and excitation 
functions of chem ical reactions. K now ledge o f these 
im portant characteristics have, in lim ited ways, been 
obtained b y  nuclear recoil3 and photochem ical4 tech
niques, b y  analysis o f the labeled products produced by 
impingement of fast beams o f energy and mass-selected 
radioactive ions on organic molecules either as a gas at 
m oderately high pressure5 or as a condensate on a cold 
surface,6 by  detection o f the ions form ed b y  collisions of 
fast neutral beams with gases,7 and, for several very  low 
threshold reactions, b y  crossed-beam  studies with ve 
locity-selected therm al beams.8 M u ch  inform ation on 
the energy dependences o f ion -m olecule reactions, in 
which the ionic product is identified, has also been ob
tained.9

In  this paper we describe experiments perform ed to 
determine the energy dependences of the probability of

chem ical reaction betw een accelerated T 2+ and n- 
butane and betw een T 2 and n-butane. T he prod
uct is tritiated n-butane in both  cases (i.e., the 
hydrogen displacement reaction is being studied). T 2+

(1) Work performed under the auspices of the U. S. Atomic Energy 
Commission.
(2) One of us (J. W. B.) received partial support from the National 
Science Foundation under NSF Grant No. GY8428.
(3) F. S. Rowland in “ Molecular Beams and Reaction Kinetics,” 
Ch. Schlier, Ed., Academic Press, New York, N. Y ., 1970, pp 108- 
116; R. Wolfgang, Progr. React. Kinet., 3, 99 (1965); R. Wolfgang, 
Annu. Rev. Phys. Chem., 16, 15 (1965); A. G. Maddock and R. 
Wolfgang in “ Nuclear Chemistry,”  L. Yaffe, Ed., Academic Press, 
New York, N. Y., 1968, pp 186-248.
(4) R. G. Gann and J. Dubrin, J. Chem. Phys., 50, 535 (1969) ; 
ibid., 47, 1867 (1967); C. C. Chou and F. S. Rowland, ibid., 
46, 812 (1967); A. Kuppermann and J. M. White, ibid., 44, 
4352 (1966); R. M . Martin and J. W. Willard, ibid., 40, 2999, 3007 
(1964); R . J. Carter, W . H. Hamill, and R. R. Williams, J. Amer. 
Chem. Soc., 77, 6457 (1955); H. A. Schwartz and R. R. Williams, 
ibid., 74, 6007 (1952).
(5) J. M . Paulus and J. P. Adloff, Radiochim. Acta, 4, 146 (1965); 
J. M . Paulus, ibid., 7, 141 (1967).
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ions are accelerated to  well-defined energies (-~0.1 eV 
energy spread) in the range from  5 to 100 eV in a “ chem 
ical accelerator”  based on the technique o f ion ac
celeration-m ass separation-deceleration-neutralization. 
The energy-selected tritium ions are either made to 
collide with a crossed beam  o f the organic molecules or 
are converted to neutral T 2 o f the same translational 
energy b y  near resonance-charge exchange prior to 
collision. The crossed-beam and labeled product m ole
cules are collected on an efficient trap and the yield  of 
the radioactive product determined by  a radiogas 
chrom atographic method.

Experimental Section
A  schem atic drawing of the apparatus appears in 

Figure 1. Tritium  gas (> 9 9 %  purity) was introduced 
from  an inlet tube A  into a miniature isotope separator 
source B with aperture C and filament D . T he source 
cham ber was operated at a potential positive with re
spect to ground near that o f the energy o f the species 
desired, and ions from  the low -voltage arc were acceler
ated first to  — 500 V  and then to —2000 V  b y  a tw o ele
ment lens system E, which also focused the beam  on the 
aperture G. W hile at this high energy the com ponents 
o f the beam  were separated out by  a zero deflection 
mass filter F, so that a pure mass-separated beam o f ions 
entered the region o f decelerating lenses H  through the 
aperture G. Sweep plates I served to position the ion 
beam  along the axis o f the accelerator. A  grid sur
rounding the region between the mass filter and the 
aperture to the decelerating section created a field-free 
path for the ions. The ions were then decelerated to 
the desired energy in the ring assembly H. The grid 
(85%  open area) at the end of the deceleration system 
was at ground potential, so that an ion passing through

it had an energy near that o f the potential o f the 
ion source. In  some experiments the ion beam  was 
then partially neutralized by  passing it through a gas 
at low  pressure in a neutralization cham ber S. The 
prim ary ion beam  or the neutral species entered the 
collision cham ber U through the grid T  of 9 2 %  open 
area. This grid was used to measure the intensity of 
the ion beam  for the T 2+ experiments, and for the ex
perim ents with the neutral beam  it was used to prevent 
ions from  entering the collision cham ber. In  the 
cham ber the fast beam  intersected at right angles axi
ally a beam  (actually a collim ated sheath about 7 cm  
wide form ed b y  molecules from  a row  o f 48 canals, P ) 
o f polyatom ic molecules. The sheath o f molecules 
and products of the reactions with the fast tritium  
beams were condensed on a m ultivane trap Q, which 
after 10 -3 0  min o f collision time could be m oved from  
the vacuum  system through an isolation valve into a 
transfer chamber. The trap was then rapidly warm ed

(6) M . Menzinger and R. Wolfgang, J. Chem. Phys., 50, 2991 
(1969); J. Amer. Chem. Soc., 89, 5992 (1967); H. M . Pohlit, W. R. 
Erwin, F. L. Reynolds, R. M. Lemmon, and M . Calvin, Rev. Sei. 
Instrum., 41, 1012 (1970); H. M . Pohlit, T. H. Lin, W . Erwin, and 
R. M . Lemmon, J. Amer. Chem. Soc., 91, 5421 (1969) ; H. M . Pohlit, 
T . H. Lin, and R. M . Lemmon, ibid., 91, 5425 (1969).
(7) N. G. Utterback, J. Chem. Phys., 44, 2540 (1966); Phys. Rev., 
129, 219 (1963); 28th Meeting, Propulsion and Energetics Panel, 
AGARD, NATO, Oslo, Norway, 1966, p 363.
(8) E. F. Greene, A. L. Moursund, and J. Ross, Advan. Chem. Phys., 
10, 135 (1966); J. R . Airey, E. F. Greene, K. Kodera, G. P. Reck, 
and J. Ross, J. Chem. Phys., 46, 3287 (1967); J. R. Airey, E. F. 
Greene, G. P. Reck, and J. Ross, Ibid., 46, 3295 (1967).
(9) J. H. Futrell and F. P. Abramson, Advan. Chem. Ser., 58, 107 
(1966); C. F. Giese, ibid., p 20; A. Henglein, ibid., p 63; M . A. 
Berta, B. Y . Ellis, and W. S. Koski, ibid., p 80; E. W. McDaniel, 
V. Cermak, A. Dalgarno, E. E. Ferguson, and L. Friedman, 
“ Ion-Molecule Reactions,”  Wiley-Interscience, New York, N. Y ., 
1970, p 296; R . P. Clow and J. H. Futrell, Int. J. Mass Spectrom. 
Ion Phys., 4, 165 (1970).
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to transfer the condensate to a glass cell w ith Teflon 
stopcocks. A bsolute yields of the products were deter
mined later by  radiogas chrom atography. A ctually, 
there were tw o m ultivane traps that were operated in 
sequence, and four cells were attached to each o f tw o 
manifolds on the apparatus so that eight data points 
could be obtained per run. Part o f the fast ion beam  
was analyzed before and after each experiment b y  a 
parallel plate electrostatic energy analyzer 0 ,  then ac
celerated b y  grids N, and detected b y  an electron mul
tiplier M .

The apparatus was pum ped b y  tw o 6-in. and one 2- 
in. m ercury diffusion pum ps with liquid N 2 traps and 
Freon baffles (1, 2, and 3 in Figure 1). Further cryo- 
pum ping was done b y  liquid N 2 baffles and traps (not 
shown in the sketch). D uring an experiment with a 
fast T 2 beam  the pressures in the three chambers, as re
corded by  ion gauges, were typically  ~ 2  X  1 0 %  
~ 5  X  1 0 %  and 2 X  10-5 Torr, respectively. In  order 
to minimize surface contam ination by  tritium , the in
terior materials were highly polished and ultraclean 
stainless steel, high-fired ceramics and Teflon. Only 
small amounts o f copper and m agnetic iron were used 
where necessary. T he entire acceleration-decelera
tion-neutralization section was supported in cantilever 
fashion from  a large flange which m oved on ball bear
ings along tw o tracks, a design that greatly facilitated 
perform ing repairs and changes on the system. A ll the 
electrical leads, current measuring wires, water cooling 
and gas inlet tubes also entered the vacuum  system 
through this flange. The “ gun”  was axially aligned by 
means o f a low -pow er laser beam.

T w o different designs of low -voltage arc sources were 
em ployed to produce the ion  beams. The studies with 
T 2+ were conducted with a miniature m odel o f a source 
for a large isotope separator based on the design o f Free
m an.10 A  small T -shaped w ater-cooled m olybdenum  
chamber, with a 1.0-mm diam eter ion exit hole, contained 
a tantalum  or tungsten filament extending dow n the 
long axis o f the chamber. H igh-fired alumina bushings 
m ounted on the rod insulated the filament from  the 
cham ber and sealed the source. Stable arcs were ob 
tained with T 2 gas at 10-4 to  10~3 Torr o f pressure, fila
ment currents o f 135 to 200 A  depending on the shape 
and material o f the filament, arc currents o f 0.2 to 2.0 A , 
and arc voltages o f 90-190 V . In  this arrangement the 
filament was negative in potential relative to the cham
ber. Under operating conditions the tem perature of 
the source chapaber was 800-1000°.

T he second source cham ber was a com m ercially avail
able one obtained from  the C olutron Corp., Boulder, 
C olo. It  consisted o f a boron nitride cylinder, a 
tantalum  anode containing a 0.38-m m  diam eter aper
ture, and a conical filament. W ith  this source, stable 
arcs in pure tritium  gas were only possible when the 
source pressure was 50-100 /*, but lower pressures of 
tritium could be “ burned”  in arcs m aintained with

~ 1  m o f xenon or ~ 5  m o f argon. A  usual filament cur
rent was approxim ately 18 A , arc current 0.2 to
1.0 A , and arc voltage 90-110 V. The cham ber tem 
perature was 600-700° when an arc was struck.

The dimensions o f the two-elem ent, cylindrical lens 
system E were chosen to acclerate and focus an ion beam 
from  the aperture o f the source cham ber onto a 4-m m  
aperture, G, which opened into the decelerating system. 
The ion optics system was designed from  com patibility 
parameters given by  Spangenberg.11 T he first elec
trode o f the lens could be m oved transverse to  the beam  
axis b y  controls outside o f the vacuum  housing.

A  low-resolution, zero-deflection mass filter was de
signed, from  equations published by  W ahlin,12 to be com 
patible with the ion  optics o f the accelerating system. 
The permanent m agnet was a single piece fabricated 
from  A lnico V . The m agnetic field at the center o f the 
gap betw een the poles was measured to be 362 G, and 
its uniform ity perpendicular to  the beam  direction and 
near the beam  axis was within 2 G /m m . The voltages 
on the electrodes providing the opposing electric field 
were always plus and minus, respectively, relative to  the 
potential along the axis o f the beam. T he strength o f 
the m agnetic field and other parameters were such that 
with electric field strengths approxim ately 270, 180, 
and 125 V /cm , the mass filter passed undeflected pure 
beams of T + , T 2+, and T 3+ ions, respectively. A  reso
lution o f about 10 was determ ined for the mass filter.

A fter mass separation, the ions were slowed down to 
the desired energy by  an approxim ately linear repelling 
field created b y  stepwise voltages on ten large-aperture 
rings spaced 1 cm  apart. A ctually, the potential on 
the'first ring was 100 V  negative relative to the en
trance aperture plate so as to prevent secondary elec
trons form ed at the 4-m m hole, G  in Figure 1, from  en
tering the ion-deceleration system. The voltage on 
each ring was adjustable from  outside the vacuum  cham
ber, and tests were perform ed to  obtain the conditions 
for maximum intensity of the ion beam  entering the 
collision chamber. For a few  experiments at low  ener
gies the voltages on the ten large-aperture rings were 
controlled to give an einzel decelerating lens system 
that was operated in the accelerating mode.

A fter reaching the desired translational energy, the 
fast ion beam  entered a neutralization cham ber through 
a hole 4 mm in diameter, and left through a hole 10 
mm in diameter. The cham ber was a cylinder whose 
wall at the beam  exit end consisted o f an outer guard 
ring and an inner aperture grid (85%  open area) 
over the 10-mm hole, both  of which were electrically 
isolated from  each other and from  the cylinder. The 
D 2 neutralizing gas entered the cell through a side tube.

(10) J. H. Freeman, Nucl. Instrum. Methods, 22, 306 (1963).
(11) K. R. Spangenberg, “ Vacuum Tubes,”  McGraw-Hill, New 
York, N. Y ., 1948, p 379.
(12) L. Wahlin, Nucl. Instrum. Methods, 27, 55 (1964).
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T he T 2+ entering this cham ber was prevented from  
hitting it b y  a guard aperture just before the 4-m m  en
trance hole. Near resonance-charge exchange between 
T 2+ and D 2 partially neutralized the fast T 2+ beam, 
producing slow D 2+ ions that drifted to  the walls of 
cham ber, where they were measured b y  a sensitive 
electrom eter. A  potential o f 1.5 V  on the exit end- 
guard ring served to make sure that all slow ions were 
driven to  the cham ber walls. The intensity o f the 
fast neutralized T 2 molecules entering the collision 
cham ber was taken to be equal to  the current o f slow 
D 2+ ions measured at the cham ber corrected  for the 
fractional open areas o f the tw o grids covering, respec
tively, the exit aperture o f the neutralization cham ber 
and the entrance aperture o f the collision chamber. 
Over the range investigated, the current to  the cell in
creased linearly with the pressure o f D 2 in the cell. 
T hat scattering,o f the fast T 2+ beam  was not respon
sible for the current to the cham ber was dem onstrated 
b y  substituting H e4 for D 2 over the same cell-pressure 
range. N o ion current was then recorded to the cell. 
From  com parison o f the current to  the cell with that 
hitting the grid over the exit aperture the fraction of 
the fast T 2+ beam  neutralized b y  the D 2 could be cal
culated. The intensity of T 2 did not vary  greatly with 
the energy o f T 2+. This observation is probably  due 
to the decrease in cross section for resonance-charge ex
change13 being balanced b y  the increase in ion current 
(Figure 2) as the translational energy is raised. A fter 
the intensity o f the fast T 2 beam  that entered the col
lision cham ber U  through a 2.0-cm  diam eter aperture 
was determ ined b y  the m ethod outlined above, unneu
tralized fast T 2+ ions were prevented from  entering the 
cham ber b y  raising the potential o f the grid T  to a value 
about 10%  higher than the ion beam  energy.

Across the waist o f the collision cham ber at 90° to  
the fast beam  m oved a beam  of reactant molecules esti
m ated to be approxim ately 7 cm  wide and 0.92 cm 
thick at the axis of the fast beam. T he crossed beam  
or sheath effused from  a close linear array o f 48 canals 
each 1 cm  long and 1 m m  in diameter, and was further 
collim ated b y  defining apertures. C onstancy o f the 
density o f the crossed beam  was achieved by  maintain
ing the pressure o f the plenum cham ber behind the 
canals fixed b y  means o f an autom atic m otor-driven 
needle valve ( “ A utom atic Pressure Controller”  (Gran- 
ville-Phillips C o., Boulder, C o lo .)), which was preset 
and controlled b y  a calibrated capacitance m onom eter. 
The crossed beam  was im m ediately condensed on a 
m ovable m ultivaned cold  trap held at liquid nitrogen 
tem perature, the design o f the vanes being a variation 
o f that given by  Scoles, et al.u The trap, which when 
in position straddled a large rectangular opening in the 
collision cham ber opposite the array o f canals, could be 
m oved horizontally through a gate valve into a gas- 
transfer chamber. Actually, there were tw o such m ov
able traps which came into position from  opposite sides

Figure 2. Variation of intensity of T2+ ion beam with its 
energy after deceleration.

o f the apparatus and were operated in succession for 
m ore efficient perform ance o f the experiments. Tests 
showed that a minimum o f 7 0 -7 5 %  o f the crossed beam  
o f n-butane molecules at room  tem perature was col
lected on the m ultivaned cold  trap at liquid nitrogen 
temperatures. T he amounts of crossed-beam  gas col
lected by  each o f the tw o traps during 10-min reac
tion times in an experiment generally agreed to within 
5 % . For m ost runs, the average num ber o f m olecules/ 
cm 2 in the sheath hit by  the fast beam  was esti
m ated from  the am ount of condensate to be 8.9 X  1011.

A  portion o f the ion beam  was measured for energy 
distribution b y  passing it through a parallel plate 
electrostatic energy analyzer, O. The m odel con
structed was a modified version o f one designed b y  
H utchison.16 T he energy resolution of the analyzer was 
calculated to be 7 .1 %  to first-order approxim ation. 
A fter passing through the analyzer, the ions were ac
celerated betw een grids N  and then detected  by  a 20- 
stage C u -B e  electron multiplier o f the venetian-blind 
type M . Since the range of energies transm itted b y  
the analyzer is proportional to the mean energy o f the 
range,16 the true energy distribution o f the ion beam  
was obtained b y  dividing each ordinate o f the observed 
distribution curve b y  the corresponding energy.

T he condensate on the m ovable vane-trap (m easured 
to be usually ~ 3  cc N T P  after a 10-min reaction 
time) was transferred to a glass V -shaped cell. The 
various products were later separated b y  a 35-ft colum n 
o f 2 0 %  safrole on firebrick at 0 °, at a helium flow 
rate o f 60 cc /m in . In  the first experiments with a 
T 2+ beam  crossed with n-butane molecules, the n-bu-

(13) J. B. Hasted, “ Physics of Atomic Collisions,”  Butterworths, 
London, 1964, p 416 ff.
(14) G. Scoles, C. J. N. van den Meijdenberg, J. W. Bredewout, 
and J. J. M. Beenakker, Physica {Utrecht), 31, 233 (1965).
(15) D. A. Hutchison, Advan. Mass Spectrom., 2, 527 (1962).
(16) G. D. Yarnold and H. C. Bolton, J. Sci. Instrum., 26, 38 
(1949).

The Journal of Physical Chemistry, Vol. 75, No. 16, 1971



Hydrogen D isplacement in w-Butane 2421

tane fraction was condensed out, its volum e was mea
sured, and it was then transferred to  a proportional 
counter. A fter the counter was filled to 1 atm  with 
methane, the tritium  activ ity  was measured absolutely. 
In  later experiments the effluent from  the column was 
mixed with propane, and its activ ity  was measured in a 
flow proportional counter (100-cc volum e). The data 
were recorded on paper tape b y  means o f a digital inte
grator (N uclear-Chicago C orp.) and a Tally  tape per
forator. D ata  processing was perform ed on an IB M - 
1620 computer.

Characteristics of the Ion Beams

The ion beam  could be measured b y  a num ber of 
plates and grids placed at various points along the axis 
of the ion beam, the m onitoring being used to align the 
beam  and to determine the beam com position and in
tensity. For a source voltage o f 30 V , up to 0.7 pA  of 
mass-separated beam  was focused through the 4-m m 
aperture G, reached the grid at the end o f the decelerat
ing system, and passed into the collision chamber. 
The com position o f the ion beam  extracted from  the 
ion source varied greatly w ith the type o f source and 
the conditions under which the arc was sustained. For 
the “ miniature Freem an”  source, for example, 6 5%  T +  
and 3 5%  T 2+ were measured when the source pressure 
was ~ 6  X  10-3 Torr, the arc current 0.23 A , and the 
arc voltage 150 V . T he “ C olutron”  source, on the 
other hand, em itted T +, T 2+, and T 3+ in the proportion 
0 .12 :1 .0 :0 .51  under the following conditions: pressure 
of T 2 50-100 X  10~3 Torr, arc voltage of 78 V, arc 
current o f 0.50 A.

M ixtures o f T 2 in argon were also “ burned”  in the 
latter arc source. It  was found that approxim ately 1 p 
o f X e  or 5 p o f argon sustained a stable arc, and tritium 
could then be added in any proportion to produce ion 
beams o f this gas. T he advantages of the latter mode 
o f operation were the avoidance o f the excessively high 
(200-250 p) pressure o f pure T 2 required to strike the 
arc and the em ploym ent o f m oderately low (2 to 25 p) 
pressures o f this gas to produce reasonably intense ion 
beams. Arcs o f the pure gas were extinguished when 
the source pressure was reduced below  50-70 p. The 
intensities o f light species from  T 2-A r  mixtures were 
usually comparable to those observed from  the pure 
gas. The intensity of an ion beam  entering the 
collision chamber increased roughly linearly w ith the 
partial pressure of the lighter gas.

A bsolute beam intensities entering the collision 
cham ber tended to change from  day to day, but a typ i
cal variation with energy o f the T 2+ beam  is shown in 
Figure 2. The data were taken using the miniature 
"Freem an source.”  N ote that the intensity entering 
the collision cham ber drops oif below  about 15 eV, but 
remains fairly constant above this energy. Beam cur
rents measured on the 4-m m  aperture plate G  and on

Figure 3. Energy profile of T2+ beam at 5.2 eV 
most probable energy.

Figure 4. Plot of energy spread of ion beam (full width at 
half-maximum) as function of most probable energy of 
decelerated beam.

the grid at the end o f the decelerating system , on the 
other hand, remained invariant w ith the ion energy.

O f great im portance in using these fast beams in 
meaningful studies of chemical reactions is that the 
species possess a narrow spread o f energies. That 
such is the case in this apparatus is shown b y  the data 
in Figures 3 and 4. The form er shows a p lot o f the 
energy distribution measured in a 5.2-eV T 2+ beam. 
The full width o f the curve at half-m axim um  is 0.65 eV, 
for an energy spread of 13% . H ow ever, this nominal 
dispersion must be corrected for the resolution o f the 
analyzer. A ccording to the theory of electrostatic 
energy analyzers,17 the overall energy resolution R o f an 
ion beam  is given b y  R =  (AE )yJE , where (AE )i/2 is 
the energy spread at half-m axim um  and E  is the most 
probable energy. AE  includes the widths o f the “ win-

(17) G. A. Harrower, Rev. Sci. Instrum., 26, 850 (1955).
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dow s”  o f the analyzer and the natural energy width of 
the beam. Thus a plot o f (AE)t/t vs. E  should give a 
straight line whose slope is R. From  the data from  
measurements at several energies shown in Figure 4, 
R is 8 .8% , a value somewhat higher than the nominal 
resolution of 7 .1%  calculated for this electrostatic en
ergy analyzer. Extrapolation o f the linear function to 
zero energy gives the natural energy spread o f the ions 
em itted from  the ion source. This num ber is 0.1 eV, 
which corresponds to 2 %  of the peak energy at 5.2 eV, 
and is equivalent to an arc “ tem perature”  of about 
1100CK . The resolution obviously im proves linearly 
with increasing ion energy. The data presented in the 
tw o figures were taken with the “ Freem an source.”  
Similar results were observed for the “ Colutron source.”

A n  interesting behavior o f the tw o arc sources at 
these low  energies was their emission o f ions with ki
netic energies higher than the potential of the source. 
In  general the ion energies were one-half to several volts 
greater, the difference increasing with the source po
tential, but it could be as much as 30 V  for the “ Freem an 
source”  if the arc current was very  high (> 1 .0  A ). 
Apparently, ions m ay be repelled with appreciable 
energies b y  electric fields at the outer sheath o f the 
plasma in the source cham ber.18

The constancy o f the ion current during a 10-min re
action period usually was within 5 % . Since the cur
rent to the collision chamber grid or to the neutraliza
tion chamber (depending on whether T 2+ or T 2 reac
tions were being studied) was continuously recorded 
on a chart, the mean intensity could be determined to 
1 to 2% .

Treatment of Data

The measured quantities in a given experiment are 
the intensity o f the tritium beam  / ( T 2+) or 7 (T 2) enter
ing the collision chamber, the amount, 7?, o f tritiated 
butane and the amount o f 77-butane, N, collected on the 
m oveable fin-trap in time r. From  these data we m ay 
calculate the yield, Y, o f the product

T he intensity o f the T 2+ beam  entering the collision 
cham ber is the ion current recorded on the grid over 
its entrance multipled b y  the ratio of open to closed 
area, and converted to number o f ions per second. The 
neutral T 2 intensity, on the other hand, is equal to the 
slow ion current to the neutralization cell corrected for 
the limited open areas of the tw o grids between the 
cell and the chamber (fractional open areas of 0.80 and 
0.92, respectively), and converted to molecular inten
sity. The amount of tritiated product form ed in the 
experiment is calculated from  its integrated activity  N* 
in the flow proportional counter

(2)

in which /  is the total flow rate o f helium plus propane 
(2.2 cc /se c ), X the radioactive decay constant of tritium  
(1.79 X  10-9 sec _1), and V the effective volum e o f the 
proportional counter (80 cc). I t  is assumed that the 
proportional counter detects the tritium fi particle w ith 
unit efficiency and that there is only one tritium  atom  
per tagged butane molecule. In  the experiments in 
which T 2+ and n-C 4H JQ were the initial beam  constit
uents, and a static counting technique was em ployed, 
ri was calculated directly from  the counting rate and 
the decay contant. The yield is corrected for extra
neous tritiated product form ed in properly conducted 
blank experiments which included beam  deflection and 
alternate introduction of the fast and thermal beams 
into the collision chamber.

The cross section 2,(7?) for reaction is defined b y  the 
relation

E r ( £ ) (3)

where i? is the number o f product tritiated molecules 
form ed by  intensity I  o f fast tritium  species in a tim e r 
(seconds), and N  is the average num ber o f molecules 
per unit target area. This relation is valid because the 
velocity  of the fast beam of tritium  far exceeds that of 
the n-butane target.

The remaining parameter necessary for the calcula
tion of cross sections from  eq 3 is the average num
ber of target molecules per unit area N  hit by  the fast 
beam. A  com puter calculatioh o f this quantity was 
perform ed. The com puter program first calculated 
the relative number T\,/v, where v is the average ve
locity  of n-butane, o f target molecules in the volum e of 
the crossed sheath (form ed b y  molecular flow o f n -bu
tane from the linear array o f 48 canals and collim ated 
by  defining aperatures) intersected b y  the fast T 2 
beam. This relative num ber was then converted to an 
absolute value by use o f the same basic equation to cal
culate the relative intensity It o f target molecules on 
the total area o f the condensing fin-trap. It was divided 
into the measured intensity on the trap to  rem ove 
the proportionality, the latter intensity being obtained 
from  the total am ount of 77-butane condensed on the 
trap and the duration of the experiment. T he ex
pression relating N  to N, the num ber o f target m ole
cules on the trap after a tim e t, is

N  =
N Th

i r r ^ v r lt
(4)

where rb is the radius of the fast beam at the intersec
tion with the crossed sheath.

(18) J. R. Reitz and F. J. Milford, “Foundations of Electromagnetic
Theory,” 2nd ed, Addison-Wesley, Reading, Mass., 1967, p 287.
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Figure 5. Variation of apparent reaction cross section for 
formation of tritiated n-butane with translational 
energy of T2.

Results and Discussion
In  Figure 5 are presented the measured apparent 

cross sections for form ation o f tritiated w-butane as a 
function o f the translational energy o f the neutralized 
T 2 beam  (it is assumed that the translational energy of 
neutralized species is the same as that o f the ion beam ). 
The curve is a least-squares fit to the data (the form  is 
given in eq 17 below ). The probability  is seen to  in
crease from  a threshold value o f 6.0 ±  0.6 eV to a m ax
im um at 25 to 30 eV  and then remains fairly constant 
as the translational energy is increased to  95 eV.

In  contrast to  the behavior o f the cross-section de
pendence on the kinetic energy o f fast neutral m olecu
lar tritium, that for T 2+ ions varies in a considerably 
different manner, as shown in Figure 6. The reaction 
probability decreases as the translational energy is 
raised from  5 to 25 eV, remains constant up to 40 eV, 
and then goes through a broad peak at about 60 eV. 
Apparently, the lowest threshold energy for reaction of 
the T 2+ ion with n-butane lies below  5 eV.

The threshold energy observed for the reaction o f T 2 
with n-butane to form  tritiated n-butane, 6.0 ±  0.6 eV, 
is on ly slightly higher than the endotherm icity in the 
laboratory system, 5.0 eV, o f the reaction

T 2 +  n -C 4Hio — >  n -C 4H 9T  +  T  +  H  (5)

However, the onset energy observed is from  a few  to 
m any electronvolts different from  those o f all the other 
chemical reactions leading to form ation of tritiated n- 
butane that could conceivably take place in our experi
ment. The com parison is given in T able I. Conse
quently, we conclude that the lowest energy displace
m ent reaction is that collision o f T 2 and n -C 4H i0 m ole
cules in which a hydrogen atom  is replaced by  a tritium  
atom  and the second tritium  atom  and the displaced hy
drogen atom  leave as atoms. It  is of interest that the 
threshold energy and deduced mechanism are consistent 
with recent theoretical trajectory calculations,19'20 
which suggest that a W alden inversion mechanism is

Figure 6. Apparent reaction cross section for formation of 
tritiated n-butane as function of translational 
energy of T2+.

involved  in the displacement o f a H  atom  in methane 
or ethane b y  a fast T  atom . T he ejection  o f the light 
species as atom s rather than as m olecular T H  in ^ - b u 
tane collisions m ay be due to the H  atom  leaving from  
a side o f the butane m olecule opposite that o f the in
com ing T 2 projectile. Consequently, it w ould be ster- 
ically difficult for the displaced H  atom  and the second 
T  atom  to unite. T he hot tritium  recoil experiments 
o f R ow land and C hou21 (w ith partially deuterated 
methanes) also lead to the conclusion that substitution 
is a concerted reaction involving the strong interaction 
o f four or more atoms.

N ote that the experimental threshold is considerably 
higher than the activation energy for deuterium  dis
placem ent o f hydrogen in surface-catalyzed reactions.22 
Further evidence that surface reactions initiated by  
free-radical form ation from  collision o f the fast beam 
with a surface were o f little im portance came from  an 
experiment with mixtures of D 2 and T 2 in the ion 
source and the T 2 partial pressure near that o f a normal 
T 2 run. D 2+ was mass selected and converted to D 2 by 
charge exchange, and the neutralized D 2 collided with a 
crossed sheath o f n-butane. N o yield o f tritiated bu
tane was obtained from  these interactions.

T he form  of the probability curve (Figure 5) sug
gests that as the translational energy of the T 2 is in
creased other channels o f form ation o f tritiated butane 
open. The present experiment can only determine the 
threshold for the lowest energy process.

The behavior o f the curve for tritiated butane pro
duction with translational energy o f ionic tritium  T 2+ 
(Figure 6) suggests that there are at least tw o mech
anisms o f reaction with butane, a low -energy channel 
whose threshold is less than 5 eV and a high-energy

(19) D. L. Bunker and M. D. Pattengill, Chem. Phys. Lett., 4, 315 
(1969); J. Chem. Phys., 53, 3041 (1970).
(20) P. J. Kuntz, E. M . Nemeth, J. C. Polanyi, and W . H. Wong, 
ibid., 52, 4654 (1970).
(21) C. C. Chou and F. S. Rowland, unpublished work.
(22) G. C. Bond and P. B. Wells, Advan. Catal., 15, 92 (1964).
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Table I : Possible Mechanisms of Formation
of n-C4H9T from T2 and n-C4Hi0

Threshold
energy

Mechanism (lab),“ eV

1. T2 +  ii-C4H10 —  n-C4H9T +  T +  H 5.0
2. T2 +  k-CJIio —  W-C4H9T +  TH AH  =  0

-Ê'act <  2
3. T2 +  n-C4H10 —► T +  T +  n-C4Hio 

T +  n-C4H10 ->  n-C4H9T +  H
8.5

4. T2 wa> T +  T
T -f- n-C4Hio —► tt-C4H9T -f- H 8.2

5. T2 ~b n-C4Hio —► C4Hg +  H +  T -j- T
C4H9 +  T2 ->  C4H9T +  T 9.5

6. T2+ +  D2 -»• T + +  T +  D2 (in charge ex
change cell)

T +  ra-CJLo —  n-C4H9T +  H 11.8
7. T2+ +  D2 -*• TD2+ +  T (in charge exchange 

cell)
T -f* n-C4Hio —> 71-C4H9T -f- H 3.7

8. T2 -f- n-C4Hio —► C4H9T+ -j- H +  T +  e~

9.

C4H9T+ +  n-C4H,o —■ n-C4H9T +  C4H9 +
surface

16.8
0.5I 2 T  7i-L/4xiio “  r  ?l-04xl9J- T  i l l  catalysis

“ Experimental threshold = 6.0 ±  0.6 eV. The threshold 
energies have been calculated from the known heats of forma
tion of the species involved and converting from center of mass 
to laboratory coordinates. In those mechanisms involving two 
consecutive reactions, the second being the displacement reac
tion of atomic tritium, the threshold energy of the latter is 
taken to be 1.7 eV. Furthermore, it is assumed that both 
tritium atoms in the first reaction must acquire at least 1.7 eV 
of translational energy each in order that one of them may 
undergo the subsequent displacement reaction.

m ode that peaks at ^ 6 0  eV. T he m ost likely m ode 
for the low -energy reaction is a triton  transfer reaction

T 2+ +  71-C 4H 10 — >  C 4H 10T +  +  T  (6)

follow ed b y  loss of H 2 and H ~  pickup at the walls of 
the collision chamber

C 4H 10T +  — >  C 4H 8T +  +  H 2 (7)

C 4H 8T +  +  H -  (wall) — >  n -C 4H 9T  (8)

Since the initial ion -m olecule reaction is exothermic, 
its cross section should decrease as the translational 
energy o f T 2+ is raised.9 The probability  curve ob 
served (Figure 6) is in accordance with this expectation. 
The higher energy mechanism m ay involve a collisional 
dissociation o f the butane b y  the fast T 2+ follow ed by  
reaction o f the butyl radical with molecular tritium  
present in small concentration in the collision cham ber 
or w ith tritium  on the walls.

T2+ +  n-C4Hio —► C4H9 +  H +  T+ +  T (9)
C 4H 9 +  T 2 — >  C 4H 9T  +  T  (10)

The endotherm icity of the sequence of reactions 9 
and 10 is approxim ately 7 eV. This threshold

w ould therefore not be discernible in the presence o f the 
more probable ion-m olecule reactions 6-8 .

The translational energy dependences o f the reaction 
probability  for tritiated butane form ation, presented 
in Figures 5 and 6, exhibit characteristics that 
are evidence for certain mechanisms b y  which the 
tagged molecules are form ed. The curves them selves 
would be considered “ excitation functions”  if the or
dinates were accurate absolute cross sections for cre
ation of product. Prerequisites for direct determ ina
tion o f the excitation function of a chem ical reaction 
are the control and knowledge o f the chem ical natures, 
states o f excitation, and the kinetic energies o f the tw o 
reactants at the m om ent o f their reactive collision. 
These conditions o f course require that the tw o species 
collide at m ost once. Since these requirem ents are not 
attainable over the entire energy range under the condi
tions o f the experiment, it was necessary to  obtain  an 
excitation function from  the data by  an indirect m ethod.

T he cross sections for form ation o f tritiated butane 
from  collision o f T 2 and n -C 4H i0, as calculated from  eq 
3, are the data points p lotted  in Figure 5 if the or
dinate scale is read in units o f 10-16 cm 2/m olecu le . 
The peak of the curve, ~ 2 0  X  10-16 cm 2/m olecu le , 
is som ewhat lower than that for a gas kinetic collision. 
How ever, the observation that the values remain high 
even at 60-90 eV leads us to the conclusion that at high 
kinetic energies the fast tritium species and the butane 
m ay undergo collisional dissociation. T he basis for 
this conclusion is that our observed probability  curve 
resembles that for dissociative collisions derived b y  
Karplus, Porter, and Sharma23 from  their tra jectory  
calculations on interactions with H 2 and D 2 o f fast tri
tium  atom s with energies in the same range as that o f 
the experiment reported here. The dissociation m ay 
be into butyl radicals and tritium  atom s, the latter dis
placing hydrogen from  other n-butane m olecules (m ech
anisms 3 and 4 of T able I ) . The reaction o f bu tyl rad
icals w ith T 2 (m echanism 5) is apparently ruled out b y  
the absence of tritiated product when fast D 2 m olecules 
were introduced into the chamber.

H ow ever, the shape o f our curve is also representative 
o f a “ thick target”  experiment, in which m any energy
degrading collisions occur. In  our experim ental ar
rangement it is possible that after entering the collision 
cham ber as a reasonably collim ated beam, the T 2 m ole
cules pass through the sheath o f target molecules and 
some react. T he remainder m ay reflect off the farthest 
wall o f the collision chamber, being m oderated som e
what in kinetic energy in the process. I f  their initial 
energy is greater than 8.2 eV, they m ay dissociate. 
The atom s and molecules m ay then pass through the 
sheath again and will have a second chance to react. 
The process m ay continue until the translational energy

(23) M . Karplus, R . N. Porter, and R. D . Sharma, J. Chem. Phys., 
45,3871 (1966).
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of the T 2 or the T  atom s fall below  the threshold energy 
for the form ation o f tritiated butane. Since multiple 
collisions cannot be ruled out, we have further treated 
our yield data in accordance with the theory o f P orter24 
in order to derive an excitation function for the form a
tion of tritiated butane. Assum ing numerous energy
degrading encounters of the hot species, this author has 
given an exact general treatm ent suitable for transfor
m ation o f the total yield o f product Y (E ) , defined in eq 
1, into the absolute reaction cross section 2  (E ). 
His integral equation is

Y i(E ) =  Pi(E) +  [ l  -  ¿ P I C E ) ]  X

f  ir {E ,E ')Y t(E ')  dE' (11) 
Jo

in which Yi(E) is the yield o f product i when the initial 
kinetic energy o f the tritium  is E, Pi(E) is the probabil
ity  of form ing the product i when the collision occurs at 
the initial energy, p ,(E )  the probability  o f form ing 
another product j  at the same kinetic energy, iv(E,E') 
the probability  that the energy o f the fast species is re
duced from  E  to  E' in one collision with the target, and 
Yi(E') is the product yield at the reduced energy E '. 
pf(E) is defined by

P i(E ) =  £ , ( # ) / £  *(E ) (12)

2 ¡(7?) being the cross section for form ing i at energy E 
and 2 t being the total collision cross section. In  order 
to convert P orter’s relation into a tractable form  appli
cable to our results, it is necessary to  make approxim a-

k
tions as to the behaviors o f w(E,E'), £  Pj(E), and 2 t(E)

3 =  1
with E. M enzinger and W olfgang6 have considered 
the reasonably valid approxim ations, eq 13 and 14, re
spectively

t (E,E') =  [(1 -  0)E }~1 for 01E < E '  < E
(13)

=  0 for E <  E' <  0E

where 0 is the constant energy loss parameter, which 
may be obtained from  kinetic theory analysis o f hot 
T -atom  reactions25

i p A E )  =  A iPi{E) (14)
3 = 1

which states that both  the total reaction probability 
and the reaction probability of interest have the same 
functional dependence on E, differing in magnitude by 
the constant A  and

£ t (E) =  £ t( l  e \ ) E ~ 1/e (15)

where 2 t(E) is taken equal to  the gas kinetic cross sec
tion, whose energy dependence is determined b y  the 
inverse power-repulsive wall potential that is control
ling in high-energy collisions. 2 t( l  eV) for T 2 on n -C 4- 
Hio is taken to be 43 X  10~16 cm 2/m olecu le .

W ith  these three approxim ations M enzinger and 
W olfgang derived the following relation betw een prod
uct yield and reaction cross section

£i(A l) = | [ w )  -

/ " O ^ S  ] } x
£ t( l  eV )E~lf> ( i 6)

Since grazing collisions in which there is little energy 
loss are dom inant in the interactions o f fast light atoms 
with slow m oving molecules in the gas phase, Porter and 
K u n t24 have recently concluded that isotropic scattering 
im plicit in the first approxim ation is not very  realistic. 
H ow ever, the classical hard-sphere scattering should be 
applicable in our case, since the m oderation o f the en
ergy o f the tritium is occurring m ainly in collisions with 
gas molecules adsorbed on the walls o f the cham ber in 
this experiment.

W e have applied eq 16 to the data in Figure 5, us
ing the third-order polynom ial

£ i  =  - 0 .3 9  +  7.278E -

0.16147F12 +  0.0010981F3 (17)

as the best fit to  the experimental results. E quation 
16 was solved by  com puter calculation with several 
different assumed values o f 0 and A .  Representative 
excitation functions with A  =  1 are presented in Figure
7. It  was found that the curves obtained for a 
given energy loss param eter 0 were the same for all 
values of A  from  0.1 to 1.0. H ow ever, as seen from  the 
figure, the derived excitation function is strongly de
pendent on the energy loss param eter. A lthough the 
hard-sphere m odel gives 0 as the simple function o f the 
masses of the colliding partners

0 =  (mi — m2y/(m  i +  m2) 2 (18)

which equals 0.66 for T 2 and n -C 4H 10, kinetic theory 
analysis of recoil tritium  experiments suggest that in
elastic energy losses during energy m oderation reduce 
0 to  0.2.6'26 In  Figure 7, we see that the excitation 
function  for 0 =  0.2 rises from  a threshold at 6 eV 
(laboratory energy) to a m axim um  o f 4 X  10“ 18 cm 2/  
molecule near 20 eV  and then drops rapidly as the 
translational energy is increased to 50 eV. T he form  
of the excitation function derived from  our data is thus

(24) R. N. Porter, J. Chem. Phys., 45, 2284 (1966); R . N. Porter 
and S. Kunt, ibid., 52, 3240 (1970).
(25) P. Estrup and R. Wolfgang, J. Amer. Chem. Soc., 82, 2665 
(I960); R . Wolfgang, J. Chem. Phys., 39, 2983 (1963).
(26) A. H. Rosenberg and R. Wolfgang, ibid., 41, 2159 (1964); 
D. Seewald and R. Wolfgang, ibid., 47, 143 (1967); P. J. Estrup, 
ibid., 41, 164 (1964).
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Figure 7. Calculated excitation functions for tritiated 
ra-butane production from reactions of accelerated T2 and 
thermal 77-butane for various values of the energy 
loss parameter, 0.

similar to those found by  M enzinger and W olfgang for 
the system T 2+ +  cyclohexane (solid), except that 
theirs peaks at 10 eV. O f more im portance, however, 
is the great difference in values o f the reaction cross 
sections over the range of energies. W e derive cross 
sections o f 0 to 4 X  10 _18 cm 2/m olecu le  for T 2 collid
ing with gaseous n -C 4H i0, whereas their com puted 
values for T 2+ on condensed c-C 6H i2 lie in the m uch 
higher range o f 0 to 5 X  10~ 16 cm 2/m olecu le . A  
plausible but only partial explanation for the difference

m ay be collisional deexcitation o f the tritiated product 
in the condensed target medium in their experim ent, a 
process m uch less likely in the very  low  density 
crossed sheath in the work reported here. M a n y  
labeled products resulting from  dissociation of excited 
parent are thus expected here, and several are indeed 
observed. T hey  will be the subject o f a future publi
cation. T he fragm entation o f v ibrationally and rota- 
tionally excited tritiated butane will obviously reduce 
its yield, and thus decrease the reaction cross section, 
since the cross sections calculated are alm ost propor
tional to the yields o f the products. Our m easured 
yields are roughly tw o orders of m agnitude smaller 
than M enzinger and W olfgang ’s. It  is o f interest to  
note, however, that the reaction probability  curve ob 
served b y  us is similar in shape to that reported b y  them  
for a T 2+ or T +  ion beam  im pinging on a condensed 
target o f cyclohexane.

T he measured reaction cross sections for T 2+ +  n- 
C 4H 10 (Figure 6 ) are in agreement with cross sections 
for ion-m olecule reactions .9 The rise o f the curve at 
low  collision energies o f the T 2+ species is in agreem ent 
with Paulus’ obervations for T +  reacting with n -C 4Hio 
gaseous target.6
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A study of pyrolysis of 2-nitropropane at 323 and 350° is compared with recent data obtained for the decom
position of nitromethane and nitromethane-d3. Additional experiments with added oxides of nitrogen and 
with oxygen show that 2-nitropropane decomposes almost exclusively by an intramolecular mechanism to 
propylene. Minor products such as acetone and methyl cyanide, previously discussed in terms of a chain 
mechanism involving the nitroalkane, are probably formed by secondary oxidation of propylene. Independent 
experiments involving the oxidation of propylene and nitrogen dioxide are described.

Introduction
Nitrom ethane decom poses via fission of the C -N  

bond to  yield  m ethyl radicals which, in turn, react with 
the nitroalkane b y  a short-chain radical m echanism .1’2 
It  has been suggested that the higher nitroalkanesla’0'3-6 
decom pose by  intram olecular rearrangement to elim
inate an alkene. H owever, some o f the reaction prod
ucts from  the pyrolysis o f these nkro com pounds suggest 
a radical mechanism,6 and the present work is con
cerned with elucidating the im portance o f radical re
actions in the pyrolysis o f 2-nitropropane.

Experimental Section
Materials. 2-N itropropane (B D H ) was purified by 

fractional distillation using a spinning-band column 
(Buchi). M eth yl cyanide (Fisons L td .) and isopropyl 
nitrite (K och-L ight Laboratories L td .) were also puri
fied by  fractional distillation, while the gases were com 
mercially available at over 99 .5%  purity, impurities not 
being detectable by  gas chrom atography.

Apparatus. The apparatus was similar to that al
ready described,2 pressure measurements being made 
with a transducer (Consolidated Electrodynam ics) 
connected to  a recorder (G oertz R E  511).

Analysis. The reactant and m ost of its pyrolysis 
products were determined by  gas chrom atography,2 the 
chrom atograph being linked to a mass spectrom eter 
(A E I M S 12) in order to  identify the peaks. C ol
umns of silica gel (100-150 mesh) (for hydrocarbons), 
Celite (acid-washed, 100-120 m esh )-10%  Carbowax 
1500 (for nitromethane, acrolein, 2-nitropropane, 
acetone, m ethyl cyanide, 1,2-epoxypropane, and iso
propyl nitrite), and Porapak Q (100-120 mesh) (for hy
drogen, nitrogen, and nitric oxide)7 were used.

The total concentration of nitric oxide and nitrogen 
dioxide was determined by  an adaptation o f a method 
for nitrogen dioxide, using azulene and p-nitroaniline,8 
and the concentration o f nitrogen dioxide was found by 
subtraction.

Results and Discussion
A t the start of reaction, the yield of propylene from

2-nitropropane is quantitative (Figure 1). The prin
cipal nitrogen-containing products are nitric oxide and 
nitrogen dioxide, the yield of nitrogen at the end o f reac
tion being less than 3% . Small amounts o f acetone, 
acrolein, 1,2-epoxypropane, m ethyl cyanide, and nitro
methane were also detected, their presence being con
firmed by  mass spectral analyses (Table I).

Propylene m ay be form ed from  2-nitropropane by 
intram olecular elimination o f H N 0 2

or by  fission o f the C -N  bond, follow ed by radical reac
tions

N 0 2
I

C H 3- C H — C H 3 — ► CHs— C H - C H 3 +  N 0 2 (2) 

(I) (II)

(I) +  (II )

n o 2 n o 2

C 3H 8 +  (C H 3- C - C H 3 or C H 3— C H — C H 2) (3)
(III)

T he activation energy has been determined in sev
eral previous studies. In  a static system a value of

(1) (a) C. Frejacques, C. R. Acad. Sci., 231, 1061 (1950); (b) T. L. 
Cottrell, T. E. Graham, and T. J. Reid, Trans. Faraday Soc., 47, 584 
(1951); (c) P. Gray, A. D. Yoffe, and L. C. Roselaar, ibid., 51, 1489 
(1955).
(2) C. G. Crawforth and D. J. Waddington, ibid., 65, 1334 (1969).
(3) T . L. Cottrell, T. E. Graham, and T. J. Reid, ibid., 47, 1089 
(1951).
(4) T. E. Smith and J. G. Calvert, J. Phys. Chem., 63, 1305 (1959).
(5) K . A. Wilde, Ind. Eng. Chem., 48, 769 (1956).
(6) G. N. Spokes and S. W. Benson, J. Amer. Chem. Soc., 89, 6030 
(1967).
(7) C. G. Crawforth and D. J. Waddington, J. Gas Chromatogr., 6, 
103 (1968).
(8) E. E. Garcia, Anal. Chem., 39, 1605 (1967).
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Table I :  Formation of Some Products (mm) at 350° from (a) the Pyrolysis of 2-Nitropropane,
(b) the Reaction of 2-Nitropropane and Oxygen, (c) the Reaction of 2-Nitropropane and Nitrogen 
Dioxide, and (d) the Reaction of Propylene and Nitrogen Dioxide

✓-------------------------------------------------------- Product------

Reaction Acetone Acrolein
1,2-Epoxy-

propane
Methyl
cyanide

Nitro
methane

2-Nitro-
propane

(a) 2-Nitropropane, 20 mm 0.15 0.3 0.2 1.1 0.5 0 .0
(b) 2-Nitropropane, 20 mm; 0.6 0.04 0 .1 1.0 1.6 0 .0

oxygen, 40 mm
(c) 2-Nitropropane, 20 mm; 0.4 0.3 0.2 1.4 1.2 0 .0

nitrogen dioxide, 20 mm
(d) Propylene, 50 mm; 0.8 0.4 0.3 0.8 0.4 2.6

nitrogen dioxide, 50 mm

Figure 1. Pyrolysis of 2-nitropropane. Formation of products 
at 323°: Initial pressure, 30 mm; •, hydrogen (X 1 0 ) ; », 
nitrogen dioxide; O, nitric oxide; &, propylene;
-----, pressure change.

164.4 kJ m ol-1 was found (between 250 and 3 3 7 °),4 
while, in flow systems, values o f 163.1 (between 367 and 
3 9 7 °)6 and 167.3 ±  2.1 kJ m ol-1 (between 500 and 
7 05°)6 have been reported. C om putation for the 
enthalpies o f reactions 1 and 2 m ay be com pared with 
these experimental activation energies. Standard en
thalpies o f form ation o f 2-nitropropane, propylene, iso
propyl, nitrogen dioxide, and H N 0 2 o f — 143.9, 20.1,
73.6, 33.0, and —77.9 kJ m ol-1 were used.9 On con
sidering reaction 1 first, and attem pting to estimate 
Arrhenius parameters, one may apply the generalization 
that the activation energy o f such an endotherm ic reac
tion is at least (AH +  34) kJ m ol_ ) .10 As both  the N H  
group and the oxygen  atom  appear to be sterically 
equivalent to  the methylene group and, in general, the 
same strain conditions will prevail in heterocyclic com 
pounds as in carbocyclic system s,11 one m ay allow for a 
strain energy of approxim ately 44 kJ m ol-1 ,12 giving a 
low er lim it for the activation energy of 164 kJ m ol-1 , 
com pared with an endotherm icity of 251 kJ m ol-1 for 
reaction 2. M oreover, significant amounts o f propane 
are not found during the reaction, and the addition of

oxygen does not markedly alter the yield of propylene 
in the early stages of reaction (Table II ) , although the 
yield o f propylene is reduced towards the end o f reac
tion and the yield o f acetone increases (Table I ). 
Under these conditions, oxygen would have reacted w ith 
the precursor, as occurs on its addition to  decom posing 
nitrom ethane, the yield o f methane being reduced from  
3 0 %  to zero.2

Table I I : The Pyrolysis of 2-Nitropropane and 
the Formation of Propylene at 323°

Propylene, mm
2-N itropropane,

2-N itropropane, 20 mm;
Time, 2-Nitropropane, 20 mm; nitrogen dioxide,
min 20 mm oxygen, 40 mm 20 mm

1.0 0.8 0.8
2.0 1.2 1.4 1.2
2.5 1.3
4.0 3.0 1.3, 1.4
5.0 3.4 1.5, 2.0
6.0 3.2 2.7
7.0 4.0 2.8
8.0 2.8
9.0 4.2 3.3
9.5 4.0

10.0 4.4 4.1, 4.5
11.0 5.6
12.0 7.0

T o  test further whether radicals are form ed during the 
pyrolysis o f 2-nitropropane, nitric oxide was added. 
T he rate o f pressure increase was not altered (Table
III ) , but this is not, in itself, a diagnostic test for the 
absence o f radicals in the system. For example, addi-

(9) S. W. Benson, F. R . Cruiekshank, D . M . Golden, G. R. Haugen, 
H. E. O'Neal, A. S. Rodgers, R. Shaw, and R. Walsh, Chem. Rev., 
69, 279 (1969).
(10) S. W. Benson, J. Amer. Chem. Soc., 87, 972 (1965).
(11) For example, M. Hanack, “ Conformational Theory,”  Academic 
Press, New York, N. Y., 1965, p 20.
(12) For example, E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. 
Morrison, “ Conformational Analysis,”  Xnterscience, New York, 
N. Y ., 1965, p 200.
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tion o f nitric oxide does not affect the rate of decom 
position of nitrom ethane, yet the pattern of reaction 
products is changed.13 M ethyl radicals react w ith ex
cess nitric oxide to  form  nitrogen, the radicals being re
generated. The overall reaction can be represented as

CHj
4N O  N 2 +  2 N 0 2 (4)

Similar reactions have been reported involving ethyl14 
and teri-buty]16 radicals. Thus, if radicals are taking 
part in the pyrolysis o f 2-nitropropane, one would ex
pect the yield of nitrogen to  increase in the presence of 
excess of nitric oxide, but this does not occur.

Experiments w ith nitrogen dioxide confirm that rad
ical reactions do not contribute extensively to  the

Table I I I : The Pyrolysis of 2-Nitropropane; 
the Addition of Nitric Oxide at 323°

Pressure 
of nitric 

oxide 
added, 

mm

Final 
pressure 
(mm) of 
nitrogen 
formed5 mm 10 mm 15 mm 20 mm 25 mm

2-Nitropropane, 30 mm

0.0 5.0 10.0 15.0 21.0 28.0 < i
20.0 4.5 9.0 14.0 19.0 < i
20.0 4.5 9.0 < i
20.0 4.0 9.0 14.0 < i
20.0 4.0 7.5 12.0 17.0 < i
57.0 5.0 11.0 14.0 20.0 30.0 < i

100.0 5.0 9.0 14.0 < i

Table IV : The Rate of Consumption of 2-Nitropropane and Formation of Some Products (mm) at 350°

2-Nitropropane, 20 mm; 
-nitrogen dioxide, 20 mm- 
1,2-

Time,
min Acetone Acrolein

10 0.08 0.03
22 0.12 0.08
30 0.17 0.15
44 0.15 0.17

110 0.15 0.30

•2-Nitropropane, 20 mm-
1,2-

Epoxy- Methyl- 2-Nitro-
propane cyanide propane

0.05 <0.02 12.5
0.10 0.20 7.1
0.13 0.35 5.8
0.16 0.42 3.5
0.18 1.05 0 .0

Nitro
methane

Pro
pylene Acetone

1.35 8.9 0.27
0.6 11.0 0.58
0.8 12.3 0.59
0.7 14.3 0.58
0.5 16.8 0.35

Acrolein
Epoxy
propane

Methyl
cyanide

0.09 0.10 0.20
0.17 0.22 0.62
0.23 0.26 0.85
0.25 0.27 0.85
0.26 0.20 1.35

2-Nitro- Nitro Pro
propane methane pylene

12.0 1.85 8 .0
6.4 0.52 8 .6
5.4 1.26 10.1
3.5 1.0 11.0
0.0 1 .2 11.8

pyrolysis of 2-nitropropane. On addition of nitrogen 
dioxide, the rates of pyrolysis o f nitrom ethane and 
nit,romethane-d3 are decreased, showing that radicals 
are being stabilized and the chain reaction retarded16

C H S +  N 0 2( + M )  — >  C H sN 0 2( + M )  (5)

Likewise, the action of nitrogen dioxide on the pyrolysis 
o f 2-nitropropane gives im portant inform ation about 
the mechanism. The rate o f consum ption o f nitro- 
alkane is unaltered (Table IV ), showing the absence of 
radicals. Isopropyl nitrite is not observed, even in pres
ence o f excess nitrogen dioxide although one would ex
pect it to  be form ed if the nitroalkane decom poses via 
an alkyl radical.

It  has been suggested that acetone and m ethyl cy
anide are form ed from  radical I I I

I I I  - h>- (C H 3— CO— C H 3 +  NO)

or (C 3H 6 +  N 0 2) (6)

I I I  — >  H C H O  +  C H 3C H N O  — >

CHaCNOH C H 3C N  (7)

H ow ever, I I I  is not form ed via reactions 2 and 3, 
but it has been suggested that it is form ed by  interac
tion of hydroxyl w ith 2-nitropropane. The most likely 
source o f hydroxyl might be considered to be from  
H N 0 2 but it is believed that this species decom poses by 
a bimolecular reaction to  yield nitric oxide and nitrogen

dioxide.6 Furtherm ore, on addition o f nitrogen di
oxide the yields o f acetone and m ethyl cyanide, to 
gether with those o f acrolein, 1,2-epoxypropane, and 
nitrom ethane are increased (Table IV ) without altering 
the rate o f decom position  o f 2-nitropropane.

The form ation o f acrolein and 1,2-epoxypropane in
dicate that it is the alkene that is the principal source of 
minor products. Independent experiments w ith pro
pylene and nitrogen dioxide were necessary as the only 
report on  this reaction does not give analytical data .17 
T he reaction is rapid under these conditions (Table V ) 
and acetone, acrolein, 1,2-epoxypropane, methyl cy
anide, nitromethane, and 2-nitropropane are am ong the 
products (Table I). M oreover, propylene reacts faster 
than 2-nitropropane with nitrogen dioxide (Tables IV  
and V ), showing that the m inor products are largely 
form ed from  the alkene. It is not in order to  discuss a 
detailed mechanism for the oxidation of the alkene, but 
acetone and 1,2-epoxypropane are no doubt form ed by 
attack at the double bond and acrolein b y  attack at the 
m ethyl group, in m uch the same w ay as the oxidation of

(13) C. G. Crawforth, Ph.D. Thesis, University of York, 1968.
(14) G. L. Pratt, J. Chem. Soc. A, 1757 (1966).
(15) B. G. Gowenlock and M . J. Healey, J. Chem. Soc. B, 1014 
(1968).
(16) C. G. Crawforth and D. J. Waddington, J. Phys. Chem., 74, 
2793 (1970).
(17) T. L. Cottrell and T. E. Graham, J. Chem. Soc., 3644 (1954).
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Table V : The Reaction of Propylene with 
Oxygen and Nitrogen Dioxide at 323°

-Propylene, mm-
Time, Propylene, 30 mm; Propylene, 30 mm;
min oxygen, 30 mm nitrogen dioxide, 30 mm

0 30.0 30.0
5 30.0 24.0, 24.6

10 24.0
11 23.2
15 22.1 24.0

propylene18 and higher alkenes19 occurs in presence of 
m olecular oxygen.

Experiments w ith oxygen and with the oxides o f ni
trogen indicate that intram olecular decom position o f 2- 
nitropropane is the m ost im portant process, but prod
ucts such as acetone, 1,2-epoxypropane, m ethyl cy 
anide, and nitromethane are form ed by  subsequent 
oxidation o f propylene by  nitrogen dioxide.

Acknowledgments. Thanks are due to  Shell R e 
search Ltd. for financial assistance for apparatus and to  
Dr. C. B. Thom as for mass spectrom etric analyses.

(18) S. Oba and W. Sakai, Bull. Chem. Soc. Jap.. 40, 681 (1967).
(19) D. J. M . Ray and D. J. Waddington, J. Amer. Chem. Soc., 90, 
7176 (1968).
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The irradiation chemistry of octamethyltrisiloxane was studied in an attempt to define the nature of the 
scissioning reaction in polydimethylsiloxane. Three linear products, hexamethyldisiloxane, decamethyltetra- 
siloxane, and dodecamethylheptasiloxane were produced in high yields. The cyclic product, octamethyl- 
cyclotetrasiloxane, was also present in appreciable quantities. On the basis of the dimer yields, the G cross- 
linking was found to be 2.85.

Introduction
The behavior of silicones exposed to ionizing radia

tions such as 60C o 7  rays has been of considerable inter
est for the past decade. Several low molecular weight 
species, both  cyclic and linear,1” 4 as well as linear poly 
mers and elastomers6-8 have been studied. A lthough 
numerous investigators1’7’9’ 10 characterized quite thor
oughly the cross-linking phenomena at an early date, 
the extent and mechanism of any backbone scission and 
rearrangement remained obscure for some time. This 
was due largely to the fact that in most techniques used 
the results of scissioning and cross-linking were observed 
simultaneously, yielding thereby a net cross-linking or 
scissioning but neither phenom ena could be observed 
alone. On this basis, the rather small yields which 
were obtained from  the first attem pted radiation p o ly 
merizations o f cyclic m onom ers ,11’12 the early viscosity 
data o f Charlesby13 and the results of K ilb ’s light 
scattering measurements14 all led to the conclusion 
that backbone scissioning was either nonexistent or 
negligible with respect to cross-linking .16

The first evidence that the extent of scissioning was 
underestimated came from  a study of hexamethyldisi-

loxane3 in which the ratio o f products assignable to 
scissioning to those of cross-linking was 1 :2 .5 . Later, 
working with polydim ethylsiloxane, P D M S , Charlesby16

(1) S. W. Kantor, Abstracts, 140th National Meeting of the Ameri
can Chemical Society, Atlantic City, N. J., Sept 1956, ORGN p4.
(2) E. L. Warrick, Ind. Eng. Chem., 47, 2388 (1955).
(3) H. A. Dewhurst and L. E. St. Pierre, J. Phys. Chem., 64, 1063 
(1960).
(4) L. E. St. Pierre, H. A. Dewhurst, and A. M. Bueche, J. Polym. 
Sci., 36, 105 (1959).
(5) A. A. Miller, J. Amer. Chem. Soc., 82, 3519 (1960).
(6) A. A. Miller, ibid., 83, 31 (1961).
(7) A. M. Bueche, / .  Polym. Sci., 19, 297 (1956).
(8) R. K. Jenkins, J. Polym. Sci. Part B, 2, 999 (1964).
(9) S. Okamura, T. Manabe, S. Futami, T. Iwasaki, A. Nakajima,
K. Odan, H. Inagaki, and I. Sakurada, Proc. Int. Conf. Peaceful Uses 
At. Energy, 3rd, 29, 176 (1958).
(10) M. Koike, J. Phys. Soc. Jap., 18, 387 (1963).
(11) C. J. W olf and A. C. Stewart, J. Phys. Chem., 66, 1119 (1962).
(12) E. J. Lawton, W. T. Grubb, and J. S. Balwit, J. Polym. Sci., 
19, 455 (1956).
(13) A. Charlesby, Proc. Roy. Soc., Ser. A, 230, 120 (1955).
(14) R. W. Kilb, J. Phys. Chem., 63, 1838 (1959).
(15) A. Chapiro, “ Radiation Chemistry of Polymeric Systems,”  
fnterscience, New York, N. Y., 1962, Chapter IX , Section 8.
(16) M . G. Ormerod and A. Charlesby, Polymer, 4, 459 (1963).
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found that his own earlier solubility fraction data and 
that of M iller,6 replotted according to the m ethod of 
Charlesby and P inner,17 yielded ratios o f 1 :6  and 1 :4 , 
respectively. Finally, a recent study o f scissioning in 
pure P D M S  networks b y  in situ stress relaxation18 re
vealed that CCscission) was not on ly substantial but 
was also dose rate dependent.

In  order to resolve the apparent conflict in the re
sults, a study o f octam ethyltrisiloxane was undertaken 
in the hope that some insight into the mechanism of 
backbone cleavage and rearrangement could be gained 
from  the nature of the radiolysis products. Octam eth
yltrisiloxane was chosen because (a) it contains all the 
elements of a linear polydim ethylsiloxane, (b) its ra
diation products could be expected to  be o f sufficiently 
low molecular weight to  perm it analysis by  gas chrom a
tography, (c) its fragm entation pattern could be stud
ied in the mass spectrom eter, and (d) S i -0  recom bina
tion products can be discriminated from  those resulting 
from  fragm ent exchange betw een molecules.

Experimental Section
1. Preparation of Octamethyltrisiloxane. O ctam eth

yltrisiloxane (M D M ) obtained from  the General E lec
tric Co. was purified on a Varian Aerograph preparative 
gas chrom atograph using a 20 ft  3/ 8 in. silicone SE-30 
colum n, 3 0%  on Chrom osorb W , and nitrogen carrier 
gas.

2. Preparation of Samples. T he bulk liquid was 
placed in a flask, A , equipped with a break-seal side arm, 
and was degassed by  repeating a cycle of freezing, pum p
ing at high vacuum  (1 p) for 15 min, and thawing at 
least 14 times. W ith  the liquid frozen the flask was 
then sealed. Silica gel contained in an adjoining tube 
was activated b y  wrapping a heating tape about it and 
pum ping for 24 hr at high vacuum  and at a tem pera
ture o f approxim ately 200°. T he system was then 
sealed and the break-seal to  flask A  was opened, 
allowing the siloxane to  pass through the silica gel 
prior to being condensed in a third flask, B , the latter 
being immersed in liquid nitrogen. A fter all the M D M  
had passed through the colum n, flask B was sealed. 
Flask B  was then attached to  a row  of ampoules. The 
ampoules were dried b y  playing a bunsen flame over 
them  for 0.5 hr and then left ar 200° overnight under 
high vacuum . T he entire section was subsequently 
closed to vacuum , the break-seal opened and individual 
ampoules containing ~ 2  ml of M D M  were sealed off. 
The samples to  be irradiated contained an im purity 
content of less than three parts per thousand.

8. Dosimetry. T he samples were irradiated in an 
A tom ic Energy of Canada Ltd. Gam m acell 220, 3500 C i 
cobalt-60 7 -ray source. T he dose at a given irradia
tion position was determ ined b y  Fricke19 dosim etry 
using a G (Fe2+ -► F e3+) =  15.5. A ll doses were cor
rected for the difference between the electron density 
of the sample and that o f the dosimeter solution. The

R adiation Chemistry of Octamethyltrisiloxane

dose rate was 2.51 ±  0.08 times 1019 eV g _1 hr-1 and 
the samples were given a maximum dose o f 3.11 X  10n 
eV /g .

4- Analyses of Samples. Im m ediately after they 
were opened, the irradiated solutions were analyzed on 
a Varian 90-B chrom atograph equipped with a thermal 
conductivity detector. T he same colum n mentioned 
in section 1, with helium as the carrier gas, was used to 
separate the com ponents of the irradiated mixture for 
both  analytical and preparative purposes. This tech
nique had three advantages: (a) sufficiently large in
jections (0.5 ml) could be made to  allow for collection 
and identification of peaks b y  mass spectrom etry and 
ir, (b) the amount injectable for analytical purposes 
could be increased so that peaks due to  radiolysis prod
ucts could be observed at recorder attenuations 
which were free o f noise and possessed a stable base 
line, and (c) the length o f the colum n gave excellent 
resolution of almost all the peaks. A  Beckm an 10-in. 
recorder was equipped with a disk integrator so that 
areas o f peaks were obtained directly.

Identification o f products b y  gas chrom atography 
was based on retention tim e studies of standard com 
pounds on two different length silicone columns (3 
and 20 f t ) and at different temperatures. M ass spec
tra and ir analyses were perform ed on samples obtained 
b y  collection of the peak im m ediately after it left the 
detector.

Once the products were identified, n-octane was se
lected as an internal standard and calibration solutions 
of n-octane and known com pounds were prepared. 
W ith  a constant bridge current o f 200 m A  and detector 
tem perature o f 300°, the response factor, Rx for each 
com pound relative to  n-octane, was obtained according 
to  eq  1

^  w t %  (x) ^  area (n-octane) ^
area (x) w t %  (n-octane)

The values for the linear siloxanes were plotted  vs. m o
lecular weight (Figure 1) so that response factors could 
be extrapolated for cross-link products which were un
available as calibration standards.

The weight per cent o f any product of radiolysis was 
determined by  chrom atographing a mixture of n-octane 
added to a weighed am ount o f irradiated liquid. The 
weight per cent was obtained b y  the application o f eq 
1, and this was then corrected to  its value in the ir
radiated liquid alone b y  eq. 2

true w t %  of irrad product =

, (  w t n-octane\
^ % H 1 +  v iM D ir ) (2)

(17) S. Pinner and A. Charlesby, Proc. Roy. Soc., Ser. A, 249, 367 
(1959).
(18) G. B. Tanny and L. E. St. Pierre, unpublished work.
(19) N. Miller and J. Wilkinson, Trans. Faraday Soc., 50, 690 
(1954).
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MOLECULAR WEIGHT
Figure 1. Calibration curve of response factors of known 
linear siloxane standards vs. molecular weight. Chromatograph, 
Varian 90-B; detector temperature 300°; detector 
current 200 mA.

where wt n-octane = weight added to n-octane and 
wt M DM  =  weight of irradiated M DM.

All mass spectrometry was performed on an AEC 
MS902 mass spectrometer.

Results and Discussion

1. Radiolysis Products. A typical chromatogram of 
the liquid products obtained on the 20-ft silicone column 
is shown in Figure 2. Peak no. 1, 3, and 4 were 
identified from their retention times and mass spectra 
as the linear siloxanes, hexamethyldisiloxane (MM ), de- 
camethyltetrasiloxane (M D2M), and dodecamethyl- 
heptasiloxane (M DSM ), respectively. Their yield vs. 
dose curves (Figure 3) are nearly linear at low doses, 
but exhibit a positive deviation from linearity at higher 
values, i.e., higher total conversion. This suggests 
that irradiation of products or reaction of reactive 
species with them is beginning to occur. This obser
vation is not surprising since in the region of curvature 
the overall conversion has reached 6-8%.

Peak no. 2, in Figure 2, had a retention time identical 
with that of octamethylcyclotetrasiloxane (D4). 
However, since to our knowledge this would represent 
the first time that a cyclic product has been reported 
to arise from a linear siloxane as a result of irradiation, 
the possibility that the peak might be some other 
product was checked by infrared and mass spectroscopy.

Although the mass spectrum (see Table III) 
tended to support the assignment of D4 as the prod
uct, infrared spectra were necessary, as nonameth- 
yltetrasiloxane has the same highest mass (281) in the 
low-resolution mass spectrum and might have a reten
tion time coincidental with D4. Since the infrared 
spectrum (see Table III) did not reveal any peak in
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the 2100-2300-cm-1 region in which Se-H is ob
served,20 the product was concluded to be D 4.

The yield vs. dose curve for D4 is shown in Figure 4. 
Once again a positive deviation from linearity is appar
ent at higher doses.

It is noteworthy in the present work that the SiH 
functionality, reported by earlier authors,4'6'7 is not 
present. It was first thought that the careful exclusion 
of moisture might have been the reason that none was 
found. However, ir measurements on bulk M DM  
which had been irradiated in the presence of moisture 
also failed to reveal any Si-H absorption.

Peaks no. 5-10, in Figure 2, were identified 
both from their position on the chromatogram and 
from the highest mass peaks of their low-resolution 
mass spectra, as the cross-linked dimer products (Table 
I). The cross-linked products proposed are function
ally the same as those determined by Dewhurst and 
St. Pierre3 for hexamethyldisiloxane. These were the 
disilane, the sil-methylene, and the sil-ethylene bridged 
dimers. Since there are two equivalent and one non
equivalent silicon atoms in M DM , there are three pos
sible structural isomers for each type of product.

Table I

Peak
no.

Highest
ionization

peak,®
m/e Designation

6r( mole
cu les /100 

eV)

1 147 MM 0.95
2 281 d 4 0 .4 0
3 295 MD,M 1.26
4 369 MD,M 0 .4 0
5, 6, 7 427 Si-Si dimers 0.38
8 , 9 441 Si-CH2-Si dimers 1.82
10 455 Si-CH2-CH 2-Si dimers 0.65

1 To obtain molecular mass add 15 because of CH3loss.

Although three disilane peaks (which could be 
removed upon addition of Br2) were found, only two sil- 
methylene and one sil-ethylene appeared in the chro
matogram. It would thus seem that under the column 
conditions used, isomer resolution is lost as the mass of 
the dimer increases. The G values for = S i-S i= , ==Si- 
CH2-S i= , and = S i-C H 2-C H 2-S i= , 0.38,1.82, and 0.65, 
respectively, are larger than those found in the previous 
model compound investigation, but are in good agree
ment with average (?(gas) results obtained from two 
linear silicone oligomers by others working in this labo
ratory.21 Their values were (f(CH4) = 2.15, G(H2) = 
O.61 and G(C2H6) =  0.30. The value of G(total cross
links) =  2.85 is also in excellent agreement with other

(20) L . J . B e lla m y, “ In fra -red  S pectra  o f  C om p lex  M o le cu le s ,”  
W iley , N ew  Y o rk , N . Y ., 1954, C h ap ter 20, S ection  4.
(21) K . S. M a e n g  and L . E . S t. P ierre, unpublished  w ork .
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Figure 2. Typical chromatogram of product analysis, SE-30 column. Column temperature 130° until MDM peak (X  512) 
reached; temperature then raised to 220° at 10°/min and maintained at this temperature for duration.

%  CONVERSION i.B e.o

Figure 3. Linear product formation from the radiolysis 
of octamethyltrisiloxane.

Figure 4. Cyclic product formation from the radiolysis 
of octamethyltrisiloxane.

Table II

Author (?(cross-lmks)

Warrick2 2.8
St. Pierre, et al.* 2.5
Miller6 3.0
Charlesby18 3.1
Okamura9 2.8
This publication 2.8

published results, a short resumé of which is shown in 
Table II.

The yield vs. dose curves (Figure 5) for the cross- 
linked products also begin to exhibit a deviation from 
linearity at the same value of total yield as the other 
conversion products.

2. Mechanism of Product Formation. (4 ) Dt and MD?J- 
M. The presence of D 4 as a radiation product of MDM 
cannot be explained a priori without resorting to as
sumptions involving more than one radiation event per 
molecule, a path which is statistically highly unlikely. 
In an attempt to establish a more probable alternative, 
reference was made to 'he behavior of M DM  in the 
mass spectrometer, since mass spectrometric studies
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% CONVERSION !•» s ’°

Figure 5. Dimer product formation from the radiolysis 
of octamethyltrisiloxane.

have been helpful in explaining the radiolysis behavior 
of some hydrocarbons.22

Orlov28 has published results of a thorough examina
tion of the mass spectra of a number of siloxanes, both 
cyclic and linear. We have been able to reproduce his 
results for MDM  and have also performed exact mass 
measurements on the more important ions. Of par
ticular interest is the process by which the MDM
ion which has lost a CH3, termed M D M +(— CH3), is

I
transformed to the species -S i+ with the concurrent

I
ejection of a neutral molecule (C2H6SiO)2. This is 
shown schematically as

M DM  —V  MDM+

(CHajsSiA (CH3)8Si30 2+

(0.02)

M DM +(-CHi) — ► -Si+ +  (C2H6SiO)2 

(CH3)7Si30 2+

(100) (70)

where ( ) =  relative abundance compared with 
largest peak taken at 100; -*■ = postulated process; 
—>■ =  based on metastable ion.

The general mechanism of decomposition of the linear 
siloxanes under electron impact may be summarized 
from Orlov’s work as (1) very fast loss of a methyl group 
(r <  10~6 sec),28 (2) a slower (r <  10-6 sec) rearrange
ment which often leads to ejection of a cyclic neutral 
molecule. Thus the most logical structure for the neu
tral molecule shown above is D 2, perhaps present as the 
metastable cyclic

O

Si Si
/  \  /  \

o

Even if the reaction does not proceed in exactly the 
same manner in the liquid state radiolysis, the existence 
in the liquid of such a highly strained ring species would 
provide a plausible path both for the formation of D 4 
and M D 3M. For instance

(b) — Si— 0 — Si— 0 — Si—  — ►
i r !  i

— Si— 0 — Si— 0 — Si— 0 — Si— 0 — Si—

At first glance there may not seem to be a very large 
probability in favor of the reaction D 2 +  D2 -► D.; since 
the metastable species can be present in only very low 
concentrations. One must bear in mind, however, as 
Chapiro24 has pointed out, that radiation processes 
occur in “ tracks”  and “ spurs”  in which the effective con
centration of active species is very high. Thus it is 
only after the species have had an opportunity to 
diffuse away from one another that their concentration 
is decreased. On this basis the proposed second-order 
reaction does not seem unlikely.

(B) MM and MD2M. Dewhurst and St. Pierre 
suggested that all the products obtained from the 
radiolysis of MM could be qualitatively explained by a 
simplified free radical combination scheme, but that 
quantitative analysis revealed discrepancies which re
quired additional mechanisms such as ion-molecule re
arrangements. By reference to those radiolysis prod
ucts of M M  labeled by Dewhurst and St. Pierre as 
“ intermediate products,” one would predict numerous 
non-dimer products with small G values to result from 
the irradiation of MDM, if free radical combination is 
the mechanism. On the other hand, if only a few such 
products with substantial G values are found, then the 
predominant mechanism is probably an ion rearrange
ment, as such reactions are by their nature highly 
specific.
(22) A . C hapiro, “ R ad ia tion  C h em istry  o f  P o ly m eric  S y s te m s ,”  
Interscience, N ew  Y o rk , N . Y . ,  1962, C h ap ter I I I .
(23) V . Y u  O rlov , Zh. Obsch. K h im ., 3 7 , 2300 (1967).
(24) A . C hapiro, “ R ad ia tion  C h em istry  o f  P o ly m e ric  S y s te m s ,”  
Interscience, N ew  Y o rk , N . Y ., 1962, C h ap ter I I , S ection  5.
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1 A A 1 1
-Si*

' A
"O-Si-O-Si-

A • '

-Si+ O-Si-O-St-
'A  A 1

-Si- 0- Si- O-Si-
1 B B ' B 1

>
-s i -o-è i -

1 A B 1 B

-S i-O -S i- O -S i-0 -é i-
1 ' B A '  1

Figure 6. Proposed mechanism for SiO bond exchange due 
to -/-ray scission. CH3 groups omitted.

Since observed yields followed the latter pattern, 
the ionic mechanism appears to be operative. On this 
basis the mechanism shown in Figure 6 was chosen in 
order to explain the high yields of MM and M D2M. 
This mechanism is in effect a “ radiation-induced SiO 
bond equilibration”  and is attractive because it is con
sistent with the chemically catalyzed siloxane chemis
try postulated by Hurd* 25 to explain the catalyzed stress 
relaxation behavior of polydimethylsiloxane networks. 
Such a mechanism would predict that MM and M D2M 
should be formed from M DM  with equal G values. As 
can be seen from Table I, this is very nearly the case.

The small excess of M D 2M can be explained on the 
grounds that, just as there is a route for the formation 
of M DM  from the radiolysis of MM, a similar subordi
nate mechanism probably exists for the production of 
M D2M from MDM.

Thus, on the basis of the mechanism proposed in 
Figure 6, the apparent conflict can be resolved between 
those physical measurements which showed no evidence 
of scission and the large values of G (scission) obtained 
from in situ stress relaxation experiments. For exam
ple, St. Pierre, et oh,4 obtained a value for (7(cross
links) from a study of Mn for M D3M as a function of 
dose. The interpretation of the data required the as
sumption that (?(scission) =  0: yet the value they 
obtained for G (cross-links) was identical with that found 
from the present model study. The present data sug
gest that there was indeed scission of M D SM, but that

it took place mostly as SiO bond equilibration, leaving 
the number of molecules constant. Thus Mn was only 
influenced by the cross-linking events. Other experi
ments which failed to show evidence of scission can also 
be explained in a similar manner.

Table III

Highest
ioniza

tion Peak height ratio
Mass peak, (m +  1 )/(m  -f- 2)

spectra m Other strong peaks Standard Found

(1) MM 147 73, 66
(2) D4«.i 281 221, 147, 73 1.62 1.53
(3) MD,M 295 207 1.63 1.63

metastable 147
(4) MDjM 369 281, 147 1.55 1.53

213, 234 metastables

5, 6 ,7 427«
8, 9 441 221, 147, 73 1.6o
10 455 221, 147, 73 1.58

“ It was impossible to collect D4 free of starting material 
MDM. For this reason the spectrum of D4 contains some quite 
strong peaks, e.g., 221, 147 which are not found in pure D4. 
b The infrared of D4 contained the following absorptions : ~2940, 
~1260, ~1080, 1040, 840, 820, and 800 cm -1. Those at 1040, 
840, and 800 cm” 1 were assigned to the SiO stretching and

CH3-Si stretching, respectively, of MDM. c The yield of products 
I

5, 6, and 7 were insufficient to allow reliable mass spectrometric 
analyses over the complete mass range. However, the highest 
mass peaks, 427 in all cases, were clearly assignable.
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The effect of dose rate on the 100-eV yields of organic products in the radiolysis of chloroform was studied at 
intensities of 1.6 X 1016 and 17 X 1016 eV/g-sec using a 60Co y-ray source and at maximum instantaneous 
dose rates of 2.5 X 1024 and 6.4 X 1024 eV/g-sec using a pulse X-ray generator. The radiolysis products were 
CH2C12, C2CI4, CCh, sym-C2H2Cl4, C2HC15, and C2C16. As the dose rate increased, G(CH2C12) and G(C2C16) 
decreased, G(C2H2Cl4) and G(C2HC15) increased, and G(C2C14) and G(CCh) remained unchanged. These 
results are consistent with a free-radical mechanism involving the reaction of Cl and CHC12 radicals with 
CHCI3 to produce CC13 radicals. The dose rate effects result from a competition between CHCI3 molecules 
and radicals for the CHC12 radicals, with higher dose rates favoring the radical-radical reactions. The ob
served 100-eV yields in both the steady and pulse radiolysis experiments agreed with those calculated by the 
application of the previously proposed independent action model. A value of 1.3 ±  0.2 M_1 sec-1 was 
determined for the rate constant for the reaction of CHCI2 radicals with CHCI3 at 25° from the steady 
radiolysis experiments, and the magnitude of this value was confirmed by the results of the pulse radiolysis 
experiments. The results of the pulse radiolysis experiments suggest that the rate constant of Cl atom attack 
on CHCI3 is lower in the liquid than in the vapor phase. Evidence is also presented that indicates that Cl 
atoms and CHC12 radicals are not radiolytically formed with equal 100-eV yields.

Introduction
In the radiolysis of liquid chloroform, evidence has 

been cited3“ 6 for the effects of dose rate variations on 
the 100-eV yields of the organic products (CH2C12, 
C2C14, CC14, sym-C2H2Cl4,C2HCl6, and C2C16). At con
stant temperature, as the dose rate increases, G(CH2- 
Cl2) and (7(C2C16) decrease, G(C2H2C14) and G(C2HC15) 
increase, and G(C2C14) and G(CC14) remain unchanged.5 
These results are consistent with a free-radical mech
anism involving the reaction of Cl and CHC12 radicals 
with CHCI3 to produce CC13 radicals. The competi
tion between the CHC13 molecules and radicals for the 
CHC12 radicals accounts for the dose rate effects. 
Abramson and Firestone6 have calculated this dose 
rate effect in CHC13 by the application of an indepen
dent action model. In this model two radiolytic mech
anisms are proposed to occur simultaneously but inde
pendently. One mechanism (the spur mechanism) in
volves reactions that occur in the tracks and is not 
affected by the presence of the radical scavenger Br26 
or changes in the dose rate.6 The other (the homo
geneous mechanism) involves reactions of CHC12 and 
CC13 radicals distributed homogeneously throughout 
the solution. The rates of these reactions are dose 
rate dependent.6 By solving for the steady-state con
centrations of the radicals in the homogeneous mech
anism, Abramson and Firestone calculated values for 
G(CH2C12), G(C2H2C14), G'(C2HC1s), and G(C2C16) that 
were in agreement with their experimental results at 
dose rates in the range of 1.3 X 1016 to 13 X 1016 eV / 
g-sec and temperatures of 0 to 63°. Further, their 
calculations predicted that at very high dose rates, 
G(CH2C12) should approach zero, and the values for

G(C2H2C14), G(C2HC16), and (?(C2C16) should be 1.5,
2.0, and 1.2, respectively.

We have tested these predictions using an intense 
60Co y-ray source for steady radiolysis experiments at 
dose rates slightly greater than 1017 eV/g-sec and an 
X-ray generator for pulse radiolysis experiments at 
dose rates approaching 1025 eV/g-sec.

Experimental Section
Chloroform from several commercial sources was 

purified by treating with Br2 to remove unsaturates, 
then washed once with aqueous Na2S03 solution and 
several times with pure water. It was then triply dis
tilled in an inert atmosphere. The only detectable im
purity in the final distillate was 1,1-C2H4C12 (-~5 X 
10_5 M). The oxygen-induced decomposition of the 
purified CHC13 could be prevented by storing it under 
distilled water.

Samples were prepared by vacuum distilling CHCh 
(previously dried by passage through a 5-A molecular 
sieve attached to the vacuum line) into Pyrex7 irradia-

(1) The in fo rm a tio n  contained in  th is  a rtic le  was developed d u r in g  
the course o f w o rk  under C on trac t A T (0 7 -2 )- l w ith  the  U . S. A to m ic  
E nergy Comm ission. T h is  w ork  is being sponsored b y  the  D iv is io n  
of Peaceful N uclea r Explosives o f the  U S A E C .

(2) Presented in  p a rt a t the 153rd N a tio n a l M e e ting  o f the A m erican  
Chem ical Society, M ia m i Beach, F la ., A p r 9-14, 1967.
(3) G. M . M eaburn , P h .D . D isserta tion, The U n iv e rs ity  o f Leeds, 
E ngland, 1959.

(4) J. B . G ardner and B . G. H arper, Paper N o. 53, 8 th  A nnu a l 
M e e ting  o f the R ad ia tion  Research Society, San Francisco, C a lif., 
M a y  9-11, 1960. The results o f th is  s tud y  are published in  re f 5.

(5) F . P . Abram son and R . F . F irestone, J . P h ys. Chem ., 70, 3596 
(1966).

(6) H . R . W erner and R . F . F irestone, ibid., 69 , 840 (1965).
(7) T radem ark  o f C orn ing  Glass W orks, C orning, N . Y .
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tion cells, where it was carefully degassed by at least 
six freeze-pump-thaw cycles. The cells were then 
sealed with the sample at liquid nitrogen temperatures 
under vacuum. For irradiations with the 60Co 
sources, the cells were 15-mm o.d. tubes. For the 
pulsed irradiations, the cells were 1.7 cm square by 2 cm 
high.

Irradiated solutions were analyzed with an F & M 
Model 400 gas chromatograph employing flame ioniza
tion detection. Three different columns were used iso- 
thermally. For CH2C12, a 16-ft, l/ 4-in. column (30% 
silicone 200 on Celite8) were used; for C2C14, C2H2C14, 
C2HCl5, and C2Cl6, a 50-ft, Vs-in. column (2% SE-30 
on diatomaceous earth); and for CC14, a 6-ft, y 4-in. 
polar column (10% Triton9 x-305 on 60-80 mesh 
Chromosorb P) followed by a 6-ft, ‘ /Vim nonpolar 
column (20% SE-30 on Gas Chrom X 10). On the 
polar column, CC14 had a shorter retention time than 
CHCI3. The nonpolar portion resolved CC14 from the
1,1-C2H4C12 impurity. The gas chromatograph was 
calibrated using standards prepared from carefully pu
rified solutes each time samples were analyzed. The 
solute peaks were very narrow; consequently, the con
centrations of products were determined by comparing 
their peak heights with those of the standards.

Steady irradiations were performed using 60Co 7-ray 
sources containing either ^240,000 or 22,800 Ci of ra
dioactivity. The more intense source was calibrated 
with both LiF and the air-saturated cupric-ferrous do
simeter f(r(Fe3+) = 0.66],11 The agreement between 
the results of the two dosimeters was good and the dose 
rate in C H C I 3 , after correcting for differences in electron 
densities, was 1.7 X 1017 eV/g-sec. The other source 
was a Gammacell 220 (Atomic Energy of Canada), 
which was calibrated using the Fricke dosimeter. 
The dose rate in C H C I 3 was 1.6 X 1016 eV/g-sec. In 
both sources, the temperature of the samples was main
tained at 25 ±  1°, and the samples were irradiated to 
doses no larger than 2.40 X 1019 eV/g.

Pulsed irradiations were performed at ambient tem
perature (~ 25°) using a Febetron12 Model 705 pulsed 
electron accelerator. This electron pulse (maximum 
energy = 2.0 MeV) was impinged on a 20-mil tungsten 
target, creating an intense X-ray pulse. This pulse 
was passed through a 5-mil tantalum foil and then 
through the samples. The total time length of the 
pulse was <~40 nsec with 80% of the total dose delivered 
within 20 nsec.13 The effective time width (total dose/ 
maximum instantaneous intensity) of the pulse was 19 
nsec.13 Samples were positioned behind the tantalum 
foil so that they were completely within the X-ray beam 
and irradiated with up to 63 pulses with at least a 2-min 
recycle time between pulses.

The dose/pulse absorbed by the samples were deter
mined using manganese-activated LiF. Samples of 
this material were irradiated in the cells in positions 
identical with those of the C H C I 3 samples. Earlier

studies have shown that the response of LiF is indepen
dent of dose rates less than 2 X 10n rads/sec14 and that 
LiF serves as a good secondary standard for measuring 
doses from pulsed X-rays.16 (The dose rate in this ar
ticle was somewhat less than that cited above.) The 
response of the LiF was calibrated against the Fricke 
dosimeter using 0.8416 as the ratio of the dose in LiF to 
that in the Fricke dosimeter. To determine the dose/ 
pulse received by the CHC13, the dose/pulse in the LiF 
was multiplied by the ratio of the effective mass energy 
absorption coefficients for each compound. These two 
coefficients were calculated by graphical integration of 
the monoenergetic absorption coefficients for each com
pound17 over the energy spectrum of the photons in the 
beam. Since the electrons impinging on the target are 
not monoenergetic, it is difficult to determine the exact 
energy spectrum of the emitted photons. This spec
trum has been approximated by Charbonnier18 to be 
closely equivalent to the bremsstrahlung spectrum 
measured by Tochilin and Goldstein19 when 2.0-MeV 
electrons were impinged on a comparable tungsten 
transmission target. Recently, more elaborate calcu
lations18 correlating the measured electron energy spec
trum of the Febetron 705 with the measured photon 
spectrum from constant-voltage electron accelera
tors14’19 substantiated this approximation. In our 
experiments, the purpose of the tantalum foil was to 
“ harden”  the X-ray spectrum by removing a major por
tion of the X-rays of energies lower than 70 keV. Based 
on the calculations of Charbonnier18 the energy spectrum 
of the X-rays irradiating our samples has a peak at 200 
keV, with >91%  of the photons having energies larger 
than this. Using this spectrum, the ratio of the effec
tive mass energy absorption coefficients for CHCI3 to 
LiF was 1.13. This is only slightly larger than 1.05, the 
ratio for the coefficients calculated for energies when 
energy absorption is predominantly by the Compton 
process.

The reproducibility of the dose/pulse for the samples 
was determined from three or more independent LiF 
dosimeters. The variance was 8%  or less. Small 
dosimeters placed along the length of a cell indicated

(8) T radem ark  of Joh ns-M a n  v ille  Sales Corp.

(9) T radem ark  o f R ohm  and Haas Co.
(10) T radem ark  o f A pp lied  Science Labora tories.
(11) E . B je rgbakke and K .  Sebested, Advan. Chem . S er., 81, 579 
(1968).
(12) F ie ld  Em ission Corp., M c M in n v ille , Ore.
(13) F ie ld  Em ission C orp., Technica l B u lle tin , V o l. 4, N o . 1 (1965).
(14) N . G oldste in and E . T o ch ilin , H ealth P h ys., 12, 1705 (1966).

(15) E . M . F ie lden and E . J. H a rt, Advan. Chem. Ser., 81, 585 
(1968).
(16) A . B rn jo lfsson, ibid., 81, 550 (1968).
(17) E . S to rm  and H . I .  Israel, “ P hoton  Cross Sections fro m  0.001 
to  io o  M e V  fo r E lem ents 1 th roug h  100,”  La-3753 (1967).

(18) F . M . C harbonnier, F ie ld  Em ission C orp., M c M in n v ille , Ore., 
p r iva te  com m unication.
(19) E . T o ch ilin  and N . Goldstein, U S N D R L -T R -9 3 9  (1965).
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that the intensity of the radiation varied from the front 
to the back of a sample by a factor of 2.5 or less. In 
view of the reproducibility (8%) of the dose/pulse, un
certainties in the dose/pulse for each sample are proba
bly no greater than 15%. The maximum instanta
neous dose rate for the samples was calculated by divid
ing the dose/pulse by the effective time width of the 
pulse (19 nsec13).

Results
The 100-eV yields of all the organic products at the 

three dose rates are summarized in Table I.20 At 
the two lower dose rates, the dose dependence of the 
yields was always linear up to the maximum dose of 2.40 
X  1019 eV/g. Also, the maximum relative difference 
in the 100-eV yields determined in independent experi
ments varied by less than 8%. The results at 1.6 X 
1016 eV/ g-sec agree with those of Abramson and Firestone 
determined at 1.3 X 1016 eV/g-sec and 26°.6

Table I : Dose Rate Dependence of the 100-eV Yields 
in the Radiolysis of Chloroform at -~250

.----------------------------- 100-eV yields----------------
1 . 6  X 10« 1.7 x ion 2.5-6. X 0

Product eV/g-sec® eV/g-sec“ eV/g-sec6

CH2CI2 1.9 1.2 0.2 ±  0.1
CC14 0.89 0.86 0.94 ±  0.06
C2C14 0.085 0.084 0.078 ±  0.08
C2H2C14 0.73 1.0 1.5 ± 0 . 1
C2HC1s 1.6 1.9 1.8 ±  0.1
C2C16 2.0 1.4 0.85 ±  0.06

Irradiated at 25 ±  1°. Uncertainties are estimated at
< ± 5 % . 6 Range of maximum instantaneous dose rates from
the pulse radiolysis experiments. Irradiated at room tempera
ture (~25°). Uncertainties calculated by a least-squares 
treatment of yield-dose curves. For (7(CH2C12), the uncer
tainty is the average deviation from the mean of determinations 
in seven samples.

The dose dependence of the yields of C2C16, C2H2C14, 
and C2HCI5 determined in the pulse radiolysis experi
ments is shown in Figure 1. For each product the line 
is drawn with a slope and intercept determined by the 
method of least squares. The similarities of the sets of 
data about each line indicate that the major source of 
error in these experiments is the determination of the 
dose received by each sample. This error is primarily 
due to slight differences in the positions of the samples 
and the dosimeters in the X-ray beam. Since the data 
are linear, there was no effect of dose on the 100-eV 
yields up to the maximum dose of 1.2 X 1019 eV/g. 
Also, the closeness of the intercepts to zero indicates 
that the degassings had sufficiently removed 0 2 from 
the samples.21 Plots similar to those in Figure 1 were 
obtained for the yields of C2C14 and CC14, and a least- 
squares analysis was performed. Because of the small 
100-eV yield of CH2C12 in these experiments, and the

Figure 1. Dose dependence of the yields of C2CI6, C2H2C14, and 
C2HC16 in the pulse radiolysis of chloroform at ~25°. Dose 
rate = 2.5-6.4 X 1024 eV /g-sec.

relatively low sensitivity of the analytical method for 
this compound, its yield could only be determined in 
those samples irradiated to doses larger than 6 X 
1018 eV/g. Also, because the amount of CH2C12 being 
measured was close to the analytical sensitivity, the 
data for the dose dependence of its production were 
scattered. Therefore at least-squares analysis of the 
data was not performed, and the 100-eV yield of CH2- 
CI2 was calculated by averaging the results of several 
independent experiments. The largest dose/pulse ir
radiating the sample was 1.9 X  1016 eV/g, and the 
smallest, 6.9 X 1016 eV/g.

The dose rate dependence of G(CH2C12), G(C2H2C14), 
(t(C2HC]5), and (/(C/Ch) in Table I is similar to the re
sults of other workers.4'6 Also, the invariance of G(C2- 
Cl4) and (r(CCl4) at low dose rates is in agreement with 
other results of the 7 radiolysis of CHCI3.6

(20) The results a t the  highest dose ra te  are d iffe re n t fro m  those 
c ited  in  the o rig ina l abstract o f th is  paper (A bs trac t R-51) subm itted  
a t the 153rd N a tio n a l M e e ting  o f the  A m erican Chem ical Society, 
M ia m i Beach, F la ., A p r 1967. T h is  difference is due to  the  presence 
o f trace am ounts o f cis-C2H 2C I2 in  the  earlie r samples. Conse
quen tly , the in te rp re ta tio n  in  th a t abstract does n o t app ly  to  pure 
C H C I3 .

(21) Experim ents perform ed in  th is  labo ra to ry  have dem onstra ted 
th a t traces o f 0 2 com plete ly in h ib it  the  fo rm a tio n  o f C2CU a t lo w  
dose.
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Discussion
The following mechanism has been proposed6'6 to ex

plain the effects of temperature,6'6 dose rate,6 and the 
presence of various solutes6 on the product yields. Re
actions involving neutral species can account for all the 
organic products except CC14. The predominant neu
tral intermediates found as a result of ionization, neu
tral excitation, and charge neutralization processes in 
CHCls are Cl atoms, CHC12 radicals, and small yields of 
dichloromethylene (CC12). By reaction with CHCI3, 
both Cl and CHC12 radicals produce CC13 radicals.

Cl +  CHCI3 — > HC1 +  CC13 (1)

CHC12 +  CHCls — > CH2C1 +  CC13 (2 ) 

2CHC12 — ► C2E 2C14 (3)

CCL +  CHC12 — > C2HC16 (4)

2 CCL — > C2C16 (5)

CC12 +  CHCls — > C2HC16* (6 )

C2HC15* —>  HC1 +  C2C14 (7)

C2HC16* C2HC15 (8 )

Recent experiments22 using NH3 or n-C4H 9OH as posi
tive ion scavengers have established that CC14, the re
maining organic product, is formed by a charge neu
tralization process. As will be shown, the results of the 
present experiments lend further support to the above 
overall mechanism.

Values for the 100-eV yields of C2C14 and CC14 are in
dependent of dose rate from6 7.8 X 1014 to 6.4 X 1024 
eV/g-sec (Table I). The failure of the highest in
tensity to change these 100-eV yields implies that these 
products are formed by efficient radical-solvent reac
tions or reactions involving ions or excited species.23 
Reaction 6, leading to the production of C2C14, repre
sents an efficient reaction involving the solvent. Strong 
evidence for reactions 6-8 has been furnished by the 
pyrolysis of CHCI3 vapor at 500°, where HC1 and C2C14 
are the principal products.24 In addition to being in
dependent of dose rate, G(C2C14) is unaffected by the 
presence of the radical scavengers Br26 or I226 and also 
exhibits a small positive temperature coefficient.6'6 
All these facts support the occurrence of reactions such 
as 6 and 7 in the radiolysis of liquid CHC13. For CC14, 
the lack of a dose rate effect supports the finding that 
this product is formed by a charge neutralization re
action.22 Such reactions are expected to be dose rate 
independent.

The 100-eV yields of CHC12 and CC13 radicals appear
ing as products from the free radical mechanism (reac
tions 1-5) are summarized in Table II. As the dose 
rate increases, G(CHC12) remains unchanged while 
G(CCls) decreases. The decrease is consistent with a 
decline in the rate of the radical-solvent reaction 2. At 
the higher dose rates a larger fraction of CHC12 radicals

undergo radical-radical reactions rather than reacting 
with CHCI3. Such a competition does not occur for 
Cl atoms (the other precursor of CC13 radicals) at low 
dose rates, since at these intensities reaction 1 is 100% 
efficient.6 The efficiency of this reaction is supported 
by the recent observation25 that G'(ICl) =  0 in the ra
diolysis of CHCI3 containing ~ 1 0 -2 M I2. In these 
experiments, (?(CH2C12) was equal to zero, as it is in 
the radiolysis of similar solutions containing Br2,6 indi
cating that reaction 2 is completely inhibited.

Table II: Dose Rate Dependence of the 100-eV 
Yields of CHCh and CCI3 Radicals Appearing as 
C2H2C14, C2HCI5, and C2C16

Dose rate,
eV/g-sec G(CHClj)“ GtCClj)1

1.6 X 1018 5.0 5.6
1.7 X 1017 5.1 4.7
2.5-6.4 X 10“ « 5.0 3.5

°G(CHC12) = G(CH2C12) +  2G(CH2C14) +  G(C2HCIE). 
b G{CCI3) = C?(C2HCl5) +  2G(C2C16). c Maximum instan
taneous dose rates from the pulse radiolysis experiments.

As mentioned earlier, Abramson and Firestone6 have 
quantitatively calculated the effect of dose rate varia
tions on the product yields at intensities lower than 
those in this study by employing an independent action 
model. In the model, two mechanisms occur simulta
neously but independently of each other. In one mech
anism, the products are formed by fast reactions occur
ring in the spurs or tracks; this mechanism is termed 
the spur mechanism. In the other mechanism, product 
formation results from the reactions of free radicals at 
thermal energies distributed homogeneously through 
the solution. The 100-eV yields of products from the 
spur mechanism have been measured6 in the presence 
of Br2, which scavenges the homogeneous mechanism. 
These spur yields are G (C 2H 2C l4)SpUr = 0.34, G{C 2H - 
C l6)spur = 0.18, ( j(C H 2C l2)sPur =  0.00, andfj(C2Cl6)spur =
0.02. Also, the entire yield of CC14 can be attributed 
to a fast reaction (G = 0.89),22 that is independent of 
dose rates and radical scavengers.

The 100-eV yields of CHC12 and CC13 radicals in the 
homogeneous mechanism have not been measured by 
radical-scavenging techniques. However, these yields 
can be estimated by subtracting from the observed 
yield for the radicals, the contribution to each from 
the above spur mechanism. The results of this cal
culation for the experiments at both the low and high

(22) J. N . B ax te r and N . E . B ib le r, J . Chem. P hys., 53, 3444 (1970).
(23) W . G . B urns and R . B arke r, P rogr. R eact. K in et., 3, 303 (1965).
(24) G. P . Semeluk and R . B . Bernste in, J . A m er. Chem . Soc., 79, 
46 (1957); A . I .  S h ilov  and R . D . Sabirova, R u ss. J . P h ys. Chem ., 
34 ,408 (1960).
(25) N . E . B ib le r, unpublished results.
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dose rates appear in Table III. The 100-eV yield of 
homogenously distributed CHC12 radicals [(7(CHC12)']  
appears independent of dose rate over the whole range 
of dose rates studied. Further, these values are in good 
agreement with the value calculated by Abramson and 
Firestone.5 Values for the 100-eV yield of CC13 radi
cals distributed homogenously [G(CC13) ']  determined 
in the steady radiolysis experiments are equal within 
experimental error. Also, these values are close to 3.8 
radicals/100-eV calculated for (?(CC13) ' from Abramson 
and Firestone’s5'26® data. The decrease in (?(CC13) ' in 
going from the steady to the pulse radiolysis experi
ments appears real in light of the good precision calcu
lated for G(C2C16) and G(C2HC1B) in the pulse radiolysis 
experiments (6-7% ) and the rather large number (19) 
of samples irradiated. Also, samples irradiated in the 
steady radiolysis experiment and those irradiated in the 
pulse radiolysis experiments were analyzed on the gas 
chromatograph after the instrument was calibrated us
ing the same set of standards. This eliminates any sys
tematic error in determining the relative values for the 
product and, thus, the calculated radical yields.

Table III: Dose Rate Dependence of the 100-eV 
Yields of CHC12 and CC13 Radicals in the 
Homogeneous Free Radical Mechanism

Dose rate,
eV /g-sec G (C H C h)'“ G(CCb)

1.6 X 1016 4.1 3.5
1.7 X 1017 4.2 3.3
2.5-6.4  X 1024 ' 4.1 3.1

“ <?(CHC12)' = G(CH2C12) +  2G(C2H2C14) -  2G(C2H2Cl4)spur 
+  <?(C2HC16) -  (?(C2HCl5)spur. 6G(CC13)' =  (?(C2HC16) -  
G(C2HCl5)3pPr +  2(?(C2C16) — <?(CH2C12). c Maximum instan
taneous dose rates of the pulse radiolysis experiments.

Failure of (7(CHC12) ' to equal (7(0013)' in the steady 
radiolysis experiments where all the Clatons react with 
CHC13 molecules4 5 suggests that CHC12 radicals and Cl 
atoms are not produced with equal 100-eV yields. The 
dissociation of neutral excited CHC13 molecules proba
bly leads to CHC12 radicals and Cl atoms in equal yields. 
Also, an ionic mechanism involving CHC13+ as the 
cation and 01“  (formed from CHC13 by dissociative 
electron attachment26b) as the anion probably produces 
CHC12 and CC13 radicals in equal yields (reactions 9 
and 10). Consequently, these reactions cannot ac-

CHC13 +  e -  — >  CHC12 +  Cl“  (9)

Cl +  CHC13+ — > HC1 +  CC13 (10)

count for the difference between (7(CHC12) ' and (7(C- 
Cl3)'. Mechanisms involving cations such as CHC12+ 
and anions such as CHC13“  can account for the differ
ence, but the lack of sufficient data renders these mech
anisms speculative. However, the difference between

the two 100-eV yields is closely equal to (?(CC14), and 
this suggests that the mechanism may involve the pre
cursor for CC14. The collisionally stabilized anion CH- 
Cl3“  has been suggested as a precursor for CC14.22

The dose rate dependence of the product yields in 
the homogeneous mechanism for the steady radiolysis 
experiments can be calculated from the steady-state 
concentrations of CHC12 and CC13 radicals determined 
by solving (11) and (12), where I is the dose rate.

d(CHCi2)7 d f =  (;(c h c i2) 7/100 -

fc2(CHCl2)(CHCl3) -  2ic3(CHCl2) 2 -

/c4(CHC12)(CC13) (11)

d(CCl3) '/d i  =  (?(CC13) 7/100 +

fc2(CHCl2)(CHCl3) -  2fe(CCl3) 2 -

fc4(CHCl2)(CCl2) (12)

Using 5.0 X 107 M~l sec-1 for fc5,27 Abramson and Fire
stone found agreement with their experimental results at 
26° when the ratio fc3: fc4: fc6 was equal to 1.0:1.5:11.0 and 
k2 was equal to 1.1 M  “ 1 sec “  h The results of similar cal
culations on the data in the present article for the the 
60Co sources appear in Table IV. The agreement be
tween the calculated and observed results is good ex
cept for the values of (?(CH2C12) and (7(C2H2C14) at the 
higher dose rate. As indicated in Table IV, better 
overall agreement was attained by raising h, by 25% to
1.3 M “ 1 sec-1. In addition to varying k2 in our cal
culations, the ratio fc3:fc4:&5 was also varied. Satisfac
tory agreement between the observed and calculated 
results was attained only when the ratio was equal to 
1.0:1.5:1.0. As in the calculations of Abramson and 
Firestone, the value determined for k2 depends upon 
the value chosen for fc5. Published values28 29 for this 
constant range all lie within the range 3.5 X 107 to 8.0 
X 107 M~l sec-1 at 24°. With these two different 
values, best agreement with the experimental results 
was attained when k2 was 1.1 or 1.5 M ~l sec“ 1, respec
tively.

For calculating the product yields resulting from the 
pulse radiolysis experiments, the steady-state hypothe
sis is no longer applicable. The differential equations 
describing the rates of radical formation and reaction 
and also those for product formation must be integrated 
numerically. A digital computer was used and the

(26) (a) T h e  eq uation  used b y  A bram son  and F ireston e6 fo r  ca lcu 
la tin g  G (C C ls )' differs sligh tly  from  th a t used in  th is s tu d y  (see fo o t -  
n o te  h, T a b le  I I I ) .  In  their equation , a term  fo r  CC14 fo rm a tion  in  
the  h om ogen eou s m echanism  w as in clu d ed . In  ligh t o f  recen t d a ta ,22 
all the  C C h  can  be a ttribu ted  to  th e  spur m echanism , and  this term  
should  n ot b e  in clu d ed  in  the  ca lcu la tion , (b ) W . E . W en tw orth ,
K . S . B ecker, and R . T u n g , J . P h ys. Chern., 71, 1652 (1967 ).
(27) H . W . M elv ille , J . C . R o b b , and  R . C . T u tto n , D iscuss. Faraday  
Soc., 14, 150 (1953).

(28) D . J . C arlsson, J. A . H ow ard , and K . U . In g o ld , . / .  Amer. 
Chem. Soc., 88 , 4726  (1966).
(29) W . I . B engou gh  and R . A . M . T h om son , T rans. F araday Soc., 
57, 1928 (1961).
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Table IV : Observed and Calculated 100-eV Yields 
in the Homogeneous Mechanism for the Steady 
Radiolysis of CHCfi at 25°

✓--------------------------------------- 100-eV  yields-----------------------------------
,------- 1 .6  X  1016 e V /g -s e c ------- s ,-------1 .7  X  1 0 «  e V /g -s e c -
O bserved  ✓— C alcu lated— ■. O bserved  ,— C alcu lated-

Products a b c a b C

CH2C12 1 . 9 1 .9 2 .1 1 . 2 0 .8 4 1.0
C2H2C14 0 . 3 9 0 .4 2 0 .3 4 0 . 6 6 0 .8 5 0 .7 7
C2HC16 1 . 4 1 .4 1 .3 1 . 7 1 .6 1 .6
C2C16 2 . 0 1 .9 2 .1 1 . 4 1 .3 1 .4

“ Determined by subtracting the spur yield for each product 
from the observed yield. 6 Calculated using published6 rate 
constants. c Calculated using k2 = 1.3 Af-1 sec-1.

equations were integrated by a fourth-order Runge 
Kutta technique.30 Since the intensity of the radiation 
pulse was not constant, the computer program also con
tained a subroutine that simulated the time dependence 
of this intensity. When eq 11 and 12 were integrated 
(this assumes that all the Cl atoms react with CHC13 in 
the pulse radiolysis experiments) along with the equa
tions describing the rates of product formation, the re
sults (see column 3, Table V) were in good agreement 
with all the observed product yields except (?(C2Cl6), 
where the relative difference was ~ 2 0 % . This differ
ence results primarily from using a value for (?(CC13) in 
the calculations that is higher than that determined in 
the high-intensity experiments.

Table V : Observed and Calculated 100-eV Yields 
in the Homogeneous Mechanism for the Pulse 
Radiolysis of CHCh at ~25°

.----------------------------------- 100-eV  yields------------
,— -------------- Calculated^-

P rodu cts O bserved“ M echanism  l c M echanism  lld

CH2C12 0.2 0.1-0.2 0.1-0.3
c 2h 2ci4 1.2 1.2-1.1 1.2-1.1
c 2h c i6 1.6 1.6-1.5 1.5-1.5
C2C16 0.85 1.0-1.1 0.83-0.95

“ Determined by subtracting the open yield for each product 
from the actual observed yield. b Calculated for doses per pulse 
of 4.8 X 1016 and 12 X 1016 eV/g, respectively, for each mecha
nism. c Mechanism where all the Cl atoms are assumed to react 
with CHCfi. d Mechanism including radical recombination re
actions for Cl atoms.

The lower value for (7(CC13) estimated from the pulse 
radiolysis experiments suggests that some process is in
terfering with reaction 1 at these high intensities. The 
extent of the interference is only ~ 1 0 %  at this inten
sity. Spur overlap, leading to an increased probability 
of the recombination of CHCL and Cl radicals or their 
precursors, does not appear to be the interfering process, 
since excellent agreement is obtained among the differ-.

ent values for (7(CHC12) calculated from both the 
steady and pulse radiolysis experiments. Also, the 
value for (7(CCLi) in the pulse radiolysis experiments is 
within 6% of the value determined in the steady radi
olysis experiments, further suggesting that spur overlap 
is not a significant factor.

To test whether it is reasonable that back reactions 
of Cl atoms in the homogeneous mechanism might com
pete at this high intensity with reaction 1, and thus 
lower G(CCla)', terms for the rates of these back reac
tions were included in the rate equations. Reactions
13-15 were considered. Rate constants for these were

Cl +  CHC12 — >  CHCh (13)

Cl +  CC13 — ► CCh (14)

2 0  — ■> Cl, (15)

estimated from the modified Debye equation,31 after 
assuming that the reactions were diffusion controlled. 
The values for the rate constants were kn =  2.0 X 1010, 
ku =  2.0 X 1010, and ku =  1.3 X 1010. Also, in the ex
panded rate equations a term for the rate of reaction 1 
was included. In this equation, (?(C1)' (the 100-eV 
yield of Cl atoms in the homogeneous mechanism) was 
set equal to 3.4 atoms/100-eV, and (?(CC13) ' was re
placed by fci (Cl) (CHCI3). Product yields were then 
calculated as a function of fci. Best agreement for all 
the yields was obtained (see column 4, Table V) when 
h  was equal to 6 X 104 M _1 sec-1. With this value, 
(7(13) was equal to 0.1, (7(14) to 0.07, and (7(15) to 0.05. 
The sum (7(13) +  2(7(14) +  2(7(15) is equal to the dif
ference between the values calculated for (7(CC13) ' from 
the pulse and steady radiolysis experiments. The value 
for fci that allows the best agreement between the ob
served and calculated results depends, of course, upon 
the values assigned to fci3, ku, and ku- Since these 
values are, at best, only order of magnitude estimates, 
any value for fci derived from the above calculation is 
also a rough estimate.

The value for fci has apt been independently deter
mined in the liquid phase. Its magnitude has been es
timated32 to be ~ 1 0 7 M~l from the results of competi
tive photochloronation studies,33 after assuming that 
Cl atoms react with identical rates in liquid and vapor 
C-C5H1033 and using the absolute value for the rate con
stant for the reaction of Cl atoms with c-C6H i0 vapor.34 
There are data, 35 however, that imply that the assump-

(30) S . G ill, P roc . Cambridge P h il. Soc., 47 , 96  (1951).
(31) H . L . J . B ack strom  and K .  Sandros, A cta  Chem. Scand., 14, 48 
(1960).
(32) G . A . Russell, A . I to , and D . G . H en d ry , J . A m er. Chem. Soc., 
85, 2976 (1963).
(33) G . A . Russell, ibid., 8 0 , 4997 (1958).
(34) J. H . K n o x  and A . F . T ro tm a n -D ick en son , “ R eaction s  o f  Free 
R ad ica ls  in  the G as P h a se ,”  S pecia l P u b lica tion  N o . 9, T h e  C hem ical 
S ociety , L on d on , 1957, p  35.
(35) I .  G aliba , J . M . T ed d er, and J. C . W a lton , J . Chem . Soc. B , 604 
(1 96 6 ); H . S ingh and J. M . T ed d er, ibid., 605 (1966 ).
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tion of equal rates of reaction for Cl atoms in the vapor 
and liquid phase is erroneous. The value of 107 M -1 
sec-1 for fci is nearly equal to the value determined in 
chloroform vapor.86 Although both these values are 
roughly 160 times the value determined in the present 
study, it is tentatively concluded, in light of possible 
entropy or solvation effects on the rates of Cl atom re
actions in liquids,35 that the model fits the results. 
However, further data at different temperatures or 
higher intensities are necessary to confirm that the ob
served effect does result from a competition between 
reaction 1 and reactions 13-15 for Cl atoms. Based on 
this model, it appears that hi is clearly one to two orders 
of magnitude smaller in the liquid than in the vapor 
phase. Recently, it was determined that k2 is an order 
of magnitude smaller in liquid chloroform than in the 
vapor, due primarily to an entropy effect.37

As in the calculations for the steady radiolysis exper
iments, the value for k2 that gave best agreement with 
the observed, results was dependent on the values as
signed to fc4, ks, and fc6- With the range presented ear
lier for ks, agreement with the experimental results was 
attained when k2 was equal to 1.3 ±  0.2 M ~l sec-1. 
This value was independent of the rate constants for 
reaction 1 and also reactions 13-15, as shown by the 
results of the calculations (mechanism I, Table V), when 
these latter reactions were ignored and the first re
action was assumed to be 100% efficient for all the Cl 
atoms. Consequently, these results can be interpreted 
as strong support for the published value of /c2.5

In the calculations for the pulse radiolysis condition, 
the G values were dependent upon the dose rather than 
the time width of the pulse. For example, when the 
dose/pulse was increased by a factor of 5, the calcu
lated value for G(CH2C12) decreased to 0.03. However, 
increasing the time width of the pulse by this same 
factor did not affect G(CH2C12). This results from the 
fact that only a small fraction (<10-4%  of the CHC12 
radicals and 6% of the Cl atoms) of the radicals react 
during the pulse. Consequently, the final relative 
yields of the products depend upon the relative concen

trations of Cl, CHC12, and CC13 radicals at the end of the 
pulse.

When the maximum instantaneous dose rates 
associated with the pulse radiolysis experiments were 
used in the calculations for the steady radiolysis ex
periments, the calculated values for G(CH2C12) were in 
the range ~ 3  X 10-4 molecules/100 eV. The larger 
values (0.1-0.3) that were calculated using theequations 
for the pulse situation resulted from a relatively low 
concentration of CHC12 radicals. For example, at 
^ lO 24 eV/g-sec and the steady radiolysis conditions, 
the calculated steady-state concentration of CHC12 
radicals is ~ 7  X 10-4 M  and the calculated fraction of 
these radicals that reacts with chloroform is only 0.02%. 
Using the equations for pulse radiolysis, the maximum 
instantaneous concentration of CHC12 radicals is 
roughly 2 X 10-5 M. At this concentration 1.4% of 
the CHC12 radicals react with chloroform. As the rad
ical concentration decreases, however, this fraction in
creases. When 90% of the CHC12 radicals have re
acted, this fraction is 7%. The observed distribution 
of CHC12 radicals in the products indicates that 5%  of 
the CHC12 radicals reacted with the chloroform. At 
the intensities of the 60Co 7-ray sources used in this 
study, 1.6 X 1016 and 1.7 X 1017 eV/g-sec, the calcu
lated steady-state concentrations of CHC12 radicals 
were 5.2 X 10-8 and 2.5 X 10-7 M, respectively. At 
these concentrations the fractions of CHC12 radicals 
reacting with the solvent are 0.55 and 0.30, in agreement 
with those calculated from the observed products.
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Spin-spin, Ti, and spin-lattice, Th relaxation times were measured for the radicals in 7-irradiated PMMA 
at room temperature vs. radiation dose and vs. thermal decay time after irradiation. T2 is related to the local 
spin concentration around a radical. The local spin concentrations are larger than the average spin concen
trations over the entire sample up to doses of about 5 Mrads. This indicates that the radicals are trapped 
in regions of high local spin concentration called spurs. At doses above 7 Mrads the local and average spin 
concentrations are comparable. During thermal decay at doses less than 5 Mrads the local spin concentra
tion decreases fractionally faster than the average spin concentration which indicates intraspur decay. During 
thermal decay at doses greater than 7 Mrads the local and average spin concentrations decrease at similar frac
tional rates.

Introduction
Nonuniform spatial distributions of trapped para

magnetic species are often produced by 7 irradiation 
and by photolysis of solids. The most obvious type of 
nonuniformity is the production of radical pairs by 
radiolytic or photolytic bond scission.1 A more gen
eral type of nonuniformity, characteristic of 7 radiol
ysis, is the production of clusters of radicals called 
spurs. This is simply a reflection of the inhomogeneous 
deposition of radiation energy in condensed systems.

In the past several years electron paramagnetic res
onance methods have proved powerful for studying 
nonuniform distributions of trapped radicals.2 We 
have used paramagnetic relaxation to measure T2, the 
spin-spin relaxation time, which is inversely propor
tional to the local spin concentration.3'4 Although the 
absolute value of T2 may be subject to significant exper
imental error, relative values of T2 give an accurate pic
ture of howr the local spin concentration changes with an 
experimental parameter. It has been found that elec
trons trapped in polar solids3-8 and some polymer rad
icals9-12 are trapped in spurs in which the local spin 
concentration exceeds the average spin concentration 
over the whole sample. As the radiation dose or the 
total radical concentration increases, the local spin con
centration remains essentially constant until the spurs 
begin to overlap significantly.

In this study we explore how the local radical concen
tration decreases with respect to the average radical 
concentration during the process 0: thermal decay. By 
this, some insight is achieved into the relative impor
tance of intraspur and interspur radical decay. The 
radicals formed in 7-irradiated poly (methyl methacry

late) (PMMA) form a suitable system since they are 
produced in spurs at low radiation doses,9 they undergo 
slow thermal decay at room temperature, and it is pos
sible to measure their relaxation times by microwave 
saturation methods at room temperature.

Experimental Section
The PMMA samples were prepared by thermal poly

merization from methyl methacrylate monomer sup
plied by Rohm and Haas. The monomer was quoted 
to be 99.95% pure and contained no inhibitors. The 
monomer was degassed in glass tubes and then polymer
ized by heating for 45 min at 90° and 24 hr at 56°. The 
transparent PMMA samples were broken out of the
0.4-cm i.d. glass tubes and cut to cylinders 2 cm long.

(1) F o r  exam ple, see A . V . Z u bk ov , A . T . K or itsk y , and Y a . S. 
L eb ed ev , D okl. A kad . N auk SSSR , 180, 1150 (1 96 8 ); D . A . W iersm a 
and J. K om m an deur, M ol. P hys., 13, 241 (1967).

(2) B . G . E rsh ov, A ction s Chim. B iol. R adiat., 14, 191 (1970).
(3) J. Z im brick  and L . K eva n , J . Chem . P h ys ., 47, 2364 (1967).
(4) B . L . B ales and L . K ev a n , ibid., 5 2 , 4644  (1970).
(5) L . K ev a n  and D . H . C hen, ibid., 49, 1970 (1968 ); D . H . C hen 
and L . K ev a n  in  “ O rganic S olid  S tate C h em istry ,”  G . A dler, E d ., 
G ord on  and B reach , L on d on , 1969, p  183.
(6) H . H ase and L . K eva n , J . Chem. P hys., 52, 3183 (1970).
(7) D . S m ith  and  J. J . P ieron i, Can. J . Chem ., 4 3 , 876  (1965).
(8) B . G . E rshov, G . P . C hernova , O . Y a .  G rinberg, and Y a . S. 
L eb ed ev , Izv. A kad . N a uk S SS R , Ser. K h im ., 2439 (1968).
(9) (a) A . T . B u llock , W . E . Griffiths, and L . H . Sutcliffe, Trans. 
Faraday Soc., 63 , 1846 (1967 ); (b) A . T . B u llo ck  and L . H . Sutcliffe, 
ibid., 60, 2112 (1964).
(10) H . Y o sh id a , K . H a yash i, and  S . O kam ura , A rk . K em i, 23, 177 
(1 96 5 ).
(11) J . Z im brick , F . H oecker, and L . K eva n , J . P hys. Chem., 72, 
3277 (1968).
(12) O . M . T aranuk ha, V . A , V onsyansk y, and Y a . S. L ebedev, 
K h im . V ys. E nerg ., 2 , 476 (1968).
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These samples contained some residual radicals from 
the polymerization which were removed by heating at 
90° for 24 hr. Irradiations were carried out at 31° in 
a 60Co Y-source at a dose rate of 0.42 Mrad/hr in the 
dark.

Measurements were made with a Varian 4502 epr sys
tem which included a dual cavity with a quartz dewar 
insert. The microwave bridge was operated in the low- 
power mode and the automatic frequency control was 
locked to the sample cavity. The microwave power 
was variable over a 50-db range. The microwave 
power, P, was measured with a thermistor and power 
meter and the microwave magnetic field, Hi, is given 
by Hi =  2.22Pl/- G with P in watts for our spectrom
eter.4

Slow passage progressive saturation measurements 
were made at room temperature in a quartz dewar as 
previously described.4 A magnetic field modulation 
frequency of 40 Hz and a modulation amplitude of 
0.3 G satisfied slow passage conditions. A DPPH sam
ple, which does not saturate within the power range 
used, was also measured in the dual cavity. Since the 
DPPH signal intensity should be linear with Hi, devia
tions were interpreted to be due to attenuator calibra
tion errors and the experimental saturation curves were 
corrected accordingly.

The radical spin concentrations were determined by 
comparing the doubly integrated first-derivative PM- 
MA spectra at 300° K with the uncorrected trapped-elec- 
tron spectrum in y-irradiated 10 M  NaOH at 77°K. 
Correction was made for the temperature difference. 
The uncorrected trapped-electron sample contains 1.3 
X 1018 spins g-1 Mrad-1. This corresponds to 2.1 elec
trons per 100 eV of radiation energy absorbed (G 
value).13

Results

The normal nine-line epr spectrum associated with 
irradiated PMMA at room temperature14 was observed 
in all samples. Although there has been some contro
versy about whether this spectrum is due to one or two 
radicals, it now seems clearly established that it is due 
to a single radical of the type RCH2C(CH3)COOCH3 
with slightly different conformational angles of the two 
C-H^ bonds to the p orbital containing the unpaired 
electron.16

The signal intensity (height times width squared of 
the first derivative curve) of the central line of the spec
trum was measured vs. the microwave magnetic field, 
Hi, to give a power saturation curve. Figures 1 and 2 
show typical power saturation curves at 4.9 Mrads for 
two different decay times. The shape of a saturation 
curve is related to the spin-lattice, Ti, and spin-spin, 
T2, relaxation times of the radical. The relevant 
theory for obtaining relaxation times from saturation 
curves under slow-passage conditions has been summa
rized in a previous paper.8 The PMMA radical satura-

Figure 1. Power saturation curve for the central line in the 
epr spectrum of the radical in y-irradiated PMMA at room 
temperature. The radiation dose was 4.9 Mrads and the data 
were taken after 3 hr of thermal decay following irradiation. 
The relative signal intensity, V, is the height times the width 
squared of the first derivative epr signal and H, is the 
microwave magnetic field. The symbols HL, and £fu 1 refer to 
parameters used in the analysis of the saturation curve 
according to ref 16.

Figure 2. Power saturation curve for the central line in the 
epr spectrum of the radical in 7-irradiated PMMA at room 
temperature. The radiation dose was 4.9 Mrads and the data 
were taken after 54 hr of thermal decay following irradiation. 
The symbols are defined as in the caption to Figure 1.

tion curves were analyzed in terms of nonideal inhomo
geneous saturation by Castner’s treatment.16 In this 
analysis, groups of spins are considered to form nonin
teracting lorentzian spin packets which are superim
posed to form an observed gaussian line. The parameter 
a =  1.47 A //msL/A/7ms°, where A //msL and A //msG are 
the spin packet and observed line widths at maximum 
slope, is determined from the saturation curves. Then 
T2 is given by eq 1

T, = 1.70/a(7AHmsG) (1)

where 7 equals 1.76 X 107 G -1 sec-1. The value of a 
depends on the ratio of two Hi values from the satura

t e )  L . K ev a n  in “ R ad ia tion  C hem istry o f  A qu eou s  S ystem s,”  G . 
Stein, E d ., W iley -In terscien ce , N ew  Y ork , N . Y ., 1968, p p  2 1 -7 2 .
(14) E . E . Schneider, M . J . D a y , and G . Stein, N ature, 168, 645 
(1951).

(15) M . Iw asak i and Y .  Sakai, J . P olym . Sci. P art A - l ,  7 , 1537 
(1969).
(16 ) T . G . Castner, P hys. R ev., 115, 1506 (1959).
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Figure 3. Variation of PMMA radical concentration (O) and spin-spin relaxation time, Tt (•) vs. Y-radiation dose at 
room température.

tion curve and is therefore independent of the absolute 
value of Hi. T\T2 is given by eq 2 where Hy 2, Cor is 
obtained from the saturation curve and does depend 
on the Hi calibration.

T i T 2 =  l / y W > , „ cot (2)

It should be noted that the absolute values of rJ\ and 
Ti derived from the above analysis depend on the as
sumption of noninteracting spin packets (i.e., no spin 
diffusion within the observed gaussian line). This as
sumption is probably not completely correct, but only 
the relative values of are of principal interpretive 
significance.

Figure 3 shows the PM M A radical yield in spins per 
gram and vs. radiation dose at room temperature. 
Most of the decrease in radical yield above 7 Mrads is 
apparently due to slow thermal decay of the radicals 
during irradiation. Data on this decay are given in Fig
ures 2-6. The observed decay rates in Figures 2-6 do 
not seem fast enough to account for more than 10-20% 
of the observed decrease in initial radical yield above 7 
Mrads. However, the decay rates seem to decrease with 
the time elapsed after irradiation and are presumably 
faster at earlier times during irradiation. We note that 
the maximum in the radical yield vs. dose is phenome
nologically analogous to maxima observed for electron 
yields vs. dose in organic glasses at 77°K,17 but we do 
not have a quantitative understanding of this effect at 
present. The Ti values were constant at about 1.8 X 
10-5 sec from 0.4 to 5 Mrads and then decreased slowly 
to about 0.4 X 10-6 sec at 10.7 Mrads.

The line width at maximum slope of the central line 
of the PMMA spectrum is 5.4 G and is independent of

HOURS

Figure 4. Variation of PMMA radical concentration (O) and 
spin-spin relaxation time, T2 (•) vs. time after 0.85-Mrad 
Y irradiation at room temperature.

dose. At the greatest saturation achieved the line 
broadened to about 8 G. The line shape parameter 
defined by Pake and Purcell18 averages 2.3 independent 
of dose. Since the theoretical value for a pure gaussian 
line is 2.2, the line shape is closely gaussian as expected 
for inhomogeneous broadening.

Figures 4-8 show the effect of thermal decay at room 
temperature on the radical yields and on T2 at five 
doses. For each dose the value of Ti was constant over 
the time of decay. During the thermal decay periods

(17) M . Shirom  and J. E . W illard , J . A m er. Chem . Soc., 90 , 2184 
(1968).
(18) G . E . P ake and E . M . Purcell, P hys. R ev., 74 , 1184 (1948).
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Figure 5. Variation of PMMA radical concentration (o) and 
spin-spin relaxation time, T2 (•) vs. time after 4.9-Mrad 
7 irradition at room temperature.

Figure 6. Variation of PMMA radical concentration (O) and 
spin-spin relaxation time, Ti (•) vs. time after 7.2-Mrad 
7 irradiation at room temperature.

Figure 7. Variation of PMMA radical concentration (O) and 
spin-spin relaxation time, T2 (•) vs. time after 8.6-Mrad 
7 irradiation at room temperature.

Figure 8. Variation of PMMA radical concentration (O) and 
spin-spin relaxation time, To. (•) vs. time after 10.7-Mrad 
7 irradiation at room temperature.

the samples were stored in the dark. Similar results 
were obtained for doses at 2.5 and 12.7 Mrads but are 
not plotted.

Discussion
Since To is related to the local spin concentration in 

the region of the trapped radicals, the thermal decay 
data in Figures 2-6 allow us to compare quantitatively 
how the local and average spin concentrations change. 
Kittel and Abrahams19 calculated the frequency mo
ments for spin-spin dipolar broadening from spins ran
domly distributed on a cubic lattice with the external 
magnetic field along the 100 axis. For a polycrystal
line sample where the crystallites are oriented randomly 
with respect to the magnetic field this dipolar width is 
reduced by the factor 0.71.20 The width is further re
duced by g anisotropy20 which we do not consider here. 
When the fractional spin population is less than 0.01, as 
it is for radiation-produced magnetic species, the dipo
lar line is lorentzian and is identified with the spin-pac-
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ket of the saturation analysis. The relation between 
7\ in seconds and the local spin concentration Ni00 in 
spins/cm3 is then given by eq 3.

Aioe =  (1.23 X 1 0 -I2T2) r x (3)

The local spin concentrations at each dose immediately 
after irradiation and after 50 hr of thermal decay are 
collected in Table I. These are compared with the 
average spin concentrations, JVav, in the same samples. 
A av is converted to spins/cm8 with a density of 1.18 
for PMMA. Note that N\oc >  A av when only two rad
icals per cluster are separated by noc <  rav.

At low doses the ratio A i0e/Aav equals 25 at 0.42 
Mrads and 12 at 0.85 Mrad. The N\oc corresponds to 
an average distance between radicals of 44 A if spheri
cal volumes around each radical are assumed. Even 
though our absolute value of T2, on which this ratio

(19) C . K itte l and E . Abraham s, P h y s . Rev.. 9 0 ,2 3 8  (1 95 3 ); in  the  
expression  fo r  A  on  the second page o f  this paper, g should be squ ared.
(20) S . J . W ya rd , P roc. P hys. Soc., Ser. A , 86, 587 (1965).
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Table I :  Local and Average Spin Concentrations (spins/cm3) of Radicals in 7-Irradiated PMMA at Room Temperature

Dose 0.85 Mrad 2.5 Mrads 4.9 Mrads 7.2 Mrads 8.6 Mrads 10.7 Mrads 12.7 Mrads

N10» initial 2.3 X 1019 2.3 X 1019 2.3 x  1019 1.5 X 1019 9.5 X 1018 5.8 X 1018 4.4 X 1018
iVioc after 50 hr 1.4 X 1019 1.4 X 1019 1.3 X 1019 7.8 X 1018 5.3 X 1018 3.5 X 1018 2.3 X 1018
Decrease 39% 39% 43% 48% 44% 40% 48%
A av initial 1.9 X 1018 5.2 X 1018 8.9 X 1018 10.6 X 1018 8.3 X 1018 4.2 X 1018 2.4 X 1018
Aav after 50 hr 1.6 X 1018 4.3 X 1018 6.6 X 1018 5.9 X 1018 4.4 X 1018 2.7 X 1018 1.2 X 1018
Decrease 16% 17% 26% 44% 47% 36% 50%
Aioc/Aav initial 12 4.6 2.6 1.4 1.1 1.4 1.8
Aioc/Aav after 50 hr 8.8 3.3 2.0 1.3 1.2 1.3 1.9

depends, may be in error by a factor of 2 or 3, Nioc/Nav 
is clearly greater than 1 at doses less than 5 Mrads. 
This means that the radicals are formed in localized 
regions of higher than average radical concentration. 
Such regions are called spurs in radiation chemistry and 
reflect the nonhomogeneous deposition of radiation 
energy. At high doses we expect the average and 
local spin concentrations to become comparable. This 
is observed at doses above 7 Mrads where N\0,JN&V is of 
the order of unity.

Bullock, et aL,9 have made similar measurements on 
PMMA radicals up to about 1.5 Mrads. They do not 
quote radiation doses but we deduce them from their 
ref 2. Thus they observed only the isolated spur region 
in which A’ioc/Arav >  1. Their average local spin con
centration was 1.80 X 1019 spins/cm3. However, they 
assumed that the g factor of the radical was anisotropic 
(see ref 20) so their value should be decreased to 1.2 X 
1019 for comparison with ours at low dose. Still, the 
agreement is reasonable. Our average spin concentra
tions are about 3 times as large as theirs at comparable 
doses. The initial linear portion of our yield-dose 
curve in Figure 3 corresponds to a 100-eV yield (G 
value) of 2.7 which is a typical value for radicals in non
aromatic organic solids.

Bullock and Sutcliffe9b also reported that for radicals 
in 7-irradiated PM M A T2 increased by about a factor 
of 2 when the temperature was lowered from 299 to 
77°K. This suggests that the local concentration de
creases when the temperature is lowered. Similar re
sults have been observed in an analogous polymeric 
system.11 This temperature effect could possibly be 
caused by contraction of adjacent polymer chains so as 
to increase the distance between nearby radicals when 
the temperature is lowered. Our results were all taken 
at room temperature and do not bear on this question; 
however, they do indicate that T-, changes can be rea
sonably related to changes in local radical concentration.

One objective of this work was to compare how lo
cal and average spin concentrations change during 
thermal decay of the radicals. Figures 4-8 show that 
the radical decay rates decrease with time at room 
temperature at all doses studied. Table I shows the 
fractional decay rates, based on both local and average

spin concentrations, as the per cent decrease for 50 hr 
of decay.

At doses less than 5 Mrads the fractional decrease in 
local spin concentration is about 2.5 times as great as 
the fractional decrease in the average spin concentra
tion. This is consistent with intraspur decay. Since 
the spurs are isolated and the radical concentration is 
highest within the spurs this result is not unexpected. 
However, the experimental approach used here pro
vides a more direct observation of intraspur decay than 
does thermal decay kinetics alone.

A consequence of intraspur decay is that the kinetics 
should not be second order with respect to the total 
(average) spin concentration, even if the decay mecha
nism is simple radical combination. This is best sub
stantiated by looking at the effect of total spin concen
tration on the fractional decay rate. At 0.85 and 2.5 
Mrads the fractional decay rates based on the total spin 
concentration are the same even though the spin con
centrations differ by a factor of 3. Similar results are 
obtained for limited data at 0.4 Mrad. On the other 
hand, if random radical combination occurred within 
the spur the kinetics would be second order with respect 
to the local concentration. Our data do not convinc
ingly fit either first- or second-order plots based on 
local concentrations below 5-Mrad dose, so we are un
able to deduce unique intraspur kinetics. However, 
the data can be fitted to two or more concurrent first- 
order decays of different rates. Below 5 Mrads the ini
tial local concentration is constant, so the dose indepen
dence of the fractional decay rate with respect to local 
concentration cannot be used as a criterion for concur
rent first-order decays. However, the fractional decay 
rates based on local concentrations are roughly indepen
dent of the local spin concentrations if the high dose 
data are also included. This is consistent with concur
rent first-order decays within the spur. Simple radical 
combination within the spur is consistent with such 
kinetics if the combination is not random.

At doses above 7 Mrads the local and average spin 
concentrations are comparable and show comparable 
fractional decay rates. In this dose range we make no 
distinction between intraspur and interspur decay. 
Again the radical decay kinetics do not fit simple first
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or second order, but seem best represented by concur
rent first-order decays.

We have observed intraspur decay for radiation-pro
duced organic radicals by spin-spin relaxation measure
ment of local radical concentrations. We suggest that 
intraspur decay is a common situation in irradiated or
ganic solids and that it complicates the interpretation 
of radical decay based on total spin concentrations. 
Conversely, if pure second-order decay, substantiated 
at several initial radical concentrations, is observed in 
irradiated solids these radicals cannot be trapped in 
spurs containing other radicals. An example of this 
latter situation has been observed for 3-methylpentyl

radicals in irradiated 3-methylpentane at 77 and 
87°K.21
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of Methylene. Deuteriomethyl and Formaldiminoxy Radicals

by J. B. Farmer, C. L. Gardner, M. C. L. Gerry, C. A. McDowell,* and P. Raghunathan
Departm ent o f  Chem istry, The U niversity  o f  B ritish Columbia, Vancouver 8, B ritish Columbia, Canada  
(.Received F ebruary 22, 1971)

P ublication  costs assisted by the N ationa l R esearch  C ou n cil o f  Canada

The electron spin resonance spectra of the deuteriomethyl (CH2D and CHD2) and the formaldiminoxy (CH2NO) 
radicals have been obtained by photolyzing diazomethane in the presence of D20  and NO, respectively, in an 
argon matrix at 4.2°K. Hyperfine coupling constants and g factors have been evaluated for each radical. 
The assignment of the structure of the formaldiminoxy radical and the correctness of the interpretation of its 
esr spectrum has been confirmed by experiments performed using I5NO. This work shows that nitric oxide 
may be used as a spin trap for triplet state radicals. Furthermore, it confirms the existence of the CH2NO 
radical which had previously been postulated as an intermediate in certain gas phase reactions.

Introduction
One of the primary products of the photolysis of both 

diazomethane and ketene is the methylene radical 
(CH2) . Its electronic spectrum, giving evidence of both 
singlet and triplet states, has been observed in the gas 
phase,1 and the electron paramagnetic resonance spec
trum of radicals trapped in a xenon matrix at 4.2°K has 
confirmed that the ground state is a triplet.2 We have 
photolyzed both diazomethane and ketene in argon 
matrices at 4.2° K and have observed in many experi
ments the characteristic four-line spectrum of the 
methyl (CH3) radical superimposed on a further broad 
signal. Methyl radicals cannot be formed in the pri
mary photolytic step of either diazomethane or ketene. 
There is considerable evidence, however, that methy
lene radicals produced in this step can abstract hydro
gen atoms3 to produce methyl radicals, and this would

seem to be a reasonable method of generating the latter.
In an attempt to obtain further evidence for the 

abstraction reaction, we photolyzed diazomethane in 
the presence of heavy water (D20 ) in an argon matrix 
at 4.2° K. Should abstraction be occurring, the spec
trum anticipated was that of the CH2D radical. This 
was indeed found, and the details of the results are given 
in a later section. The success of these experiments 
suggested that the photolysis of diazomethane in the

(1) G . H erzberg, P roc. R oy . Soc., Ser. A , 262, 291 (1961).
(2) R . A . B ernheim , H . W . B ernard , P . S. W an g, L . S. W o o d , and 
P . S. Skell, J . Chem. P hys., 53, 1280 (1 97 0 ); E . W asserm an , W . A . 
Y ager, and V . J . K u ck , Chem. P h ys. Lett., 7 , 409 (1970 ); E . W asser
m an, V . J . K u ck , R . S. H u tton , and W . A . Y ager, J . A m er . Chem . 
Soc., 9 2 , 7491 (1970).
(3) See, fo r  exam ple, G . B . K istia k ow sk y  and T . A . W alters , J. 
P h ys. Chem., 72, 3952 (1968 ); D . F . R in g  and B . S. R a b in o v itch , 
Can. J . Chem ., 46 , 2435 (1968).
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3 3 7 9 .3 6  GAUSS 
( j/  = 9 4 5 5 .2 9  MHz)

Figure 1. Esr spectrum obtained from the photolysis of the CH2N2-D 20-A r system. The stick diagram shows the 
assignment of the hyperfine splittings.

presence of other substances which might be subject to 
addition or abstraction reactions with methylene radi
cals would be a useful and interesting method of prepa
ration of free radicals for esr study. In the final section 
we report the spectrum of the first of these, the formal- 
diminoxy radical (CH2NO), obtained by photolysis of 
diazomethane in the presence of nitric oxide in an argon 
matrix; this nitric oxide thus acts as a spin trap for the 
triplet state methylene radical.

Experimental Section
Diazomethane, CH2N2, was prepared by the alkaline 

hydrolysis of reagent grade Ar-methyl-iV-nitroso-p-tol- 
uene sulfonamide (Eastman Organic Chemicals) in 
ethylene glycol. Light and also contact with a variety 
of impurities cause explosive decomposition of diazo
methane, and after considerable experimentation it was 
found best to use a clean polyethylene-coated high- 
vacuum system. “ Kel-F”  grease was used for all vac
uum joints and the diazomethane was prepared and 
handled in the dark.

Heavy water of 99.75% minimum isotopic purity was 
obtained from Merck Sharp and Dohme of Canada. 
Gaseous I4NO (Matheson of Canada) was purified ac
cording to the steps outlined by Guillory and Johnston.4 
16NO, specified to be 99.3 atom %  pure in 16N, was ob
tained from Isomet Corp. All the above chemicals 
were further purified by a trap-to-trap distillation in 
vacuo prior to use. Research grade argon purchased 
from Matheson of Canada (less than 5 ppm N2) was 
used as the matrix material. In a typical experimental 
run, 5 Torr of gaseous CH2N2 and 5 Torr of NO were 
mixed in a darkened sample bulb and diluted with 
enough argon so that the mixture had a ratio of 1:1: 
1000 (CH2N2-N O -Ar). A similar volume ratio was 
used for the CH2N2-D 20 -A r mixture.

The superheterodyne X-band spectrometer and the 
associated cryogenic assembly for matrix isolation ex
periments have been described previously.5 Satura
tion of the detected signal was avoided by choosing 
low enough microwave power levels—-typically 30 dB 
below the 200 mW klystron output. The magnetic 
field was calibrated using a proton magnetic resonance

probe. Samples were deposited onto a target surface 
held at 4.2°K inside the esr cavity. Photolysis was 
achieved with light from a GE AH6 high-pressure mer
cury arc, the radiation from which was filtered through 
a column of water and focused on the sample through 
a quartz collimating system.

Results and Discussion
I. Deuterated Methyl Radicals. The esr spectrum 

obtained after 20 min irradiation of the CH2N2-D 20-A r 
system is shown in Figure 1. Transitions assigned 
to the CH3, CH2D, and CHD2 radicals are indicated. 
All three spectra can be interpreted in terms of an iso
tropic hyperfine coupling; the g values and hyperfine 
splitting constants derived from the spectra are given 
in Table I. The latter are in good agreement with 
those published previously.6 Spectra calculated from 
the appropriate spin Hamiltonian using the derived 
values are given in the lower portion of Figure 1; it is 
evident that there is excellent agreement between these 
and the observed spectra.

These results support the hypothesis that methylene 
radicals have been formed in the photolytic decomposi
tion of diazomethane and are capable of abstracting 
hydrogen atoms to form methyl radicals. The CH2D 
radicals were probably formed simply by abstraction of 
deuterium atoms from heavy water by methylene radi
cals. To account for the CHD2 radicals observed, how
ever, it seems reasonable to assume that some exchange 
of hydrogen and deuterium between diazomethane and 
heavy water occurred in the gas phase before deposition, 
so that photolysis of diazomethane produced CHD rad
icals which in turn abstracted deuterium atoms from 
the heavy water. These results spurred the subse
quent search for formaldiminoxy radicals, it being as
sumed that nitric oxide would serve as an appropriate 
spin trap for the triplet state methylene radical.

(4) W . A . G u illory  and H . S. Johnston , J . Chem. P h ys., 4 2 , 2457
(1965).
(5) C . A . M cD o w e ll, H . N ak ajim a , and P . R aghunathan , Can. J. 
Chem ., 4 8 , 805 (1970).
(6) R . W . Fessenden, J. P hys. Chem ., 71 , 74 (1 96 7 ); see also R . W . 
Fessenden  and R . H . Schuler, J. Chem. P h ys., 39, 2147 (1963).
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Table I: g Values and Hyperfine Splittings (in G) for the CH2D and CHD2 Radicals

■g Values—------------------------------n <----------------------- Isotropic hyperfine splittings-
Species This work Fessenden“ This work Fessenden®,b

c h 2d 2.0020 ±  0.0002 Not reported“ o h  = 22.97 ±  0.25 
o d  = 3.52 ±  0.25

oH = 23.1 ±  0.01 
op = 3.531 ±  0.01

c h d 2 2.0020 ±  0.0002 Not reported“ o h  = 23.12 ±  0.25 
on = 3.50 ±  0.25

o h  = 23.21 ±  0.01 
on = 3.552 ±  0.01

“ Reference 6. b Observed in a krypton matrix at 85°K. '  The g factors of the CH3 and CD3 radicals have previously been re
ported by Fessenden and Schuler (ref 6) to be 2.0026. The small difference between this value and our results probably arises from 
temperature and/or matrix effects.

II
14r

I l l  .
14̂

. I I I
9

Figure 2. Esr spectrum obtained from the photolysis of the CH2N2- 14NO-Ar system: (a) experimental spectrum; the dotted
lines show the methyl radical spectrum, the rest of the spectrum being ascribed to R; (b) analysis of the hyperfine pattern 
of R; (c) computer-simulated esr spectrum of radical R.

II. Evidence for the Formation of the Formaldiminoxy 
Radical. After 20 min irradiation of the CH2N2-N O -Ar 
system the spectrum shown in Figure 2a was obtained. 
It is seen to be a superposition of (i) the four lines of the 
methyl radical spectrum and (ii) a complicated line 
shape due to a second paramagnetic species, R. From 
the overall pattern of this spectrum, it is immediately 
clear that this center possesses anisotropic Zeeman (g) 
and hyperfine (A) tensors. The methyl radical spec
trum could be suppressed, and that of the species R  en
hanced, by doubling the amount of NO in the irradiated 
gaseous mixture. The spectrum of the new species is 
interpretable in terms of an S =  ' / 2 center interacting 
with a nitrogen nucleus and two inequivalent hydro
gens. Our assignment of the various components of 
the spectrum of R is represented by the stick diagram 
shown in Figure 2b.

Although the measurements of the g values could be 
performed accurate to ±  0.0002, the widths of the com
ponent lines of the polycrystalline spectrum, and the 
somewhat poor overall resolution, tended to limit the 
accuracy of our measurements of the hyperfine split

tings. In particular, the smaller proton couplings are 
of the same order of magnitude as the line width.

A more complete parametrization of the spectral com
ponents was therefore attempted by a computer simula
tion of the polycrystalline spectrum of R. The com
puter program used here has been previously described 
elsewhere.7 A spin Hamiltonian of the form

3C = pH-q-S +  I A S
where the principal axes of the Zeeman and hyperfine 
tensors were assumed to be collinear, was used to inter
pret the spectrum. The resonance field positions cal
culated were fitted with a gaussian line shape function, 
and the resulting simulation is shown in Figure 2c. The 
parameters that led to the “ best fit”  of the experimen
tal spectrum are set forth in Table II. From the prin
cipal values of the nitrogen hyperfine tensor, the scalar 
or isotropic nitrogen splitting is calculated to be |33.3|
G. Similarly, the experimentally observed proton 
splittings yield [26.2] Gand |2.8| G, respectively, for the 
large and small isotropic proton couplings of R.

(7) R . L efeb vre  and J. M aruan i, J . Chem . P h ys ., 4 2 , 1480 (1965 ).
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Figure 3. Esr spectrum obtained from the photolysis of CH2N2- 16NO-Ar system: (a) experimental spectrum; (b)
analysis of the hyperfine pattern; (c) computer simulation of the esr spectrum of CH215NO.

Table II : Computer-Fitted Parameters of the g Factor 
and Hyperfine Splittings (in G) of the Radical R“

gi = 1.9930 
A!(14N) = 38.5 
Ai(H large) = 22.5 
Ai(H small) = 3.6

g-. = 2.0021 
A2(14N) = 27.0 
A2(H large) = 27.0 
A2(H small) = 1.2

g3 = 2.0042 
A3(14N) = 35.5 
A3(H large) = 29.0 
A3(H small) = 3.6

“ Component line shape: gaussian; component line width:
1.3 G.

We were successful in checking the above assignment 
by a further experiment using 16NO in place of 14NO in 
the photolysis mixture. The somewhat simpler 20- 
line spectrum that resulted is shown in Figure 3a, and 
it can be seen that the triplet splitting of 14N has been 
replaced by a doublet pattern from the 16N, and the 
spacing of the nitrogen hyperfine components has been 
increased by the ratio expected for the nuclear g factors 
<7(16N)/</(hN) of 1.41. The complete assignment of 
the hyperfine coupling pattern of this spectrum is shown 
in Figure 3b, and the simulated line shape appears in 
Figure 3c. To compute this line shape, values of Ai • 
(16N) =  55.0 G, A2(16N) = 38.0 G, and A3(16N) = 51.0 
G were used, the rest of the parameters remaining the 
same as in Table II.

Structure of the Radical R. The foregoing experimen
tal data indicate that we have to propose a structure

for R  whose hyperfine splitting pattern is caused by (i) 
a large nitrogen splitting and (ii) two inequivalent pro
ton splittings, one of which is an order of magnitude 
larger than the other. The large nitrogen hyperfine 
interaction at once indicates that a substantial part of 
the odd electron spin density is located in a totally sym
metric MO of nitrogen, presumably an Ar type anti
bonding orbital —- a situation reminiscent of the planar 
a electron structures N 028 and C 02- .9 The inequiva
lent protons may then be located cis and trans to the 
odd electron orbital of nitrogen in a planar structure 
(nonplanar structures are expected to be energetically 
unfavorable).10

The above results could very well be accommodated 
by a planar structure of the type

H

H
N.

O

and at least two recent theoretical studies11’12 have pre
dicted isotropic hyperfine splittings for such a radical,
(8) T . J. Schaafsm a, G . A . va n  der V elde, and J. K om m an deur, 
M o l. P h ys., 14, 501 (1968).
(9) D . W . O venail and D . H . W hiffen , ibid., 4 , 135 (1961).
(10) P . R . Andrew s, J. M ol. Struct., 6 , 85 (1970).
(11) G . Berthier, H . Lejnaire, A . R assat, and A . V eillard , Theor. 
Chim . A cta , 3 , 213 (1965).
(12) T . Y on ezaw a, T . K aw am ura , and H . K a to , B ull. Chem. Soc. 
J a p ., 4 3 , 74 (1970).
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Table III; Isotropie Coupling Constants (in G) 
of the Formaldiminoxy Radical

Nucleus
✓----- Calculated values----- -
Ref 12 Ref 11

Experimental 
values found 
for radical R, 

this work

14N +  37.5 ~ + 3 0 |33.3|
H( trans) +61.6« ~ + 2 7 (26.21
H(cis) +  10.2“ —+ 6 1 2.8|

“ These and other hydrogen coupling constants tabulated for 
several v-electron radicals in ref 12 are probably overestimated 
since they compare very poorly with well established experi
mental values. From Table I of ref 12 it is apparent that a 
“ contracted”  Slater-type Is hydrogen orbital has been used for 
these calculations.

viz., the “ formaldiminoxy”  radical. In Table III, the 
values of the nitrogen and the larger hydrogen isotropic 
coupling constants calculated using self-consistent 
field theory11 are seen to show excellent agreement with 
the values obtained by us; the somewhat greater dis
crepancy for the smaller hydrogen coupling constant 
is due, at least in part, to experimental inaccuracy. 
The CH2NO, which we conclude is in fact our trapped 
radical R, may be considered to be the prototype of a

wide variety of aldiminoxy radicals for which solution 
esr spectra have been reported in recent years.13-16 In 
all of these, the mechanism of the hyperfine coupling to 
the protons on the carbon moiety of the structure is be
lieved to operate through long-range transmission of the 
u-spin density. The isotropic g value of 1.9998 which 
may be calculated from our results strongly accords 
with a tr-electronic structure for this radical.

Indeed, the radical species CH2NO has been invoked 
from time to time16'17 as an intermediate in the gas 
phase reactions of CH2 and NO, and we believe that our 
work provides the first clear-cut experimental evidence 
for this radical in the isolated state.
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Studies of proton spin-lattice relaxation as a function of temperature are reported for the following liquid 
crystals: p-azoxyanisole (1), butyl p-(p-ethoxyphenoxycarbonyl)phenyl carbonate (II), p-(p-ethoxyphenyl- 
azo)phenyl hexanoate (III), p-(p-ethoxyphenylazo)phenyl undecylenate (IV), and p-[V-(p-methoxybenzyl- 
idene)amino]-n-butylbenzene (V). Compound V has also been studied with an electric field of strength 

kV/cm perpendicular to the applied magnetic field. Order parameters (S) and second moments obtained 
from wide line spectra are displayed for compounds II-V. It is found that T, increases with increasing tem
perature immediately above the melting point for compounds I-V and that Ti does not depend on the align
ment of the major molecular axis with respect to the magnetic field for compound V. These results suggest 
that spin relaxation in the nematic phase is determined by translational diffusion. The frequency dependence 
of Ti probably does not distinguish between rotational and translational contributions to spin relaxation.

Introduction
Liquid crystals are of considerable practical and 

theoretical interest at present because of their unusual 
physical properties.2 Nematic liquid crystals, which 
are investigated in this paper, exhibit a mesophase in 
which one-dimensional molecular order is maintained; 
i.e., the long (major) molecular axes tend to be parallel.

A particularly interesting manifestation of this long- 
range order is the molecular alignment which these sys-

(1) (a) S upported  in  part b y  grants from  the N ation a l S cience  
F ou n d ation  and the U N C  M ateria ls  R esearch  C enter (C o n tra ct  
S D -100  w ith  the  A d va n ced  R esearch  P ro jects  A g e n c y ) : (b ) A lfred  
P . S loan R esearch  F ellow , 1966-1972.
(2) G . W . G ra y , “ M o lecu la r  S tructure  and  th e  P rop erties  o f  L iq u id  
C rysta ls ,”  A ca d e m ic  Press, N ew  Y o rk , N . Y ., 1962.
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terns show in modest magnetic and electric fields.3 In 
spite of the high degree of molecular ordering the mole
cules are still quite free to rotate about their long axes 
and to undergo translational diffusion. However, 
physical properties such as viscosity and self-diffusion 
rates show large changes on going from the nematic to 
the isotropic phase for nemalogens such as p-azoxyanis- 
ole (PAA).

Early investigations of the nematic mesophase of p- 
azoxy ethers by proton magnetic resonance spectroscopy 
revealed spectra with total widths similar to those found 
for the solid phases and two orders of magnitude larger 
than for the corresponding high-temperature isotropic 
phases.4-7 The structure in these spectra was quite 
logically attributed to direct magnetic dipole-dipole 
interactions which are not completely averaged out since 
the molecular tumbling is anisotropic. Further infor
mation relating to the molecular motion in these com
pounds has been derived from studies of the second 
moments of the nmr absorption lines as functions of 
temperature.8-9

Only in the last few years have the dynamics of the 
nematic state been studied by means of nuclear spin- 
lattice relaxation measurements.10-14 The first attempt 
to relate orientational fluctuations to spin relaxation in 
the nematic mesophase was presented by Pincus, who 
considered only the intramolecular dipole interaction 
between a pair of protons.16 This work, which was 
based on collective modes of fluctuations in molecular 
order, resulted in

4  =  +  K/v ) r l/l a )

where o>d is the dipole frequency, A  is a Frank elastic 
constant, D is the diffusion constant, ?j is the viscosity, 
and co is the Larmor frequency for the proton. Simi
lar calculations by Blinc, et al., agree with this result 
except in magnetic fields sufficiently high to affect the 
thermal fluctuations.11 Experimental studies of pro
ton relaxation rates have for the most part confirmed 
the frequency dependence predicted by eq 1, but the 
observed temperature dependence is completely counter 
to this equation.10

Doane and Johnson have recently attempted to refine 
the theory by adopting a more realistic model in which 
high-frequency fluctuations about the local preferred 
orientation are superimposed on the collective long- 
range fluctuations.16 The resulting equation for 1 /Tx 
is similar to eq 1 except that a factor of S2 is in
cluded where S =  — y 2{l — 3 cos2 d) is the order pa
rameter and d is the angle between the long axis of the 
molecule and the applied magnetic field. Lubensky 
has independently obtained the same result using a 
quite different method.17 When the experimental tem
perature dependence of T/(K/rj + Z ))'/£ is considered, 
it turns out that the modified equation predicts little 
temperature dependence for 1 /T\ in somewhat better

I .  p-Azoxyanisole 

CH3ii° <^y-N=N-(Q)0CH3

I I .  Butyl p(p-ethoxyphenoxycarbonyl)phenyl Carbonate
P. >-----4 0

Cn4H9OCO 0C2H5

H I . p-(p-Ethoxyphenylazo)phenyl Hexanoate
Ci

CH3(CH2)itco 'I ( o ) - n= n ^ O ^  oc2h5

IV, p-(p-Ethoxyphenylazo)phenyl Undecylenate 

CH2—-CH(CH2) qCO oc2h5

V, p-[N-(p-Methoxybenzylidene)amino]-n-butylbenzene 

CH30 CH=N (CH2 ) 3CH3

Figure 1. The structures for compounds I-V.

agreement with experiment. There is still, however, 
the unknown contribution of intermolecular dipole- 
dipole interactions.

In this paper we report studies of proton spin-lattice 
relaxation for the five nematogens listed in Figure 1 in 
their solid, nematic, and isotropic phases. The tem
perature dependence of T\ in the nematic phase was of 
primary interest as a test of the theory for these varied 
structures where the temperature widths of the nematic 
mesophases range from 17° (I) to 45° (III, IV). Wide 
line spectra were also obtained for these systems in or
der to follow the order parameters S and the second 
moments of the absorption lines as functions of tem
perature and to provide an independent determination

(3) E . F . C arr, Advan. Chem. Ser., N o . 63 (1967).
(4) R . D . Spence, H . A . M oses, and P . L . Jain, J . Chem. P h ys., 21 , 
380 (1953).
(5) R . D . Spence, H . S . G u tow sk y , and C . H . H olm , ibid., 21, 1891 
(1953).
(6) P . L . Jain, J. C . Lee, and R . D . Spence, ibid., 23, 878 (1955).
(7) P . L . Jain, H . A . M oses, J . C . L ee, and R . D . Spence, P h ys . 
R ev., 92 , 844 (1953).
(8) H . L ippm ann , A n n . P h ysik , (7 ) 2 , 287 (1958).
(9) H . L ip p m an n  and K . H . W eber, ibid., (6 ) 20, 265 (1957).
(10) M . W eger and P . C abane, “ C olloq u e  Sur L es C ristaux L iq u id es,”  
M on tp e llier, F rance, 1969.
(11) R . B lin c, D . L . H ogen boom , D . E . O ’R e illy , and E . M . P eter- 
son, P h ys. Rev. Lett., 23, 969 (1969).
(12) J . W . D oa n e  and J. J. V isintainer, ibid., 23, 1421 (1969).
(13) R . B linc, D . E . O ’ R eilly , and E . M . P eterson , Solid State 
Com m un., 6 , 839 (1968).
(14) R . Y .  D o n g  and C . F . Schw erdtfeger, ibid., 8 , 707 (1970).

(15) P . P incus, ibid., 7 , 415 (1969).
(16) J. W . D oa n e  and D . L . Johnson, Chem. P h ys. Lett., 6 , 291 
(1970).
(17) T . C . L ubensky , P h ys . Rev. A , 2 , 2497 (1970).
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of the transition temperatures. Compound V, which 
has a room temperature nematic phase, was studied in 
an electric field to determine the dependence of T\ on 
the direction of the molecular alignment with respect 
to the applied field, H0. The results of these studies, 
which are discussed in the Results section, reveal a more 
or less linear increase in Tx with temperature in 
all three phases except near phase transitions, and the 
electric field experiment shows no measurable change 
of 7/ with change in the alignment angle. On the 
basis of these results we argue in the Discussion and Con
clusions section that proton relaxation is not dominated 
by the dipole-dipole interactions between adjacent 
protons on the rings and that a translational diffusion 
mechanism is consistent with the data. The relevance 
of current theories of spin relaxation in liquid crystals 
appears to be in considerable doubt.

Experimental Section

Compounds I-IY  were obtained from Eastman Kodak 
and Aldrich Chemical Co. and were purified by several 
recrystallizations with hot methanol and ethanol. The 
melting points and isotropic points for compounds I-IY  
are: I, mp 118°, ip 135°; II, mp 58°, ip 90°; III, mp 
78°, ip 123°; IV, mp 68°, ip 113°. Compound V was 
synthesized in this laboratory by a standard condensa
tion reaction and purified by vacuum distillation.18 
This compound shows a hysteresis effect so that on 
heating the mp is 21° and the ip is 41° while on cooling 
the mp is 12°. All samples were degassed by repeated 
freezing and thawing under vacuum to remove molec
ular oxygen.

The Ti measurements were made at 30 MHz using a 
Magnion Spin-Echo nmr spectrometer with the high- 
power modification and a Magnion 12-in. electromagnet. 
Typical 90° pulse times were less than 2 /usee and the 
receiver deadtime was about 10 /usee. The data were 
obtained using repeated 1 8 0 ° - t- 9 0 °  pulse sequences. 
Instead of measuring the null point, which is subject to 
instrumental and systematic errors, the height of the 
free induction decay M following the 90° pulse was 
measured as a function of r. A plotof In [(Af0 — M)/M„\ 
vs. t yields a slope of l/Ti, where Af0 is the height of the 
free induction decay at very long r or after a 90° pulse 
applied at thermal equilibrium.

To control the temperature up to 200°, the following 
system was devised. A large dewar was constructed 
to hold the probe assembly in the 2-in. gap of the 
electromagnet. A furnace machined from a cylinder 
of lava was mounted in a vertical manner on the probe 
assembly so that it contained the sample coil. Grooves 
were cut in the furnace and nichrome wore was wound 
onto the furnace to provide a resistance of about 30 
ohms. The temperature was then controlled to ± 1 ° 
by resistance heating using a Leeds and Northrup CAT 
60 control unit and a Kepco CK36 regulated power 
supply as the current source. The “ DC” magnetic
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amplifier supplied with the Leeds and Northrup system 
turned out to be completely unsatisfactory for this 
experiment since it generated current pulses.

The second moment calculations were based on line 
shapes obtained on a wide-line nmr spectrometer con
structed in this laboratory. The spectrometer con
sists of a crystal controlled oscillator of the Robinson 
type,19 a PAR Model 120 lock-in amplifier, a Varian 
V3900 12-in. magnet with Fieldial, a Hewlett-Packard 
No. 7005B recorder, and the necessary power supplies. 
The x axis of the recorder was driven by the Fieldial.

The detected signal was digitized using a Digital 
Specialities A /D  converter and an ASR-33 Teletype. 
The information was then processed using the Chemis
try Department’s Raytheon 706-SCC computer facil
ity. Standard second-moment calculations were made, 
and the modulation correction of Andrew was applied.20 
Typically, 300 points were used for each second-mo
ment calculation.

The electric field dependence of the spin-lattice re
laxation time was investigated by applying 2600 V 
across a rectangular glass cell with copper electrodes, 
having a separation of 0.55 cm. The cell was rotated 
manually inside a room temperature probe assembly 
supplied by Magnion.

Results
A. Spin-Lattice Relaxation Measurements. Plots of 

the temperature dependence of the proton spin-lattice 
relaxation time as a function of reciprocal temperature 
are shown in Figures 2-6 for compounds I-V , respec
tively. There are discontinuities in e&ch plot corre
sponding to the melting and isotrppic points. The 
solid phase behavior for each of the nematogens is 
quite similar. A linear increase in Ti with increasing 
temperature occurs up to a few degrees below the melt
ing point indicatiiig a simple motional process, probably 
methyl rotation. A maximum is reached a few de
grees below the melting point for each compound, and 
a further increase in temperature leads to a decrease in 
Ti until the melting point is reached. This decrease 
in Ti is attributed to premelting, i.e., to the presence of 
regions having high molecular mobility.

At the solid-nematic transition there is a large de
crease in Ti, indicating fast rotational or translational 
diffusion. The appearance of structure in the wide- 
line spectra of the compounds indicates that these fast 
diffusional processes partially average out the secular 
part of the intermolecular dipole-dipole interactions. 
The nonsecular part of these interactions may, of 
course, still Contribute to T\.

In the nematic mesophase Ti increases with increas
ing temperature until a few degrees below the isotropic 
point. Further increase in temperature leads to a de-

(18) D . Jones, A p p l. P h ys. Lett., 16, 61 (1970).
(19) R . B lum e, p riva te  com m u n ica tion .
(20) E . R . A ndrew , P h ys . R ev., 91, 425 (1953).
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Figure 2. Proton spin-lattice relaxation time Ti vs. 10*/T 
for compound I.

Figure 3. Proton spin-lattice relaxation time Ti vs. 10S/T 
for compound II.

crease in Ti which may be attributed to the presence of 
liquid-like regions in which the self-diffusion coefficient 
is similar to that found in the isotropic liquid. For the 
compounds with large nematic temperature ranges, 
there is a linear relationship of log T1 with inverse tem
perature which is consistent with a simple motional 
process such as translational diffusion. Such a tem
perature dependence is in direct conflict with the exist
ing theories. At the nematic-isotropic transition 
point, there is a decrease in rl\ indicating a significant 
change in the rate of molecular motion.

In the isotropic region, the dependence of log'Ti on 
reciprocal temperature is sufficiently linear to be de
scribed by an activation energy. The resulting ener
gies of activation for compounds I-V  are 8.5, 9.3, 8.7,

Figure 4. Proton spin-lattice relaxation time Ti vs. 103/T  
for compound III.

Figure 5. Proton spin-lattice relaxation time T, vs. 103/T 
for compound IV.

12" 21“ 4I"C

Figure 6. Proton spin-lattice relaxation time Ti vs. 103/T 
for compound V.
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8.4, and 7.0 kcal/mol, respectively. These values 
were calculated using a standard least-squares program.

An electric field of 5 kV/ cm was applied to compound 
V at 25° as a means of orienting the long axes of the 
molecules away from the direction of the magnetic 
field. The relaxation theories, which are based on in
tramolecular dipole interactions, make use of a fluctuat
ing Hamiltonian whose magnitude depends on the an
gle of alignment of the internuclear axes. Accordingly, 
these theories predict that Ti should depend on the an
gle of alignment of the long axis of a molecule with re
spect to the applied field if the dipole interaction be
tween adjacent ring protons makes a dominant contri
bution to relaxation. In our experiment 7\ was mea
sured with the normal to the electrodes oriented at 
various angles up to 90° away from the direction of the 
magnetic field. In each case no differences could be 
detected between measurements made with the electric 
field on and off; i.e., no orientational dependence of 7\ 
was found at 25°.

B. Line Shapes and Second Moments. Typical nmr 
spectra of compounds II-V  in the nematic mesophase 
are shown in Figure 7. The doublet splitting is 
assigned to the interaction of the adjacent hydrogens on 
the benzene rings. The central peaks, which are 
prominent for compounds I and Y, are assigned to the 
relatively isolated methyl groups.

In the solid phase each compound exhibits a broad 
featureless spectrum with a line width of about 10
G. Upon melting, the intermolecular contributions 
to the line widths decrease dramatically, and the 
spectra reveal structure. The total widths of the 
spectra continue to decrease as the temperature is in
creased throughout the nematic mesophase. At the 
isotropic point the spectral width decreases to the limit 
of resolution of our spectrometer. The transition 
temperatures determined by inspection of the wide 
line spectra agree with those determined by the spin- 
lattice relaxation studies.

The second-moment calculations for compounds 
II-V  are shown in Figures 8-11, respectively. The 
second moment in each case decreases with increasing 
temperature as the intramolecular dipole interactions 
are more completely averaged. Breaks in the plots of 
second moment vs. temperature occur at the melting 
and isotropic points.

The doublet splitting SH arising from the dipole-di
pole interaction of the adjacent ring protons was used 
to calculate the order parameter S by means of the 
equation21

SH =  4a(8/ 2 cos2 $ — 1/i)S (2)

where a is 3/ 2 mh r_3HH and $ is the angle between the 
para axis of a ring and the major molecular axis. In 
these calculations we assumed that rHH = 2.45 A and 
$ = zero so that 5H = 5.73S (in gauss). The results 
are shown in Figures 8-11 as a function of temperature
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(II) (III)

Charles L. Watkins and Charles S. Johnson, Jr .

(IV) (V)

Figure 7. Representative wide line spectra (first derivatives) 
for compounds II-V.

Figure 8. The second-moment (AH1) and the order parameter 
S vs. temperature for compound II.

for each compound. As expected, S falls in the range 
from 0.3 to O.8.22 The angle 4> is, of course, not accu
rately known and may be as large as 10°. If 10° is 
adopted for $, all of our S values must be multiplied by
I. 048.

Discussion and Conclusions

The relaxation theories discussed in the Introduction 
predict the dependence of Ti on temperature and fre
quency. A dependence on molecular alignment is also 
implied since the fluctuation of an intramolecular di
pole-dipole interaction is treated. All three of these 
predictions are subject to experimental tests.

(21) J. C . R ow ell, W . D . Phillips, L . R . M e lb y , and M . P anar,
J . Chem. P h ys., 4 3 , 3442 (1965).
(22) A . Saupe, A ngew . Chem., Ird. E d . E ngl., 7 , 97 (1968 ).
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Figure 9. The second-moment (All1) and the order parameter 
S vs. temperature for compound III.

Figure 10. The second-moment (Aff2) and the order 
parameter S vs. temperature for compound IY.

First, we consider the question of molecular align
ment. Doane and Yisintainer were able to control the 
alignment of 4,4'-bis(heptyloxy' azobenzene (HAB) 
by working with the smetic phase where a planar struc
ture is maintained and the preferred direction is 
“ frozen”  in.12 Relaxation measurements for the var
ious orientations could then be made by manually ro
tating the sample in the magnetic field. In their exper
iment Ti was found not to vary outside the experimen
tal uncertainty.

An alignment experiment has also been reported by 
Dong and Schwerdtfeger for the nematogen, 4-me- 
thoxybenzylidene-4-amino-a-methylcinnamic acid 71- 
propyl ester.14 In their work an electric field of strength 
~ 2  kV/cm was applied perpendicular to H0, and 
was found to have a slightly lower value than with the 
electric field off. The difference was about 5%. Our

Figure 11. The second-moment (A f f2) and the order 
parameter S vst. temperature for compound Y.

experiment with compound V was quite similar except 
that a 5-kV/cm field was used and no change in I\ was 
detected.

In summary the experiments indicate that Ti has 
little or no dependence cn the alignment of the major 
axes of the molecules with respect to the applied mag
netic field. Therefore, these experiments cast doubt 
on the importance of rotational contributions to spin- 
lattice relaxation for the nematic phase. Of course, it 
must be kept in mind that some of the molecules in 
question have extensive side chains in which the inter
proton directions bear little relation to the direction of 
the major molecular axis. Relaxation induced by the 
“ wagging”  of the side chains or the internal rotation 
of the methyl and methylene groups may lead to differ
ent relaxation times for the protons on the side chains 
and the ring protons. It should be kept in mind that 
our Ti experiments have low resolution and cannot 
distinguish the relaxation times for the different kinds 
of protons. The ring protons may, in fact, have relax
ation rates in closer agreement with theory than is the 
apparent relaxation rate of all of the protons.

The temperature dependence of Ti in the nematic 
phase has also been reported by several groups.11-14 
Without exception Ti is found to increase with temper
ature immediately above the melting point. Doane 
and Visintainer have discussed the failure of eq l ,12 
and as previously mentioned this equation has been 
“ improved”  to essentially remove the predicted tem
perature dependence of l/T V 16'17 In contrast to this 
prediction, our results for compounds which exhibit 
wide nematic ranges (III-IV ) clearly show a significant 
temperature dependence and, in fact, reveal Arrhenius- 
type behavior. These data are not sufficient to estab
lish the relaxation mechanism, but we point out that 
they are consistent with an intermolecular relaxation 
mechanism controlled by translational diffusion.
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Finally, we come to the frequency dependence of TV 
The unambiguous prediction of eq 1 is that Tx is 
proportional to Experiments on compound I
(PAA) reveal th at10-12

Tx ~  A +  Bool/l (3)

and appear to provide support for the theory. How
ever, the theory of spin relaxation by translational dif
fusion is not without a frequency dependence.23 In 
fact, Harmon and Muller have demonstrated that24'26

~  *  t [1 -  a(cor)1A] (4)
11

where r is the mean time between diffusion jumps 
and a is of order unity. For &>r <<C 1 eq 4 is clearly 
of the same form as eq 3 and a comparison with the 
experimental data (A ~  0.72, B ~  0.66) shows that r 
is of order 10-9 sec.12 The magnitude of r appears to 
be reasonable, and we believe that this provides addi
tional support for a relaxation mechanism which de
pends on translational diffusion. Spin relaxation by 
translational diffusion is also consistent with the 
marked decrease in Tx which occurs on passing from the

nematic to the isotropic phase since the diffusion con
stant is known to drop by a factor of about 3.26

In conclusion, we find that the dependence of Ti on 
molecular alignment and on temperature does not 
support a rotational mechanism for spin relaxation 
and that the frequency dependence of 7\ does not dis
tinguish between the rotational and translational mech
anisms. An experiment is called for, perhaps making 
use of totally deuterated liquid crystals, to separate 
the inter- and intramolecular contributions to spin re
laxation.27
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It is shown that the total number of states W(E) and the average translational energy et of the products of 
unimolecular dissociation from the election impact are related to the inverse Laplace transform of the func
tions Q(l3)//3 and Q(fi)/f)2, respectively, where QQ3) is the partition function. The first-order steepest-descent 
method is applied to carry out the integration involved in the inverse Laplace transformation. The numerical 
results of total number of states and average translational energies are in good agreement with those obtained 
from direct counting.

Introduction
The major assumption of the quasiequilibrium theory 

of unimolecular reactions developed by Rosenstoek, 
et al.,'2" is that the transfer of energy among the oscilla
tors in the activated state is much faster than the disso
ciation into products, so that the oscillators reach en
ergy equilibrium. According to the quasiequilibrium 
theory, the translational energy of the activated com
plex in the reaction coordinate becomes part of the

The Journal of Physical Chemistry, Vol. 75, No. 16, 1971c

translational energy of the dissociated products.2b If 
the excess energy E *  of the activated complex is divided 
into the vibrational energy ev and the translational en
ergy it in the reaction coordinate, then the calculation

(1) (a ) S upported  by  the N ationa l S cience F ou n d ation , th e  P etro 
leum  R esearch  F un d , and A . P . S loan  F ou n d a tion ; (b ) J oh n  S im on  
G u ggen h eim  F ellow .

(2) (a ) H . M . R osen stoek , M . B . W allenstein , A . L . W ah rh a ftig ,
and H . E yring , P roc. Nat. A ca d . S ci. U. S „  38, 667 (1952) ; (b ) C . E .
K lots , / .  Chem. P hys., 41 , 117 (1964).



Application of the M ethod of Steepest D escent 2459

of the average translational energy is essentially the 
problem of calculating the distribution of vibra
tional energy among a collection of oscillators whose 
total energy is jE*. The average vibrational energy 
of the activated complex is given by the integral2

where P (E *, ev) dev is the probability that a system 
with total energy A *  will have vibration energy ev and 
P(E*, ev) can be expressed as2

P(E*, ev) p(«v)
W (E*) (2)

W (E*) is the total number of states with energy E*. 
p(ev) is the density of states and can be expressed by 
dfF(ev)/dev when the totality of states is a continuous 
function of energy. If the average translational energy 
it is taken to be the difference in "he excess energy and 
the average vibrational energy, then by substituting 
eq 2 into eq 1, we obtain

«t =  E * -
1 ÇB* dfF(iv)

W (E *)Jo €v dev di' (3)

Integrating by part of eq 3 yields

*  -  w & f)  r  <4>
A comparison of calculation of the average transla

tional energy using various methods of enumerating the 
total number of states has been carried out by Klots2b 
and Franklin.8'4 The method of direct counting of 
states gives good agreement with experimental values 
and the approximate calculation of it based on the 
method proposed by Vestal, et al.,6 and its modification 
by Tou and Wahrhaftig6 shows good agreement with 
that from the direct counting of states only in the me
dium and high energy range. It is clear that the com
plexity of the computation of it increases with the num
ber of degrees of freedom of the system. So in order to 
carry out the integration in eq 4, a good continuous 
approximation to W(E) is required. In the present 
paper, we shall discuss the application of the method of 
steepest descent7-11 to the computation of it.

Derivation

As we can see from eq 4, in order to evaluate it 
we have to find W(E), the total number of states. For 
a system ( or part of the system) with the partition func
tion represented by

Q(fi) =  (5)
i

it can be shown (Appendix) that W (E) can be expressed 
by the inverse Laplace transform of the function 
Q(fi)/fi,*a i.e.

W(E)
1 py+i« 

2 WZ */ y — X CO

Q O») eBEdß =  L-

Q(/3) defined by eq 5 is a regular analytic function of the 
variable fi =  f i x  +  i f i z  defined in the half-plane f i x  >  0. 
The path of integration in eq 6 can be an arbitrary 
line parallel to the imaginary axis in the half-plane 
fix >  0, and hence we can write eq 6 as a real integral7 8

W (E )  =  ~  T  em dfi,
Z  7T m j — oo (V)

where

m  = log Q(fi) -  log fi +  fiE (8)

In this problem, it can be seen that f (fi) has one mini
mum (f"(i3) > 0) along the real axis and this minimum 
is very steep. The position of minimum is denoted by 
the point fi = (fi*, 0). As the integrand is analytic 
the minimum cannot be absolute, but a saddle point. 
The values of the integrand fall off sharply as we leave 
the real axis at (fi*,0). If we expand f(fi) about the 
point fi = (fi +,0) in the imaginary direction at which 
the function has a minimum, we obtain

f (fi) =  log Q(fi*) -  log 0* +  fi*E -

i r / a2 log Q (ß)\ 1
2|_\ " Ò/32 +  (fi*y_ 022 +  ■■■ (9)

where the point (fi*,0) is the root of òì(fi)/òfi =  0 or

(10)

For a more detailed discussion of the method of 
steepest descent, other references should be con
sulted.7'8 Combining eq 8 and 9 with eq 7, we obtain 
the expression for W(E) as

W(E) =  (2 iry'h(fi* )-W *EQ(fi*) X

r / d2 log Q(fi)\
IA àfi2 ) ß=ß* +

1 I -72
(fi * )2 J (11)

W(E) in eq 11, is the result of the first-order approxi
mation of the method of steepest descent. The high- 
order approximations for W (E) can be obtained easily.

(3) M . A . H aney and J. L . F ranklin, J. Chem . P h ys ., 48, 4093 (1968).
(4) E . L . Spatz, W . A . Seitz, and J. L . Franklin , ibid., S I, 5142
(1 9 6 9 ) .
(5) M . V estal, A . L . W ah rhaftig , and W . J. Johnson, ibid., 37, 1276 
(1962).
(6) J. C . T o u  and A . L . W ah rhaftig , J . P h ys. Chem., 72, 3034 (1968).
(7) (a) C . K itte l, “ E lem entary  S tatistica l P h ysics ,”  W iley , N ew  
Y ork , N . Y ., 1958; (b ) P . M . M orse  and H . F eshbach , “ M eth od s  
o f  T h eoretica l P h ysics ,”  V o l. 1, M cG ra w -H ill, N ew  Y ork , N . Y ., 
1953.
(8) (a) M . R . H oare  and T h . W . R u ijg rok , J . Chem . P h ys., 52, 113
(1 9 7 0 ) ; M . R . H oare, ibid., 52, 5695 (1970 ); (b ) W . Forst, Z.
Prâsil, and P . S t. L aurent, ibid., 46, 3736 (1967).
(9) S. H . L in  and H . E yring , ibid., 39, 1577 (1963 ); 4 3 , 2153 (1965).
(10) J . C . T o u  and S. H . L in , ibid., 49, 4187 (1968).
(11) K . H . L au  and S. H . L in , J. P h ys . Chem ., 75, 981 (1971).
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For a system with a given energy E, /8*(E) can be 
found by solving eq 10, and then the total number of 
states W(E) can be calculated by using eq 11.

If we take the Laplace transform of eq 4, we obtain

L[h(E*)W (E*)] =

f[JfW (e v)  d t v #-ß**äE*  (12A)

Integrating by parts, we find 

L[h(E*)W (E*)] =

- f" W (E *)e-w *d E * = - L[W (E*)] (12B) 
ß Jo ß

Because of eq 6, it follows that

L[h(E*)W (E*)] = Q jß  (13)

Therefore, the function et(E *)W(E *) can be evaluated 
by taking the inverse Laplace transform of [Q(d) ] / (d2). 
Repeating the same processes as given above, we write 
this inverse transform integral as

it(E)W(E) =  ^  f ” ee(md/32 (14)2iir J — oo

where

m  = log Q(ß) -  2 log ß +  ßE (15)

Applying the steepest-descent method, we obtain, to 
the first-order approximation of the method of steepest 
descent, the following result

et W (E *){ß ’ X

log Q(ß)\
. (  öd2 ) ß=ß* +  (ß*y] ~ 1/2Q(/3*) (16)

where ß^ is to be determined by

(17)

Thus from eq 16, one can calculate et, the average 
translation energy of dissociated fragments.

An approximation can be introduced here to simplify 
the calculation of et. Suppose the factor 1//3 in eq 12 
is replaced by the first-order value 1/0* in which ¡3* 
is defined in eq 10; in this approximation the average 
translational energy et can be calculated by taking 
the inverse Laplace transform of both sides of eq 12. 
We find

«t (18)

This expression should be compared with the result of 
a pressure-maintained thermal distribution, tt = kT.

Next let us apply the result of the derivation to a 
system of N harmonic oscillators of frequencies vi,

vi, . . . ,  v„ with energies et = (nt +  1U)fivu i =  1, 
2, . . . ,  N. The partition function of this system is 
given by

N

Q(ß) = n
i= 1

gVa ßhv%
1 — e~ßh,i

(19)

Substitution of eq 19 into eq 11 gives 
W(E) =  (2tt) - 1/!(/3 * ) -1e^ (® -W  X

Litri (1 -  e -'*** )' +  (d * )2J
(20)

which is slightly different from that derived by Hoare 
and Ruijgrok,8 who replaced the factor l/fi in the 
integrand of eq 6 by the first-order value l /d ^  of the 
function of the density of states at the saddle point. 
That is, W(E) =  (1/P*)L-'\Q(0)] =  [p(E)]/(fi*), 
since p{E) =  (dW/dE) =  L _1[Q(/3)] fromeq6. Equa
tion 20 for W(E), on the other hand, is obtained directly 
from eq 6 by using the first-order approximation of the 
method of steepest descent. In other words, in the 
method of Ruijgrok and Hoare, to evaluate W(E) one 
has to evaluate the corresponding p(E) first and then 
W(E) =  p(E)/fi E  d f in eq 20 is to be determined by

E -  E0 = £  BJ Vi , +  i  (21)i — 1 ¡3^

Similarly, substituting eq 19 into eq 16 yields 

(2t) “ 'a
h(E) w(E*y

n
i

11 — e -ß**' X

£  ( W ) 2e - 8*h’ <’ 2 "
h (  1 -  +  (ß*)>_

l->/2

with ß'± determined by
N'

E * -  E0' =  £  
1 = 1ßß hvi

fiVi 2
1 +  B*

(22)

(23)

Eo (and Ea') represents the zero-point energy of the 
system of harmonic oscillators. N' = N — 1 for a 
bound activated complex, and N' = N — 3 for a loose 
complex.3’4

When the system has an extreme high energy, ¡3 
approaches zero. In this limiting case, the partition 
function becomes the classical

QOS) =
e~ ßB°

ßN n  nVi
i — 1

(24)

By using eq 24, /?* in eq 10 and (£>2 log Q(d)/(dd2))^ = ̂  + 
can be evaluated as N/(E — E0) and (E — Eo)2/N, 
respectively. W(E) in this case becomes
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Table I : Comparison of the Calculated and Exact Values of W(E) for Selected Molecules

(.E  -  Eo), 
kcal/mol Wex(E) W (E)a W (E )b W (E)C

Cyclopropane"

16 8.02 X 102 7.43 X 102 7.23 X 102 7.49 X 102
20 7.75 X 104 7.68 X 104 7.56 X 104 7.75 X 104
30 2.69 X 106 2.68 X 106 2.64 X 106 2.69 X 106
40 4.97 X 107 4.99 X 107 4.95 X 107 5.03 X 107
50 6.12 X 10s 6.16 X 107 6.12 X 107 6.22 X 10s

100 5.84 X 1012 5.82 X 1012 5.80 X 1012 5.88 X 1012
150 3.00 X 1016 2.98 X 1016 2.97 X 1015 3.01 X 1012

Water"

10 3 3.72 3.54 3.24
20 11 11.39 11.22 10.77
30 23 25.63 25.49 24.83
40 46 48.42 48.38 47.44
50 78 81.79 81.91 80.63

100 466 476.27 478.78 474.52
150 1405 1433.33 1442.21 1432.46

Acetylene7

2.31 5 3.84 3.58 4.34
4.61 15 14.91 14.19 16.77
9.23 94 99.26 96.07 108.86

13.84 390 401.30 392.39 433.26
18.45 1.198 X 10s 1.243 X 103 1.223 X 10E 1.33 X 103
23.06 3.163 X 103 3.237 X 103 3.198 X 10£ 3.43 X 103
27.68 7.333 X 103 7.447 X 103 7.380 X 10£ 7.84 X 103
36.90 2.969 X I04 3.035 X 104 3.018 X 104 3.17 X 104

“ Results of eq 20. b Results of eq 3.2 in ref 8. c References 10 and 11. d Using the following rounded frequencies: 3221
1478 (3), 1118 (7), 879 (3), 750 (2), cm -1. '  Vi = 3652, 1595, 3756 cm "1. f Vi = 612 (2), 729 (2), 1974 (1), 3287 (1), 3374 (1).

W(E) = [(2Tr)1/2e-^N+1\N +  X

] I  nv\ \ E  -  E«)» (25)
_ i = 1

which differs from the exact result in the use of the 
Stirling approximation for the T function.

Substitution of eq 25 into eq 4 gives the classical 
result of et, it = (E — Eo)/N, where N =  N' +  1 
and N' has the same meaning as mentioned before. 
It should be noticed that this classical result of it 
can be obtained directly from eq 18, where d *  is to be 
determined by eq 21 for a system of N' harmonic 
oscillators.

Results and Discussion
In order to test the reliability of the equations derived 

in the previous section for calculating et, we have to 
make sure that the approximation methods used in cal
culating W(E) are accurate enough. For this pur
pose, cyclopropane, water, and acetylene are chosen 
as test cases. A comparison of W(E) for these mole
cules calculated by using the exact counting, the 
methods of Lin and Eyring,9 those of Hoare and 
Ruijgrok,8 and eq 20 is shown in Table I. We can see 
that the results from the three approximation

methods are in good agreement with those from the ex
act counting. This is not surprising, because it has 
been shown by Lau and Lin11 that as far as the calcula
tion the density of states is concerned, the methods by 
Lin and Eyring and by Hoare and Ruijgrok are equiva
lent, though the approximation introduced in the calcu
lation of WiE) is different for the two methods. It is 
to be noted that for a quantized system, W(E) is well 
defined while p(E) is defined only when W(E) is a con
tinuous function of E.

For the calculation of the average translational energy 
of the fragments, we consider two possible interme
diates for the activated complex, a bound ion with N —
I oscillators and a loose one with N — 3 oscillators. We 
compute et using eq 18 and eq 22 for N — 1 and N — 3 
models and the calculated results are given in Tables
II and III. The results, calculated by using eq 18 and 
eq 22 are in excellent agreement with those obtained 
from the direct counting for the whole energy range. 
Roots of eq 21 and eq 23 can be solved easily by the use of 
a false-position numerical method.12 The computations 
are carried out by using a GE 425 computer.

(12) S. S. K u o , “ N um erical M eth od s  and C om p u ters ,”  A ddison - 
W esley , R eading, M ass., 1965.

The Journal of Physical Chemistry, Voi. 75, No. 16, 1971



2462 K. H. Latj and S. H. Lin

Table I I : Comparison of Average Translational Energy Calculated Using Different
Methods of Enumerating the States for N — 1 Complex (in kcal/mol)

E *a Observed1

C2Nj+ — CN+ +  CN 19 4.8
C2H2+ -*■ CH+ +  CH 19 6.4
c-C3H6+ -*  C2H2+ +  c h 4 15 1.6
c-C3H6+ —*• c 2h 3+ +  c h 3 21 2.8
c-C3H6+ ^  c h 2+ +  c 2h 4 

Reference 3. 4 Reference 4.

113 12.1

Direct6 Eq 22 Eq 18 VWJ6 TWl

3.7 3.69 3.66 3.7 3.6
4.2 4.15 4.09 4.2 4.0
2.0 2.07 2.03 3.8 4.0
2.5 2.47 2.43 3.2 4.4
7.4 7.36 7.34 7.4 7.4

Table III: Average Translational Energy Calculated from Eq 18 and Eq 22 from Various Sets of Excluded Modes (in kcal/mol)

Reaction ?expa £ 6

c-C3H6 + — c2h2 + +  ch4 15 1 . 6 2 . 0
2 . 1

c-C3H6+ —► c2h3+ +  ch3 21 2 . 8 2 . 5
2 . 5

C2N2+ -^CN+ +  CN 19 4 . 8 3 . 7
5 . 2

CH2C12+ ch2+ +  Cl2 36 8 . 3 5 . 7
7 . 1

C2H2+->CH+ +  CH 19 6 . 4 4 . 2
5 . 5

CH3CN+ —  CH2+ +  HCN 17 2 . 8 3 . 0
3 . 2

<t (eq 22) et (eq 18) —̂Modes and fundamentals excluded, cm-1—v

2.07 2.03 a Ring deformation 868
2.16 2.12 b Ring deformation 868

CH stretch 3024
2.47 2.43 a Ring deformation 868
2.59 2.55 b Ring deformation 868

CH stretch 3024
3.69 3.66 a CC stretch 848
5.13 5.09 b CC stretch 848

(2) CCN bend 226
5.68 5.65 a CC12 stretch 283
7.08 7.04 b CC12 stretch 283

CC1 stretch 702
CH3 rock 899

4.15 4.09 a C = C  stretch 870
5.67 5.58 b C = C  stretch 870

(2) CH bend 1312
2.95 2.89 a CC stretch 918
3.35 3.29 b CC stretch 918

CH stretch 2942
C CN bend 380

“ Reference 3. 6 Reference 4.

Franklin4 has attributed the discrepancies between 
the calculated results and experimental values to un
certainties in the heats of formation and the experi
mental data as well as to a lack of knowledge of the vi
brational modes existing in the ion. The effect of the 
exclusion of disallowed states from p{E) and W(E) on 
unimolecular reactions has been investigated by Forst 
and PraSil.13,14 It will be of interest to study this 
effect on the average translational energy of the frag
ments.

In concluding the discussion, it should be noted that 
the methods given in this paper for calculting W (E) and 
it(E) are easy to use, no matter how complicated the 
systems are, and though only the results of the first- 
order approximation of the method of steepest descent 
are given and seem to be sufficient in most cases, the 
high-order approximations for W{E), p(E),s and it can 
be derived easily.

Appendix
From the definition of the Heaviside function H(x)

[H(x) =  1, x >  0; H(x) =  0, x <  0], we can express 
W(É) as

W(E) =  (F -  €,) (A-l)
i

Introducing the integral representation of H(x)

1 /»T + t®  gP (E-ti)i  ry+
H(E -  «0 =  —

Ti J y~i

eq A-l becomes

W(E) =  E  z -  I — —  ¿0 =i ZTT i J  y —to

0
dp (A-2)

P
\ /*T+ico çfiE

—  — Q (0 )d p  (A-3)
ZTT iJ y —  i CO P

(13) W . F o rs t and Z. Prâàil, J . C hem . P h y s ., 48, 1431 (1968); 51, 
3006 (1969).

(14) W . Fo rs t and Z. PrâSil, ib id ., 53, 3065 (1970).
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A new method is described for calculating emission lifetimes for flash decay data. The technique, based on a 
linear phase-plane p_ot, handles the case where the emission lifetime is comparable to the observed flash dura
tion, and its accuracy compares favorably with that of other procedures. It requires only a desk calculator, 
is rapid, and provides an internal check as to whether or not a single decay time is being observed.

Introduction
Perhaps the most popular and direct method for 

measuring photoluminescence lifetimes employs a flash 
procedure. The sample luminescence is excited by a 
flash lamp or laser pulse, and the emission, monitored 
by a photomultiplier, is displayed on an oscilloscope.2 
For the most commonly encountered special case where 
the sample decays by only first-order or pseudo-first- 
order paths (the decay can thus be characterized by a 
mean lifetime t), flash techniques can be especially 
appealing. If the flash duration and time scale of 
instrumental distortion are short compared with r, the 
transient observed on the oscilloscope is exponential 
with a lifetime r; r may readily be evaluated from a 
semilogarithmic plot of emission intensity vs. time. 
Unfortunately, when the time scale of instrumental 
distortion, the flash duration, and r are comparable, 
this simple procedure fails; however, in spite of the 
fact that the observed sample decay now reflects, in a 
complex fashion, the detailed nature of the flash, the 
distortions, and r, various mathematical techniques 
allow one to extract r from the flash and sample decay 
data.3-6

For the case where the semilogarithmic plot fails to 
yield accurate lifetime estimates, we shall present a 
new method for evaluating r from the flash and the 
sample decay data as well as experimental verifi
cation of the procedure. The approach is related to, 
but avoids certain disadvantages of existing procedures 
and these last will be described briefly so as to provide 
a proper context.

Three time-dependent functions must first be defined. 
F(t) is the oscilloscope response to the flash stimulation 
in the absence of the sample. D(t) is the oscilloscope 
response when the system views the sample lumines
cence; D(t) is assumed to contain no direct contribution 
from the flash. Both F(t) and D(t), however, will con
tain instrumental distortions such as phototube rise 
time, RC time constant effects, and amplifier bandwidth 
limitations. We shall subsequently assume that all 
distortions are linear and are the same in type and de
gree in the measurement of both F(f) and D{t). The 
“ true” dependence of the sample decay, d(t), is defined

as that sample decay signal that would be observed if 
the excitation flash wer3 infinitely short, an impulse, 
and the optical detector and electronics introduced no 
signal distortion.

Lifetimes may, for example, be evaluated from the 
statistical moments of D(t) and Fit) ;3-5 computation 
of a lifetime can be relatively rapid (0.5-2 hr) on a desk 
calculator. The principal disadvantage of the mo
ments methods is that si ice only a calculated r is ob
tained, no warning is given of multiple decay kinetics.6'7 
Also, since the moments are defined as integrals to in
finite time, there is a pre ctical problem associated with 
taking experimental data to large enough times to en
sure that reasonably goc d convergence is obtained.

Alternatively, the the iry of Fourier transformations 
allows one, in principle, zo construct from F(t) and D(t) 
the true decay curve, d(').s The r value may then be 
computed from d(t). For the case where d(t) is not an 
exponential or a sum of exponentials, this method is the 
only available one for computing d(t) . Implementation 
of this technique appears to be relatively difficult, 
however. Munro and Ramsay8 have mentioned the use 
of the scarce “ optical Fourier transform”  computers to 
carry out the calculations, but to our knowledge the 
only attempt to employ a digital computer for such 
evaluations was unsuccessful, presumably due to the 
difficult programming ar d ill-conditioned convergence.9 
Digital computer evaluation of the transforms should

(1) N ationa l S cience F ou n d ation  P ostd octora l F e llow .
(2) (a) C . A . Parker, “ P hota lum in escen ce  o f  S o lu tion s ,”  E lsevier, 
N ew  Y ork , N . Y ., 1968; (fc) J . G . C alvert and J. N . P itts , Jr., 
“ P h otoch em istry ,”  W iley , N ew  Y ork , N . Y . ,  1966.
(3) D . H . C oop er, Rev. S ci. Instrum ., 37, 1407 (1966).
(4) J . N . D em as and G . A . C rosb y , A n a l. Chem ., 4 2 , 1010 (1970).
(5) S . S. B rod y , R ev . Sci. Instrum ., 28, 1021 (1957).
(6) A n  ingenious extension  c f  the  m om en ts  m eth od s  has been de
scribed  b y  Isen berg  and D y so n .7 T h e ir  m eth od  allow s on e  to  fit 
d(t) to  a  sum  o f exponentia ls rather than  a single d eca y . T h e  
m eth od  requires, h ow ever, large num bers o f  d a ta  po in ts  o f  rather 
h igh  a ccu ra cy  to  ob ta in  m ean ingfu l results, thus p rev en tin g  the  use 
o f  o scilloscop e  data  co llection  m eth od s. A  d ig ita l com p u ter is 
required to  carry o u t  th e  d a ta  reduction .
(7) 1. Isen berg  and R . D . D y son , B iop h ys. J ., 9 , 1337 (1969).
(8) I . H . M u n ro  and I .  A . R am say , J . S ci. Instrum ., 1, 147 (1968).
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eventually be possible since the approach has been 
successful for similar problem s .10

Perhaps the most widely used m ethod for evaluating 
r under adverse conditions is that o f curve simulation, 
C S .3,4,11 I f  d(t) is a simple exponential, then

D(t) =  K e~t/r f  F{x)ex/rdx (1)
Jo

T he procedure is to calculate a sample decay curve, 
Healed (£)> for an assumed value o f t, and to  com pare 
this H Caicd(0 with the observed function, D(t). The 
proportionality  constant, K, which takes into account 
the various instrumental, geometric, and sample prop
erties is adjusted to give the best fit betw een Z>caicd(0 
and D(t). T he calculation is repeated for successive t 
values until an acceptable fit to  the observed D(t) is ob 
tained. Efficient procedures for obtaining a best r 
value have been discussed .4

The CS m ethod has the advantage that H caicd(i) 
can be com pared with the observed D(t), a procedure 
which gives insight into how  well an exponential de
scribes the emission kinetics. Inability to obtain  a 
satisfactory fit constitutes strong evidence for a more 
com plex decay function and, conversely, a good fit 
implies simple exponential decay o f the emission. The 
disadvantage is that a large num ber of calculations is 
required; thus, the m ethod is usually practical only if a 
digital com puter is available .12,18 Also, both  D(t) and 
F(t) must be taken to the same zero reference time, 
which precludes the use of the norm al internal trigger
ing mode on the oscilloscope in obtaining the data. The 
readout must be externally triggered b y  another pulse 
o f fixed tim e relation to the initiation o f the flash, usu
ally b y  a signal from  a second photom ultiplier which 
views the flash directly.

In  summary, there is no available technique which 
allows both the rapid evaluation o f a decay constant 
b y  means o f a desk calculator and also a check that 
d(t) is indeed a simple exponential. T he m ethod 
described below  has both  attributes.

The Phase-Plane Method. T he phase-plane, PP, 
m ethod is based on the fact that while eq 1 is not linear, 
it m ay be converted to a linear form  (see Appendix A ). 
This form  is

The integrals are readily evaluated from  the experimen
tal D(t) and F(i), and a p lot o f Z(t) vs W(t) will then 
yield a straight line o f slope — r and intercept K t .

W e have found it convenient to calculate the inte
grals num erically using the trapezoidal rule and a 
program m able desk calculator (see A ppendix B ). 
W ith  this procedure com putation o f the P P  p lot is 
about as rapid as a mom ents calculation (20 min for 40 
data points using the program m able calculator and 
about 2 hr otherwise). Further, if the P P  p lot is not 
linear, then d(t) is presum ably com plex in nature; one 
thus has an internal check on the correctness o f the 
assumption that d{i) is a single exponential decay. In  
practice, however, W{t) and Z(t') are not accurately 
defined at short times because o f experim ental error, 
and the p lot will usually be nonlinear at small Z(t). 
In  a least-squares or visual fitting of a straight line to 
the P P  plot, these early points should be given reduced 
weight. The entire procedure can, of course, be 
carried out be means of a digital com puter.

Since the P P  m ethod is based on eq 1, it shares some 
o f the attributes of the CS m ethod. Thus both  D(t) 
and F(t) must be taken to a com m on zero time. A s 
with the latter m ethod, linear instrumental distortion 
(e.g., transit tim e spread and delay and R C  distortion) 
do not invalidate the results so long as D{t) and F(t) 
are obtained under identical conditions o f distortion. 
W e feel, however, that the P P  m ethod allows easier 
detection o f any nonsimple d(t) although, o f course, no 
direct readout o f tw o or more r values is possible. Also, 
we suggest that even if the CS m ethod is used, the 
calculations should be routinely checked b y  our 
procedure. Occasionally the integral o f eq 1 is 
evaluated erroneously in the CS m ethod because o f 
convergence problem s— the presence of the exponential 
factor m ay give the p lot of F{t) exp (t/r) vs. t, an irreg
ular shape, and an apparently acceptable sim ulation 
can be obtained with an incorrect r value . 14

Experimental Test of the Phase-Plane Method. Dem as 
and C rosby4 tabulated luminescence decay data 
for tris(2 ,2 '-bipyridine)ruthenium (II) chloride, [Ru- 
(b ip y)3]Cl2, at 77°K , and the corresponding plots 
o f F{t) and D(t) are shown in Figure 1. T he flash 
duration was about 20 ysec, while r was about 5 /¿.sec.

where

and

m  =

Z(t)

-  t W ( t) +  K t

f  D(y)dy 
Jo_________

f  F (y)d y  
Jo

(9) J. A . M c ln to s ch , “ A  P ulsed  E x c ita tion  M e th o d  fo r  D eterm in in g  
N a n osecon d  F lu orescen t L ife tim es ,”  N ation a l B u rea u  o f  S tan dards 
C learin g  H ou se  fo r  F edera l S cien tific and T e ch n ica l In fo rm a tio n , 
A D -6 51 -7 9 9 .

(10) J . B . B assingthw aghte, S cien ce , 167, 1347 (1 97 0 ).
(11) O . J . S teingraber and I . B . B erlm an, R ev. S ci. In stru m ., 34, 524 
(1963 ).

(12) A n  excep tion  is the  T R W  life tim e com p u ter. T h is  d ev ice  is 
an on -line  ana log  com p u ter; v isual m atch in g  o f th e  syn th etic  d eca y  
cu rve  and the actual cu rve  is carried  ou t on  an osc illo sco p e .13
(13) T R W  System s, E l Segundo, C aliforn ia , T R W  Instrum ents, 
A p p lica tion  N o te  6, 1967.

(14) C onvergence  difficulties can  be  m in im ized  b y  assum ing a  fu n c
tional form  fo r  the  flash cu rve betw een d a ta  p o in ts  and  th en  ca rry 
in g  ou t th e  in tegrations o f  eq  1 exa ctly  rather than  b y  a p p rox im ate  
num erical m eth od s.4
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Figure 1. Observed flash and sample decay for [ Ru(bipy)3]Cl; 
at 77°K (from ref 4). Curve F (X ) is die observed flash. 
Curve D (O) is the observed sample decay. The true sample 
lifetime is ~4.92 /¿sec.

Figure 2. Phase-plane plot for the data of Figure 1. The 
times (in microseconds) at which the points were evaluated are 
given by the numbers (those between 7 and 38 being omitted).

These parameters are such, of course, as to preclude a 
direct evaluation o f t from  a semilogarithm ic plot of 
D(t) vs. time. The corresponding PP  plot is essentially 
linear, however, as shown in Figure 2 . A n  unweighted 
linear least-squares fit through points 3 to 39 gives a 
line from whose slope r is 5.00 /nsec, with a standard 
deviation o f ± 0 .0 6  /¿sec. The intercept, K t , is 1.229 
±  0.006. T he first tw o points for very  low Z(t) values 
are clearly unreliable.

The “ true”  lifetime (from  a short flash experim ent4) 
is 4.92 ±  0.05 /¿sec for this system, while other evalua
tion m ethods4 applied to the data o f Figure 1 give 4.91 
nsec (m oments m ethod 1), 4.79 /¿sec (m oments method 
2), and 5.15 /¿sec (CS m ethod). The CS result pre
sumably could have been made more accurate b y  using 
a larger num ber o f trial r values. The P P  method

clearly gives accuracy com parable to that o f the estab
lished techniques.

Conclusion

W e feel that the PP  p lot m ethod is so simple and 
rapid that it can routinely be applied whenever there is 
a discernible difference betw een an observed sample 
luminescence and the excitation pulse. Then, as long 
as F(t) and D(t) are not too similar, one obtains an esti
mate of t and a good indication of whether or not the 
decay kinetics are simple. For nearly identical F{t) 
and D(t), o f course, a rough estimate o f r is the only 
inform ation present.
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Appendices

A. Derivation of Equation 2. W e first integrate 
both  sides o f eq 1 between the limits 0  and t

ày (3)f  D(y)dy =  K  [ ‘ eFy/T \ P  ex/rF(x)dx 
Jo Jo L . / 0

Integration o f the right-hand side of eq 3 b y  parts 
yields

f D{y)dy =
J o

—K re~t/r f  ex/rF(x)dx +  K t  f  F(y)dy (4) 
Jo Jo

Equation 4 simplifies since the first term on the right- 
hand side is just — tD ( t) (by  eq  1), so

C  D(y)dx =  - r D (t )  +  K t (  F(y)dy 
Jo Jo

(5)

which rearranges to  eq 2 .15-18
B. Calculational Procedure. Our procedure for gen

erating the data points o f Figure 2 requires that the 
flash and emission intensities be measured (that is, 
read off the curves of Figure 1) at the same equal time 
intervals. The times are then t0, k . . .  t, . . .  tn, each 
with a corresponding value of F{t) and D(t). The 
data are taken so that F(t0) =  D(t0) =  0.

(15) E qu ation  5 is a generalization  o f the  phase-plane m eth od  used 
b y  H u e n .16’ 17 H uen ’ s techn ique applies on ly  w hen  F (t) is a delta

fu n ction  or an im pu lse so th a t J^ F (y )d y  is a con stant. U nder this

con d ition  eq  2 sim plifies and a  p lo t  o f  J^ D (y )d y  vs. D (t)  g ives a 

straight line w ith  a slope  o f  — r, H u en ’s original form .
(16) T .  H uen , R ev. S ci. Instrum ., 40 , 1067 (1969).
(17) A . B ernalte  and J. L e  P age, Ibid., 4 0 , 41 (1969).
(18) D iv id in g  b o th  sides o f  eq  5 b y  D {t) also y ie ld s a linear fo rm ; 
r is ob ta ined  from  an in tercep t rather than  a s lope. S ince the  inter
cep t is extrapola ted  from  the data, this a ltern ative  form  does n ot 
appear to  be as accu rate  fo r  evaluating  r as eq  2.
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The integrals are then estim ated b y  the trapezoidal 
rule, which gives

D(y)dy ~  —  2 ~ r i (6)

where

R j =  [D(t}) +  D(tf-1) ]  +  R j - u  j  >  1 and R 0 =  0 

and

J*Q F(y)dy ^  —  2 io-Q i (7)
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with

Qj =  [E(^) +  E f o - i ) ]  +  Q i - i ;  j  >  1 and Qo =  o 

Insertion of the above relationships into the definitions
of Z(t) and W  (t) then gives

2 D{tj)

“  « ,  -  U
(8 )

and
Z(tj) =  Rj/Qj (9)

Our calculator was a W ang 360 machine equipped 
with a CP-1 card programmer. The card program  for 
the calculation is available upon request.

The Optical Activity of Alkyl-Substituted Cyclopentanones. 

INDO Molecular Orbital Model1

by F. S. Richardson,* D. D. Shillady, and J. E. Bloor
Departm ent o f  Chem istry, U niversity o f  V irgin ia , Charlottesville, V irgin ia  22903 {R eceived January 25, 1971) 
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An INDO molecular orbital model is used to compute the oscillator strengths, rotatory strengths, and anisot
ropy factors for several of the lowest-lying singlet singlet transitions in seven chiral cyclopentanone systems. 
The computational model provides for limited configuration interaction and calculates all electric transition 
moments in the dipole velocity formalism. The structures studied were: (1) unsubstituted cyclopentanone 
with the five-membered carbocyclic ring twisted into a half-chair conformation (belonging to the C2 point 
group); (2) three conformational isomers of (+)-3-methylcyclopentanone— two in which the ring is twisted 
into a C2 geometry (the methyl group equatorial to the ring in one and the methyl group axial to the ring in the 
other), and one in which the ring is planar; (3) two conformational isomers of 2-methylcyclopentanone— one 
in which the ring is twisted and one in which it is planar; (4) one conformational isomer of 2,3-dimethylcyclo- 
pentanone in which the ring is twisted, the 2-methyl group is axial to the ring, and the 3-methyl group is equa
torial. The rotatory strengths calculated for the n -*• ir* transition are in good agreement with the experi
mentally determined values for several twisted cyclopentanone systems. The computed results indicate that 
in the /3-substituted systems the inherent chirality of the twisted carbocyclic ring is the primary source of 
optical activity, whereas in the «-substituted systems the substituents exert the dominant influence. The 
rotatory strengths calculated for higher energy singlet — singlet transitions appear not to be in good agree
ment with the experimental data, although in these cases the analysis is ambiguous and inconclusive.

I. Introduction
The molecule 3-m ethylcyclopentanone is of particular 

interest in theoretical studies concerned with the optical 
rotatory properties o f carbonyl electronic transitions. 
This saturated, cyclic ketone was selected as the model 
system  for the first detailed one-electron calculation o f 
the rotatory strength associated with the carbonyl 
n —► it* transition2 and was also adopted as a test 
system  in several subsequent theoretical studies on the 
optical activity  o f carbonyl com pounds .8-6 In  each

o f these studies, the cyclopentanone ring was assumed 
to  be in a rigid, planar conform ation and only the

(1) T h is  w ork  was supported  in  part b y  a N ationa l S cience F ou n d a 
tion  grant (C A S S  Institutional, 3760-2195) adm inistered through  
the C enter fo r  A d v a n ce d  Studies, U n iversity  o f  V irginia .
(2) W . J. K auzm ann, J . W alter, and H . E yring , Chem. Rev., 26, 339 
(1940).
(3) T . W ata n a b e  and H . E yring , J . Chem. P h ys., 40 , 3411 (1964).
(4) M . V . V olk ensh tein  and M . P . K ru ch ek , Opt. Speclrosk., 9 , 243 
(1960).
(5) D . C aldw ell and H . E yring , A n n . Rev. P h ys. Chem ., 15, 281 
(1964).
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optical rotatory properties o f the n -*■ tt* transition 
were tfeated. Furthermore, in each case the optical 
activity was com puted on a m odel in which the molecule 
was first partitioned into separate groups (of atoms and 
bonds) whose electronic charge distributions were 
assumed to be nonoverlapping, and then interactions 
between the carbonyl ehrom ophoric group and the 
remaining groups were treated by  perturbation tech
niques. Our treatment o f 3-m ethylcyclopentanone 
differs from  the previous studies in three ways. First, 
we consider several conform ational isomers o f the 
molecule and the possible influence o f conform ational 
m obility and pseudorotational m otion in the ring. 
Second, we calculate the optical rotatory properties of 
the five lowest lying singlet-singlet electronic tran
sitions. Third, we construct approximate electronic 
wave functions by  use o f a semiempirical molecular 
orbital m ethod (the IN D O  variant) in which the m ole
cule is treated as a whole. T hat is, the wave functions 
are approxim ations to the total molecular electronic 
wave functions rather than to carbonyl group wave 
functions.

T w o of the reasons com m only given for using 3-m eth
ylcyclopentanone as a m odel system are its rigidity and 
the presumably sym m etric (C2c point group) structure 
o f the five-m em bered ring .6 I f  these two conditions 
exist, then the only sources o f dissym metry in the 
molecule are the hydrogen atom and m ethyl group 
substituted on C-3. H ow ever, there now exists con
siderable experimental evidence that the ring in 
cyclopentanone and in alkyl-substituted cyclopen
tanones is not planar and does not possess C2v sym 
metry (on the average).7-11 Furthermore, it would 
appear that the ring is not rigid and that a restricted, 
internal pseudorotational m otion occurs . 10,11 This 
experimental evidence corroborates the findings ob
tained in a conform ational analysis reported for a 
series of substituted cyclopentanones .12 The pre
dictions of the one-electron theory of optical rotation 
are in error with respect to both  the sign and the 
magnitude of the n -► it* rotatory strength in 3-m eth
ylcyclopentanone with a planar ring. The calculated 
rotatory strength is several orders of magnitude too 
small4 and the predicted sign, based on the octant rule ,13 
is wrong. In  applying the octant rule to  the planar 
ring system, only the influences o f the C-3 substituent 
atoms are considered. B y  considering nonplanar ring 
conformations, Ouannes and Jacques12 predict ro
tations o f the correct sign for a series o f substituted 
cyclopentanones.

The tem perature-dependence C D  studies made by 
Djerassi and coworkers14,16 on  cyclopentanone deriv
atives emphasize the possible significance o f Con
form ational m obility in these compounds. They 
observed that optically active cyclopentanones show a 
marked augmentation in rotatory strength upon 
lowering of the temperature, possibly indicative of a

conform ational equilibrium at room  temperature. 
For (+ )-3 -m ethylcyclopentanone the reduced rota
tory  strengths were found to  be: R (25°) =  + 6 .0 2 , 
H (— 192°) =  + 9 .88 .

A ccording to  the one-electron theory, the mag
nitude o f the n -*■ tt* rotatory strength should exhibit 
an Approximate R -4  dependence on the radial distance 
R between the carbonyl chrom ophore and the perturber 
group (ring substituent). Furthermore, the num ber of 
substituents which can exert a direct vicinal effect 
should significantly influence the magnitude o f the 
rotatory strength. The experimental O R D 12 and C D 16 
data for various substituted cyclopentanones do show 
that the rotatory strength depends upon the number 
and the size (i.e., number of atom s) of the substituent 
groups and upon the distances o f the substituent groups 
from  the carbonyl chromophore. H ow ever, the ob
served relationship between the experimental rotatory 
strength and the number o f substituents, substituent 
size, and substituent positions cannot be directly 
accounted for on the basis o f the one-electron m odel if a 
planar ring is assumed. Furthermore, the C D  data 
reported in ref 15 exhibit a significant temperature 
dependence. It  appears that the substituents exert 
both  a direct “ vicinal-like”  influence on the carbonyl 
chrom ophore and an indirect influence which depends 
upon the substituent group’s ability to  give a permanent 
chiral distortion to the ring.

W e included the planar and twisted conform ations of 
both  2-m ethylcyclopentanone and 3-m ethylcyclo
pentanone in our study in order to  assess the possible 
influence of substituent proxim ity to the carbonyl 
group on the rotatory strength. The rotatory strength 
o f 2 ,3-dim ethylcyclopentanone was also com puted in 
order to estimate the extent to which substituent con
tributions can be considered to be additive. The 
rotatory strength o f twisted, unsubstituted cyclo 
pentanone was also com puted.

There are tw o main reasons why previous studies on 
the optical activity o f cyclopentanone systems (and of 
m ost other carbonyl com pounds) have been restricted 
to the n -► it* carbonyl transition. First, this is the 
only carbonyl electronic transition which is observed in

(6) D . U r iy , A n n . Rev. P h ys. Chern., 19, 477 (1968).
(7) G . E rlandsson, J . Chern. P hys., 22, 563 (1964).
(8) C . G . L eF evre , R . J . W . L eF evre , and B . R a o , J . Chem . Soc., 
2340 (1959).
(9) C . G . L eF evre  and R . J. W . L eF evre , ibid., 3549 (1956 ); 3458 
(1957).
(10) H . K im  and W . D . G w inn, J. Chem. P hys., 51, 1815 (1969).
(11) W . D . C handler and L . G ood m a n , J. M ol. Spectrosc., 35, 232 
(1970).
(12) C . Ouannes and J. Jacques, Bull. Soc. Chim. F r., 3611 (1965).
(13) W . M offitt, R . W ood w a rd , A . M oscow itz , W . K ly n e , and C . 
D jerassi, J. A m er. Chem. Soc., 83, 4013 (1961).
(14) K . W ellm an, E . B unnenberg, and C . D jerassi, ibid., 85, 1870 
(1963).
(15) C . D jerassi, R . R ecord s , C . Ouannes, and J. Jacques, B ull. 
Soc. Chim. F r., 2378 (1966).
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a spectral region accessible to com m ercially available 
O R D  and C D  instrumentation. Second, this is the 
only carbonyl transition which has been fully char
acterized with respect to  its absorption spectrum and for 
w hich there exists a reliable (if not accurate and com 
plete) quantum  mechanical description. R ecent ad
vances in C D  instrumentation, however, have made it 
possible to  extend experimental observation down to 
~ 1 6 5  nm on vapor-phase samples,16’17 and both  vapor- 
phase and polarized single-crystal absorption spectra 
have recently been made available for identifying and 
characterizing the higher-energy transitions in carbonyl 
com pounds . 18’19

Simple aldehydes and ketones exhibit four absorption 
bands in the 150-300-nm  spectral region: a very 
intense band at 150 nm, tw o m oderately intense bands 
at 175 and 195 nm, and a weak band at around 300 
nm. It is generally agreed that the 150-nm band 
arises from  the it —* 7r* transition and that the 300-nm 
band is due to  the n ->  ir* transition. T he correct 
assignments for the 175 and 190-nm bands, however, 
are less certain. E l Sayed and U dvarhazi18 examined 
the gas-phase spectra o f cyclobutanone, cyclopentanone, 
and cyclohexanone in the 167-270-nm  spectral region 
in an attem pt to determine the correct transition 
assignments for the 195 and 175-nm bands. They 
concluded that the band at 195 nm  is probably due to 
the n —*• <t*c_ o carbonyl transition or to a crc^c —► ir* 
transition, and that the 175-nm band can be assigned 
to  either an n o-*c-c transition or to  a o-c-o  —► ir* 
transition.

There have been four previously reported studies in 
which semiempirical m olecular orbital models were 
used to  calculate the rotatory strengths o f carbonyl 
com pounds. Pao and Santry20 calculated the n -► ir* 
rotatory strengths for a series o f rigid, substituted 
cyclohexanone derivatives on a C N D O /2  molecular 
orbital model, and G ould  and H offm ann21 calculated 
the n — ir* rotatory strengths for a similar series of 
com pounds using an extended-Hiickel molecular orbital 
model. In  an attem pt to correlate the changes in 
rotatory strength of the n -*■ ir* band of 2-substituted 
cyclohexanones w ith familiar properties of the sub
stituents, Lynden-B ell and Saunders22 em ployed an 
extended-H iickel m odel to calculate rotatory strengths. 
V ery recently, H ug and W agniere23 reported molecular 
orbital calculations (using both  extended-Hiickel and 
C N D O  m ethods) o f the rotatory strengths associated 
with the tw o lowest energy transitions in skewed 
diketones.

T w o additional studies have been reported in which 
semiempirical molecular orbital m ethods were used to 
calculate the electronic rotatory strengths o f tran
sitions in noncarbonyl chromophores. Linderberg and 
M ich l24 applied C N D O  techniques to the twisted 
H 2S2 system , and Yaris, M oscow itz, and B erry26 
treated twisted olefin chromophores in a similar way.

Although these semiempirical molecular orbital models 
are not expected to  yield highly accurate representations 
o f molecular excited states, they will faithfully represent 
the nodal structure o f the molecular electronic states 
and should provide valuable insight into the structural 
origins of the molecular optical rotatory properties. 
T hey should be especially useful for assessing the 
failures, successes, and limits o f applicability of the 
simpler one-electron theory.

In  the present study we use the IN D O 26 variant of 
semiempirical molecular orbital theory. This m ethod 
is not expected to  be significantly more accurate than 
C N D O  m ethods (except with respect to singlet-triplet 
splittings), but our use of limited configuration inter
action should provide some im provem ent in the 
excited state descriptions (com pared to those o f Pao 
and Santry ,20 for example). Our com puted transition 
energies are consistently higher than the experimental 
values. This fault lies mainly in the standard param
eters used. N o  attem pt was made to find new param
eters which would im prove the transition energies, 
since there would be little assurance that the new wave 
functions would provide a better basis for calculating 
dipole strengths or rotatory strengths.

II. Methods of Calculation
A. Approximate Molecular Orbital Method (INDO- 

Cl). The SCF com putations carried out in this study 
were perform ed on a Burroughs B-5500 com puter 
using a modified form  of the a l g o l  program C N D 0 2 X  
written by  D r. B. R . G ilson .27 Essentially the program 
used the C N D O /2  approximations set forth b y  Pople, 
et aL ,28'29 for closed-shell molecules and provided 
several options including allowance for nonstandard 
C N D O /2  parameters and configuration interaction 
between singly excited determinantal wave functions 
for both  singlets and triplets. For the present study, 
the program was modified to include the one-center 
exchange integrals developed by  Pople, et al.,26 in their

(16) S. F ein le ib  and F . A . B o v e y , Chem. Comm un., 978 (1968).
(17) O . Schnepp, E . Pearson, and E . Sharm an, ibid., 545 (1970).
(18) M . A . E l Sayed  and A . U dvarhazi, J. Chem. P hys., 42, 3335 
(1965).
(19) W . C. Johnson, Jr., and W . T .  Sim pson, ibid., 48, 2168 (1968).
(20) V . P a o  and D . P . Santry, J. A m er. Chem. Soc., 88, 4157 (1966).
(21) R . G ou ld  and R . H offm ann, ibid., 92, 1813 (1970).
(22) R . M . L yn d en -B ell and V . R . Saunders, J. Chem . Soc. A ,  2061
(1 9 6 7 ) .
(23) W . H u g  and G . W agniere, Theor. Chim. Acta, 18, 57 (1970).
(24) J. L inderberg  and J. M ich l, J. A m er. Chem . Soc., 92, 2619 
(1970).
(25) M . Yaris, A . M oscow itz , and S. B erry , J. Chem. P hys., 49, 3150
(1 9 6 8 ) .
(26) J. A . P op le , D . L . B everidge, and P . D ob osh , ibid., 47, 2026 
(1967).
(27) B . R . G ilson, P h .D . Thesis, U niversity  o f  V irginia, 1969.
(28) J. A . P op le , D . P . Santry, and  G . A . Segal, J . Chem. P hys., 4 3 , 
S129, S136 (1965).
(29) J. A . P op le  and G . A . Segal, ibid., 44, 3289 (1966).
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IN D O  calculations. T he exchange integrals were 
included both in the SCF interative calculations and in 
the configuration interaction (C l) matrix. The pro
gram was also modified for punch card output in the 
proper form at for later use in another program 
( a n g m o m t ) 30 for the com putation o f either natural or 
magnetically-induced rotatory strengths. The m odi
fied program was tested by  performing a calculation 
on the electronic structure of form aldehyde and then 
com paring these results with those obtained from  a 
standard IN D O  calculation on the same molecule. 
The agreement between these two calculations was 
excellent. W e will refer to  the modified program hence
forth  as IN D O -C I.

The m ethods used in IN D O -C I represent straight
forward application of well known concepts so that we 
will only outline them briefly here. The ground state 
o f the molecule is approxim ated b y  assuming perfect 
screening for the core electrons and by  representing the 
N  valence electrons as a single determinantal wave 
function form ed from  linear com binations o f a mini
mum basis set o f S T O ’s {x i} -

* .  - & r

^ l ( l ) « ( l )

* i ( 2 ) a ( 2 )
U W ) - - -
* i ( 2 ) j 8 ( 2 )  - - - - -

--------- iAjv/2(1)/3(1)

=  \ i j i — 'l/N/2<pN/i

- M N ) ß ( N )

( 1 )

The functions are molecular orbitals determined 
iteratively b y  minimizing the electronic energy o f the 
N  valence electrons, subject to the SCF contraints. 
W e have

i t  =  H C i p X n  (2)

where Citl is the coefficient of the /Ah atom ic orbital in 
the zth molecular orbital. For the various atom ic 
orbitals, the standard parameters and exponents used 
in the IN D O  approxim ation of Pople, et al.,26 were 
adopted.

For the excited singlet and triplet states, it was 
assumed that an adequate description can be obtained 
by  using a small num ber o f singly excited states form ed 
by the replacem ent of one occupied orbital in the 
ground-state determinant with a virtual orbital. 31'32

^  ¿ « K V a ) 1/5 x
V

{ •  ■ii'Pi- • - f o I  —

| 'h h i i h  ■ ■ ■ ■ ■ ■ fjv/2|} (3)

• v .  =  Z c sAHv),j(v) ] (V 2) ‘a  X
v

{ 1 +

\'h$ifafo-■ 'l'iti-■ ■'['ml} (4)
An interaction matrix is then set up for the singlet and 
the triplet cases, once the set o f specifiers is
defined, by  using eq 5 and 6

1M rs = F ss — F „  -f- J Ts +  K rs (5)

3M rs = Fss — Ftt +  Jrs — Krs (6)

The respective matrices are then diagonalized to deter
mine the coefficients CPv[i(v),j(v)] and C„[i(y),j{v)] in 
eq 3 and 4.

The molecular coulom b and exchange integrals are 
represented by  J and K, respectively, and the Fss and 
Frr are the eigenvalues of the ground-state semi- 
empirical Fock  matrix. The eigenvalues o f and 
3M  are excited-state energies above the ground-state 
energy, which is arbitrarily taken to  be the zero ref
erence level. Thus a lim ited configuration interaction 
calculation was carried out in which the correct ( l / r y ) 
interaction operator was used along with semiempirical 
values o f J and K. T h  s procedure should lead to 
somewhat better descriptions of the electronic excited 
states (at least with respect to energy) than can be 
achieved by  direct use of the virtual orbitals alone as 
was done by  Pao and Santry .20 Furthermore, the use 
o f IN D O  K  values leads to finite singlet-triplet split
tings, thus mimicking reality more closely than the 
C N D O /2  C l procedure used b y  D el Benet and Jaffe33 
in which all exchange integrals are neglected.

B. Oscillator and Rotatory Strengths. T he optical 
activity associated with a single electronic transition, 
say 0  -► k, in a molecule c in  be conveniently expressed 
in terms of the reduced rotatory strength for the 
transition. The reduced rotatory strength is defined 
b y 34

[Rok] =  (100/^D)Im[('Fo|S|'F,)-<9rJ:|m|iro)]
=  (100/pD)Rn «  1.08 X  1040i20* (7)

where /? is the Bohr magneton, D is the D ebye unit, 
ft is the magnetic dipole operator, and m is the electric 
dipole operator. The wa^e functions Wo and W* are, 
in general, linear com binations o f determinants after 
configuration interaction, but we have restricted the 
ground state W 0 to  the IN D O  determinant and the 
excited states W t to linear com binations of singly 
excited (with respect to the IN D O  ground-state deter
minant) determinants only. The operators in eq 7 are 
defined by

Im (a  +  ib) =  b 

m =  e Z ,:

(8)

(9)
e

2 meZ  L } ( 10)

where j  labels electrons.
Usually the electric transition mom ent is expressed

(30) D . D . Shillady, P h .D . Thesis, U niversity  o f  V irginia, 1969.
(31) J. A . P op le , P roc. P h ys. Soo. L ondon , Sect. A ,  68 , 81 (1955).
(32) R . Pariser, J . Chem. P hys., 24, 250 (1956).
(33) J . D el B en et and H . Jaffe. ibid., 48 , 1807, 4050  (1968 ); 49, 
1221 (1968 ); 50, 1126 (1969).
(34) A . M oscow itz , Advan. C h en . P hys., 4 , 67 (1962).
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in terms of the dipole length formula, but M oscow itz36 
has stressed the fact that nonsym m etry-adapted wave 
functions lead to  origin dependent results unless the 
dipole velocity  form ula is used. Ehrenson and Phillip- 
son36 have also shown that the dipole velocity  form ula 
emphasizes the portion of the molecular orbitals which 
have been optimized by  energy dependence using the 
variational theorem, in contrast to  the dipole length 
form ula which depends more on the outer tails of the 
wave functions which are usually given poorly (es
pecially in minimum basis sets). A  third reason for 
preferring the dipole velocity  form  given in eq 11 is that

=  (^)<*<|V|%)/(E, -  E<) ( 11)

the usual derivation of electric transition probabilities 
starts out b y  assuming a perturbation involving v  
and then at the end invokes the restriction given m  eq 
12

V  =  Hr -  rH =  [H, r] (12)

where H is the total Ham iltonian of the system. Since 
eq 12 is approximate even for ab initio minimum basis 
set calculations, we favor using the dipole velocity 
directly, especially for semiempirical wave functions.

A n additional benefit to  be gained b y  using the dipole 
velocity  operator is that the tw o-center magnetic 
m om ent integrals can be reduced to  com binations of 
overlap and dipole velocity  integrals. Consider Lx° 
in cartesian coordinates w ith respect to  (0 , 0 , 0 ). 
Then consider a second point (x ”, y b, z'1). The matrix 
element of angular m om entum  (Lx) between an atom ic 
orbital |a> at (0 , 0 , 0 ) and \b> at (x ”, y", zb) is given 
by  eq 13. N ow  define new coordinates as given in

eq 14. Expanding, we obtain eq 15 where the primed

q1 = <f -  <?; (d /d «°) = (2>/£>g') (q =  x, y, z) (14)
coordinates are w ith respect to  (x b, y", zb). Equations 
16 and 17 are similarly obtained.

{ a \ L m  -  ( « j 0 ) [ ( » '  +  « ( ¿ i )  -

(a\Ly°\b) =  (a\Lv'\b) +

(a\L°\b) =  (a\W\b) +

N ote  that since Lt' are centered on (xb, yb, zb), their 
effect on  any spherical harmonic function such as 
| b) in an STO  basis is reduced to products of ladder 
operator constants ,87 ft, and overlap integrals w hich we 
calculate using the algorithm of Lofthus .38

The dipole velocity  algorithm of Fraga39 was pro
grammed for the B-5500 after some enlightening corre
spondence with Professor Fraga, and the values were 
checked against Shull’s40 values for the H 2 molecules. 
T he Lofthus overlap has been checked previously in 
this laboratory and has been used in the past for up to 
and including 6p STO s .30 Thus we used the form ulas 
of eq 15-17 to generate the antisym metric angular 
m om entum  matrices in a real STO basis.

The resulting program ( a n g m o m t )  will accept atom ic 
orbital basis sets (STO ), molecular orbital coefficients, 
and C l  coefficients from  either ab initio or semiempirical 
source programs provided all tw o-center term s are 
included in the overlap. W e deorthogonalized the 
IN D O  molecular orbitals as described by  Pullm an ,41 
but we used the C l  coefficients unchanged since de- 
orthogonalization is a unitary transform ation and 
applying it to  a linear com bination of determinants 
would leave each determinant unchanged in value; 
hence the coefficients would also be unchanged. This is 
rigorously true only if the IN D O  F ock  m atrix is related 
to  the corresponding ab initio calculation in the same 
basis b y  a unitary transform ation. H ow ever, som e 
recent w ork has shown that generally deorthogonaliza- 
tion tends to im prove the charge description in C N D 0 2  
and we have assumed that the same trend holds in our 
IN D O  study. In  any event, this seems to be the most 
acceptable w ay o f introducing tw o-center bond  con 
tributions into the rotatory strength calculations, 
rather than delete them as did Pao and Santry . 20

Qur program also provides for a limited treatm ent of 
sp in -orb it coupling and for calculating singlet-triplet 
transition probabilities. T o  first order in the sp in -

(35) A . M oscow itz , “ M od ern  Q uantum  C h em istry ,”  V o l. 3, O . 
S inanoglu, E d ., A ca d em ic Press, N ew  Y ork , N . Y ., 1965, p  31.
(36) S . E hrenson and P . E . P h illipson , J . Chem . P hys., 34, 1224 
(1961).

(37) R . H . D ick e  and J. P . W itk e , “ In trod u ction  to  Q uantum  
M ech a n ics ,”  A d dison -W esley , R ead ing , M ass., 1960, C hapter 12.
(38) A . L ofthus, M ol. P hys., 5 , 105 (1962).
(39) S. Fraga, Can. J . Chem., 4 2 , 2509 (1964).
(40) H . Shull, J. Chem. P hys., 20, 18 (1952).
(41) C . G . P rettre  and A . Pullm an, Theor. Chim. A cta , 11, 159 
(1968).
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orbit coupling operator Hso, the singlet-triplet tran
sition integrals can be expressed as42

E (3En -  % ) ' ( Vulô  IV*) +

*  r ( lE k ~  *Em)
(3<t>n,T\0\S4>mj ) (18)

where r denotes the spin com ponents of the triplet 
state (t =  0 , ± 1), the functions |$) are the unper
turbed C l states, and 0  is either the electric dipole 
or magnetic dipole m om ent operator. W e approxi
mate the spin -orbit perturbation operator as

atoms

Hso =  E U L - S  (19)
K

where X  is the orbital angular m om entum  operator, S 
is the total spin angular m om entum  operator, and 
tx  is an empirically determined spin-orbit coupling 
constant for the A th  atom. The justification for using 
this very approxim ate form  o f Hsc will not be detailed 
here. Ginsberg and G oodm an43 have shown (at 
least for carbonyl electronic states) that application 
o f the central field approxim ation and the neglect of 
two-electron spin -orbit couplings do not lead to 
significant errors in the calculation of spin -orb it inter
actions. Furthermore, all tw o-center spin-orbit matrix 
elements have been neglected in the present study 
Because o f the strong inverse dependence of Hso on r 
(it goes as r~z, where r is the electron radial coordinate), 
these tw o-center terms are expected to be of negligible 
magnitude. The values o f used in this study for 
oxygen and carbon were43 =  152 cm -1 ; =  28 cm -1 .
Test calculations on form aldehyde indicated that the 
IN D O -C I energies were reasonable with respect to 
magnitude and splittings, and that the com puted 
n —► 37t* transition probability was of the approxi
m ately correct order o f m agnitude44 (com puted oscil
lator strength was 10~7).

The matrix elements o f the electric and magnetic 
dipole operators betw een determinants were com puted 
from  an extension of formulas used b y  K outecky, 
et al.45 They are expressed in eq 2C for an arbitrary one- 
electron operator 0  between singly excited determi
nants. The sym bols

('Fy|0|'4,t ;) =  (j\0\l)8tk(l — 5y)(l — 6,;) —

(t|0|fc)5y(l -  5 ,0(1  -  *«) +
r  occ q
|̂ 2 E  (p|0|p)Jm .o +

(2 y / \k\0\l)8v (l -  8kl) +

(2)v*<t|0|j>i,i(l -  h )  (20)

where i, j, k, l, and p all refer to molecular orbitals 
using eq 21 , where

AO AO
(i\0\j\ =  E  E cvc*< * ,| 0 | x ,>  (21)

n v

|x„) and 1x 0  are atom ic orbitals in the basis set. 
The formula, is more general than is actually needed 
here since the angular m om entum  and dipole velocity 
operators are both  antisymmetric, which means that 
all diagonal (p\0\p) matrix elements are zero. 
These zero terms were left in the program, however, so 
that we m ay use the same program  to  com pute rotatory 
strengths using the dipole length formula. In  that 
case, the diagonal elements would be quite im portant.46 
B y  convention the closed shell ground state is treated 
as \'$n/2N/2) for N  electrons.

In the calculation o f the singlet-triplet transition 
moments the procedure recom m ended b y  Ham eka and 
G oodm an46 was follow ed in that eq 18 was used directly 
for the perturbed dipole velocity  matrix elements with 
eq 22 being used for each o f the matrix elements in
volv ing zero-order eigenfunctions of the unperturbed 
Ham iltonian. In this way, the error due to  the use of

<«M?|»irf>
(557.8123047) 

\EP(kK ) -  A ,(k K ) ]
<V,|v|V,> (22)

an incom plete set of states is m uch less than if the 
dipole length diagonal elements were included in the 
perturbation. In  other words, since the dipole velocity  
has zero diagonal elements, widely differing dipole 
m om ents o f excited states are not encountered. Of 
course, in the limit o f completeness o f the set { 1*1% )}, 
the operators are rigorously interchangeable.

The constant in eq 22 reflects the fact that all energies 
were in kilolcaysers (kK ), the dipole velocity  and dipole 
length were in atom ic units, and in the discussion to 
follow  the angular m om entum  integrals are in units of 
h. Thus we obtain the reduced rotatory strength in 
eq 23 where the units are that of a pure num ber and 
eq 22 has been used.

[J2„t ] =  (166.5631616) X
d p  d p  d q  d q

E  E  E  E  [<^|z>-0 l£|fc>] (23)i 3 k l
N ote that since states p an d /or q m ay be triplets, we 
have summed over the respective degeneracies of the 
unperturbed states dv and dQ. I t  is debatable whether 
the summation should be tw ofold  or fourfold. W e 
have used the fourfold summation because neither 
operator is diagonal in the molecular orbital basis. 
H owever, since this is the first discussion o f rotatory 
strengths between degenerate states o f which we are 
aware, our convention may be the subject of further

(42) J . L . G insberg  and L . G ood m a n , M ol. P h ys., 15, 441 (1968).
(43) D . G . C arroll, L . V an qu ick enborn e, and S. P . M cG lyn n , J. 
Chem. P h ys., 4 5 , 2777 (1966).
(44) J . W . S idm an, ibid., 29, 644 (1958).
(45) J . K o u te ck y , P . H ock m an , and J. M ich l, ibid., 40 , 2439 (1964).
(46) H . F . H am ek a  and L . G ood m a n , ibid., 4 2 , 2305 (1965).
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consideration. Equation 23 obviously reduces to  the 
conventional form ula given in eq 7 in the singlet- 
singlet case, so that there is no controversy when dv =  
d,, =  1 .

C. Anisotropy Factor. Another spectroscopic quan
tity  of interest which was included in our com putational 
procedure is the anisotropy factor

9pi ~ iRpg/Dpg (24)

where RVi is the rotatory strength and D P1 is the dipole 
strength associated with the p -*■ q transition. C on
don 47 first defined the factor as proportional to the 
ratio o f the integrated C D  and absorption intensities. 
M offitt and M oscow itz48 and, more recently, R obinson 
and W eigang49 have given detailed consideration to  the 
relationships between g, frequency distributions in C D  
and absorption bands, and vibronic coupling. In 
earlier studies o f the g factor, K uhn60 proposed that g 
should remain constant throughout the band o f a single 
electronic transition and that any variation in g in a 
particular spectral region could be used as evidence for 
multiple, overlapping electronic transitions. In  making 
this proposal, Kuhn had to assume that the anisotropy 
factors for all vibronic com ponents of a particular 
electronic transition . are the same. M offitt and 
M oscow itz ’s results demonstrate that in general this 
is not the case, and W eigang’s51 studies on vibronic 
effects in the C D  spectra o f electric-d ipole forbidden 
transitions suggest that K uhn ’s approach can lead to 
erroneous conclusions.

Experim entally the g factor is determined b y  inte
grating over the entire C D  band and the entire ab
sorption band. W e have

gVQ = A R J D Vi =  4 X  0.24 X  10“ 38 X

J ̂  dX/0.96 X  1 0 - 38 dX (25)

where Ae(X) =  eL(\) — eR(\), e(X) =  [«¿(X) +  «s (X )]/2 , 
tL(\) and eB(X) are the decadic extinction coefficients 
for the left and right circularly polarized light, and the 
constants are expressed in cgs units. The experimental 
g factor includes, therefore, all vibronic contributions to 
both  Ae and e. V ibronic effects are com pletely ne
glected in our IN D O -C I com putational model, so that 
the com puted g factors include only the nonvibronic 
contributions to  Rvq and D vq.

W e define dipole strength by

D pi =  e2(p\r\q)-(q\r\p) =

( ^4e2\
-^rJ<p|v|gMfl|vfo>/(Æ# -  E qy  (26)

III. Conformations of Cyclopentanone and 
Alkyl-Substituted Cyclopentanones

As was discussed in the Introduction 3-m ethylcyclo- 
pentanone has been a favorite m odel system  for testing 
theories o f molecular optical activity. A ccording to 
U rry ,6 the reason for this choice is that in this molecule

all the structural features desirable in a m odel system  
are present. The model system should be small, planar, 
rigid, and cyclic with a single asym m etric center. 
From  the recent m icrowave results o f K im  and G w in n 10 
and the polarized photoexcitation spectra reported b y  
Chandler and G oodm an ,11 it is rather certain that the 
m ost stable ground-state conform ation o f cyclopent
anone is one in which the ring is tw isted into a half- 
chair form  with only C2 sym m etry. In  cyclopentanone, 
tw o such conform ations exist and they are isoenergetic. 
H ow ever, in 3-m ethylcyclopentanone these conform a
tions are not equivalent and are probably not iso
energetic. In  this case, even when the barrier betw een 
the tw o ring conform ational isomers is sufficiently low  
that pseudorotational ring m otion occurs at lo o m  
temperature, it is not correct to  say that the ring is 
“ planar”  on-the-average.

One o f the objectives of the present study was to 
determine how sensitive the optical rotatory properties 
are to ring puckering and to ascertain the conform er or 
conform er-m ixture responsible for the observed C D  at 
various temperatures. It  was also of some interest to 
find out how ring chirality vs. direct, substituent vicinal 
effects influence the optical rotatory properties o f the 
higher excited states o f the carbonyl chrom ophore 
(i.e., excited states other than mr*). Only the n — 
7r* transition had been treated previously.

IN D O -C I a n g m o m t  calculations were carried out on 
seven different molecular systems. These systems 
were: (1) (L )-cyclopentanone ( I ) ;  unsubstituted cy 
clopentanone with a twisted ring (L =  left-handed twist 
in ring), Figure la ;  (2) 3-m ethylcyclopentanone (II ), 
planar ring, Figure lb ;  (3) 3 (e )-m eth y l-(L )-cyclo - 
pentanone (I I I ) , twisted ring with equatorial m ethyl 
substituent, Figure l c ;  (4) 3 (a )-m eth yl-(A )-cyclopen ta - 
none (IV ), tw isted ring (R =  right-handed tw ist in ring) 
with axial m ethyl substituent, Figure Id ; (5) 2-m eth- 
ylcyclopentanone (V ), planar ring, Figure le ;  (6) 
2 (a)-m ethyl-(L )-cyclopentanone (V I), twisted ring 
with axial m ethyl substituent, Figure 1; (7) 2 ,3 (a ,e)- 
d im ethyl-(L )-cyclopentanone (V II), twisted ring with 
axial m ethyl substituent at position 2 and equatorial 
m ethyl substituent at position 3, Figure lg . W e used 
the data o f K im  and G w inn10 d irectly for the structure 
o f cyclopentanone. T he dihedral tw ist angle was 
reported to  be 23.6°. For each o f the substituted 
derivatives of cyclopentanone, the C (m e th y l)- 
C (ring) bond  was assumed to  be 1.54 A  and tetra
hedral H C H  angles were used with a C -H  bond length 
of 1.091 A . The hydrogen atoms on the m ethyl 
substituent were taken to  be staggered with respect to

(47) E . U . C on d on , Rev. M od . P hys., 9 , 432 (1937).
(48) W . M o ffitt  and A . M oscow itz , J. Chem . P h ys., 30, 648 (1959).
(49) G . R ob in so n  and O . W eigang, J. A m er . Chem. Soc., 91 , 3709
(1969).
(50) W . K u hn , A n n u . Rev. P h ys . Chem., 9 , 417 (1958).
(51) O . E . W eigang, J . Chem . P hys., 43 , 3609 (1965 ).
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a. b.
KL
c.

Figure 1. Cyclopentanone (I), 3-methylcyclopentanone (II, III, IV), 2-methylcyclopentanone (V, VI), and 
2,3-dimethylcyclopentanone (VII). Structures: © =  ring carbon atom above plane of figure; © = ring carbon atom below 
plane of figure.

the other hydrogen atom  attached to  the same ring 
carbon atom. For the axial and equatorial isomers of
3-m ethylcyclopentanone, the cyclopentanone skeleton 
parameters were used and the angles and distances were 
checked and found to  be within the tolerances given by 
K im  and Gwinn. For the planar case we could not 
use all o f the same parameters, so we arbitrarily kept 
the constraint o f r (C 2— C 3) =  r (C 3-C 4) =  1.557 A , and 
we relaxed the interior angles C iC 2C3 and C2C3C 4 to 
107° as required for planarity, keeping angle C sC iC 2 at 
110.5°. The num bering system for the atom s is 
given in Figure 2.

The structural parameters for planar and twisted
2- m ethylcyclopentanone and for 2 ,3-dim ethylcyclo
pentanone were obtained using the same considerations 
and assumptions described above for the 3-m ethyl
cyclopentanone structures. N ote that for the single
2,3-dim ethylcyclopentanone isomer which we con
sidered (V II), the ring is twisted, the 2-m ethyl group is 
axial to  the ring, and the 3-m ethyl group is equatorial 
to the ring.

IV. Conformational Energies.
3- Methylcyclopentanone

After the electronic valence shell energy of the ground

I
Z

Figure 2. Numbering system for cyclopentanone ring atoms.

state was com puted for each of the three 3-m ethyl
cyclopentanone isomers (II , I II , and IV ), the total 
valence shell energy was estimated b y  assuming com -
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plete screening of the inner core electrons on carbon 
and oxygen and adding the repulsion energy of the 
remaining core charges to the electronic (negative) 
energy. In  this w ay we could estimate the relative 
energies o f the three conform ational isomers. In 
Table I  the com puted energies are given and we see 
that the axial conform ation is favored. This result is 
perhaps somewhat surprising since one m ight expect
that C H 3------H  repulsive interactions across the ring
w ould be m uch larger in the axial conform er than in 
the equatorial conform er. The results given in Table 
I  do indeed show that the nuclear repulsion energy of 
the axial conform er is significantly larger than that of 
the planar and equatorial conformers. H ow ever, the 
total electronic energy o f the axial conform er is some
what lower than that of the other tw o conform ers and 
this is the source o f its relatively greater stability. 
D ue to  the rather serious approximations inherent in 
in IN D O  molecular orbital model, these results must 
be accepted w ith some reservation. H ow ever, the 
results achieved b y  Pople, Beveridge, and D obosh 26 
for bond angles and molecular geometries using the 
IN D O  m ethod are in rather good  agreement with ex
periment.

Table I : INDO Computed Valence Shell Energies 
of 3-Methylcyclopentanone

Con
formation

Axial (IV) 
Planar (II) 
Equatorial 

(III)

Electronic
energy,

eV

-6400.82419
-6343.39774
-6342.99716

Nuclear
repulsion,

eV

+4591.67773
+4534.31320
+4533.91142

Total,
eV

-1809.14646
-1809.08454
-1809.08574

unoccupied ground-state molecular orbital. In  struc
tures I - I V , the highest occupied M O  very  closely re
sembles the highest occupied M O  in form aldehyde and 
we designate this as a nonbonding (n) M O , even though  
it has some in-plane 7r antibonding character betw een 
the carbonyl oxygen and the ring carbon atom s. In 
V -V I I , the highest occupied M O  is som ewhat less lo 
calized on the carbonyl group (com pared w ith  form al
dehyde and with I - I V ) ,  but we shall still refer to this 
orbital as an n M O  in these structures. The lowest un
occupied ground-state M O  is called x* throughout our 
discussion in this section.

The largest atom ic orbital (A O ) coefficients (i.e., 
those coefficients >|0 .100|) calculated for the highest 
occupied  (n) and the lowest unoccupied (ir*) m olecular 
orbitals (M O ) in the ground state are listed in Tables 
I I  and III , respectively. N ote that the AO com posi
tion o f the n M O  is nearly constant throughout the 
series of structures studied except for V  (2-m ethylcyclo- 
pentanone with a planar ring). In  structures I - I V , 
V I, and V II , the n M O  is localized prim arily on the 
carbonyl oxygen atom  with some additional amplitude 
on the carbonyl carbon atom  and the tw o a ring car
bons. Furthermore, the tw o a-carbons are nearly iden
tical so far as the in M O  is concerned. In structure V , 
the 2pz AO on C « ' makes the principal contribution to 
the highest occupied M O  while the 2\ix A O  on the car
bonyl oxygen makes a lesser contribution. In  this 
case, the highest occupied M O  is better described as an 
in-plane antibonding t  orbital between the carbonyl 
oxygen and just one o f the a-carbon  atom s than as a 
“ nonbonding”  orbital. The anomalous electronic 
properties of structure V  are further illustrated b y  the 
results given in Table IV  for the electron densities cal
culated at selected atom ic sites in structures I -V I I .

In  summary, according to  our calculations the 
equatorial and axial conform ations are more stable 
than the planar conform ation which was assumed in 
the previous treatments o f optical rotation in 3-m ethyl- 
cyclopentanone. Also, while the equatorial confor
m ation is on ly slightly more stable than the planar 
form , our com puted values indicate that the axial 
conform ation is more stable b y  about 1.4 kcal/m ol. 
Since nuclear repulsions are highest, as expected, for 
the axial conform ation, the on ly rationale we can offer 
is that evidently some weak bonding is set up between 
the m ethyl group hydrogens and the carbonyl group 
in this conform ation which is negligible in the other two.

V. Results and Discussion
A. n -*■ tt* (Singlet) Transition. The C l  eigen

vectors calculated for the first excited singlet states of 
the structures I -V I I  indicate that an orbital description 
o f these states can be given entirely in terms of a single 
prom otion  of an electron from  the highest lying occupied 
ground-state molecular orbital to the lowest lying

Table II : Calculated Properties for
a — tt* (Singlet) Transition

A E, /  X D X g,
Compd eV 10-4 1 0 Cgs [«1- cg s

i 5.36 20 9.67 +23.99 0.099
i i 5.39 7 3.45 +  0.64 0.007

h i 5.44 19 9.32 +21.60 0.093
IV 5.46 15 7.41 -22 .04 0.119
V 5.35 285 141 +94.95 0.027

VI 5.69 68 31.8 +69.47 0.087
VII 5.64 117 54.9 +47.40 0.034

• [fi] =  reduced rotatory strength S 1.08 X 10“ 40 fi(cgs).

The lowest unoccupied M O  in structures I - I V  is lo 
calized primarily on the carbonyl group and can be 
characterized as a t antibonding orbital betw een C and 
O. In  structures V -V I I , the lowest unoccupied M O  
retains its carbonyl 7r* character, but it also has con 
siderable contributions from  the 2s and 2p A O ’s on  the
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Table III: MO Coefficients: “ n” Orbital

Compd OW CM Cats) Cce(x) C«(z) Ca'(s) Ca'M C«'(*)

i +0.788 -0 .2 7 0 -0 .165 +0.271 -0 .2 1 0 +  0.165 +  0.271 +  0.210
i i +0.788 -0 .268 -0 .166 +  0.276 -0 .211 +  0.174 +0.277 +  0.193

h i +0.783 -0 .271 -0 .150 +0.265 -0 .233 +  0.158 +  0.263 +  0.209
IV +  0.788 -0 .2 7 0 -0 .160 +  0.269 -0 .216 +  0.164 +  0.270 +  0.209
V +  0.437 -0 .261 -0 .219 +0.310 -0 .121 -0 .2 2 7 +  0.631 -0 .1 2 7

VI +  0.772 -0 .2 6 7 -0 .1 5 0 +  0.289 -0 .218 +  0.183 +  0.249 +0.205
VII +  0.769 -0 .263 -0 .151 +0.270 -0 .2 4 7 +  0.169 +  0.238 +  0.205

° 0, carbonyl oxygen; C, carbonyl carbon; Ca, a-carbon closest to alkyl ring substituent; C«', a-earbon on side of ring opposite 
to substituent site; (s, x, y, z), 2s, 2p*, 2p„, and 2p, atomic orbitals.

Table IV : MO Coefficients: “ t*”  Orbital

Compd 0(y) C(«) C«(s) Cat«) Ca'(s) Ca't«) C,(x) C,(«) Ha, aH'
I -0 .635 +  0.682 +  0.254 +  0.254 0.3-0.4

II -0 .638 +0.684 +  0.256 +  0.258 0.3-0.4
III -0 .637 +  0.684 +  0.257 +  0.253 0.3-0.4
IV -0 .638 +  0.686 +  0.250 +  0.256 0.3-0.4
V +  0.497 -0 .498 -0 .110 — 0.535 -0 .409 +  0.220 +  0.982 0.1-0.2

VI -0 .618 +  0.640 -0 .1 3 9 +  0.117 — 0.287 +  0.403 -0 .214 +  0.608 0.1-0.2
VII -0 .589 +  0.581 -0 .315 +  0.225 -0 .289 +  0.355 -0 .185 +  0.572 0.1-0.2

“ 0, C, C«, Ca': same as in Table III; C„, carbon atom of methyl substituent located at ring site Ca (2-methyl group); Ha, hydro
gen atoms attached to Ca; Ha', hydrogen atoms attached to Ca’ .

Table V : Electron Densities on Atoms

Compd 0 C Ca Ca' C/3 C/3' C3 Hs Hs H,
I 6.31 3.69 4.02 4.02 3.95 3.95

II 6.31 3.69 4.02 4.02 3.95 3.95 3.94 1.02 1.02 1.02
III 6.31 3.69 4.02 4.02 3.95 3.95 3.95 1.02 1.02 1.02
IV 6.31 3.69 4.02 4.02 3.94 3.95 3.95 1.02 1.02 1.02
V 6.31 3.65 4.13 4.26 3.96 3.76 3.35 1.20 1.20 1.20

VI 6.30 3.69 4.11 3.85 3.93 3.97 3.34 1.20 1.21 1.21
VII 6.27 3.70 3.97 3.96 3.79 3.88 2.64 (a) 1.09 (a) 1.09 (a) 1.09(a)

3.36 (0) 1.19 (0) 1.20(0) 1.20(0)

“ O, C, Ca, Ca', C„ see Table IV; Cg, 0-carbon closest to alkyl substituent; Gg’, 0-carbon on side of ring opposite to substituent 
site; H„ hydrogen atoms attached to Cs.

a-carbon atom s and from  the 2p A O ’s on the methyl 
substituent, carbon. In  structure V , the lowest un
occupied M O  is predom inantly comprised o f substit
uent A O ’s.

The first singlet transition in all structures except V  
essentially involves reorganization o f electron density 
on the carbonyl group and to  a lesser extent on the a 
carbons and a hydrogens. In  structure V , this transi
tion has considerable charge-transfer character. E lec
tron density is shifted from  the carbonyl group and CJ 
to the substituent methyl group.

In  Table V  the transition energies, oscillator 
strengths, dipole strengths, rotatory strengths, and 
dissymmetry factors calculated for the n — 7r* (singlet) 
transition in structures I -V I I  are listed. Experim en

tally ,6 the n —► w* absorption band of 3 (+ )-m e th y l- 
cyclopentanone in cyclohexane solvent has its origin at 
« 3 2 8  nm  (3.78 eV ), its emax at 300 nm (4.13 eV), and 
it spans the spectral region 245-328 nm  (5.06-3.78 eV). 
W e calculated a transition energy o f about 230 nm 
(5.40 eV) for the n — n* (singlet) transition in 3-m eth- 
ylcyclopentanone. Chandler and G oodm an11 re
ported an oscillator strength o f 4.8 X  10-4  for the 
n —► 7r* transition in unsubstituted cyclopentanone (in 
n-pentane solvent). Our calculated oscillator strength 
for twisted cyclopentanone (com pound I) is 20 X  
10_4. The transition energy for the n ->  tt* transition 
in form aldehyde was calculated to  be 4.54 eV on our 
IN D O -C I model. This result is also high com pared 
with the experimentally determined n -► 7r* band
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origin at 3.51 eV ,82 and the transition energy of 3.80 
eV calculated by  W hitten63 using an ab initio approach.

The calculated dipole strengths, rotatory strengths, 
and dissym m etry factors which are given in Table V  
for structures I - I V  can be com pared with the follow
ing experimental data: (1) 3 (+ )-m eth ylcyclopentanon e 
in water (ref 6), D =  3 X  10-38 cgs =  0.03 D 2, R =  
+  5.1 X  1 0 - «  cgs, g =  0.017 cgs, Xmax (C D ) =  287 
nm, Xmax (abs) =  280 nm ; (2) 3 (+ )-m eth y lcy c lo - 
pentanone in E P A  solvent (ref 14 and 15), [R ] =  
+  6.02, reduced rotatory strength at 2 5 °; [S ] =
+  9.88, reduced rotatory strength at — 192°; Xmax 
(C D ) =  300 nm ; (3) 5a-androstan-16-one in E P A  
solvent (ref 14)

[Æ] + 1  = 8 .7  at 25°, [R] =  + 1 8 .1  at - 1 9 2 ° ;  (4) 
3/3-hydroxy-5a-androstan-16-one in methanol solvent 
(ref 54)

D  =  5.81 X  lO“ 38 cgs =  0.0581 D 2, /  =  9.1 X  10“ 4 
R =  16.7 X  10- 40 cgs, [Æ] =  18.0, g =  0.115, Xmax 
(C D ) =  300 nm, Xmax (abs) =  300 nm ; (5) ( + ) -  
hydrindanone in isooctane solvent (ref 55)

D =  3.88 X  lO -38 cgs =  0.0388 D 2 =  total dipole 
strength, Dz =  1.84 X  lO“ 38 cgs =  0.0184 D 2 =  Z 
com ponent (along > C = 0  axis) o f dipole strength, 
R =  + 1 4 .9  X  10- 40 cgs, ffi] =  + 1 6 .1  at 25°, g =  
4 E /D  =  0.154, g1 =  4R/D* =  0.325, Xmax (C D ) =  
300 nm, Xmax (abs) =  300 nm.

In  com pounds A , B , and C, shown above, the cyclo- 
pentanone ring is expected to be twisted into a rigid, 
nonplanar conform ation with C2 symm etry. The ab
solute configurations of these- structures are known and 
the cyclopentanone ring is required to be twisted with a 
left-handed screw sense (about the C 2 (Z ) axis). The 
chirality o f the ring is identical with that of our struc
tures I and II I  (see Figures la  and lc . )  Since con
form ational m obility is forbidden (or, at least, highly 
unlikely) in these com pounds, their rotatory strengths

should not be temperature dependent. The C D  data 
on com pound A  indicate this to be the case. E m eis66 
perform ed a detailed vibronic analysis on  the isotropic 
absorption and C D  spectra o f com pound C and was 
able to separate the z-polarized contributions to g and D 
from  the x- and ^-polarized contributions. His anal
ysis was based on the assumption that in systems with 
C2 sym m etry vibronic coupling, to  first order, cannot 
induce a net rotatory strength in an A —► A (e.g., n —► 
it*) transition but can induce a net dipole strength o f 
x, «/-polarization. This assumption is rigorously cor
rect to first order in the H erzberg-Teller vibronic cou
pling mechanism ,51 and so E m eis’ analysis yields som e 
very useful inform ation concerning the static vs. v i
bronic contributions to  the absorption intensity o f the 
n -*■ ir* transition in com pound C. T he / ,  D, and g 
values given for com pound B  were obtained from  the 
total integrated intensities o f the absorption and C D  
spectra and so represent the total isotropic quantities.

Since vibronic effects are excluded from  our com puta
tional model, the calculated / ,  D, and g values given in 
T able V  for structure I  have only z-polarized com po
nents. Our calculated dipole strengths for structures 
I and I I I  are about five times as large as those reported 
for com pounds B and C, and the calculated g factors are 
about one-third as large as the g2 value reported by  
Emeis for com pound C. The calculated rotatory 
strength for I I I  is about 20%  larger than the experi
mentally determined ones for A  and B, and is about 
3 5%  as large as the value reported for C. O ptically 
active 3,4-dim ethylcyclopentanone, in which both  
m ethyl substituents are in equatorial positions, provides 
a better basis for com parison with A , B , and C than 
does structure III. The substituent atom s directly at
tached to  the cyclopentanone ring in A , B, and C are 
identical with those in the 3,4(e,e)-dim ethylcyclopen- 
tanone structure and also have the same spatial orien
tations. I f  it can be assumed that the tw o m ethyl 
groups influence the n -*■ ir* optical rotatory properties 
independently, then one can deduce the rotatory 
strength of optically active 3,4-dim ethylcyclopentanone 
from  the calculated properties o f I and III . T he ring 
contribution to the rotatory strength o f I I I  is + 23 .99 . 
Therefore the contribution o f the equatorial 3-m ethyl 
group must be —2.39. An equatorial 4-m ethyl group 
should make a similar contribution to  the rotatory 
strength o f a twisted cyclopentanone ring o f left- 
handed chirality. The reduced rotatory strength of 
optically active 3,4-dim ethylcyclopentanone should, 
therefore, be given b y : + 2 3 .9 9  — 2.39 — 2.39 =

(52) G . H erzberg, “ M olecu la r S pectra  and  M olecu la r  S tru ctu re : 
I I I .  E lectron ic S pectra  and E lectron ic  S tructure  o f  P o ly a to m ic  
M o lecu les ,”  V an  N ostrand , P rinceton , N . J ., 1967.
(53) J . L . W h itten  and M . H ack m eyer, J . Chem. P h ys., 51, 5584 
(1969).
(54) S. F . M ason , M o l. P hys., 5 , 343 (1962).
(55) C . A . E m eis, P h .D . D issertation , U n iversity  o f  L eiden , T h e  
N etherlands, 1968.
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+  19.21. This value is within 2 0 %  of that observed 
for com pound C and within 5 %  o f those reported for 
A  and B.

The five-membered ring in 3 (+ )-m eth y lcye lop en - 
tanone is not expected to be conform ationally rigid and at 
least tw o of the conform ational structures which should 
be accessible to this com pound are the structures I I I  
and IV  shown in Figures lc  and Id. T he planar ring 
structure II  is not expected to correspond to a stable or 
metastable conform ational state. The conform ational 
analysis perform ed b y  Ouannes and Jaques12 on this 
com pound indicates that structure I I I  (in which the 
methyl substituent is equatorial to the ring and the ring 
is twisted into a half-chair conform ation of C2 sym 
m etry) is the m ost stable form . Structure IV  (in 
which the m ethyl substituent is axial to the ring and the 
ring is again in a half-chair conform ation o f C2 sym 
m etry) is also predicted by  Ouannes and Jacques12 to  be 
very near to an energy minimum. H ow ever, IV  is pre
dicted to  be less stable than I I I  and to be nearly iso- 
energetic w ith tw o isomers in which the ring assumes 
an envelope (C, ) conform ation. T hey  predict that II I  
is more stable than IV  by  about 0.25 kca l/m ol. From  
Table I  we see that the IN D O -C I m odel used in the 
present study leads to  the prediction that IV  should be 
more stable than I I I  by  about 1.4 kcal/m ol. As 
pointed out in section IV , the IN D O  m odel used here is 
not sufficiently reliable to allow us to attach m uch sig
nificance to such small energy differences. The con
form ational analysis perform ed by  Ouannes and 
Jacques is also based on some rather crude assumptions 
about potential energy functions, but in view of the ex
perimental C D  data, it appears to  predict correctly the 
dominant equilibrium  conform ation.

From  the results given in Table V , we can deduce the 
the contributions made by  the m ethyl substituent to  the 
rotatory strength of 3-m ethylcyclopentanone in struc
tures II, I II , and IV . A n  equatorial methyl group con
tributes — 2.39 to [A], an axial m ethyl group contrib
utes +  1.95, and a m ethyl group on the planar ring 
contributes + 0 .6 4 . These results violate the octant 
rule as form ulated by  M offitt, et al . ,m for predicting the 
sign of the optical activity  induced in a sym m etric, 
cyclic ketone b y  dissym m etric substitution. I f  we 
partition the space occupied by  the 3-m ethylcyclo
pentanone molecule into octants and define the three 
orthogonal planes which form  the boundaries between 
octants in the same w ay as did M offitt, we find that the 
m ethyl group (carbon and hydrogens) occupies the 
same octant in each o f the structures II , III , and IV . 
I f  we define a coordinate system

atom s in structures II , I II , and IV  are given by

n(Y coordinate is up)

X,  A Y, A z, A XY,  A« XYZ,  A* r, A

II 1.28 1.26 -3 .6 8 1.61 -5 .9 2 4.10
III 1.60 0.35 -3 .9 7 0.56 -2 .2 2 4.29
IV 0.65 1.83 -3 .1 4 1.19 -3 .7 4 3.69

A ccording to  both  the octant (X Y Z ) rule and the 
quadrant (X Y ) rule,67 the rotatory strengths induced in 
structures II, I II , and IV  by  3-m ethyl substitution 
should all have the same sign, and the simple one-elec
tron m odel would further predict that the relative mag
nitudes o f the induced rotatory strengths w ould follow  
the order: C H S (IV ) >  C H 3 (II ) >  C H 3 (III).

The 2-m ethylcyclopentanone structures, V  and V I, 
were included in our study prim arily to  assess the im
portance of substituent proxim ity to  the carbonyl 
group. Similarly to  the 3-m ethylcyclopentanone struc
tures the substituent group atom s in V  and V I  all lie in 
the same “ octant”  and “ quadrant.”  For the sub
stituent carbon atom s

x ,  A Y, A Z, A 17, h XYZ,  Aa r, A

V 1.93 1.38 -1 .4 5 2.66 -3 .8 6 2.78
VI 2.07 1.26 -1 .1 8 2.61 -3 .0 8 2.70

where the origin lies m idway between C and 0 ,  the 
cartesian positional coordinates of the m ethyl carbon

In  V  and V I, the m ethyl substituent causes a significant 
distortion in both  the highest occupied and lowest un
occupied ground-state M O ’s (i.e., a distortion with re
spect to the com position o f these same M O ’s in form 
aldehyde and in structures I IV ) . In  V , the lowest 
unoccupied orbital "has a substantial am ount o f sub
stituent character mixed into its C = 0  it* character. 
The lowest singlet transition, therefore, involves con
siderable charge transfer between the carbonyl group 
and the substituent group, and is strongly z polarized.

In structure V  the m ethyl group contributes + 9 4 .9 5  
to [72], and in structure V I the m ethyl group (which is 
axial to the ring) contributes + 45 .48 . W ith  the m ethyl 
substituent adjacent to the carbonyl group, its contri
bution to the rotatory strength  is nearly tw ice as large 
as that due to ring twist, 45.5 vs. 24.0. In  the 3- 
m ethylcyclopentanone structures, ring twist accounts 
for the largest contributions to  the rotatory strength.

The 2 ,3-dim ethylcyclopentanone structure, V II , was 
considered prim arily to determine if our M O  model 
w ould predict an additivity rule for substituent contri
butions to the total rotatory strength. In  other words 
if the 2-m ethyl and 3-m ethyl substituents exert inde
pendent influences on the n —*► t *  transition, then we 
should find that [72 (V II )]  =  [72(111)] +  [72 (V I)] — 
[72(1)] =  [72(3-m ethyl equatorial)] +  [72(2-m ethyl 
axial) ] +  [72 (twisted unsubstituted cyclopentanone) ] =  
— 2.39 +  45.48 +  23.99 =  67.08. The calculated re-

(56) W . M offitt, R . B . W ood w a rd , A . M o sco w itz , W . K ly n e , and C . 
D jerassi, J. A m er. Chem . Soc., 83 , 4013 (1961).
(57) J. A . Sehellm an, J . Chem . P hys., 44 , 55 (1966).
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Table VI : Calculated Properties for Higher Energy (Singlet) Transitions

------------ ------------------------ Transition------ -------------------------- ,
Compd A B c D

i A E  = 11.97 eV 12.84 12.95 13.18
/  = 0.2150 0.0188 0.0834 0.0095

[«] = +  36.65 +  139.95 -19 .95 -4 3 .8 7
i i A E = 11.98 eV 12.52 12.96 13.54

/  = 0.2683 0.0301 0.0316 0.0285
[R] = +6.25 +  15.33 +45.65 -1 4 .0 7

h i A E  = 11.96 eV 12.41 12.91 13.37
/  = 0.2478 0.0121 0.0319 0.0635

[R] = +49.05 -1 0 .5 7 -8 .0 1 -5 5 .1 8
IV A E - 12.04 eV 12.63 12.99 13.44

f  = 0.2252 0.0150 0.0487 0.0521
IRl = -5 2 .0 7 -4 .0 4 +27.30 +3.18

V A E = 6.25 eV 8.39 10.08 10.80
/  = 0.7842 0.1205 0.1210 0.1452

[«] = -103 .76 -4 .7 7 -21 .68 +  12.60
VI A E = 11.54 eV 12.30 12.67 12.83

/  = 0.1225 0.0540 0.0162 0.0102
[R] = +  30.90 -2 .7 3 -4 4 .7 3 -3 .6 8

VII A E = 11.27 eV 11.86 12.11 12.70
/  = 0.0817 0.0590 0.0465 0.1653

[R] = +22.44 -7 4 .4 4 +  52.59 -224 .14

duced rotatory strength for Y II  is + 47 .40 . The de
tailed AO and M O  com position o f the first excited 
singlet state of Y I I  is similar to  that of structure V I. 
One m ight expect, therefore, that the 3-m ethyl (equa
torial) substituent w ould behave differently tow ard the 
“ n — 7T*”  transition in V II  than in III , and that addi
tiv ity  w ould not obtain  in this case.

B. Higher Energy (Singlet) Transitions. T he com 
puted transition energies, oscillator strengths, and rota
tory  strengths are listed in Table V I for transitions to 
the next four excited states above the nir* state. For 
structures I -I V , the terminal states in transitions A -D  
can be characterized as

<r„*(s) (A)

C co ----> IT * (B )

>  T * (C )

> «Too* (D )

where o-cc*(s) represents a ¡MO which is constructed 
prim arily o f 2s A O ’s centered on the ring carbon atoms 
and which has nodes between the a-ring carbons and 
the carbonyl carbon, and cr00 is m ostly a o-bonding M O  
between C and O. Transition A  is strongly x-polarized 
and is calculated to have a relatively large oscillator 
strength in each of the structures I -I V . Transition C 
is strongly z-polarized. Transitions B  and D  have both 
x- and z-polarized com ponents and there is significant 
configurational mixing in the excited states (as repre
sented by  virtual orbitals, o f course, in our com puta
tional m odel) o f these transitions.

In  structures V -V I I , transition C can again be iden

tified with a localized it —*■ it* carbonyl transition. 
H ow ever, in these structures the excited states asso
ciated with transitions A, B , and D  cannot be readily 
characterized in terms of any specific sets of calculated 
ground state occupied and unoccupied M O ’s. Transi
tions A  and B appear to involve considerable charge 
transfer from  the carbonyl group to  the 2-m ethyl sub
stituent as well as to  the ring carbon skeleton.

T he vapor-phase vacuum  ultraviolet circular di- 
chroism spectrum  o f (+ )-3 -m ethylcyclopen tan one has 
recently been measured and reported b y  tw o different 
research groups. Feinleib and B ov ey 16 reported three 
distinguishable absorption and C D  bands in the 50 ,000-
60.000- cm “ 1 region in addition to  the n —► x* band cen
tered at 33,000 cm -1 . T he A«max of the near-uv band 
(n -*■ 7T*) was reported to  be «  2 . Their C D  spectra 
for the far-uv region showed the bands: (a) rmax =
52,00 cm -1 , A<max =  — 6 ; (b) J'max 56,000-58,000 
cm. Aimax 13 j (c) ¿'max =  60,000 cm -1 , Aemax =  
+  27- T he first band exhibited tw o prom inent v i- 
bronic com ponents, and it was reported that the third 
band probably represented only the first vibronic com 
ponent of a broad band centered further into the 
vacuum  uv (v >  60,000 cm “ 1). Schnepp, Pearson, and 
Sharman17 also measured the C D  of (+ )-3 -m e th y l- 
cyclopentanone in the vapor phase and suggested the 
presence o f four distinct C D  band systems in the
50 .000- 60,000-cm “ 1 spectral region. T he lowest-en- 
ergy band system  in this region exhibits three vibronic 
com ponents (with a spacing o f « 1 1 5 0  cm -1 ) and has a 
Aemax «  —4. The second C D  band is located at about 
54,600 cm “ 1 and shows a Aemax «  —0.7. T he third C D  
band is at «5 6 ,8 0 0  cm -1  w ith Aemax «  + 0 .7 ; and the
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fourth C D  band (or the first vibronic peak of a broader 
band) is at ~  60,200 cm " 1 w ith Aemax ~ + 3 .5 .

The vapor of (+ )-3 -m ethylcyclopen tan one can most 
likely be considered to  consist o f a equilibrium mix
ture of conform ational isomers in which our structures 
I I I  and IV  are predom inant. Furtherm ore, a com 
parison o f our calculated rotatory strengths w ith those 
obtained experimentally for the n -► x* transition, and 
the conform ational analysis perform ed b y  Ouannes and 
Jacques ,12 indicate that structure I I I  (in which the 3- 
m ethyl substituent is equatorial to  ring) is the most 
im portant conform er in the mixture. Based on the re
sults given in Table V I, the signs o f the rotatory 
strengths predicted for the first four far-uv transitions 
o f (+ )-3 -m ethylcyclopen tan one are as follow s: Ra >  
0 , Rb <  0, Rg >  0 , Rr> <  0 . T he sign predicted for 
transition A  is opposite that found experim entally . 16' 17 
T he signs predicted for transitions B and C are in agree
ment w ith the C D  data reported b y  Feinleib and 
B ovey 16 but cannot explain the results given by  
Schnepp, et al. 17 T he C D  spectra reported b y  Schnepp 
were obtained with higher resolution than those re
ported b y  Feinleib and B ovey , and possibly provide the 
m ost accurate and detailed data available for v <
60,000 cm -1 .

VI. Conclusions
T he rotatory strengths calculated on the IN D O -C I 

molecular orbital m odel for the lowest energy singlet 
singlet carbonyl transition (n —► x*) appear to be in 
good agreement with the experimental C D  data for 
chiral cyclopentanone systems. A ccording to  this di
rect com putational model, the m ajor contributor to  the 
rotatory strength in the /3-substituted system s is the 
inherent chirality o f the twisted five-m em bered car- 
bocyclic ring rather than the presence o f an asym m etric 
center at the /3 ring carbon. For the optically active 
«-substituted systems (e.g., structures V -V I I ) , the cal
culated results indicate that the «-substituent has a 
larger direct influence on the optical properties o f the

n —► 7T* transition than does ring deformation. The 
influence o f the ring substituents on the n -*■ x* ro
tatory strength were evaluated for each of the struc
tures I I -V I I . In  structures I I - I V , the m ethyl sub
stituent always lies in the same quadrant and octant. 
H ow ever, the sign o f the substituent contribution to the 
rotatory strength of I I I  differs from  the signs of the sub
stituent contributions in I I  and IV . This analysis was 
based on a selection of sectors as defined b y  M offitt, 
et al.,56 and not on sectors as defined b y  the nodal sur
faces o f the n and x* M O ’s in tw isted cyclopentanone 
(structure I).

T he rotatory strengths calculated for the second, 
third, fourth, and fifth singlet —► singlet transitions of 
(+ )-3 -m ethylcyclopen tan one appear not to  be in good 
agreement with the available experimental data. It  is 
possible that the rotatory strength calculated for the 
fourth transition (x  —► x* ; transition C in Table V I) is 
in agreement with respect to  sign, with the reported C D  
spectra . 16’17 H owever, neither the num ber nor the de
tailed nature of the bands observed in the experimental 
C D  spectra has been unam biguously determined. Un
fortunately, in this case assessment o f the theory must 
await better experiments. T he sign o f the calculated 
rotatory strength for the second singlet —► singlet 
transition (transition A  in Table V I) is clearly opposite 
that of the second band in the experimental C D  spec
trum.
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The difficulty of obtaining reliable thermochemical data for organometallic compounds has long been a problem. 
Two recent experimental studies have given heats of formation of methylsilanes based on electron impact 
appearance potentials, and of methylchlorosilanes based on calorimetric methods. Values for silicon bond 
energy terms based on. these studies are widely divergent. It is shown that if a modified Allen bond-inter
action scheme is used, both sets of data can be reproduced, to within ± 3  kcal/mol, by the following bond 
energy and bond-interaction (T) terms: Si-C 64.9, Si-H77.9, Si-Cl 102.0, r(CSiC) 1.5, r(CSiCl) 0.8, r(ClSiCl) 
—4.2 kcal/mol. The possible significance of the negative value of r(ClSiCl) in terms of (p d)jr bonding 
is discussed.

Introduction
The difficulty of obtaining reliable therm ochem ical 

data on organometallic com pounds in general and 
organosilicon com pounds in particular has often been 
noted .1-3 A  recent paper on bond energy terms for 
group IV  organometallic com pounds does not include 
any values for alkylsilanes. The lack o f reliable data 
is cited as the reason for this om ission .4 This being the 
case, it is o f some interest to determine if the reliable 
data which do exist can be used as a too l for predicting 
unknown heats of form ation. Three recent papers2’6’6 
have proposed bond energy term  schemes for organo
silicon com pounds. One6 o f these is based largely 
on older values for the heats of form ation o f the m ethyl
silanes,7 which have been repeatedly rejected by  subse
quent workers1-4’8 as unreliable and internally incon
sistent. The other tw o papers make use o f new experi
m ental data. Potzinger and Lam pe2 have analyzed 
electron im pact mass spectrom etric data to  obtain  bond 
energy terms which will best account for the heats of 
form ation of organosilicon ions from  alkylsilanes. 
H ajiev and A garunov5 have derived bond energy terms 
from  their measured heats o f com bustion o f m ethyl
chlorosilanes. T he bond energy terms obtained in 
these tw o papers are presented in Table I. T he lack 
of agreement is obvious.

Table I: Literature Values of Silicon Bond Energy Terms

Electron Thermo-
impact,0 chemical,6
kcal/m ol kcal/m ol

.B(Si-H) or E(Si-H) 76.77 81.8

.6(Si-C) or E (Si-C) 60.3 74.8
D (Si-Cl) or E(Si-Cl) 123.9 98.0

Reference 2. b Reference 5.

I t  is possible that the disagreement m ay be due to a 
lack of consistency between the tw o sets of data,

either due to a fundamental difference betw een the tw o 
experimental methods, or to  some system atic error in 
one or the other results. Closer analysis indicates 
that it is just as likely that the inconsistency lies, not 
in the experimental data, but in differences in the treat
m ent o f the raw data used by  the tw o groups.

One im portant difference is in the definition of a bond  
energy term. H ajiev and Agarunov use a simple addi
tiv ity  postulate, b y  which the heat of atom ization of 
the com pound is considered to be the sum of the ener
gies (E) o f the im jividual bonds. Potzinger and Lampe 
use a m odified version of the Allen bond interaction 
schem e ,9 in which the heat of atom ization is considered 
as the sum of bond  energy (B ) and bond interaction ( r )  
terms. The energy reported for the S i-C l bond  in the 
latter paper2 is a bond dissociation energy (D ) for a 
particular cleavage reaction

(1) H . A . Skinner, A dvan. Organometal. Chem., 2 , 49 (1964).
(2) P . P otzin ger and F . W . L am pe, J . P h ys . Chem., 74, 719 (1970).

(3) J . D . C ox  and  G . P ilcher, “ T h erm och em istry  o f  O rgan ic and 
O rganom eta llic  C om p ou n d s,”  A ca d em ic  Press, L on d on , 1970, p p  
6 7 -6 8 , 468 —471.
(4) A . S . C arson , P . G . L a ye , J . A . S pencer, and W . V . Steele, 
J . Chem . T herm odyn., 2 , 659 (1970).
(5) S. N . H a jie v  and M . J. A garun ov, J . Organom etal. Chem., 22, 
305 (1970).
(6) M . J . V an  D a len  and P . J . V an  den  B erg, ib id ., 16, 381 (1969 ).
(7) S . T an n en bau m , J . A m er. Chem. Soc., 76, 1027 (1954 ).
(8) S . J . B an d , I . M . T . D a v id son , and C . A . L a m b ert, J . Chem. 
Soc. A , 2068 (1968 ).
(9) (a) A  referee has p o in ted  o u t  th a t  the  “ m od ified ”  A llen  bond  
energy  schem e used b y  P otzin ger and L a m p e ,2 and  in  this paper, 
b y  om itt in g  A llen ’s trio  in teraction  term s,96 is a ctu a lly  closer to  
Zah n ’s b on d -in tera ction  schem e,90 and m igh t b etter b e  so called. 
U se o f  th e  com p lete  A llen  schem e fo r  th e  com p ou n d s  d iscussed in  
this p aper w ou ld  require fou r  ad d ition a l param eters— -Asiccc, 
A3iccci, Asiccici, and Asicicici; a  ten -p aram eter schem e w ou ld  n o t  
be justified  b y  the d a ta  ava ilab le. N evertheless, d iscussion  o f  bond  
energy  term s fo r  organ om eta llic com p ou n d s  has been  p rim arily  in  
term s o f  the A llen  sch em e,1’ 10' 11 and  it  seem s desirable, in  o rd er to  
fa cilita te  com p a rison  o f the analysis in  th is paper w ith  p rev iou s  
w ork , to  em phasize the  re lation sh ip  o f  the b o n d  energy  term s used 
here t o  those  derived  from  the A llen  schem e, (b ) T .  L . A llen , J . 
Chem . P h ys ., 31, 1039 (1 95 9 ); (c) C . T .  Zahn , ibid., 2 , 671 (1 93 4 ).
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(C H 3)3SiC l(g) (C H 3)3Si(g) +  C l(g) (1)

rather than a mean therm ochem ical bond energy.
A  second difference lies in the auxiliary therm ochem 

ical data used in the tw o papers. O f particular interest 
here is the heat o f atom ization o f silicon, for which 
Potzinger and Lampe use 106 kca l/m ol, H ajiev and 
Agarunov 110 kca l/m ol.

■ In  view  of this, it appears worthwhile to  determine 
whether the existing data, taken from  both  calorimetric 
and electron im pact studies, could be used to generate a 
consistent bond-energy term  scheme. The Allen bond- 
interaction scheme was em ployed, due to its previous 
record of success in correlating therm odynam ic data on 
organometallic com pounds .1 ■10 ■11

Calculation of Bond Energy Terms
The available therm odynam ic data5'12'13 on simple 

silanes along with the auxiliary therm odynam ic quan
tities used in these calculations are shown in Table II, 
the electron im pact data in Table III . In  the latter 
table the reactions are shown in pairs, each pair having 
a com m on ion as the product. Since the heat o f for
mation o f an ion is independent of the reaction form ing 
it, the difference between the appearance potentials, 
after the heats of form ation o f the other molecules or 
radicals produced b y  these reactions have been taken 
into account, must be due to  differences in the heat o f 
form ation of the reactant compounds.

Table II : Thermodynamic Data Used in 
Calculating Bond Energy Terms

Enthalpy of Enthalpy of
formation, formation,

Species kcal/mol Species kcal/mol

H(g) 52.095» CH3(g) 33.2»
C(g) 171.29» SiCl4(g) —158.36
Si(g) 108.9» (CH3)3SiCl(g) — 79.4»
Cl(g) 29.082» (CH3)2SiCl2(g) -105.7»
CH4(g) -17 .88» (CH3)2SiHCl -6 7 .8 »
SiH4(g) 8.2» CH3SiCl3(g) -134.6»
SiHCl3(g) -122 .6» CH3SiHCl2(g) -9 3 .8 »

» Reference 12. b Calculated using the enthalpy of forma
tion of SiCl4(l), —165.49 kcal/mol, from ref 13, and the en
thalpy of vaporization, 7.2 kcal/mol, from ref 12. » Calculated 
from the values given in ref 5, using the more recent value of the 
enthalpy of formation of Si02(amorphous, hydrated in dilute 
HC1), —212.2 kcal/mol, from ref 13, rather than the value 
(—217.4 kcal/mol) assumed in ref 5.

In  order to  test the hypothesis that there is no funda
mental inconsistency betw een data obtained using the 
two experimental methods, the available data were divid
ed into tw o sets; “ electron im pact”  and “ calorim etric” . 
The heat of form ation o f S iH 4 was included as a refer
ence point for the electron im pact data, as had been 
done b y  Potzinger and Lampe. Since the five heats of

form ation determined b y  H ajiev and A garunov are not 
sufficient to determine the six parameters required by  
the Allen scheme, the heats of form ation of SiCL and 
SiH Cl3 are included with these data.

A  least-squares procedure was used in fitting the tw o 
sets of data to the Allen bond interaction scheme using 
six variable parameters, three bond energy terms, _B(Si- 
C ), B (S i-H ), and B (S i-C l), and three bond  interaction 
terms, T (C S iC ), r (C S iC l), and r(C lS iC l). (Only 
three of these terms are needed to fit the electron im pact 
data.) The C -H  bond energy term  in the m ethyl 
group was assumed to be the same as that in methane,
99.4 kcal/m ol.

The results o f these calculations are shown in Table 
IV , the second and third columns. T he differences in 
bond energy terms generated b y  the tw o sets of data are 
reduced, to within the probable com bined limits of ex
perimental error.14 This being the case, it seems justi
fied to use the least-squares procedure to find a set of 
bond energy terms which will best reproduce the entire 
bod y  o f data, from  both  experimental methods. The 
resulting terms are shown in the last colum n of Table
IV .

Discussion
In  Table V  are presented the heats o f form ation o f 

the 15 com pounds containing only C H 3, H , or C l 
bonded to silicon, calculated using the bond energy terms 
from  the last colum n o : T able  IV , along with experi
mental values o f those eight com pounds for which reli
able data are available. T he standard deviation o f the 
calculated values from  these experimental values is 2.1 
k ca l/m ol.

W ith  regard to the electron im pact data, the differ
ences in appearance potentials o f Potzinger and Lampe 
have been calculated from  the data o f Table V , and the 
results are presented in T able V I. T he values calcu
lated in this way reproduce Potzinger and Lam pe’s data 
more closely than the bond  energy terms calculated in 
that paper .2 The im proved agreement is m ost likely 
due to  B (S i-H ) being taken as a variable parameter in 
this paper, whereas in the earlier paper it had been 
assumed that the S i-H  bond energy in the methylsilanes 
is the same as that in SiH 4. I t  m ay also be noted that 
the only large disagreement betw een the calculated and

(10) J . V . D av ies , A . E . P op e , and H . A . Skinner; T rans. Faraday  
Soc., 59, 2233 (1963).
(11) D . J . C o lm a n  and H . A . Skinner, ibid., 62 , 1721 (1966 ).
(12) N at. B u r . Stand. (U. S .) Tech . N ote, 270-3 (1968 ).
(13) P . G ross, C . H a ym a n , and S. M w rok a , Trans. Faraday Soc., 
65 , 2856 (1969 ).
(14) P otzin ger and  L a m p e 2 h a ve  estim ated  an accu ra cy  o f ± 5  
k c a l /m o l  fo r  their ca lcu la ted  heats o f  fo rm a tion ; H a jie v  and A garu 
n o v 6 h a ve  estim ated  the u n certa in ty  in  their m easured heats o f  com 
bu stion  to  be in  the  range 0 .5 -0 .8  k ca l/m o l, w h ich  u n certa in ty  is also 
q u oted  fo r  th e  derived  heats o f  fo rm a tion . T h is  does n o t  tak e in to  
a ccou n t a n y  u n certa in ty  in  th e  va lu e  assum ed for  the  heat o f  form a 
tio n  o f  S i0 2 (am orphous, h y d ra ted  in  d ilu te  H C 1). C o x  and  P ilch er 
h a ve  in d ica ted  (ref 3, p p  4 7 0 -4 7 1 ) th a t  th is p rob a b ly  underestim ates 
th e  actual u n certa in ty .
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Table III: Electron Impact Appearance Potentials from Methylsilanes (all data from ref 2)

Ion Reaction Energy, eV

SiHV SiH4 +  e - —► SiBU+ H2 “I- 2e~ 11.90
CH3SiH3 +  e - — SiH2+ +  CH4 +  2e- 11.50

CH3SiH+ CH3SiH3 +  e - CH3SiH + +  H2 +  2e- 11.45
(CH3)^iH2 +  e - — CH3SiH+ +  CH4 +  2e- 10.85

CHsSiHri CH3SiH3 +  e - -*  CH3SiH2+ +  H +  2e- 11.80
(CH3)2SiH2 +  e - — CH3SiH2+ +  CH3 +  2e- 11.51

(CH3)2Si+ (CH3)2SiH2 +  e- — (CH3)2Si+ +  H2 +  2e- 10.71
(CHa)aSiH +  e~ ->  (CH3)2Si+ +  CH4 +  2e- 10.50

(CH3)2SiH+ (CHa)2SiH2 +  e-' — (CH3)2SiH+ +  H +  2e- 11.12
(CH„)3SiH +  e - — (CH )2SiH + +  CHa +  2e- 10.91

(CH3)aSi+ (CHa)aSiH +  e - — (CH3)3Si+ +  H +  2e- 10.52
(CH3)4Si +  e - — (CH3)3Si+ +  CH3 +  2e- 10.25

Table IV : Bond Energy Terms for Silicon Compounds 
Calculated Using the Allen Bond Interaction Scheme

Electron Thermo- All
impact chemical data

f i ( S i - C ) 6 2 .5 6 7 .3 6 4 .9
B ( S i - H ) 7 7 .3 8 1 .9 7 7 .9
B ( S i - C l ) 9 6 .3 1 0 2 .0
r ( C S i C ) 2 .1 1 .5 1 .5
r ( C S i C i ) 1 .0 0 .8
r ( C i S i C i ) - 0 . 2 - 4 . 2

Table V : Standard Heats of Formation of 
Silicon Derivatives (all values in kcal/mol)

Compd Exptl® Calcd6 Compd Calcd6

SiH4 8.2 5.7 CHaSiHa - 4 .0
SiCl4 -157 .6 -1 5 8 .3 (CH3)2SiH2 -1 5 .2
SiHCla -122 .6 -123 .1 (CHa)aSiH -2 8 .0
CHaSiCla -134 .6 -1 3 5 .2 (CHa)4Si -4 2 .2
CHaSiHCh -9 3 .8 -9 5 .6 CH3SiH2Cl -5 1 .9
(CH3)2SiCl2 -105 .7 -1 0 8 .4 SiH2Cl2 -8 4 .3
(CH3)2SiHCl -6 7 .8 -6 3 .9 SiHaCl -4 1 .4
(CH3)3SiCl -7 9 .4 -7 7 .4

“ See Table II. 6 This work.

experimental values lies in a single value, the difference 
betw een the appearance potentials of the C H 3SiH + ion.

The silicon-carbon  bond energy term  obtained in 
this paper m ay be com pared with the com parable bond 
energy terms obtained b y  Carson, Laye, Spencer, and 
Steele4 for the m ethyl derivatives of the group IV  ele
m ents: 5 (S i-C ) ,  64.9; ^ (G e -C ;,  63; E {S n -C ), 51.5; 
i? (P b -C ) , 36. H ow ever, the usefulness of this com par
ison is somewhat reduced b y  the difference in the defi
nition o f bond  energy terms used in the tw o papers. 
The bond energy terms (E) for germanium, tin, and lead 
were calculated using a simple additivity postulate,

Table VI : Agreement of Calculated Heats of 
Formation with Electron Impact Data

Reaction

Difference between measured 
appearance potentials, 

kcal/ mol
Calcd,

Exptl, Calcd, this 
ref 2 ref 2 work

SiH4 - *  Ì + 
CHaSiH3 j blH2 9.2 11.6 8.2

CH3SiH3 —  Ì 
(CH3)2SiH2 —  ,|CH3SÌH + 13.8 9.1 6.7

CHaSiHa —  1 
(CHs)2SiH2 -*■ ;|cH 3SiH2+ 6.7 10.1 7.7

(CH3)2SiH2 \ //'XTT \ cj: 4-
(CH3)3S i H - , / (CH3)2Sl 4.8 7.0 4.9

(CH3)2SiH2 —  Ì 
(CH3)3SiH —  J|(CH3)2SiH + 4.8 8.6 6.1

(CH3)aSiH —>■ + 
(CH3)4Si—*• / (CHs)sSl 6.2 4.0 4.7

Standard deviation 3.3 3.1

rather than the Allen bond-interaction scheme used in 
this paper. In  addition different values were assumed 
for the C -H  bond energy term  in the tw o papers. A  
more useful comparison, avoiding these difficulties, m ay 
be found in the bond dissociation energies, £> (M -C H 3), 
obtained from  the calculated heats of form ation o f the 
tetram ethyl com pounds : S (S i-M e ) , 71.0 ; D  (G e -M e ), 
64.2; Z>(Sn-M e), 52.4 ; S (P b -M e ) , 36.9 k ca l/m ol. 
The expected regular decrease from  silicon to  lead is 
seen.

Literature values for the appearance potential o f 
(C H 3) 3Si+ ion from  the reaction

(C H 3)3SiCl +  e -  — >  (C H 3)3Si+ +  Cl +  2e -  (2) 

show considerable lack of agreement, values o f 10.9 ,8
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11.5,16 and 12.40 eV 16 having been reported in recent 
years. Ordinarily, all other things being equal, the 
lowest appearance potential reported is m ost likely to 
be correct, but Potzinger and Lam pe2 maintain that the 
experimental m ethods used to  obtain the tw o lower 
values are more likely to  detect the ion-pair reaction

(C H 3)3SiCl +  e -  — >  (C H 3)3Si+ +  C l -  +  e -  (3)

rather than the onset o f reaction 2. W hen the values 
from  T able Y  for the heats o f form ation of (C H 3) 3- 
S iH (g) and (C H 3) 4Si(g) are com bined with appearance 
potentials from  Table I I I , a value of 162 k ca l/m ol is 
obtained for the heat of form ation of (C H 3)3Si+. If 
this value is com bined with the calculated value o f the 
heat of form ation o f (C H 3)3SiCl (g) from  Table V , the 
predicted appearance potential for reaction 2 would be
11.6 eV. This, in general, supports Potzinger and 
Lam pe’s argument that lower values m ay be due to  the 
ion-pair process, but also leaves open the possibility 
that the low -sensitivity R P D  m ethod used b y  Hess, 
Lampe, and Som m er16 gives too high a value for the 
onset o f reaction 2 .

The large negative value obtained for the interaction 
energy ( r )  betw een adjacent S i-C l bonds is of some 
interest. I f  the principle interaction between bonds 
were due to the inductive effect, the value o f T would 
be expected to  be positive17 and probably small.18 Sil
icon-ch lorine bonds are generally considered to have 
considerable double-bond character through (p ->  d )x  
interactions .19 I f  conjugation occured, through silicon, 
between adjacent x  bonds, then V would be both  posi
tive and large. Considerable doubt, however, has been 
cast on the possibility o f such conjugation in tetrahedral 
systems both  on theoretical20 and experimental21 
grounds.

A  negative interaction energy could be justified in 
terms of (p -*• d )x  bonding in a number of ways. It  
has been proposed that only some o f the 3d orbitals 
o f silicon can participate in such bonding .20 Thus, as 
the num ber of potential x-bonding substituents in
creases, the amount o f x  bonding per substituent would 
decrease. This “ com petitive interaction”  has been 
used to explain the nonadditivity o f nmr chemical shifts 
in the halosilanes22 and vinylsilanes,23 and would seem 
the m ost likely explanation o f the negative value of 
r(C lS iC l) obtained in this paper. C otton ,24 however, 
has shown, using sym m etry arguments, that all five d 
orbitals are available for x  bonding in tetrahedral com 
pounds. I f  this conclusion is correct, any com petitive 
interaction would be unlikely, unless the various d 
orbitals differ greatly in their ability to act as x  
acceptors.

I f  the amount of x  bonding were sufficiently great, 
a reverse inductive effect m ight be possible in which 
successive x-donor gfoups, b y  increasing the electron 
density at silicon, would make the silicon d orbitals 
less available to act as x  acceptors tow ard additional 
groups. Such a reverse inductive effect m ay possibly 
be true of the S i-F  bond, where there is seen in the nmr 
spectrum a shift o f the proton  resonance to  higher 
fields as successive fluorines are substituted for hydro
gen in the series H 4_MSiF„ (n =  1 -3 ) ,25 indicating an in
crease in the shielding o f the protons. I t  is unlikely 
for the S i-C l bond, where the nmr chemical shifts in the 
corresponding com pounds26 are all in the direction ex
pected for an electronegative substituent.

I t  is also possible that the large negative value ob
tained for F m ay not be real, but an artifact o f the 
m ethod of treating the data. In  this respect it m ay be 
significant that the value o f r (C lS iC l) calculated from  
the calorimetric data alone, while still negative, is much 
smaller. Since the electron im pact data do not include 
any com pounds with S i-C l bonds, it is suprising that 
this inclusion has such a large effect on the chlorine 
bond interaction term. Although the results presented 
in Table IY  indicate that possible inconsistencies be
tween the electron im pact and the calorimetric data 
are smaller than had at first seemed likely, it is still 
possible that there is some inconsistency.
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(25) E . A . V . E bsw orth  and J. J . T urner, J. P h ys . Chem ., 6 7 , 805 
(1963 ).
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Ion -E xch an ge K inetics in V erm iculite

by W. Lutze* and N. Miekeley
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Publication  costs assisted by the H a h n -M eitn er-In stitu t

Ion-exchange rates have been measured for the Sr-Ba ion exchange and its reversal in vermiculite. The 
mathematical treatment of the exchange process has shown that the experimentally obtained curves could 
not be interpreted by the simple theory of Helfferich. Isotopic exchange experiments with biionic Sr-Ba 
vermiculites have revealed that the self-diffusion coefficients of Sr2+ and Ba2+ depend strongly on the ionic 
composition of the exchanger phase. Extension of the theoretical treatment by introduction of concentra
tion dependent self-diffusion coefficients into the computation of Helfferich’s interdiffusion coefficients yielded 
much better, in one direction even almost exact, agreement between theory and experiment.

Introduction
A fter the theory  o f ion-exchange kinetics b y  H elf

ferich and P lesset1 the interdiffusion coefficient D ab 
has to  be calculated from  the corresponding self-dif
fusion coefficients D a and H B

Ca =  H abVCa (1)

phase concentrations, which is usually done for inter
diffusion in ion-exchange membranes. This leads to  
the expression

D  AB

D aD bU a'C a ^ ~ b Z b2C b\ à In C B
Ò In aA\
ò  In CA)

D aC aZ a2 +  D bC bZ b2
(3)

with

=  D a D b ^ a T a  +  Z b 2C b )

AB D a Z a 2C a  +  D b Z b 2C b  {  J

where C a ,  C b are the cationic fractions in the ex
changer phase, and ZA, ZB the corresponding ionic 
valencies.

Da and Z)B are obtained from  isotopic exchange 
experiments with the pure A  and B form s of the ion 
exchanger. A s an approximation these values are 
usually assumed to be independent of the concentra
tions of A  and B  which change during the exchange 
processes A  B  and B  A , respectively. Further
more, gradients o f the therm odynam ic activity coeffi
cients in the solid phase and a possible water transport 
betw een the tw o phases are neglected b y  the simple 
form  of Helfferich’ s theory. Nevertheless m any ion- 
exchange rates can be explained b y  the unrefined 
theory, mainly those obtained from  experiments with 
organic resins.2’3

H itherto, very  few  experiments w ith mineral ion 
exchangers have been published. R ees and B rooke4'6 
have investigated the system  C a-S r chabazite. T hey 
have found experimental rates for Ca -*■ Sr and Sr -*■ Ca, 
respectively, which were in the reversed sequence, as 
has been predicted b y  the basic Helfferich treatment.

Their experimental studies o f the Sr-Ba-exchange 
isotherm had revealed a strongly S-shaped curve. This 
indicated the existence o f gradients o f activity  coeffi
cients in the chabazite phase. The authors have 
therefore used an extended theoretical treatm ent by  
introducing an activity  correction term  for the solid

T he introduction of eq 3 into the com putations 
revealed the required reversal o f the theoretical curves.4 
Y et the quantitative agreement betw een experimental 
and theoretical curves remained relatively poor.

For the system B a-S r vermiculite6 the exchange 
rates in the tw o directions show a sequence also differ
ent from  that one to  be expected from  H elfferich ’s 
original theory (see Figure 6a), after which an ion-ex
change process requires less time in that direction 
where the ion with the higher m obility (higher self
diffusion coefficient) is in the solid phase initially. In  
verm iculite, however, the S r-B a  exchange is faster than 
its reversal, although Z)Ba =  2HSr (for convenience 
A  means that A  is initially in the solid phase).

Previous investigations6’7 have indicated that the 
Sr2+ and B a2+ self-diffusion coefficients depend upon 
the concentrations of the ionic species in the verm icu
lite phase.. Therefore it seemed not to  be appropriate 
to take the D  values obtained for the pure Sr and Ca 
form s of the exchanger in order to  calculate interdiffu
sion coefficients. M oreover, looking thoroughly into 
the matter one finds out that this is not at all justified 
because these values are irrelevant to ion exchange.

(1) F . H elfferich , M . S . P lesset, et al., J . Chem . P h ys., 28 , 418 (1958).
(2) F . H elfferich , J . P h ys . Chem ., 66 , 36  (1962).
(3) F . H elfferich , ibid., 6 7 , 1157 (1963).
(4) L . V . C . R ees  and N . M . B rook e , Trans. F araday Soc., 6 4 , 3383 
(1968 ).
(5) N . M . B ro o k e  and L . V . C . R ees, ibid., 6 5 , 2728 (1969).
(6) N . M iek e ley  and H . W . L ev i, In ternationa l C on feren ce  o n  Io n -  
E xch an ge in  the  P rocess  Industries, L on d on , Ju ly  1969.
(7) N . M iek eley , D issertation , B erlin , 1968.
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A t any stage o f a binary ion-exchange process diffusion 
of the one ion takes place in the presence of the other 
one. Therefore, one has to consider diffusion coeffi
cients for the single ions which have been measured un
der appropriate conditions. These values m ight be 
more or less different from  those obtained for the pure 
ionic forms.

In this investigation the concentration dependence 
o f DSt and D Ba, respectively, as well as the exchange 
isotherm have been measured. From  the results it was 
concluded that a further m odification o f eq 2 was 
necessary to yield a better agreement between theoret
ical and experimental curves.

Experimental Section

The measurements were perform ed with the same 
experimental m ethods and devices and with the same 
vermiculite as has been reported elsewhere.6-8

Exchange Equilibria. A  single vermiculite disk (d =  
0.270 cm ) was equilibriated at 71.5° with B a -S r salt 
solutions o f various compositions, one o f the ions being 
labeled with 133Ba and 85Sr, respectively. The total con
centration o f the solution was 0.1 equiv/1. The equiv
alent fractions o f the ions in the solid phase were deter
mined b y  counting the 7 -ray activity  of the labeled ion 
in the verm iculite sample.

Isotopic exchange rates were measured to determine 
the self-diffusion coefficients for biionic vermiculite. 
T he radioactively labeled B a-S r verm iculite was con
tacted with solutions o f corresponding equilibrium 
com positions. This procedure ensured that the ionic 
com position o f the solid phase remained constant while 
the isotopic exchange took  place. The decreasing activ
ity of the solid phase has been measured as function 
of time.

The exchange isotherm  at 71.5° for B a vermiculite
4 - Sr2+ Sr verm iculite +  B a2+ is shown in Figure 1. 
The results o f the isotopic exchange experiments are 
given in Figures 2 and 3. D (f/V 2) has been plotted 
against f8'9 for various com positions o f the exchanger 
phase. (D =  self-diffusion coefficient o f the ionic 
species to be investigated, r =  radius o f the cylindrical 
sample, t =  time of exchange.) Figure 4 shows the 
dependence o f D Ba and D Sr upon the cationic fraction 
o f B a and Sr, respectively. The values were obtained 
from  the slopes o f the curves in Figures 2 and 3. It 
can be seen from  Figure 4 that D Ba changes with con
centration by  a factor o f 4. D Ba decreases from  2.96 
X  10-7  cm 2/s e c  (CBa =  1.0) to  0.67 X  10-7  cm 2/se c  
at B a trace concentration, while Dsr increases from  
1.47 X  10-7  cm 2/s e c  (CSr =  1.0) to 2.96 X  10-7  cm -2/  
sec at Sr trace concentration. It  is obvious from  
Figures 2 and 3 that this is in fact due to  concentration 
only. The straight lines clearly demonstrate that ideal 
solid-state diffusion governs the whole exchange process 
in each case. A ny change o f diffusion mechanism can 
be excluded.

Figure 1. Ba-Sr exchange isotherm: temperature 71.5°; 
total concentration 0.1 equiv/1. Cba means cationic 
fraction of Ba.

Discussion
I t  can be seen from  Figure 1 that the verm iculite has 

no measurable selectivity for Sr and Ba, respectively. 
H ence there are no activity coefficient gradients in the 
solid phase. Consequently the extended treatment 
with activity correction terms (eq 3) cannot yield any 
im provem ent for the theoretical curve. For the system 
under study eq 2 is still valid.

Because Ca +  C B =  1 and ZA =  Z b it reduces to

n __________ D aD b_______  ,.s
AB “  (D a -  D b)C a +  D b

On the other hand D A and D B depend strongly on the 
ionic fraction present in the solid phase. Therefore, 
we have introduced D a and Z)B as functions o f ionic 
fractions. Equation 4 becom es then

=  P a (C a ) P b ( C a )  ( )

AB [ D a ( C a ) -  D b ( C a ) ] C a  +  D b ( C a )

D ab values have been com puted after eq  4 using 
the constant self-diffusion coefficients obtained for the 
pure Sr and B a form , respectively, and after eq 5 
using the data of Figure 4. T he results are given in 
Figure 5 . The D Ab  curve calculated with variable 
self-diffusion coefficients is com pletely different from  
that obtained for constant self-diffusion coefficients.

I t  can be seen from  Figure 4 that D Sr >  D Ba except 
for very high ionic fractions o f B a where D Sr ~  D Ba. 
This means that the experimental results— S r-B a  faster 
than B a-Sr— are now in qualitative agreement with 
Helfferich’s rule which states that the ion-exchange 
process is faster when the ion with the higher m obility 
is in the solid phase initially.

(8) E . H oink is , H . W . L evi, W . L u tze , N . M iek eley , and T .  T a m b erg , 
Z . N aturforsch . A ,  22, 220 (1967).
(9) K . E . Z im en  and T . Lagerw all, E U R  1372.e (1964).
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Figure 2. Self-diffusion of Ba2 + in Ba-Sr vermiculite (isotopic exchange).

Figure 5 shows that D ab calculated from  variable 
self-diffusion coefficients increases with increasing frac
tion of B a  in the vermiculite. T hat means increasing 
D ab towards the periphery o f the grain for the S r-B a  ex-

change and vice versa. I f  the interdiffusion coefficient 
is highest at the periphery the process will be faster 
than in the opposite case, because sharper concentra
tion  profiles will be maintained throughout the process.
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Figure 4. Sr2+ and Ba2+ self-diffusion coefficients vs. ionic 
fraction in the exchanger phase.

Figure 5. Interdiffusion coefficient vs. ionic fraction of Ba 
in the exchanger phase: 1, from concentration dependent
self-diffusion coefficients; 2, from constant self-diffusion 
coefficients (after Helfferieh).

The shape o f the D ab curve is reversed in case constant 
self-diffusion coefficients are used. Thus, it is quite 
clear that better agreement betw een experimental and 
calculated ion-exchange curves m ay be expected if 
variable self-diffusion coefficients are taken into consid
eration. These speculations were proved by  calculat
ing the ion-exchange process according to  both  models.

The theoretical curves for Sr verm iculite +  B a2+

and B a verm iculite +  Sr2+ are shown in Figure 6a and 
b, together with the experimental results. T he theoret
ical curves of Figure 6a where self-diffusion coefficients 
were considered to  be constant during ion-exchange 
are in the wrong sequence com pared with the experi
m ental ones. In  contrast to  this the introduction of 
concentration dependent self-diffusion coefficients into 
the theoretical treatm ent leads to  the right sequence of

t1/2 t1/2 time [seel

Figure 6. Comparison of experimental and theoretical ion-exchange curves: a, experimental curves and computed curves after
Helfferich’s theory with constant self-diffusion coefficients; b, experimental curves and computed curves with concentration 
dependent self-diffusion coefficients.
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com puted and measured curves (Figure 6b). M ore
over, almost perfect agreement has been achieved for 
the Sr-B a-exchange process. T he remaining deviations 
betw een experimental and theoretical curves m ainly 
for the Ba-Sr-exchange might possibly be explained 
by  the fact that there is a slight water transport during 
ion exchange, which has been neglected in the theoreti
cal treatment.

For the com putation of the theoretical ion-exchange 
curve (fractional attainment of equilibrium as function 
of tim e) eq 1 was solved under the appropriate 
initial and boundary conditions. It  has to  be pointed 
out that no diffusion takes place perpendicular to the 
layers of the verm iculite crystal.7 Thus, the m athe
m atical problem  reduces to the two-dim ensional case. 
T he standard forward-finite-difference technique used 
b y  Helfferich and B rooke was em ployed. The calcula
tions have been perform ed using the Fortran IV  com 
puter program  written b y  N . M . B rooke for the above 
m entioned S r-C a  chabazite system. The program  was 
adapted to the present case.

Finally the question shall be discussed of why the self
diffusion coefficients are concentration dependent.

A ccording to W alker10 B a2+ is tetrahedrally sur
rounded b y  water molecules, whereas hydrated Sr2+

2488

has an octahedral configuration in verm iculite. On 
the other hand we have found6 that w et crystals of Sr 
vermiculite and B a vermiculite have almost the sameo
layer distance (15.2 and 14.7 A , respectively). This 
seems to indicate that in B a vermiculite, although the 
overall water content is the same as that in Sr ver
miculite, a larger fraction of the water is unbound. 
Therefore, one has to  assume that there is a higher de
gree of order in the water arrangement in Sr verm icu
lite than in B a vermiculite. C onsequently a higher 
m obility of whatever ion is being looked upon has to  be 
expected with increasing Ba content of the verm iculite.
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The acid-base dissociation kinetics of dilute aqueous acetic acid at 25° have been investigated using a square- 
wave dissociation field effect apparatus with spectrophotometric detection. The acetic acid equilibrium was 
coupled to that of a somewhat slower optical indicator, bromocresol green. Direct spectrophotometric ob
servation of the indicator alone was used first to determine its dissociation kinetics. Relaxation times as fast 
as 60 nsec were measured using either the acid or basic absorption peaks of the indicator. Indicator rate 
constants were determined to be 5.4 X  1010 M~l sec-1 for ion recombination and 7.5 X 106 sec-1 for dissocia
tion. The indicator was then coupled to the faster acetic acid system, and the kinetics of the coupled system 
followed by observation of the indicator dianion. The kinetic data were analyzed for the coupled system to 
yield an ion recombination rate constant for acetic acid of 7.2 X  1010 M -1  sec-1 and a dissociation rate con
stant of 1.3 X  106 sec-1. This specific rate for the ion recombination of acetic acid is in closer agreement 
than previously reported values to that predicted by the Debye-Eigen-Smoluchowski relation.

Introduction
T he ion recom bination rate constant of acetic acid 

was measured 15 years ago b y  Eigen and Schoen b y  am
plitude dispersion o f the dissociation field effect (D F E ) 
as 4.5 X  1010 M ~l sec-1  at 25° and 10 -4  M  ionic

strength .2 A  more recent investigation utilizing a 
square-wave D F E  apparatus and conductom etric de

l l )  (a) T h is  w ork  was supported  b y  A F O S R (S R C )-O A R , U S A F , 
G ran t N o . 69 -1717-D . (b ) N D E A  T it le  I V  F ellow .
(2) M . E igen  and J. S choen , Z . E lektrochem ., 59, 483 (1955 ).
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tection  led to an ion recom bination rate constant for 
acetic acid o f 1.1 X  1010 M ~l sec -1  under similar condi
tions .3 Theories o f diffusion controlled reactions in di
lute aqueous solution predict an ion recom bination rate 
constant about tw o times larger than E igen ’s original 
value rather than four to five tim es low er.4 The pres
ent study o f acetic acid was undertaken in an attem pt 
to resolve this discrepancy.

Our D F E  apparatus produced a high-voltage square- 
wave pulse im m ediately follow ing which the change in 
optical density o f the reaction mixture was observed in 
zero field with a photom ultiplier. Since acetic acid 
does not absorb at a visible wavelength, a colored a c id - 
base indicator was used. B rom ocresol green (3 ,3 ',5 ,- 
5'-tetrabrom o-m -cresolsulfonphthalein) with a p A a =  
4.906 near that o f acetic acid, pK & =  4.756,6 is ideally 
suited for this purpose. H ow ever, it was first necessary 
to determine the dissociation kinetics o f the aqueous 
indicator alone.

The dianion form  o f aqueous brom ocresol green has 
an intense absorption maximum at 615 nm, while the 
acid form  absorbs at 410 nm. These maxima are well 
separated from  each other, so it is possible to follow  
either the change in concentration o f the indicator di
anion or the anion in kinetic experiments. These prop
erties make brom ocresol green particularly useful for 
following rates o f reactions associated with pH  changes.

W hen an indicator is used in kinetic experiments, it 
is usually chosen so that the rate o f the indicator reac
tion is m uch faster than the rates o f the reactions being 
studied and can be ignored or approxim ated. A  quan
titative knowledge o f the indicator rate constants makes 
it possible to couple the indicator reaction to other fast 
reactions involving pH  changes and thereby determine 
their kinetics. This has been done for the acetic acid 
system which in this case is even faster than the indica
tor system .

Experimental Section

A cetic acid solutions were prepared by  diluting Baker 
and Adam son A CS grade glacial acetic acid with redis
tilled demineralized water. This stock solution was ti
trated with certified prim ary standard T H A M  [tris(hy- 
droxym ethyl)am inom ethane] from  Fisher Scientific Co. 
and found to  be 9.06 X  10-3  M. Quantitative dilution 
o f this stock solution yielded the solutions used in these 
experiments.

B rom ocresol green from  M atheson Colem an and 
Bell was recrystallized from  boiling glacial acetic acid 
and vacuum  dried for several hours over refluxing ben
zene. It  was stored over Drierite in a desiccator and 
dried for 1 hr at 90° in an oven before being weighed 
out on a M ettler H16 analytical balance.

A ll water used in these experiments was distilled, 
Deeminized, and redistilled in an all glass system. Im 
mediately before use, this water was vigorously boiled 
for several minutes and ultrasonicated to rem ove dis

solved gases. D ilute hydrochloric acid or sodium hy
droxide solutions were used to  adjust the pH  o f solu
tions as measured on a Beckm an M odel 1019 p H  meter 
equipped with Beckm an 39402 reference and 39301 
glass electrodes. pH  measurements were made in the 
cell used for kinetic experiments im m ediately before and 
after D F E  experiments and were constant within 
± 0.02  pH  unit.

T he reaction cell was m anufactured from  a 2-in. di
am eter high-density polyethylene with 1.5-cm di
ameter polished stainless steel electrodes with flat faces 
located 4.1 mm apart. The upper electrode was hollow 
and was used for therm ostating the cell to  ± 0 .0 5 °  by  
circulating water inside the electrode with a Lauda K 2 
circulator. T he cell windows were 3 m m  X  12 mm 
cross-section Plexiglass strips with flat polished ends, 
m ounted with a Varian T orr seal into horizontal slits 
in the cell located m idway betw een the electrodes. 
T he optical path length inside the cell was 15 mm. 
The cell was coaxially m ounted in a copper can so that 
the electrical discharge path was from  the lower to 
upper electrode and down around the outside o f the cell 
to  the ground. Rectangular slits were cut into this can 
for the light path.

A  30-52-kV  square-wave pulse was generated by 
charging a low  inductance 0.005-/A high-voltage plastic 
capacitor from  a high-voltage power supply. One trig
gered E G  & G, Inc. G P-15B  spark gap was used to apply 
the voltage on the capacitor to the cell and an identical 
triggered spark gap was used to discharge the capacitor 
to  ground 0 -29  Msec later. These experiments utilized 
45-kV pulses 0 .3 -3  yusec long. The pulse fall tim e was 
22 nsec. T he maximum field strength attainable in 
the cell described in the previous paragraph was 127 
k V /cm .

T he optical system  consisted o f a 150-W  qu artz-io 
dine tungsten lamp pow ered b y  a constant voltage 
power supply, a Bausch and L om b 1200 lin e /m m  grat
ing m onochrom ator, and lenses to focus the light pass
ing through the cell to  the end o f an 8-ft  long Am erican 
O ptical Corp. L G M -3 glass fiber optic. T he fiber optic 
led to a Fairchild K M 2433 photom ultiplier tube located 
as far from  the cell as possible to avoid  electrical noise 
associated with the generation of the high-voltage pulse. 
T he photom ultiplier was operated with a 15-kilohm dy- 
node string powered b y  a M odel 412B Fluke H V  power 
supply. E ither a 3-kilohm  or a 300-ohm  term ina
tion resistor was used. T he light intensity and high 
voltage applied to  the photom ultiplier were adjusted so 
that the photom ultiplier anode current was 1 m A  under

(3) B . R . Staples, D . J . T urner, and G . A tk in son , Chem. Instrum ., 2 , 
127 (1969 ).
(4) E . M . E yrin g  and  B . C . B enn ion , A n n u . Rev. P h ys . Chem ., 19, 
129 (1968 ).
(6) I . M . K o lth o ff, J . P h ys . Chem ., 34, 1466 (1930).
(6) H . S. H arned  and R . W . Ehlers, J. A m er. Chem . Soc., S5, 652 
(1933).
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Figure 1. Dissociation field effect relaxation of 50 yM  aqueous 
bromocresol green, at 25°: vertical axis, 100 mV/division; 
horizontal axis, 0.5 yusec/division. Direction of increasing 
light intensity is toward top of page. Steady-state light 
intensity is 3.0 Y across 3 kilohm termination. Three traces 
of successive 45-kV pulses 1.8 ysec long spaced 
60 sec apart are shown.

steady-state conditions. T he photom ultiplier output 
was fed  directly into a H ew lett-Packard 183A oscillo
scope with an 1801 vertical amplifier and an 1840A tim e 
base. T he 3-kilohm term inating resistance was used 
for the slower relaxations, while the 300-ohm  term inator 
was used for relaxations shorter than 0.3 /usee. T he 
light to dark photom ultiplier voltage was 100 times as 
great as the high-frequency noise, while the amplitude 
change attributable to the relaxation was usually 10 
times as great as the high-frequency noise.

Oscilloscope traces were photographed with a H ew
lett-Packard 195A oscilloscope camera on T y p e  47 P o 
laroid film. The pictures were analyzed for a single re
laxation b y  determining the slope o f a log am plitude vs. 
tim e graph hand p lotted  on semilog paper. A  typical 
oscilloscope photograph is shown in Figure 1. The re
laxation analyzed was that observed after the high- 
voltage pulse was turned off. Errors o f a factor of 2 or 
more are possible if the relaxation within the field is 
analyzed. These errors result from  a decrease in the 
h igh-voltage pulse due to conductance of the solution 
within the cell and the accom panying tem perature rise. 
This tem perature jum p within the pulse com bined with 
the pulse degradation can either increase or decrease 
the observed relaxation tim e depending on the reaction 
studied but will have no effect on the relaxation outside 
the pulse other than to  shift the equilibrium tem pera
ture at which the reaction is observed. In  our experi
ments, the pulse was shortened so that no m ore than 
10%  pulse degradation occurred resulting in less than 
0 .1° tem perature rise per experiment.

T he ionic strength y o f our aqueous brom ocresol 
green solutions was variable but never exceeded 3 X  
10 ~4 M. A t this ionic strength the D ebye-H iickel

J. J. A u b o r n , P. W a r r i c k , Jr., a n d  E. M. E y r i n g

Figure 2. Plot of dissociation field effect reciprocal relaxation 
times, t -1, vs. ([H +] +  [In2-] ) where the latter are 
equilibrium concentrations of hydronium ion and bromocresol 
green dianion, respectively, at 25°.

activ ity  coefficient for HC1 at 25° is 0.98. In  the case 
o f our aqueous mixtures o f acetic acid and brom ocresol 
green the ionic strengths were even smaller. Therefore, 
activ ity  corrections in our calculations o f rate constants 
w ould be m uch smaller than the inaccuracies introduced 
b y  experimental errors in the relaxation times and thus 
activ ity  coefficients were not used in our calculations.

Data and Results

T he brom ocresol green indicator reaction m ay be 
written

ktt
H +  +  In 2 - ^  H I n -  (1)

kn

where In 2 - represents the indicator dianion and H ln -  
represents the indicator anion. The relaxation tim e r 
is given by

r - 1 =  ([H + ] +  [In2-])fc i2 +  kn (2)

Our data for the brom ocresol green dissociation are 
given in T able I. A  graph of r -1  vs. ([H + ] +  [In2 - ]) 
is p lotted  in Figure 2. T he least-squares straight line 
has a slope fci2 =  5.4 X  1010 M _1 sec ~l and an intercept 
fc21 =  7.5 X  10s sec-1  corresponding to  the ion  recom 
bination and dissociation rate constants, respectively. 
T he equilibrium constant Ki =  kn/kn from  these 
data is 1.4 X  10-B M. This equilibrium constant 
yields an indicator p A a =  4.86 in excellent agreement 
with K olth off’s6 titrim etric p K & =  4.90 at 25° and zero 
ionic strength.

In  the case o f the coupled acetic acid-brom ocresol 
green system  we must consider the indicator ion  recom 
bination-dissociation, the ion recom bination-dissocia
tion for acetic acid, and the possibility of proton  ex-
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Table I : Dissociation Field Effect Relaxation 
Data for Aqueous Bromoeresol Green at 25°

Ci,°
10 J  U pH6

T ,

/xseoc
{ [H+] + [In»-]}, 

io-6 Md

0.202 5.53 0.86 0.46
0.202 5.25 0.99 0.70
5.06 4.40 0.32 5.12
5.06 4.08 0.18 8.97

10.11 4.02 0.127 10.64
10.11 3.90 0.151 13.52
10.11 3.75 0.089 18.45
10.11 3.52 0.058 30.6

“ Total molar concentration of bromoeresol green. b Average 
of pH measured in the sample cell before and after DFE experi
ments. e Experimental relaxation time. 4 Sum of equilibrium 
concentrations calculated from d, pH, and pAa =  4.90.

change betw een acetic acid  and indicator. T he com 
plete coupled mechanism m ay be written

In 2"  +  H +  +  A -

H l n -  +  A -  In 2-  +  H A
kz2

where H A  represents acetic acid, A -  represents acetate 
anion, and the other sym bols are defined as above. 
Standard kinetic analysis yields tw o simultaneous dif
ferential equations from  which the tw o relaxation times 
m ay be calculated b y  evaluating the determinant7

(«11 +  «a) -  7— 1 (»12 - e i )  ft U\
(«21 — «a) («22 +  Ci) — T~ 1

where

«n  — ([H + ] +  [In2_] ) f e  +  f e  =

([H + ] +  [In2- ]  +  Ki)ka (5) 

«12 =  [In2—]fci2 (6)

«21 =  [A “ ] f e  =  C2l f e  (7)

a22 =  ( [H + ] +  [A ~ ]) fe  +  f e  =

([H + ] +  [A - ]  +  K a) f e  =  c22f e  (8) 

Ci =  [H I n - ik ,  +  [In2- ] f e  (9)

«a =  [A —]fc23 +  [H A ]fe  (10)

T he an and « i2 terms are determ ined from  the brom o
eresol green data. G iven  the equilibrium constant for 
acetic acid, the a2i and a22 terms are determ ined except 
for f e .  T he exchange term s a and «a are small correc
tions and can be estim ated from  the difference in p K a be
tween acetic acid and the indicator from  E igen ’s data on 
proton exchange betw een acetic acid and various proton  
acceptors .7 E igen ’s data show f e  «-• k32~  3 X  108 * 
i f f -1  sec _1 so the exchange terms (9) and (10) m ay 
be approxm ated as es ~  f e c a and a  ~  fee i, where ca

is the total concentration o f acetic acid in all form s and 
Ci is the total concentration o f indicator in all forms. In  
the worst case (line four o f Table II ) the assumption

Table II : Dissociation Field Effect Relaxation Data for a 
Coupled Aqueous Acetic Acid-Bromocresol Green System at 25°

a,” r,«
fcl8,e

10*° Af-1
10-« M io-« M pH« (j. sec sec-1

4.52 50.6 4.30 0.195 7.38
4.52 50.6 4.38 0.170 9.62
4.52 50.6 4.52 0.204 9.70
4.52 50.6 4,64 0.285 7.69

45.2 5.06 4.62 0.272 5.96
45.2 5.06 4.77 0.304 5.56
45.2 5.06 5.06 0.312 5.44
18.12 20.22 4.28 0.229 5.75
18.12 20.22 4.57 0.258 7.26
18.12 20.22 4.70 0.290 7.06

° Total molar concentration of acetic acid. 6 Total molar
concentration of bromoeresol green. c Average of pH measured 
in the sample cell before and after DFE experiments. d Faster 
of two experimental relaxation times. e Specific rate of reaction

kizH + +  A “ — >. HA calculated from eq 11 and these data.

that f e  ~  *32 “  3 X  103 i f f - 1 sec -1  rather than 3 X  
108 i f f - 1  sec-1  leads to a f e  ~  7.5 X  1010 i f f - 1  sec-1  
which differs b y  less than 3 %  from  the value o f f e  
shown in the table. Thus the value o f f e  that we re
port is quite insensitive to possible error in our estimate 
o f f e  and f e .  Substituting (5 )-(1 0 ) into (4) and solving 
for f e  results in the follow ing expression used to evalu
ate the acetic acid ion recom bination rate constant

_  T-1 ^ - 1 — (»11 +  ea +  Cj)] «11 +  «12
C22 [i*—3 — (an  +  «»)] +  C2i(«i2 — 6i)

where r ~ l is the reciprocal o f either o f the tw o observed 
relaxations. T he faster o f these relaxations was most 
accurately measured and was used in our analysis. The 
long relaxation, greater than 1 qsec, could be seen in 
several o f our experiments but was more uncertain.

T he acetic acid data are tabulated in T able  II. The 
average ion recom bination rate constant is f e  =  7.2 ±
1.6 X  1010 i f f - 1  sec-1 . W hen taken with the titri- 
m etric equilibrium constant for this system, this 
yields an acetic acid dissociation rate constant o f 1.3 X
106 s e c -1. It  is interesting to note that the acetic acid 
is faster than brom oeresol green for both  recom bination 
and dissociation.

Discussion
T he accuracy o f the brom oeresol green data is not 

open to serious doubt. T he kinetic p K a agrees to  within 
0.04 pK  unit o f the equilibrium pK & o f 4.90.6 The 
f e  =  5.4 x  1010 i f f - 1  sec-1  also agrees with the ion re-

(7) M . E igen , A ngew . Chem ., In t. E d. Engl., 3 , 1 (1964).

The Journal o f  P hysica l Chem istry, V ol. 75, N o . 16, 1971



com bination rate constants determined for other sulfon- 
phthaleins listed in Table III , and is consistent with the 
upper limiting value calculated from  the D ebye equa
tion  for diffusion controlled reaction betw een a proton 
and a spherical dianion in water at 25° and zero ionic 
strength .8

2492

Table III: Rate Constants for Several Aqueous
Sulfonphthalein Indicators

fcl2,
1010 M - 1 &21, Condi

sec-1 sec-1 tions Method

Bromocresol 8.0 2.4 X 104 15° DFE
purple“ 

Phenol red“ 7.2 4.9 X 102 15° DFE
Chlorophenol 2.3 1.9 X 102 15° T-jump

red6 0.1 M  K N 03
Bromocresol 5.4 8.5 X 106 25° This work

green

« G. Ilgenfritz, Doctoral Dissertation, Georg-August Uni
versity, Gottingen, 1966. 5 M. Eigen and G. G. Hammes, J. 
Amer. Chem. Soc., 8 2 , 5951 (1960).

Our recom bination rate constant for acetic acid  is 
significantly faster than that reported m ost recently 
using conductom etric detection8 and slightly faster than 
that determ ined b y  Eigen and Schoen .2 Our appara
tus has been shown to be sufficiently fast for this system.

T he fastest relaxation tim e observed for brom ocresol 
green alone was 0.053 Msec, m ore than three times as fast 
as the shortest relaxation observed for the coupled sys
tem. Our electrodes were fairly large and over 4 m m  
apart so we have minimized polarization effects that 
m ight have led  to errors in the conductom etric result. 
Our ku =  7.2 X  1010 M -1  sec-1  agrees well with the 
acetic acid ion recom bination rate constant estimated 
b y  the D ebye-E igen-Sm oluchow ski relation in aqueous 
solution at 25°,8 when this theoretical result is corrected 
to 10-4  M  ionic strength and the hydrodynam ic inter
action betw een reacting solute species described b y  
Friedm an9 are taken into account: ku (theor) =  7.6 X  
1010 M -1  sec-1 . A  further correction for the nonsphe
ricity  o f the acetate ion would result in a still smaller 
theoretical kn, but whether this factor decreases the 
rate constant by  as m uch as V 27 is open to question.
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The degree of ionization of trichloroacetic acid in aqueous solutions has been calculated at several concentra
tions from Raman measurements in which the intensity of the carboxylate band is compared with that of the 
C -Cl vibrational band. These values have been compared with literature values determined by Raman and 
nmr measurements and found to be in satisfactory agreement in dilute solutions. A larger degree of ionization 
was found in more concentrated solutions. Activity and osmotic coefficients are reported for sodium tri- 
chloroacetate and these are used to calculate an ionization constant of 3.2 ±  0.1 for trichloroacetic acid.

Introduction
There have been at least four studies o f the ionization 

of trichloroacetic acid in aqueous solutions, the most 
recent o f which is that o f C ovington  and coworkers.1 
T h ey  summarize the previous w ork in which ionization 
constants ranging from  0.232 to  1.0 have been found 
and report a new value o f 2 to  5 based upon R am an and

m m r measurements. The large uncertainty in the value 
o f the constants is caused prim arily b y  the uncertainty 
in the values o f the activity  coefficient corrections at 
various concentrations. One o f the present authors

(1) A . K . Covington, J. G. Freeman, and T . H. Lilley, J . P h y s .
Chem ., 74, 3773 (1970).
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had overcom e this difficulty2 in determining the ioniza
tion constant o f iodic acid and it was the initial intent 
o f this work to m erely make the necessary activ ity  
coefficient corrections and perform  the extrapolation to 
infinite dilution in order to evaluate the therm odynam ic 
constant. It  becam e necessary, however, as will be 
indicated in the subsequent discussion to  redetermine 
some o f the values o f a, the degree o f ionization, and 
new R am an data are also reported.

Experimental Section

Osmotic and Activity Coefficients. T he osm otic and 
activ ity  coefficients o f the sodium  salt o f trichloroace
tic acid were determ ined by  the usual isopiestic tech
nique with sodium chloride solutions being used as refer
ences. Sodium  trichloroacetate was prepared b y  the 
careful neutralization o f vacuum  distilled trichloroace
tic acid. It  was then dried in a vacuum  oven  at 65°.

Raman Measurements. The Ram an spectra were re
corded using a Spex R am alog spectrophotom eter with 
a Spectra Physics M odel 125 helium -neon gas laser. 
The frequencies recorded for all sharp lines are expected 
to be accurate to ± 3  cm -1 . B and intensities were re
producible to 1 -1 .5 % .

Results
The R am an spectrum  o f a 1.01 M  solution o f sodium 

trichloroacetate is shown in Figures 1 and 2. The in
tensities o f the vi band ( C - 0  stretch) at 1344 cm -1  and 
the band at 434 cm -1  (C -C l stretch) are used for the 
calculations in this work. It  m ay be noted that a rela
tively flat base line was obtained even when consider
able am plification was used. T he spectrum  o f a solu
tion o f sodium  perchlorate over the range 1200-1500 
cm -1, in which no band occurs, has the same near zero 
slope as the base upon which the carboxylate band is 
resting. This is in sharp contrast to the statem ent by  
C ovington  that it is situated on a sloping base line and 
that intensities could be estim ated to  on ly 4 -5 % . The 
differences in the observed spectra are undoubtedly 
caused in part b y  a difference in exciting sources. Solu
tions o f organic com pounds fluoresce m uch more when a 
blue source (T oronto arc) is used than when a red 
source is used. T he degree o f ionization o f the acid in 
the various solutions was calculated from  a com parison 
o f the ratio o f the intensities o f the 1344- and 434-cm -1  
bands with the ratio in a solution o f the sodium salt for 
which the ionization is com plete. This ratio was con
firmed to be independent o f solution concentration for 
the sodium salt and no difference was found betw een 
ratios o f band maxima and ratios o f integrated areas. 
Values o f a for acid solutions at six concentrations are 
given in T able I.

Osm otic and activ ity  coefficients o f sodium trichloro
acetate as determ ined from  isopiestic com parison with 
sodium chloride standards are presented in Table II. 
These coefficients are found to  be larger than those of

Figure 1. Raman spectrum of 1.01 M  sodium trichloroacetate: 
full scale sensitivity 0.1 X  10~6 A; rise time, 0.3 sec; slit 
width 12 cm-1; slit height 5 min; dynode 
voltage, 1800 V.

Figure 2. Raman spectrum of 1.01 M  sodium trichloroacetate: 
(A) full scale sensitivity 0.03 X 10~6 A; rise time, 1 sec; slit 
width 12 cm-1; slit height 5 min; dynode voltage, 1800 
V; (B) base line.

Table I : Degree of Ionization of Trichloroacetic 
Acid as Determined from Raman Measurements

Concentration, Degree of
mol/1. ionization

0.31 0.93
0.63 0.88
0.94 0.82
1.25 0.76
1.57 0.66
2.27 0.57
3.35 0.42

(2) J . R . D u rig , O . D . B onner, and W . H . B reazeale, J . P h y s . Chem ., 
69 , 3886 (1965 ).
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sodium  chloride and slightly larger than those o f sodium 
acetate.

Table II : Osmotic and Activity Coefficients of Sodium 
Trichloroacetate at 25°

M y

0.1 0.944 0.797
0.2 0.947 0.768
0.3 0.955 0.758
0.4 0.962 0.757
0.5 0.972 0.759
0.6 0.983 0.765
0.7 0.994 0.770
0.8 1.005 0.778
0.9 1.015 0.788
1.0 1.025 0.797
1.2 1.045 0.818
1.4 1.058 0.839
1.6 1.074 0.857
1.8 1.085 0.877
2.0 1.096 0.894
2.5 1.123 0.941
2.7 1.130 0.958

Discussion
It  has been adequately em phasized1'2 that ionic 

rather than stoichiom etric activity  coefficients are 
necessary for the correction of the quotient

1 — a

in order to determine the therm odynam ic ionization 
constant. The form er m ay not be determ ined directly 
for a weak acid and the latter are also not possible by  
isopiestic m ethods for trichloroacetic acid  because of 
its volatility. E m f measurements would be difficult 
because o f the lack o f a reversible trichloroacetate 
electrode. Ion ic activ ity  coefficients m ay be estimated, 
however, for m any acids by  a technique which was pre
sented previously. A ctiv ity  coefficient data3 are avail
able for five strong acids4 and their sodium salts. It  
m ay be noted that for acids and salts containing anions 
as large or larger than iodide there is a constant ratio 
o f acid to salt activ ity  coefficient values at any concen
tration up to 1.4 M. T he ratio varies slightly for the 
brom ides and som ewhat more for the chlorides. W ith 
this knowledge and the values o f the sodium  trichloro
acetate activ ity  coefficients one m ay now estimate the 
ionic a ctiv ity  coefficients of the trichloroacetic acid. 
The product m ay now be calculated from  the rela
tionship

KfS
a2C 

1 — a. f± 2

where / ± is the ionic activ ity  coefficient o f the acid 
and |3 is the activity  coefficient o f the un-ionized acid.

A n  extrapolation o f A/3 to  infinite dilution yields the 
therm odynam ic ionization constant.

A  p lot o f the degree o f ionization, a, as a function o f 
concentration (Figure 3) reveals that there is substan
tial agreement am ong the three sets o f data up to  con
centrations o f about 2 M. Values o f a taken from  the 
sm oothed curve (Figure 3) o f the three sets o f data at 
even concentrations were used to calculate the values 
of K/3 (T able I I I ) . The value of K  =  3.2 ±  0.1 which 
is obtained (Figure 3) falls nearly in the center o f the 
range 5 >  K  >  2 reported by  C ovington .* 1 This is true, 
however, in spite of the fact that the activ ity  coefficient 
corrections are larger than those which were used for 
his estimate. The behavior o f Kf}  is quite reasonable 
in that one would expect, the activ ity  coefficient of the 
un-ionized acid to remain relatively close to  unity. The 
approxim ate values of /3 are 0.97 at 1 M  and 0.93 at
1.5 M.

Table III: Calculation of the Ionization 
Constant of Trichloroacetic Acid

a»C y± A
C a aC 1 -  a salt acid K0

0.50 0.901 0.450 4.09 0.758 0.869 3.09
0.75 0.855 0.641 3.78 0.767 0.923 3.22
1.00 0.805 0.805 3.32 0.778 0.976 3.16
1.25 0.756 0.945 2.93 0.792 1.028 3.10
1.50 0.708 1.062 2.58 0.803 1.071 2.96
1.75 0.660 1.155 2.24 0.813 1.109 2.76
2.00 0.612 1.224 1.93 0.820 1.137 2.50
2.25 0.569 1.280 1.69 0.826 1.163 2.29
2.50 0.532 1.330 1.51 0.832 1.191 2.14

It  should be noted that the values o f a obtained in this 
work for solutions more concentrated than 2.0 M  are 
substantially larger than those reported by  C ovington. 
It  is felt that the present data are more accurate for 
three reasons. (1) The use of the C -C l  band as an 
internal reference is inherently m ore accurate since it 
eliminates errors in sample positioning and there is less 
error due to instrumental drift as comparisons are made 
in a short tim e interval. (2) T he use o f the helium - 
neon laser as an exciting source reduces appreciably the 
fluorescence which is present in concentrated solutions 
of organic com pounds and this requires less zero sup
pression and yields a flatter base line. (3) A  calcula
tion  o f the concentration o f ionized acid, aC, shows 
that a maxim um  value is reached in about 2.3 M  solu
tions using the nmr data and about 3.0 M  solutions 
using the Ram an data o f ref 1. I t  seems unreasonable 
that the concentration o f ionized acid should decrease 
with increasing stoichiom etric concentration in solu-

(3) R . A . R ob in son  and R . H . S tokes, “ E le c tro ly tic  S o lu tion s ,”  
B u tterw orth s , L on d on , 1959.
(4) N itr ic  a cid  is essentially com p le te ly  ion ized  in  the  con cen tra tion  
range o f  interest.
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3.5

Figure 3. The degree of ionization and ionization constant of trichloroacetic acid: (X ) ref 1, Raman; (A) ref 1,
nmr; (O) this work.

tions o f 0.95 m ol fraction solvent. The redetermined 
values indicate that aC slowly approaches a limiting 
value o f about 1 A M  at a stoichiom etric concentration 
o f 3.5 to 4 M.
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The dissociation constant of perchloric acid in methyl isobutyl ketone (M1BK) has been determined con
ductometrically, p-KdHCiOi = 4.5. The glass electrode was found to be a reliable indicator electrode for paH; 
it was calibrated in solutions of perchloric acid and mixtures of the acid and s, its tetrabutylammonium salt 
(pAds = 3.6, determined conductometrically). Equations have been derived for the calculation of K dBa and 
of £ fHA2- from paH of mixtures of an acid and its tetraalkylammonium salt, K ds being determined conducto
metrically. The following data for acids are reported: pXd2,4,6 -trinitrobenzenesulfonic acid — 5.5; p A dpicric acid 
=  11.0, HAa- ‘ ' 1, p f t d2,6-dinitrophenol =  17.6j ])K d3,5-dinitrobenzoic acid ”  18.8, A^HAï - =  2 X 104. For three 
cationic acids, anilinium, diphenylguanidinium, and tetramethylguanidinium, the following values of pAdBH + 
were found: 9.6, 15.9, and20.3, respectively. The pAdBH + of the o-nitroanilinium ion was estimated to be 3.3. 
Owing to incomplete dissociation of all salts in the low dielectric constant solvent M IB K, paHi/2 (at HNP) at 
a salt concentration of 0.001 was found of the order of 0.5 to 0.6 unit smaller than pAdHA for uncharged 
acids, and 0.5 to 1 unit greater than p A dBH+ for the cationic acids. The differences become greater with in
creasing salt concentrations. I t  has been concluded that M IB K  is a stronger base than acetonitrile even 
though two hydration constants of the proton, K 1h+3w and A fH+4w, are found to be almost the same in both 
solvents.

M ethyl isobutyl ketone (M IB K ) is a dipolar aprotic 
solvent with a dielectric constant t =  12.92.2a Brass 
and W yld2b were the first to report titration curves of 
acids and mixtures of acids with tetraalkylammonium  
hydroxide in this solvent and to have observed good 
resolution of acid strength as compared with that in 
water. Because of the leveling effect of water, titra
tion curves of dilute solutions of perchloric, hydro
chloric, nitric, and sulfuric acids are identical in water, 
but in M IB K , like in other protophobic solvents, resolu
tion of strength of some of these acids is obtained. 
Pietrzyk and Beslisle3 made use of the resolution of 
acid strength in the titration of benzenesulfonic acids 
in M IB K . From the values of the half-neutralization 
potential (H N P ) of a series of benzoic acids Miron and 
Hercules4 concluded that the resolution is of the same 
order of magnitude as in acetonitrile and some other 
aprotic solvents. Like acetone6'6 (e =  20) M IB K  is 
expected to be a slightly stronger base than A N 7 and 
other nitriles are.6 No quantitative data on acid-base 
strength in M IB K  are reported in the literature; a pre
liminary study from this laboratory was reported in
1961.8 Because of the low dielectric constant and weak 
basic character of M IB K , perchloric acid was found8 
to be a weak acid with a dissociation constant of the 
order of 10~6. Owing to incomplete dissociation of 
tetraalkylammonium— and other salts in M IB K — the 
P®h 1;2( p o h  at H N P ) is no longer equal to the dissocia
tion constant of an acid.

In  the present work the glass electrode was calibrated 
in perchloric acid and in mixtures of this acid with its

tetrabutylammonium salt after conductometrically 
determining the dissociation constants of the acid 
K dHA and the salt (K dBa). In  the potentiometric 
determination of K dha of a few selected acids and their 
homoconjugation constants A 'ha.,- the paH was measured 
in mixtures of the acid with its tetraalkylammonium  
salt BA. By widely varying the ratio of picric acid in 
mixtures with its tetrabutylammonium salt, good 
agreement was obtained between experimental and 
calculated values of paH, substantiating the reliability 
of the glass electrode as a paH electrode. Other tests 
described in the experimental part supported this con
clusion. Because of its small dielectric constant, calcu
lations of K dHA - and K ’ ha) are much more involved in 
M IB K  than in aprotic solvents with a dielectric con
stant of the order of 40. The pK  values reported in 
this paper may be no more accurate than ±0.15.
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thanks to the Centre National de la Recherche Scientifique, France, 
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Chem., 29, 232 (1957).
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(1963).
(7) I. M . Kolthoff, S. Bruckenstein, and M . K. Chantooni, Jr., 
J. Amer. Chem. Soc., 83, 3927 (1961).
(8) C. E. Gracias, Ph.D. Thesis, University of Minnesota, Minne
apolis, Minn., 1961.
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Calculation o f D issocia tion  Constants o f  A cid s, 
K dha, from  p a K. The following four equations are 
fundamental in the calculation of K dHA from the experi
mentally determined values of pan in mixtures of an 
acid H A  and its salt BA.

K *  ha
[H + ][A -]/±2

[HA] ( 1 )

K W
[HA,~] 

[HA] [A“ ] / h a 2-  =  / a - (2 )

Formation of higher conjugates H A 2~ +  nHA +± 
(H A )b+iA~  has not been considered because the calcu
lation of the overall equilibria becomes very involved 
and also because the concentration of H A  in the mix
tures was usually small enough to make [(HA)„+iA~] 
negligible.

A dBHA2

[B+ ][A ~]/±2
[BA]

[B +][H A 2-]/±2
[BHA2]

(3)

(4)

Denoting ca and cs as the analytical concentrations of 
the acid and salt

ca =  [HA] +  [H A,-] +  [BHA2] +  [H +] (5)
cs =  [BA] +  [BHA2] +  [A -] +  [H A ,-] (6)

Introducing into eq 1 yields

I f  homoconjugation is not negligible, we use a con
venient method to find A^ha by carrying out a series of 
paH measurements at large dilutions (ca =  c„) and 
graphically extrapolating the data to zero concentra
tion where a  =  1, log /  =  0, and p A dHA =  (paH„)i/s. 
When [H+] is not negligible with respect to [HA] and 
[A- ], but when homoconjugation is negligible, the 
following relations hold: [HA] =  ca — [H+] and
[A- ] =  acs +  [H+], and eq 9 can be written

ac 4- fH+1
paH =  p K  +  log — ------ +  log/± (11)

cxCs [-ti J

This equation is used in calculating paH in perchloric 
acid and its buffers. The ionic strength in such mix
tures is acs +  [H + ] and, using the limiting Debye- 
Hiickel equation: lo g /± =  — A \ ^ a c s +  [H+], A  being 
7.36. The value of paH is then found using a series of 
successive approximations.

Calculation o f H om oconjugation  Constants A fHa >- 
Previously, equations were derived for systems in 
which BA and B H A 2 are completely dissociated and in 
those in which B H A 2 is completely, but BA incom
pletely, dissociated.9 I f  both salts in M IB K  are in
completely dissociated, the homoconjugation constant 
was found graphically, making use of eq 1-8 and the 
electroneutrality rule

[H+] +  JB+] =  [A- ] +  [HA,~] (12)

p A dHA =  paH —
cs -  [BA] -  [H A ,-]log [BHA2]

[H A ,-] -  [BHA2
-  log/± (7)

[H+] being generally negligible in the mixtures with 
respect to the concentration of the other species. I f
[BA] and [BHA2] were also negligibly small in equi
molar mixtures of acid and salt, eq 7 would become

p A dHA =  paHl/2 -  log/± (8)
However, this simple equation does not hold in M IB K  
because of incomplete dissociation of salts in this low 
dielectric constant solvent. I f  the dissociation of 
B H A 2 is complete, but that of BA is not, [A- ] «  
acs — [HA2- ]  where a  is the degree of dissociation of 
the salt

p A dHA =  paH -  lo g --------- — -  -  log f ±  (9)ca -  [HA2- ]
In  case of negligible homoconjugation as in mixtures 
of picric acid and its salt we get, when ca =  cs

p A dHA =  paHl/2 -  log as -  log/± (10)
A  similar equation can be derived for mixtures of salts 
(s) of cationic acids and free base when cb =  cs

p A dBH+ =  paH1/2 +  log a8 +  lo g /± (10')
assuming negligible formation of B2 and B2H +.

Under our experimental conditions [H+] is negligible 
in eq 5 and 12 and does not contribute to the ionic 
strength in the calculation of / ±; thus we have 8 
equations with 9 unknowns. The constants A dBA and 
A dBiiA, have been determined conductometrically. In  
each mixture of acid and its salt, ca and cs are known 
and paH has been measured. Using an estimated 
value of [B+], the value of log /  =  —7.36V/ [B+], 
Values of [A- ]/[B A ] and [HA2_ ]/[B H A 2] are calcu
lated from eq 3 and 4, while [A- ] +  [HA2_ ] is found 
from eq 12. Combination of eq 3, 4, and 12 with 
eq 5 yields [A- ], [BHA2], and [HA2_ ], while [HA] 
is now found from eq 5. Thus A dHA and A fHA,- can 
now be calculated from eq 1 and 2. These calcu
lations are repeated at given cs but varying ca using dif
ferent values of [B+ ], and the values of p K dHA are 
plotted vs. pK fHA2-- Thus for each value of ca a dif
ferent plot is obtained, the point of intersection of the 
curves yielding the true values of pA dHA and pA fHA,-. 
Small errors in the determination of paH cause rela
tively large variations in the pK  values. Only those 
data of paH are useful which yield strongly curved 
plots. In  the experimental part an example is given 
of the calculation of the “ constants” from paH in 
0.001 M  tetraethylammonium 3,5-dinitrobenzoate.

(9) I. M . Kolthofï, M. K . Cha-ntooni, Jr., and S. Bhowmik, J. Amer. 
Chem. Soc., 88, 5430 (1966).
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Experimental Section
Solvent Purification . An Eastman product was 

shaken with dry calcium chloride for about 10 hr. 
This operation was repeated three times. After de
cantation the solvent was passed through a column of 
chromatographic alumina and then distilled at least 
three times over phosphorus pentoxide in a dry and 
carbon dioxide free stream of nitrogen. The distillation 
column was packed with steel wool. A red coloration 
appeared upon addition of the anhydride. During the 
third distillation this coloration was very weak and 
developed very slowly. A final distillation was carried 
out without phosphoric anhydride and the solvent 
stored in bottles equipped with a siphon allowing the 
solvent to be drawn out without contact with the 
atmosphere. The water content was determined by the 
Karl Fischer method, using a biamperometric titration 
method. In  two different batches a water content of
1.3 and 2.2 X  10~s M , respectively, was found. The 
average conductivity of different freshly distilled 
batches was 1.2 ± 0.2 X  10~7 ohm-1 cm-1, the conduc
tiv ity  remaining the same after 2 months of storage. 
The concentration of basic impurities was estimated 
spectrophotometrically by addition of picric acid; it 
was found to be less than 8 X  10-6 M .

Chemicals. Tetrabutylammonium 2,4,6-trinitroben- 
zenesulfonate was prepared by neutralization of the acid 
with a freshly prepared aqueous tetrabutylammonium 
hydroxide solution. After evaporation the salt was re
crystallized twice from water and dried in a vacuum 
oven. The potassium 2,4,6-trinitrobenzenesulfonate 
was prepared by neutralizing the acid with potassium 
hydroxide. After evaporation the salt was recrystal
lized from a mixture 90% in ethanol and 10% in water. 
The acid was an Eastman product. From titration  
with standard sodium hydroxide it was concluded that 
the acid contained 2 molecules of water. After heating 
for 3 days in a vacuum oven the water content corre
sponded to 1.2 mol per mol of acid. Other chemicals 
had been used previously in this laboratory.

Solution o f P erchloric A cid . A  0.92 M  solution of 
perchloric acid was prepared in anhydrous acetic acid 
following Coetzee’s directions,10 and diluted with 
M IB K  immediately before making conductometric or 
potentiometric measurements.

P otentiom etry. The same apparatus was used as 
described in a previous paper.9 A Beckman 1190-72 
type glass electrode was used. The reference electrode 
consisted of a silver wire immersed in a saturated solu
tion of silver nitrate in M IB K . A 10_1 M  tetrabutyl
ammonium perchlorate solution in M IB K  served as a 
salt bridge. The glass electrode attained equilibrium 
within 5 min in relatively acidic solutions and in 30 
min in solutions with a pH  of 12 or greater. The con
stant of the electrode was checked daily in picric acid- 
picrate buffers. Conductometric,11 differential vapor 
pressure (osmometer), and spectrophotometric mea

surements were carried out using the same apparatus as 
described previously.12 All measurements were carried 
out at 25 ±  0.1°.
Results

Calibration o f the Glass Electrode. The dissociation 
constants of perchloric acid and its tetrabutylammo
nium salt were determined conductometrically. For 
the salt the following values were found: K dBcio, =
2.3 X  10-4, A0 =  102. The value of A0(N B u4+) =  
37 was calculated by applying Walden’s rule to the 
values in acetone, acetonitrile, propionitrile,6 and 
methyl ethyl ketone13 (viscosity of M IB K , 0.548 cP). 
This yields A0(ClO4~) =  65. Conductance data of 
perchloric acid are given elsewhere.14 The acid is 
quite weak in M IB K  and the successive approximation 
method of Fuoss and Kraus18 yielded highly uncertain 
values. Although Walden’s rule does not hold for the 
solvated proton, the value of 49 found by this method, 
using values of Xo(H+) reported in acetone, acetonitrile, 
and propionitrile,8 is certainly reliable within 20% . 
W ith X0(H +) =  49 and X0(ClO4_) =  65 we find from 
Kohlrausch’s rule A0(HClO4) =  114. K dh c i o , is cal
culated from the relation K dha =  (a 2c/2) / (  1 — a) and 
a  =  (A )/[A 0F (z)] where F(z) is the function tabulated 
by Fuoss.18

The glass electrode was calibrated in mixtures of 
perchloric acid and tetrabutylammonium perchlorate. 
In  such solutions with a pH of less than about 4, the 
glass electrode did not attain a constant potential. 
Such solutions became red, indicating reaction with the 
solvent. In  Table I  are listed the composition of the 
buffers used (pH >4.0), the calculated pcm from eq 11, 
and the potentials measured which were corrected for 
liquid junction potential E\ calculated from the Hender
son equation. Also, a correction was made for the 
change of the medium due to presence of acetic acid. 
The assumption was made that this correction is the 
same as the determined change in paH upon addition 
of glacial acetic acid to a buffer mixture of picric acid 
and its tetrabutylammonium salt. The values of 
Floor in Table I  incorporate the sum of corrections for 
E j and acetic acid. From a comparison of -Z?expti — E , 
and Floor in Table I  it is evident that the correction for 
acetic acid is very small and equal to 4 mV when ca =  
5 X  10- 4 M  (and [HAc] =  9 X  10“ * M ),  6 mV when

(10) J. F. Coetzee, Ph.D. Thesis, University of Minnesota, Minne
apolis, Minn., 1967.
(11) I. M . Kolthoff and M . K. Chantooni, Jr., J. Amer. Chem. Soc., 
85, 426 (1963).
(12) M . K. Chantooni, Jr., and I. M . Kolthoff, ibid., 90, 3005 
(1968).
(13) S. R. C. Hughes and D. H. Price, J. Chem. Soc. A, 1093 (1967).
(14) Experimental data will appear immediately following this 
article in the microfilm edition of this volume of the journal. Single 
copies may be obtained from the Reprint Department, ACS Publica
tions, 1155 Sixteenth Street, N.W., Washington, D. C. 20036. 
Remit $3.00 for photocopy or $2.00 for microfiche.
(15) R. M . Fuoss, J. Amer. Chem. Soc., 57, 488 (1935).
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ca =  10-3 M , and 8 m V when ca =  2 X  10-3 M . Fig
ure 1 presents a plot of pcm vs. E eor., the numbers re
ferring to the numbers in Table I .  The data fit a

Table I : Potential and p«H in H C IO 4-B U 4N C IO 4 

Mixtures (Molar Scale)

No.
Ca,
M

Cs,
M

Æ'exptl
mV

-Ê'exptl
-  Eh 

mV
Eqoz
mV paH

1 io-» 10-3 303 280 274 4.16
2 5 X 10-* 5 X 10-4 260 244 240 4.70
3

T © l—4 10~2 277 265 259 4.52
4 2 X 10-3 2 X 10~2 297 289 281 4.37
5 5 X 10~4 10-1 231 231 227 5.13
6 10-3 10-1 253 253 247 4.83
7 2 X 10~3 10-1 275 275 267 4.53

E

300 -  

290 -  

2 8 0 -  

270 -  

2 6 0 -  

2 5 0 -  

2 4 0 -  

2 3 0 -  

2 2 0 -

\  
• I '

• 4

v  *7
3V  ̂

\ * 6
•2

_L_
4 4.5

1

5.0

p a H

Figure 1. Plot of calculated p«H and corrected potentials 
in perchloric acid-tetrabutylammonium perchlorate buffers 
(numbers are the same as those in Table I).

straight line with a slope of 59 mV. Even though some 
of the data deviate as much as ±8 mV, the fact that 
the best line drawn through the points has the theo
retical slope gives confidence in the reliabil ity  of the 
glass electrode as a paH indicator and in the correct
ness of the involved equations and the assumptions 
made.

%,4.,6-T rin itrobenzenesu lfon ic A c id  D ihydrate. From 
conductance data values of A0 =  81 and K ds =  l.g  X  
IQ-4 for the tetrabutylammonium salt were obtained. 
Using X0(Bu4N +) =  37 and X0(H +) =  49, we obtain A0 
=  93 for the acid. From the conductance14 of solu
tions of the acid an “apparent” constant pKdapp was 
calculated, p K dapp decreasing with increasing concen
tration of the acid. The reason is that water greatly 
increases the dissociation of the acid. Graphical ex
trapolation to an acid and water concentration of zero 
of a plot of s / c vs. p K dapp yielded a value of p K dHA =
5.5. Table I I  lists paHl/2 values of equimolar mixtures 
of the acid and its tetrabutylammonium salt. The 
plot of s / c  vs. paH yielded a straight line with a values 
of paH =  p K dHA =  5.6 at zero concentration of the 
constituents. Considering the uncertainties involved, 
the agreement between the extrapolated values of 5.5 
(conductometrically) and 5.6 (Table I I )  is satisfactory. 
I t  is fair to conclude that the true values of p K dHA =
5.55 ± 0.15.

Table II: p an  of Equimolar H T N B S -B U 4N T N B S  Mixtures“

Ca 555 Cs* Cw> Uesptl, A'exptl — Fj,
M X 10® M mV mV paH

5 1 . 1  x  1 0 - 2 -258 -240 4.90
2 4 .4  x  1 0 - 3 -249 -223 5.19
1 2.2 X IO“3 -244 -217 5.29
0.5 1 . 1  x  1 0 - 3 -238 -209 5.42

* Extrapolated value pXd = 5.6.

P icr ic  A c id  and Its  H om oconjugation  Constant. The 
molecular weight of picric acid in M IB K  was measured 
by the differential vapor pressure method and found to 
correspond to that of a monomer. Picric acid solutions 
were titrated spectrophotometrically and conductomet
rically with tetramethylguanidine. Spectrophotomet- 
ric titrations of 0.8 X  10-4 M  picric acid solutions were 
carried out at wavelengths of 428, 438, and 448 mg, 
where the absorption of the acid was found negligible. 
The absorption increased linearly with concentration 
of base added, and remained unchanged after the end 
point. The results, which were accurate and precise 
within 0.5 % , indicated that at the small concentrations 
Used tetramethylguanidine (T M G ) gives quantitative 
salt formation with picric acid and that solutions of the 
picrate obey Beer’s law. The conductometric titration 
curve of 0.01 M  picric acid with T M G  is presented in 
Figure 2. From the experimental data (dots on curve 
in Figure 2) values of K dBA =  1.8 X  10~4 and A0 =  
97 were found. Homoconjugation of picric acid was 
found to be negligible (see below) as was evident from 
the change in glass electrode potential in mixtures of 
0.01 M  tetrabutylammonium picrate with varying 
concentrations of picric acid. A  plot of log ca/cs vs. E  
in Figure 3 yielded a straight line with the theoretical 
slope of 59 mV. The same slope was found in a similar 
plot for mixtures of 0.001 M  diphenylguanidinium 
picrate with varying concentrations of diphenylguani- 
dine, indicating negligible B2H +  formation at the 
concentrations used. The plots in Figure 3 substanti
ate the conclusion that the glass electrode potential 
in M IB K  is a good indicator of paH, considering 
that the change in paH of the various mixtures amounted 
to as much as about 2 units. The homoconjugation 
constant of picric acid in acetonitrile was found to be 
of the order of 216 and it was expected to find a constant

(16) (a) I. M . Kolthoff and M . K. Chantooni, Jr., J. Phys. Chem., 
73, 4029 (1969); (b) J. Amer. Chem. Soc., 87, 4428 (1965).
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F i g u r e  2 .  C o n d u c t o m e t r i c  t i t r a t i o n  o f  1 . 0 3  X  1 0 - 2  M  p i c r i c  

a c i d  w i t h  0 . 9 9  M  t e t r a m e t h y l g u a n i d i n e  ( B ) .  T h e  a b s c i s s a  

g i v e s  t h e  c o n c e n t r a t i o n  o f  B  a d d e d .

F i g u r e  3 .  G l a s s  e l e c t r o d e  p o t e n t i a l s  i n  p i c r a t e  a n d  i n  

d i p h e n y l g u a n i d i n i u m  b u f f e r s  a t  c o n s t a n t  s a l t  c o n c e n t r a t i o n :  

( 1 )  a n d  ( 2 )  p i c r i c  a e i d - b u t y l a m m o n i u m  p i c r a t e ,  c „  =  1 0 _ * 

M ;  ( 3 )  d i p h e n y l g u a n i d i n e - d i p h e n y l g u a n i d i n i u m  p i c r a t e ,  c s =  

1 0  _ s  M.  L i n e s  d r a w n  w i t h  s l o p e  o f  5 9  m V .

of similar magnitude in M IB K . The constant was 
calculated from the values of the solubility of po
tassium picrate in solutions of picric acid.16b The 
saturated solutions were titrated potentiometricallv

with freshly prepared solutions of 2,4,6-trinitro- 
benzenesulfonic acid, using the glass electrode as indi
cator electrode. The solubility of the salt increases 
only very slightly in the presence of picric acid14 and 
homoconjugation could be neglected in the interpreta
tion of the results in Figure 3. In  order to find the order 
of magnitude of K fHa,-> the value of K dEpi =  7 X  
10~5 was determined conductometrically [A0 (K P i) =  
90j. From the total solubility of 1.90 X  10“ ? M  of 
potassium picrate and its K A we find K sp(KPi) =  9-2 
X  10-8. In  estimating K fupu- we assume complete 
dissociation of K H P i2 and thus find a value for the 
homoconjugation constant of the order of 1.

•KdHA o f P icr ic  A cid , 2,6-D initrophenol, and Three 
C ationic A cid s. In  acetonitrile K lh a , -  of 2,6-dinitro- 
phenol (H D N P )16b is negligibly small. Since K lu.\, 
for picric acid is of the same order of magnitude in ace
tonitrile168 as in M IB K , homoconjugation of this acid 
could be neglected in the calculation of p K dHA- Un
doubtedly the same is true for H D N P . Analogous to 
the situation in acetonitrile17 and acetone,6 negligible 
homoconjugation of the three cationic acids anilinium, 
diphenylguanidinium (D PG H +) (see Figure 3), and 
tetramethylgUanidinium (T M G H + ) could be assumed 
under our experimental conditions. The p K dHA of the 
various acids in Table I I I  was calculated from the 
pctH of equimolar solutions being H U 3 M  both in acid 
and its conjugate salt or base and its salt respectively by 
means of eq 10 or 10'. The values of poH were ob
tained from the measured potentials, corrected for liquid 
junction potentials. Conductometrically determined 
values of K ds of the salts and the corresponding values 
of a  an d / are also listed in Table I I I .

3,5-D initrobenzoic A cid  (H D N B ). The pan was deter
mined in mixtures which were 0.001 M  in tetraethylam- 
monium dinitrobenzoate and 0.25 to 19 X  10"3 M  in 
acid. From the large variation in Table IV  of pan 
with the ratio ca/cs it is evident that K !h a 2- must 
be large. From conductance data of the tetraethyl- 
ammonium salt values of A dBa =  7 X  10~5 and A0 =  
129 were obtained. From conductance data of the 
salt in 0.1 M  H D N B  the corresponding values of the 
homoconjugate salt were K dBHA2 =  1-3 X  10 ~3 and A0 
=  79. From the graphical method described earlier 
in the section on calculations, values of p K dHA =  18.75 
± 0.2 and K fh a , -  =  2 ±  0.5 X  104 were obtained. An 
example of the results of the involved calculations is 
given in Table V. Similar sets of calculations were 
made at ca =  2.5 X  10"4, 1.14 X  1 0 -3, 2.13 X  10~3, 4.9 
X  1 0 -3, 7.10 X  1 0 -3, and 1.9 X  10“2 M . Plots of 
p K dHA vs. pK fHA2- were strongly curved at values of ca 
less than 4.9 X  10 ~3 M . From their points of intersec
tion (isosbestic point) the above values of p A dHA of 
I 8.75 ±  0-2 and K fHA2- =  2 ±  1 X  104 were found.

(17) J. F. Coetzee, G. R. Padmanabhan, and G. P. Cunningham, 
Talanta, i l ,  93 (1964).
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T a b l e  I I I  :  D i s s o c i a t i o n  C o n s t a n t s  o f  T w o  P h e n o l s  a n d  T h r e e  C a t i o n i c  A c i d s  ( c ,  =  0 . 0 0 1  M)

Acid Salt Edsalt Ao(salt) a / pOHl/2 pEdaoid

H P i B u 4N  + 5 . 4  X  1 0 - 4 9 3 0 . 6 8 0.68 I O .63 1 1 . 0

H D N P E t 4N  + 1  X  i o - 4 1 0 4 0 . 3 5 0 . 7 3 1 6 . 9 7 1 7 . 6

T M G H  + P i - 1 . 8  X  1 0 “ * 9 7 0 . 4 1 0 . 7 1 2 1 . 0 2 2 0 . 5

D P G H  + P i - 1 . 1  X  I O - * 9 7 0 . 1 1 0 . 8 4 1 6 . 9 7 1 5 . 9

A n i l i n i u m c i o 4 - 2 . 6  X  1 0 - « 1 2 2 0 . 2 0 0 . 7 6 1 0 . 4 3 9 . 6

A t values of ca greater than 5 X  10-3 M , small differ
ences in an assumed [B+] value gave rise to extremely 
large variations in p K dHA and p K fHA2- and the results 
of the graphical procedure became unreliable. For 
example, at ca =  7.10 X  10~3 M , p K dHA and — p K fHA2 
were 18.4 and 3.9 at [B+] =  7.6 X  IO-4 M , and 19.4 
and 4.8, respectively, at [B + ] =  8 X  10-4 M . A solu
tion with the aid of a computer of the various equations 
given earlier in this paper is contemplated.

T a b l e  I V  :  p a n  i n  M i x t u r e s  o f  3 , 5 - D i n i t r o b e n z o i c  A c i d  a n d  

I t s  T e t r a e t h y l a m m o n i u m  S a l t ,  cs =  1 . 0  X  1 0  ~3 M

Ca,
M  X 103 log Ca/Cs paH

0 . 2 5 - 0 . 6 0 1 9 . 3 1

0 . 6 4 - 0 . 1 9 1 8 . 5 3

1 . 1 4 0 . 0 6 1 7 . 8 3

2 . 1 3 0 . 3 3 1 7 . 0 0

4 . 9 0 0 . 6 9 1 6 . 0 5

7 . 1 0 0 . 8 5 1 5 . 6 6

9 . 7 8 0 . 8 9 1 5 . 3 4

1 8 . 8 1 . 2 7 1 4 . 5 8

E ffect o f  W ater on D issocia tion  o f  P ic r ic  A cid . These 
experiments were carried out for a twofold reason: (1) 
the results yield quantitative information on the hydra
tion of-the proton in M IB K ; (2) the extrapolated value 
to a water content of zero yields an independent check 
of K dHPi, and thus of the reliability of the glass electrode 
as paH indicator electrode. The effect of water was 
determined both spectrophotometrically by measuring 
the total picrate concentration, and potentiometrically 
by measuring paH in the solutions which were 0.001 M  
in tetraethylammonium perchlorate. The results are 
reported in Table V I.  The techniques used and the 
method of calculation of pA dHpi (at zero water concen
tration) are identical with those presented for a similar 
study in acetonitrile.18 The (approximate) values of 
the hydration constants of the proton with 1, 2, 3, and 4 
molecules of water, respectively, are K liw =  3 X  104, 
K f2w =  5 X  10 \ K V  =  5 X  104, and K f4w =  3.5 X  10s, 
K {3w and X f4w being almost the same as in A N . I t  is 
gratifying that the extrapolated value of p K dHpi of 11.0 
is in exact agreement with the value derived from paH 
measurements with the glass electrode.

T a b l e  V :  E x a m p l e  o f  t h e  R e s u l t s  o f  t h e  C a l c u l a t i o n  o f  t h e  C o n c e n t r a t i o n s  o f  V a r i o u s  S p e c i e s  a n d  o f  p X d H A  a n d  K !h a j -  

( c ,  =  1 0 - 3  M,  c a  =  6 . 4  X  1 0 - 4  M,  p a H  =  1 8 . 5 3 )

Assumed
[B +], 

M  X 10< /

[A- ]/[BA], 
M  X 10

[H A*-]/
[BHAZ]

[A-J, 
M  X 10*

[HAS-], 
M X 10*

[BA], 
M  X 10*

[BHAj], 
M X  10< pEdHA K W  X  1 0 *

4 0 . 7 1 3 . 4 6 . 4 1 : 9 2 . 1 5 . 7 0 . 3 3 1 9 . 1 0 . 3

5 0 . 6 9 3 . 0 5 - 5 1 . 3 3 . 7 4 . 3 0 . 6 7 1 8 . 9 1 . 4

6 0 . 6 6 2 - 7 4 - 5 0 . 8 5 . 2 2 . 9 1 . 0 1 7 . 9 4 8

T a b l e  V I  :  P r o t o n  H y d r a t i o n  a n d  P i c r i c  A c i d  D i s s o c i a t i o n  

( c H P i  =  1 0 ~ 2,  cbh ' =  7 . 8  X  1 0 - « )

HiO,
M [Pit]“ pep is-6 paH,“ pKdHFi“

0 . 0 5 ( 2 . 1 1  X  1 0 - « ) ( 4 . 7 3 ) ( 8 . 2 3 ) ( 1 1 . 0 )

0 . 1 0 3 . 2 7  X  I O “ 6 4 . 5 6 8 . 2 6 1 0 . 8

0 . 2 0 5 . 2 5  X  I O “ 6 4 . 3 8 8 . 6 0 1 1 . 0

0 . 4 0 1 . 5 0  X  I O “ 4 3 . 9 9 9 . 0 8 1 1 . 0

0 . 6 0 3 . 8 7  X  1 0 - * 3 . 6 6 9 . 4 2 1 1 . 1

0 . 8 0 8 . 2 0  X  I O “ 4 3 . 4 2 9 . 5 2 1 0 . 9

“  S p e c t r o p h o t o m e t r i c  m e a s u r e m e n t s  X  4 8 0  m/i. b F r o m  

[Pit“ ] =  [P i,- ] [v +  K fHPis-[H P i]] w h e r e  v 1  +  K Piw-[H 20 ] 
( e q  6 ,  r e f  1 8 ) .  c  p K d  =  p a H ,  +  p a p , , -  +  l o g  [H P i] .

Solubility P roducts o f  Som e Salts and the M ed iu m  
E ffect between A ceton itrile (A N )  and M I B K .  These 
data are essential in connection with a discussion of the 
medium effect between A N  and M IB K , denoted by 
AN^MiBK.on Molar solubilities (st), ionic solubilities 
(sj), and solubility products of potassium perchlo
rate, picrate, and 3,5-dinitrobenzoate are presented in 
Table V I I .  The total solubility of potassium per
chlorate was obtained by evaporating the saturated 
solution to dryness, dissolving the residue in water, and

(18) I. M . Kolthoff and M. K. Chantooni, Jr., J. Amer. Chem. Soc., 
92, 2236 (1970).
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Table VII: Ionic (si) and Total (st) Solubilities and Solubility Products (Kap) of Some Potassium Salts

K» Ao Si Si K‘  p

Perchlorate 7.0 X IO“6 * 104 6.9 X 10-E 3.9 X 10-* 4.5 X 10-*
Picrate 3.8 X 10“E 96 4.3 X 10“4 1.9 X lO“8 7.6 X 10-8 *
3,5-Dinitrobenzoate 3.3 X 10-’ 116 3.0 X 10-' 1 X 10-11 * * * * * * *

“ Conductivity of saturated solution corrected for conductance of solvent.

determining the perchlorate by the procedure of Fritz .19 
The molar solubility of the picrate was found from the 
spectrophotometrically determined picrate concentra
tion, assuming the spectrum of the ion pair to be the 
same as that of the free picrate ion. The solubility of 
potassium 3,5-dinitrobenzoate was too small to be 
determined analytically. The ionic solubility was esti
mated from the conductance of the saturated solution 
(corrected for the conductance of the solvent). Values 
of A0 in Table V I I  were obtained by using Kohlrausch’s 
rule. The value of p K spKd n b  of 11.0 in Table V I I  may 
be 0.2 unit in error. The ionic solubilities of the per
chlorate and picrate were found from the conductance 
of the saturated solutions. The conductance of various 
dilutions of saturated solutions yielded X dKcio, =  1-4 
10~5andK dKpi =  5 X  10-6. The solubility in M IB K  of
3,5-dinitrobenzoic acid was determined gravimetrically 
and found equal to 0.37 M , as compared with a value of 
0.23 M  in A N ,20 yielding a value of log a n 7 m i b k h a  =  
(log a 7 m h a )  =  —0.2, the negative sign indicating 
greater solubility, in M IB K  than in A N . The solu
bility of picric acid in M IB K  was determined titri- 
metrically and found equal to 0.93 M 20 as compared 
with a value of 3.q M  in AN . Although a solution at 
such a high concentration cannot be considered as ideal, 
it  is fair to estimate log A y MHPi to be of the order of 
+ 0 .5 .21 Solubility products in A N  of the salts in 
Table V I I  have been determined previously.22 From 
the well known expressions23

( A p K dH Pi)ANMIBK =  0  =

- lo g  a7mh + — log A7MPi- +  log A7MHPi (13)
and

( A p K 8pKP i)ANMIBK =

— 2.5 =  - l o g A7MK+ -  log A7Mpi- (14)
we calculate

log a 7 m h + +  log A 7 Mp i -  =  + 0 .5
Using the above data we find log a7mh + — log A7MK + 
=  -2 .0 -  From similar data for 3,5-dinitrobenzoic 
acid and its potassium salt we find log a7mh + — log 
a7 mk + =  —1.7. Using the average value of — l.S w e  
calculate from the data in Table V I I I  for perchloric 
acid a 7 m h c i o 4 =  2.4 +  1.8 — 4.3 =  —0.1. This would 
indicate that undissociated perchloric acid has about 
the same solubility in A N  as in M IB K . Values ita li

cized in Table V I I I  are obtained from experimental data 
and do not involve any assumption.

Table VIII: Medium Effect + M for Some Acids and Their 
Ions (A = Acetonitrile, M = Methyl Isobutyl Ketone)

log aymk++ log aymh+ +
(ApXdHA)ANMIBK logA7MHA log ayma- log N ma-

HC104 z . l i ° -0 .1 4 - 8 + 2 . 5
HPi 0 . 0 + 0 . 5 2 . 5 + 0 . 5
HDNB 1 .9 - 0 . 2 3 . 7 + 2 . 1

From pÄdHci04 in AN = 2.1; J. F. Coetzee and G. R. Pad-
manabhan, J. Phys. Chem., 66, 1708 (1962), corrected for cali
bration of glass electrode, see ref 6.

Discussion
Even though the salt concentration in Tables I I I  and

IV  was only 0.001 M , the pK dHA of uncharged acids 
was found to be of the order of 0.5 to 0.6 unit greater 
than paHl/i and the pK'+n + of cation acids 0.5 to 1 unit 
smaller than paH„2, the difference being due to incom
plete dissociation of the salts. I f  salt concentrations
of the order of 0.01 M  would have been used the differ
ences would be much greater. Quite generally, rela
tively large differences between p K dHA or p K dBH +, and 
paHi/2 can be expected in solvents of low dielectric con
stant, the difference increasing with decreasing disso
ciation constants of the salts. From the difference in
p K dHA of a few uncharged acids in M IB K  and A N  and 
M IB K  and water, respectively (third and fifth column
in Table IX )  it  is seen that the resolution of acid 
strength with reference to water is of the same order of
magnitude in both aprotic protophobic solvents. For 
example, for 3,5-dinitrobenzoic acid K {n Al- is 2 X  104
as compared with 1 X  104 in A N .11 Since.homocon
jugation and also the effect of water and alcohols on
paH of mixtures of salts with their conjugate acids with  
large K fHa,- are small in aprotic protophilic solvents,

(19) J. S. Fritz, J. E. Abbnik, and P. A. Campbell, Anal. Chem,., 
36, 2123 (1964).
(20) M . K . Chantooni, Jr., unpublished results.
(21) I. M . Kolthoff, M . K . Chantooni, Jr., and S. Bhowmik, J. 
Amer. Chem. Soc., 90, 23 (1968).
(22) M . K. Chantooni, Jr., and I. M . Kolthoff, ibid., 89, 1582
(1967).
(23) See, e.g., I. M . Kolthoff, J. J. Lingane, and W . D. Larson, 
ibid., 60, 2512 (1938).
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Homoconjugation Constants of Some Acids in M ethyl Isobutyl K etone 2 5 0 3

T a b l e  IX: pX+A and pX+H + in MIBK and Comparison with Data in Water, AN, and Acetone
Acid pXdMIBK (Ap-K+ANmiBK (ApXd)»°eto,'eMIBK (ApXd)waterMIBK

Perchloric 4.5 2.4 2.1
Picric 11.0 0.0 2.2 10.7
2,6-Dinitrophenol 17.6 1.2 3.8 (?) 12.8
3,5-Dinitrobenzoic 18.8 1.9 14.1
Anilinium 9.6 -1 .0 5.0
Diphenylguanidinium 15.9 -2 .0 + 0 .5 5.8
T etramethylguanidinium 20.3 -3 .0 +  1.7 6.6

T a b l e  X : Calculation of pAdIH * and A+hcio, from Spectrophotometric Data Determined by Gracias8 
(I = o-Nitroaniline; ci = 8 X 10-6 M )

CHClOi, [H+], [I], [IH+], [IHClO.], [HClOd, X flHC104
M X 10* Ra M X 10* M X 10* M X 10* M X 10* M X 10* pXdiH+ X 10-»

0.88 0.170 5.1 6.8 3.9 0.8 0.4 3.5 3.3
1.75 0.441 7-4 5.5 6.5 1.5 1 .0 3.2 2.7
3.00 2.710 9-5 4.7 6.9 2.6 2.0 3.2 2-8
4.00 0.984 11 3.9 7.7 3.3 2.6 3.3 3-3
5.00 1.204 12.5 3.2 8.3 4.0 3.4 3.3 3.7
6.00 1.493 13.4 3.2 8.8 3.9 4.3 3.3 2-8
7.00 1.708 . 14.5 3.0 7.6 4.3 5.1 3.3 2-8
8.00 1.967 15.5 2.7 7.7 4.5 6.0 3.3 2-8
9.00 2.050 16.4 2.7 7.4 4.5 6.9 3.2 

Av 3.3
2-3

3 X 103

« R = [IH+] +  [IHClO,])/[!].

like DM SO and to a lesser extent D M F , the latter type 
of solvent is much preferred over the protophobic sol
vents in the titration of mixtures of weak acids. On 
the other hand, in protophilic solvents there is no resolu
tion of acid strength of acids which are very strong in 
water (HC104, HC1, H N 0 3, H 2S 04), while there is in 
protophobic solvents.2

From the data in Table I X  it is seen that picric acid 
has the same dissociation constant in acetonitrile as in 
M IB K . The picrate ion is a relatively large ion with 
a delocalized charge, and the medium effect for this ion 
between two aprotic solvents should not be much af
fected by the dielectric constant (Born effect). Consid
ering also that picric acid is some 4 times more soluble in 
A N  than in M IB K  (log an7mibkhp; =  + 0.5), log 
an7m ibkp. .  =  +0.5 (Table V I I I ) .  Thedielectric (Born) 
effect on 7H+ is expected to be considerable, probably 
of the order of that of the potassium ion, which is roughly 
estimated to be of the order of 2. Assuming that log 
an7mibkp._ js 0f fhe or(Jer of 0.5, we would expect that 
log 7h + +  log 7pi - would be of the order of 2.5, as com
pared with the experimental value of + 0 .5 . The differ
ence indicates that the ketone is a considerably stronger 
base than the nitrile and that log an7 mibkh+ js 0f the 
order of zero. This is substantiated by some of the 
data in acetone (dielectric constant 20) reported by 
Aufauvre.6 He finds in this solvent a pK  of picric acid 
of 7.824 and Coetzee6 a pK  of perchloric acid of 2.4, as 
compared with 11.0 and 2.1, respectively, in AN . The 
relatively large values of log a7mh + +  log a7ma - (Table 
V I I I )  of 2.5 for perchloric and of 2.1 for 3,5-dinitroben-

zoic acids indicate that the dielectric effect on their 
anions, which have a localized charge, is large, the non
electric effect (third column in Table V I I I )  being about 
the same for both acids, The conclusion that the ke
tones are stronger bases than the nitriles is substanti
ated by the considerably smaller p K dBH + values of 
anilinium, diphenylguanidinium, and tetramethylguani- 
dinium ions in M IB K  (and also in acetone) as com
pared with those in A N . No comparison is made here 
with p K dHA values reported by Izmailov26 in acetone, by 
Estranova26 and also by Norberg27 in methyl ethyl 
ketone, and by Dulova28 in acetophenone and cyclohexa
none. Norberg applied French and Roe’s29 treatment to 
solutions of picric acid in the various solvents in which 
the acid is so slightly dissociated that no reliable value 
for the constant can be found by the method used. An
other indication that M IB K  is a stronger base than A N  
is obtained from the value of X dBH+ of the o-nitroanilin
ium perchlorate IH C IO 4.7 The ratio R  =  ( [ IH + ] +  
[IH C IO 4] ) / [ ! ]  of this Hammett indicator in solutions of

(24) F. Aufauvre, Bull. Soc. Chim., Fr., 2802 (1967).
(26) A. N. Izmailov and V. N. Izmailova, Zh. Fiz. Khim., 29, 1053 
(1955); Izmailov and Mazarava, Russ. J. Phys. Chem., 34, 737 
(1960).
(26) K. J. Estranova, H. A. Raddat, and M . A. Kyruma, Zh. Fiz. 
Khim., 63, 2850 (1969).
(27) K . Norberg, Acta Chem. Scand., 20, 264 (1966).
(28) V. I. Dulova and I. A. Popova, Tr. Sagu Novaya Serya, 84, 
63 (1958).
(29) C. M. French and I. G. Roe, Trans. Faraday Soc., 49, 314 
(1953).
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perchloric acid in M IR K  has been determined by 
Gracias.8 Knowing K dncio4 and taking K diHcio4 =
2.6 X  10 0 (equal to K daniiinium perchlorate determined in 
the present work) an average value of K ' ihcio, =  
[IHClO.i] /  [1 ] [HC10,i] =  3 X  103 and p X diH + =  3.3 
was calculated from the data in Table X . This com
pares with a value of 4.8 in A N 7 and 3.0 in acetone.5 On 
the basis of the above discussion it is fair to conclude 
that the basic strength of M IB K  is of the same order of 
magnitude as that of acetone and that both ketones are

stronger bases than acetonitrile. On the basis of this 
conclusion it would be expected that the hydration con
stants of the proton would be some 10 to 50 times 
smaller in M IB K  than in AN. The values of K fh +3w 
and K fH+4w reported in herein are virtually equal to 
those in A N .18 Acetonitrile is miscible with water in 
all proportions, indicating strong solvation in this sol
vent, while the solubility of water in M IB K  is only of 
the order of 1 M . This means that log a n 7 m i b k h 2o  

is small and probably of the order of + 1  to + 2.

Molecular Complexes of Iodine with Some Mono N -Oxide 

Heterocyclic Diazines

by N. Kulevsky* and R. G. Severson, Jr.

Department of Chemistry, The University of North Dakota, Grand Forks, North Dakota 58201 (Received February 24, 1971)

Publication costs borne completely by The Journal of Physical Chemistry

The complexes of iodine with the mono X-oxides of pyridine, pyridazine, pyrimidine, and pyrazine were studied 
with the object in mind of determining whether the basic site in the diazine X-oxides was the lone pair on oxygen 
or nitrogen. Equilibrium constants for the association of the complexes as a function of temperature were 
determined from absorbance measurements at the maxima of the blue-shifted iodine peak. The values of 
AG0.« and A //0« obtained from these measurements indicate that the order of donor ability is pyridine X - 
oxide > pyrimidine X-oxide >  pyrazine X-oxide >  pyridazine X-oxide. Arguments based upon considerations 
of the substituent effects of the nitrogen and X-oxide groups lead to the conclusion that this trend of donor 
strength is consistent only with oxygen acting as the donor site.

Introduction
The mono X-oxides of heterocyclic diazines are 

species whose interactions with electron acceptors may 
involve electron donation from either the it electron 
system of the ring or the nonbonded electrons on either 
the oxygen or the second ring nitrogen. Since pre
vious studies with pyridine,1 diazines,2 and pyridine X -  
oxides3-6 indicate that toward iodine these molecules 
are 11-donors, it is likely that the mono X-oxides of the 
diazines also would behave as 11-donors towards iodine. 
However, which of the two available lone pairs would 
be the primary donor site is open to question. Compar
ison of the existing data regarding the association in io
dine complexes of pyridine1 and pyridine X-oxide3 (as
sociation constants at 25° in CC14 are 105 and 76 1. 
mol“ 1, respectively) implies that when the two lone 
pairs are isolated from one another the aromatic nitro
gen is a stronger donor than the oxygen of the NO group 
and thus would be the most likely donor site. Since,

however, the two groups are not isolated from each 
other in the X-oxides of the three isomeric diazines the 
electronic effects of each group on the other must be 
considered. One quantitative measure of these effects,
the Hammett a constants obtained for N  and N  + -0  “

/  /

as substituents for ^ C H  in benzene,6 7 indicates that

(1) W. McKinney and A. X. Popov, J. Amer. Chem. Soc., 91, 5215 
(1969), and references therein.
(2) V. G. Krishna and M. Chowdhury, J. Phys. Chem., 67, 1067
(1963) .
(3) T. Kubota, J. Amer. Chem. Soc., 87, 458 (1965).
(4) T. Kubota, K. Ezumi, M. Yamakawa, and Y . Matsui, ./. Mol. 
Spectrosc., 24 (1967).
(5) R. C. Gardner and R. O. Ragsdale, Inorg. Chim. Acta, 2, 139
(1968).
(6) H. H. Jaffe and H. L. Jones, Advan. Heterocycl. Chem., 3, 209
(1964) .
(7) A. R. Katritzky and F. J. Swinbourne, J. Chem. Soc., 6707
(1965) .
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both are base weakening substituents. However, these 
data are not sufficient to establish which group would 
be the donor site towards iodine, as it is not clear how 
large these differences in substituent effects must be in 
order for the aromatic nitrogen to be a weaker donor 
than the oxygen of the NO group.

In  a previous note concerning the infrared spectra of 
the iodine complexes of the several diazine A-oxides it 
was suggested that oxygen is the donor site.8 This con
clusion was based on the observation that the NO  
stretching frequency for each of the donors decreased 
when the complex formed. Since infrared data are not 
completely convincing evidence for this conclusion, we 
shall in this paper discuss the relationship between the 
thermodynamics of complex formation and the position 
of the donor site.

Experimental Section

M ateríais. Fisher-analyzed iodine was sublimed un
der vacuum three times and stored in a desiccator. 
Spectral grade C H 2C12 which had been stored over a 
molecular sieve to eliminate water was used without any 
further treatment. Eastman practical grade pyridine 
A-oxide wTas distilled three times under vacuum. The 
diazine A-oxides were produced from the diazines and 
30% hydrogen peroxide in glacial acetic acid by the 
methods developed by Ochiai.9 They were then puri
fied by recrystallization and sublimation or distillation. 
As all of the oxides appear to be more or less hygro
scopic, they were stored in a desiccator over P20 5. The 
melting points and ir spectra obtained for the com
pounds were in agreement with literature data on them.

A pparatus. A ll of the spectra were recorded in the 
visible region using a Cary 14 spectrophotometer. The 
cell compartment was thermostated to ± 0.1°. Cells 
of 1-cm path length were used for recording all spectra.

P reparation  o f Solutions. Stock solutions of donor and 
iodine were prepared by weighing out both the solvent 
and solute. Since all the donors are hygroscopic, 
stock solutions of the donors were prepared in a drybox 
under nitrogen. The solutions to be used in the mea
surements were prepared by mixing weighed quantities 
of stock donor, stock iodine, and pure solvent. By 
using these weights and assuming that the final dilute 
solutions had the same density as the pure solvent, the 
initial molar concentrations could be calculated.

The range of concentrations for the donors was 0.03 
0.3 M  for pvrazine A-oxide, 0.5-0.4 M  for pyridazine 
A-oxide, 0.02-0.16 M  for pyrimidine A-oxide, and 
0.01-0.1 M  for pyridine A-oxide. In  all cases, the iodine 
concentrations ranged from 3 X  10~4 to 18 X  10 ~4 
iff. The absorbance values were measured in the range 
0.1 to 1, although attempts were made to pick most of 
the concentrations so that absorbance readings would 
be around 0.5.

Absorbance measurements were made on the solu

tions immediately after mixing. A ll measurements 
were made using an iodine blank.

Results and Discussion

I t  was found that the mono A-oxides of the three 
isomeric diazines as well as pyridine A-oxide on being 
mixed with iodine produce a blue-shifted iodine peak. 
Also each of the donors in solution with iodine had fine 
isosbestic points over the range of concentrations used. 
The absorption data wrere treated using an equation de
rived by Tamres.10 This equation (1) is valid for the 
association of 1:1  complexes if the complexes are 
weak and/or if the solutions are both dilute. In  eq 1, 
ac is the absorption coefficient of the complex, aj is the 
absorption coefficient of free iodine, A  is the absorbance 
of the solution measured with a reference solution con
taining the same concentration of iodine used in the

Ca Cv / (A ) =  (C a +  Cd) / ( uc — cq) +
1 / K c(ac — a t) (1)

solution of the complex, and K c is the association con
stant. A plot of (C aC o )/ A  v s . (C a +  C o) for several 
solutions is a straight line whose slope is l / ( a c — a,) and 
intercept is 1/ A c(ac — fli'.

The values of K a and (ac — <*0 shown in Table I  for the 
A-oxides studied were obtained using eq 1. The slopes 
and intercepts were calculated using the method of 
least squares. The values of A H °  presented in Table 
I I  were calculated from a plot of In K c vs. 1/T. The 
values of A(r°298 given in Table I I  were calculated from 
the value of A 298 given by the line obtained in the least- 
squares calculation of the data in Table I .  A ll of the 
error limits presented in the tables are the standard de
viations obtained from the least-squares treatment.

The values of AG ° and AH °  in Table I I  indicate that 
the order of stability for the complexes and thus the or
der of donor ability is pyridine A-oxide >  pyrimidine 
A-oxide >  pyrazine A-oxide >  pyridazine A-oxide. 
This trend is the same as the trend of the frequency 
shifts between the NO stretch in the free and com- 
plexed donors.8 Since the effect of complex formation 
on the infrared spectra of all the donors is to decrease 
the NO stretching frequency and the size of the fre
quency shifts parallels the thermodynamic stability of 
the complexes, it appears likely that all of the oxides 
studied are utilizing the same donor site.

Whether nitrogen or oxygen is the donor site, it is not 
unexpected that the A-oxides of the diazines are wTeaker 
donors than both pyridine A-oxide and pyridine, since 
as mentioned previously both the aromatic nitrogens 
and NO are base weakening substituents.6,7 However,

(8) N. Kulevsky and R. G. Severson, Jr., Spectrochim. Acta, Part A. 
26, 2227 (1970).
(9) E. Ochiai, J. Org. Chem., 18, 534 (1953).
(10) M. Tamres, ./. Phys. Chem., 65, 654 (1961).
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T a b l e  I  : Equilibrium Constants and Absorption Coefficients
as a Function of Temperature for Iodine Complexes of 
Azine A-Oxides in CH2CI2

T,
ac — cti, 
1. mol-1 Ac A a Amaxj

°c cm-1 l./mol nm

Pyridine A-oxide 7.2 1755 ±  10 76.4 ±  2.0
14.4 1793 ±  21 54.7 ±  2.5 422
25.3 1796 ±  24 37.5 ±  1.4

Pyrazine A-oxide 10.0 1310 ±  10 5.22 ±  0.02 428
16.4 1300 ±  10 4.40 ±  0.06
24.6 1290 ±  10 3.58 ±  0.03

Pyrimidine A-oxide 7.5 1685 ±  10 10.4 ±  0.1 CO

15.1 1685 ±  10 8.4 ±  0.1
24.7 1770 ±  16 6.0 ±  0.1

Pyridazine A-oxide 10.3 1430 ±  15 2.11 ±  0.03
17.5 1460 ±  35 1.79 ±  0.06 438
24.3 1480 ±  40 1.55 ±  0.05

a The maxima given here are those observed in the experi-
mental curves of A  vs. X.

T a b l e  I I  : Thermodynamic Data for Association of
Iodine-A-Oxide Complexes in CH2CI2

— A G°a, -Aff”, -AS°!S,
kcal/mol kcal/mol eu

Pyridine A-oxide 2.11 ±  0.02 6.82 ± 0 . 2 15.8
Pyrazine A-oxide 0.75 ±  0.01 4.33 ±  0.01 12.0
Pyrimidine A-oxide 1.04 ±  0.01 5.33 ±  0.24 14.1
Pyridazine A-oxide 0.25 ±  0.02 3.73 ±  0.08 11.7

the trend of donor strength found within the series of 
diazine A-oxides does not agree with the trend predicted 
on the basis of the NO group affecting an aromatic nitro
gen acting as the basic site. On the other hand, if oxy
gen is the basic site the observed trend in basic strength 
can be rationalized by considering the resonance and 
inductive effects of the nitrogen on the N - 0  group. 
The primary reason for this is that the NO group, 
while overall an electron withdrawing group, is electron 
releasing by the resonance effect, whereas nitrogen is 
electron withdrawing by both the resonance and induc
tive effects. Thus if nitrogen is the donor site, the 
overall effect of NO must be electron withdrawing in 
all positions, and therefore the inductive effect of the 
group must outweigh the resonance effect. I t  would 
then appear that pyrimidine A-oxide, in which there is 
little  resonance interaction between the groups, should 
be a weaker donor than pyrazine iV-oxide where there 
is a weaker inductive effect and a stronger resonance 
effect.

The above arguments are at best qualitative, and 
they may be supported on a quantitative basis by

using the Hammett equation. I t  has been shown that 
linear free-energy relationships are applicable to iodine 
complexes formed with some series of similar donors.11 
Therefore, an attempt was made to find a correlation 
between the association constants at 25° for the iodine 
complexes and two different sets of <7 values. For the 
first set, nitrogen was assumed to be the donor site and 
UNO values were used with pyridine as the reference 
base, while for the second set, oxygen was assumed to 
be the donor site and on values were used with pyridine 
A-oxide as the reference base. The a values used in the 
correlations are those obtained for all three substituent 
positions by Katritzky and Swinbourne.7 Although 
only three data points and the reference compound 
were available, there is an excellent correlation of the 
data with on (correlation coefficient =  0.992, standard 
deviation =  0.13), while the correlation with <tno is 
very poor (correlation coefficient =  0.817).

Further support for the conclusion that oxygen is 
the donor site in the diazine N -oxides comes from a con
sideration of molecular orbital calculations performed 
on these molecules.12 The results of these calculations 
indicate that the 7r-electron density at the oxygen and 
the donor ability decrease in the same order, while the
71-electron density at nitrogen varies inversely with the 
donor ability.

One anomaly which may be observed on examination 
of the a values used in the free energy correlation de
serves mention. For substituents at both the a  and ¡3 
positions trN0 is larger than <tn, while the reverse is 
true for the 7 position. Therefore it might be expected 
that in pyrazine A-oxide, nitrogen might be the donor 
site. The reason why it is not may be that steric as 
well as electronic factors govern the choice of the donor 
site. Steric repulsions between the hydrogens a  to 
nitrogen and the large iodine molecule could cause oxygen 
to be the donor site even if the electronic factors are not 
completely favorable for it  to do so. Gardner and 
Ragsdale suggested that such steric repulsions were 
important in order to explain why the association con
stants of pyridine and pyridine IV-oxide iodine com
plexes were so close, while their p A n values differed 
by 4.5 pA a units.6
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The increase in demands for precision in current analytical ultracentrifuge techniques has necessitated the in
clusion of correction terms previously neglected. The effect of cell distortion as distinct from rotor stretch is 
considered in this paper, where use is made of a theoretical model. The equations for the deformation of the 
model cell body under a centrifugal gravitational field are derived and the results are applied to cells used in 
current practice. The numerical calculations indicate that the correction terms are significant at the higher 
rotor speeds for high-precision Rayleigh interference work, and are particularly relevant in view of the increas
ing popularity of short-column high-speed methods. The experimental observables specific to cell distortion 
are shown to be a differential displacement of the liquid cell base, this being relevant to Yphantis-type cells, 
coupled with a decrease in the liquid column height. The latter observable could be confused with finite 
liquid compressibility and an analysis of this separate effect is included in an appendix to the paper. It  is 
expected that the correction procedures indicated for the model can be extended to all practical cases where 
appropriate.

Introduction
The advent of high-speed analytical ultracentrifuga

tion methods such as those of Yphantis,1 together with 
the enhanced accuracy in the optical analysis as shown 
by LaBar2 and others,3-6 has led to an increasing de
mand for precision in techniques involving the analy
tical ultracentrifuge, and this has made it necessary to 
take into account effects heretofore neglected. Fur
thermore, improvements in rotor speed mechanisms 
such as that of Smiriga and Hearst6 and elsewhere7'8 
have reduced the instantaneous deviations of rotor 
speed to less than 0.01% in the Beckman Model E  in
strument. In  addition the instrument is equipped 
with a standard R T IC  (Rotor Temperature Indicator 
and Control) unit9 which maintains the rotor tempera
ture constant to within 0.1° during operation. Thus 
the rotor and cell are effectively isothermal during oper
ation and the centrifugal field terms m2r, where to is the 
angular velocity and r the radius, can be calculated to 
0.02%. This implies that for the true precision to be 
realized, account has to be taken of rotor stretch, and 
cell deformation in the centrifugal field. The former 
has been investigated experimentally by Kegeles and 
Gutter,10 Schachman,11 and Baghurst and Stanley,12 
from whose work data are available for both aluminum 
and titanium rotors. In  addition, mathematical analy
ses of rotor stretch for variable geometry rotors have 
been formulated by Timoshenko13 and by Biezeno and 
Grammel.14 For the Beckman Model “E ” ultracentri
fuge it has been shown experimentally by Schachman11 
that the radial coordinates r can increase by 0.5% at

59,780 rpm for an aluminum rotor, and Baghurst and 
Stanley12 have shown that r increases by as much as 
0.75% at 67,770 rpm for an A n -H  titanium rotor. 
Hence as the above authors have intimated it is essen
tial to correct for the effects of rotor stretch for precise 
work. However, owing to body forces in the centrifu
gal field the cell itself undergoes distortion (compres
sion), and experimentally in the past this effect has been 
masked partially by the rotor stretch. I t  is the purpose

(1) D. A. Yphantis, Biochemistry, 3, 297 (1964).
(2) F. E. LaBar, “ Ultracentrifugation Using Rayleigh Interference 
Optics,”  Thesis in Biochemistry, Stanford University, 1963.
(3) J. W . Beams, N. Snidown, A. Robeson, and H. M . Dixon, Rev. 
Sci. Instrum., 25, 295 (1954).
(4) E. Richards and H. K . Schachman, J. Phys. Chem., 63, 1578 
(1959).
(5) H. K. Schachman, Biochemistry, 2, 887 (1963).
(6) S. R. Smiriga and J. E. Hearst, Rev. Sci. Instrum., 40, 233
(1969) .
(7) Beckman Instruments, Inc., Technical Bulletin E-TB-013, Feb 
1965.
(8) A. A. Windsor, T. H. Rich, R. E. Doyle, and F. T. Lindgren, 
Rev. Sci. Instrum., 38, 949 (1968).
(9) Beckman Instruments Inc., Technical Bulletin No. TB60003B, 
1957.
(10) G. Kegeles and F. J. Gutter, J. Amer. Chem. Soc., 73, 3770 
(1951).
(11) H. K. Schachman, "Ultracentrifugation in Biochemistry,” 
Academic Press, New York, N. Y ., and London, 1959, p 19.
(12) P. A. Baghurst and P. E. Stanley, Anal. Biochem., 33, 168
(1970) .
(13) S. Timoshenko, “ Strength of Materials,” 3rd ed, Van Nostrand, 
Princeton, N. J., 1956, p 223, Part II.
(14) C. B. Biezeno and R. Grammel, “ Technishe Dynamic,”  2nd 
ed, Vol. II, Berlin-Gottingen-Heidelberg, 1953, p 25.
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Figure 1. Diagram of the rectangular cell centerpiece within 
its coordinate axis system. The y axis is perpendicular to the 
plane of the paper.

of this paper to investigate cell distortion theoretically 
as distinct from rotor stretch, so that these effects may 
be assessed and their significance appreciated.
The Model and Theory

The model we have developed is the result of various 
attempts to simulate the conditions of the cell center- 
piece in the rotor. We have analyzed this model ac
cording to the theory and notation of Landau and Lif- 
shitz,15 and for simplicity we have assumed rectangular 
symmetry for the cell and centrifugal field as indicated 
in the diagram of our cell centerpiece in Figure 1. To 
separate the effects of rotor stretch from those of cell 
distortion we have selected a symmetrical position, dis
tance R  from the axis of rotation, as the origin of our 
coordinate system. Naturally, R  will vary with rotor 
speed owing to rotor stretch. The cell is located in the 
x y  plane and the positive z axis of our system is in the 
negative radial direction of the rotor. The undeformed 
cell centerpiece considered is a rectangular block of 
square cross section a 2 in the xz plane and of length 
b  in the y  direction (the direction of the optical 
axis in the ultracentrifuge). Physically the field is that 
which applies for R  3> a. Hence the problem was to 
determine the deformation of the centerpiece resting in 
the rotor at z =  zero subjected to a gravitational field 
gz — — co2(if — z) ; gy =  gx =  0, since the earth’s field 
in the y  direction is neglected. Furthermore, one 
boundary condition imposed was that the displacement 
vector u z was zero when z =  0, since the centerpiece 
was assumed to be supported by the rotor in this plane.

I t  is shown by Landau and Lifshitz15 that if a body is 
in equilibrium and is located in a gravitational field, 
then the internal stresses and the force of gravity per

unit volume must vanish, and this result is expressed in 
their eq 2-7, i.e.

c) O
T -1  +  P9i =  0 (1)
O X k

where <rik is a general stress tensor element, x k is a 
generalized coordinate, p is the density of the center- 
piece material, and g( is the component of the gravita
tional field in the fth direction.

From (1) the equations of equilibrium for our body 
become

_  dozE _
dx* dxk { ’

and

~  =  p<o2(R -  z) (3)
OXfc

Now, the boundary conditions that must be satisfied 
for our model are as follows: (a) on the sides of the
centerpiece all components <rik vanish except <rzz) (b) 
when z =  a, a xy =  <rvz =  a zz =  0. The solution of 
the equilibrium equations satisfying the boundary con
dition is

azz =  — pu2[R (a  — z) — ^ (a2 — z2)] (4)
jU

with all other
ff« =  0 (5)

Knowing the stress tensor elements <rilc we can find the 
strain tensor elements u ik by use of Landau and 
Lifshitz’s15 eq 5-12, i.e.

u ik = [(1 +  <x)aik — uu8ik\ /E  (6 )
Where cr is Poisson’s ratio and E  is Young’s modulus for 
the centerpiece material, 8ik is a unit matrix, and the 
double subscript for the stress tensor indicates sum
mation in accordance with standard tensor notation. 
Whence

pw2 1
u xx =  — a [R (a  -  z) -  - ( a 2 -  z2)] (7)

pco2 1
UM =  -jjj-°[R (.a  -  z) -  -  (a2 -  z2)] (8)

pco2 1
u zz =  ~  —  [R (a  -  z) -  -  (a2 -  z2)] (9)

and

V*xy 'U'xz =  'U'zy ~  0  ( I d )

the strain tensor being symmetrical of course as shown 
by Landau and Lifshitz’s16 eq 1-4. The object of

(15) L. D. Landau and E. M. Lifshitz, “ Theory of Elasticity of 
Course of Theoretical Physics,”  Vol. 7, Pergamon Press, London, 
New York, Paris, and Los Angeles, 1959.
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Figure 2. Diagram of the symmetrical rectangular cavity 
within the model centerpiece. The cavity has dimension yi 
perpendicular to the plane of the paper.

metrically as shown in Figure 2. In  practice the liquid 
under investigation is placed in the cavity in the cell 
centerpiece, and it is of interest to determine the cavity 
deformation in the centrifugal field. In  stress analysis 
this problem frequently introduces complexity owing to 
new boundary conditions, but in the present model the 
problem is relatively simple, since we note from eq 4 
and 5 that only crzz is finite and all other trik are zero. 
Physically, this means that a cavity and body material 
in our cell centerpiece behave identically.

I t  can be shown by the use of eq 14 that the fractional 
change in the overall length of side z2Zi owing to cell 
deformation is given by

Vz =  ^ r [ 2^ a  -  R (z2 +  2i) -  a 2 +

Z22 +  z2zi +  Zi2 , „ , „,1-------------------------- a (x 2 +  y 2) (15)

whereas by use of eq 12 and 13 the fractional changes 
in the overall lengths of the sides parallel to the x  and 
y  axes located at zi and z2, respectively, are given by

Pxl =  Vvi
poi2a
2E

(a — Z i) (2R  — a — Zi) (16)

our analysis is to determine the displacement vector u  
at any point in the centerpiece, since this is the quanti
tative measure of deformation. This is found from the 
relationship between the strain tensor elements and the 
displacement vector formulated in Landau and Lif- 
shitz’s15 eq 1-5

Where the double subscript indicates strain tensor ele
ments, and the single subscript the relevant displace
ment vector component. Thus by integration we ob
tain the components of the displacement vector

u x =  ^ a [ R { a  -  z) -  ^ (a2 -  z2) ] x  (12)

u y =  ~ c r [E (a  -  z) -  ^ ( a 2 -  z 2) ] y  (13)

u z =  -  z) -  z ( a 2 -  0  +

<r(R -  z ) ( x 2 +  ?/2)J  (14)

I t  should be noted at this stage that the expression for 
u z satisfies the boundary condition uz =  0 only at 
the point of origin of our coordinate system, and hence 
the solution is not valid near this plane. However, the 
solution near this latter plane is not required in the sub
sequent analysis.

A cell cavity in our model has rectangular geometry 
and initially we shall assume that it  is positioned sym-

P x  2 — V y 2

p « 2(7

~2E
(a — z2)(2 R z*) (17)

where p xi is the overall fractional change in the side 
parallel to the x  axis located at zh etc.

Thus from eq 15, 16, and 17, and a knowledge of the 
undeformed cavity dimensions, the deformation of 
the cavity may be calculated.

By inspection of eq 16 and 17 we note that the 
right-hand sides are always positive and hence the 
dimensions in the x y  plane are always increased owing 
to cell deformation, whereas the right-hand side of eq 
15 could be positive, negative, or zero. A diagrammatic 
picture of the deformed rectangular cavity is shown 
in Figure 3.

Consider a rectangular cavity of initial volume

V  =  (z2 —  z i) x iy i  (18)
where (z2 — Zi), x\, and y i are the undeformed lengths 
of the sides. I t  can be shown that the volume V  of 
the deformed cell depicted in Figure 3 is given to a close 
approximation by

V  =  -  — [ y 'u {x 'n  +  ^ ,i2) +  x 'u ( y 'u  ~  y 'n ) ]
A

(19)

where (z2 — z i)V 6 is the deformed length of the side 
(z2 — Zi) evaluated at x  =  0, y  =  0; and y \ 2 is the 
deformed length of the side y i evaluated at z2, etc.

(16) Note the variation in (22 — 21) '  over the range of values of x 
and y used for the cavities within our model is negligible.
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z

Figure 3. Diagrammatic representation of the cavity shown in 
Figure 2 after deformation owing to the centrifugal body forces.

Using eq 18 and 19 it can be shown that fractional 
volume change (8) of the cavity is

8 =  " t "  1 ) { <x ( 2 jR  — a) — R (z 2 +  2 1 ) }  +

y  +  \ (3a  +  l)(z22 +  Z,*) ]  (20)

The practical significance of eq 20 insofar as the 
ultracentrifuge is concerned is that the height of the 
liquid column in the cell varies with the rotor speed, 
and this effect if observed may be misinterpreted as 
additional liquid compression. A separate analysis of 
this latter effect together with an appropriate discussion 
of the effects and magnitudes to be expected from this 
source are included in an Appendix to this paper. 
However, assuming that a liquid in the cell under inves
tigation is incompressible we can determine the change 
in liquid column height in terms of the known param
eters using eq 20. Doing this we find that in the 
deformed cell the liquid column height h' is given by

h' =  h( 1 -  q) (21)
where

pw2
q =  — -<r[2a(2R  — a) — 2 R (zh +  zm) +  zb2 +  zm2]

¿Hj

(2 2 )

and in which Zb and zm are the locations of the liquid 
base and meniscus, respectively. From eq 22 we 
note that q can be positive, negative, or zero, and that 
the sign depends only on the rotor and cell coordinates, 
and is independent of materials and rotor speed.

Thus it should be possible (theoretically) to design a 
centrifuge system partially to eliminate this effect.

We also see from eq 22 that the fractional change 
in liquid column height q is itself a function of the column 
height h =  (zm — zb) and of its location zb in the cell. 
Rewriting eq 22 in terms of these latter two observable 
parameters we obtain

pco2

9  =  2 E a ^ 2 R  ~  ~

2R (2zh +  h) +  z ^  +  (2b +  h )2] (23)
Application of Theory and Discussion

Having derived equations relevant to a cell in an 
ultracentrifuge it is important to determine an estimate 
of the order of magnitude of the aforementioned effects. 
To this end, data relevant to the Beckman Model “E ” 
instruments were inserted into the equations, under the 
assumption that the cell was constructed of duralumin, 
but the results may be applied readily to centerpieces 
constructed from other materials. The data used are 
as follows, assuming the symmetrical cavity of Figure 2: 
R  =  7.5 cm; a =  2.2 cm; Z\ =  0.6 cm; % =  1.6 cm; 
x x — 0.25; 2/1 =  1.2 cm. From Kaye and Laby17 for 
duralumin: p =  2.8g /m l; 0 =  0.33; E  =  7.3 X  10u 
dyn cm-2 ; and the rotor speed varies in the range 
zero-75,000 rpm. The above data are applicable to a 
typical cell used for long column experiments.

Since Zb is fixed by the above data to about 0.6 cm 
(i.e ., rb =  6.9 cm from axis of rotation), it  was of inter
est to use eq 23 to find the column height for which q, 
the fractional change in column height, was zero. The 
resulting calculation gave column heights h =  4.0 cm 
and 9.8 cm which are physically impossible with the 
cells used. For a typical cell 0 <  h <  1.0 cm and 
therefore a change in liquid column height should be 
present in practice. Furthermore, by differentiating 
eq 23 with respect to h and inserting values of h in 
the range 0 <  h <  1.0 cm, we find that dq/dh is always 
negative, indicating that the shorter the column the 
greater the effect. The latter result is important owing 
to recent emphasis on high-speed, short-column meth
ods,1 and contrasts with the effect associated with 
finite liquid compressibilities (see Appendix). Again 
from eq 23 for h in our experimental range, we find 
that q is always positive, and hence from eq 21 we see 
that liquid column heights should always contract 
owing to cell distortion under the applied experimental 
conditions. Figures 4 and 5 show graphically the per
centage contraction for liquid column heights in the 
range of interest for the duralumin cell model under 
consideration. Data are plotted over the typical rotor 
speed range 0-75,000 rpm of the Beckman Model “E ”

(17) G. W . C. Kaye and T. H. Laby, "Tables of Physical and Chemi
cal Constants,”  11th ed, Longmans, Green and Co., London, New 
York, and Toronto, 1957.
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Figure 4. Graph showing the percentage contraction of liquid 
height with rotor speed for three different column heights in 
the duralumin model.

Figure 5. Graph showing the percentage contraction of liquid 
column height with liquid column height at constant rotor 
speeds for the duralumin model.

instrument. From graphs we note that at 70,000 rpm 
for a short-column experiment of 3 mm the percentage 
contraction is in the region of 0.12%. This gives an 
actual change in column height of about 0.0004 cm. 
Since the interference-schlieren optical system of the 
ultracentrifuge magnifies the radial dimensions by 
about 2 times this would result in a change of about 0-.001 
cm on the photographic plate. This should be observ
able since the microcomparators employed in plate anal
ysis for interference work have a least count of 0.0001 
cm. In  practice cell distortion is coupled with window

distortion, since the above stress analysis could apply 
equally to isotropic cell windows, and such a simple ex
trapolation is not really relevant at these speeds owing 
to uncertainties associated with locating the exact posi
tions of the meniscus and base on the photographic 
plates. However, with the introduction of laser 
sources18-19 coupled with improved window holder de
sign20 the menisci will be more clearly defined and it 
should be possible to measure the above effect in 
practice and make any necessary corrections when 
precise work (particularly interference) is being under
taken. Obviously for cells with an improved density 
to strength ratio (p/E ) this effect will be diminished as 
expected, and this is indicated in the theoretical equa
tions.

For an interference cell model in which there are two 
cavities symmetrically located about the z axis we find 
the results for each cavity similar to those for the single 
cavity described above.

A cell that is becoming increasingly popular in exper
imental work and to which cell distortion could be of 
major importance is the high-speed Yphantis-type 
cell— of which a recently improved side-access version 
has been described by Ansevin, Roark, and Yphantis.20 
This latter cell is specifically designed for rotor speeds 
in excess of 40,000 rpm. Now this cell is fabricated to 
improve among other things its density to strength 
ratio, and to consider a duralumin version as an exam
ple of the effects of cell distortion is unduly pessimistic. 
However the results obtained by the analysis of a dural
umin cell will emphasize the effects cell distortion could 
have in such a cell, and indicate relevant correction 
procedures should these be found necessary. A dia
gram of a three channel Yphantis cell applicable to our 
model is shown in Figure 6. Cell distortion could be of 
primary importance in a cell of this type owing to its 
discriminatory effects among the channels. This is in 
contrast to rotor stretch which affects all channels 
equally. Fundamentally, the cell distortion effects are 
twofold: (a) the displacement of the cell base position
(u„b) will be different for each channel, and (b) the vari
ation in liquid column height (q) for similar levels (h) 
in the channels will be different.

An estimate of the effect of cell base position dis
placement can be found from eq 14 where z is re
placed by the appropriate Zb and the other parameters 
have the same numerical values as defined previously 
However, the last term in the brackets indicating the 
effect of the cell position in the x y  plane is small and 
hence eq 14 may be rewritten as

Uzb
poi2
2 E  _R zh(2a  — 2b) — «b (24)

(18) Beckman Instruments Inc., "Future Product Information, 1969” .
(19) J. A. Lewis and J. W. Lyttleton, unpublished work.
(20) A. T. Ansevin, D. E. Roark, and D. A. Yphantis, Anal. Bio- 
chem., 34, 237 (1970).
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Figure 6. Diagram of the three channel Yphantis-type cell 
centerpiece applicable to our model.

Note the negative sign indicates that the displacement 
is in the negative z direction, i.e ., in the radial direction 
of the rotor as expected. We see that the displacement 
is proportional to (i) the square of the rotor speed, (ii) 
the density to strength ratio of the cell material, and 
(iii) the location of the base in the cell centerpiece (as
suming that the cell centerpiece dimensions and posi
tions within the rotor are fixed). The base positions 
selected for our model Yphantis cell were zm =  0.4 cm, 
Zb2 =  0.9 cm, and Zb3 = 1 . 4  cm, where the subscripts 1, 
2, and 3 indicate the three channels numbered from bot
tom to top of the cell. The cell base displacement (uzb) 
is plotted against rotor speed in Figure 7 for the position 
of the three channels above as well as for the top of the 
centerpiece Zb =  2.2 cm and for Zb =  0.6 cm, the latter 
being typical for the cells used for long-column experi
ments and schlieren work. Figure 8 depicts the varia
tion in base displacement (wn>) as a function of the posi
tion within the centerpiece, while rotor speed is main
tained constant. I t  should be appreciated that the 
origin relative to the axis of rotation of the rotor will 
itself vary with rotor speed owing to rotor stretch and 
moreover the displacement at the top of the center- 
piece gives rise to a widening of the gap between the 
rotor and cell already present owing to rotor stretch. 
By extrapolation one can determine the relative base 
displacements for any base position with respect to a 
reference position (channel) since these depend on 
their relative positions. Thus at 70,000 rpm we note 
that the base position in channel 2 has a radial displace
ment of about 2 times that of channel 1, whereas the

Figure 7. Graph showing cell base displacement vs. rotor 
speed for various initially fixed positions of the cell base within 
the duralumin model.

Figure 8. Graph showing the variation of cell base 
displacement us. cell base position at constant rotor speeds for 
duralumin model.

base position in channel 3 has a radial displacement of 
just over 2.5 times that of channel 1. Naturally as 
noted previously from eq 24 the order of magnitude 
depends on oj2 and p/E, but for our duralumin model the 
radial displacement of channel 1 at 70,000 rpm is about 
0.001 cm which would be measurable in such a cell. 
However the radial displacement of a single channel 
base position is masked by rotor stretch in practice ow
ing to the practical origin of coordinates being the axis 
of rotation and not the centerpiece base. In  contrast, 
the relative displacements indicative of cell distortion 
are not masked and experimental evidence of this as re
gards the inner and outer reference positions of a cell 
counterbalance is intimated by Baghurst and Stanley.12

The channel discrimation exhibited by change in liq
uid column heights is depicted in Figure 9. Here the 
percentage decrease in liquid column height for a fixed
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Figure 9. Graph showing the percentage contraction of 3-mm 
liquid column heights in the channels of the Yphantis type 
model of Figure 6 vs. rotor speed.

initial column height of h =  0.3 cm in each channel is 
plotted against rotor speed (rpm). The data for this 
graph were obtained from eq 23. From eq 23 we 
make a general observation that the magnitude of 
the fractional decrease in liquid column height (q) is the 
product of two distinct functions, this observation ap
plying equally to the radial displacement u z in eq 
15. Firstly as expected it depends on the centrif
ugal field and the cell material [ (pco2 cr) /  (2_E7) ], and sec
ondly on relevant cell dimensions and positions [2a(2R  — 
a) — 2R(2zh  +  h) +  zb2 +  (zb +  h )2]. I f  the first is 
plotted against rotor speed and the second is plotted 
against liquid column height (h) over the range of inter
est for various relevant positions (zb) in a centerpiece, 
it is possible by normal extrapolation procedures to de
termine the effective value of “ q”  for any rotor speed, 
column height, and base position of interest, and in 
theory for a practical case such plots could form the 
basis for experimental correction procedures. The 
plots applicable to our model duralumin cell are shown 
in Figures 10 and 11 for illustration— from which 
Figure 9 could be derived. Obviously, a similar proce
dure could be used to evaluate the radial displacement—  
uz from eq 15. Finally, it  is appropriate to men
tion the experimental work of Schachman21 and Cheng 
and Schachman,22 who investigated the compressibility 
of liquids from ultracentrifuge measurements. This is 
because the observable decrease in liquid column 
heights arising from finite liquid compressions, that is 
discussed in the Appendix to this paper, could be exag-

ROTOR SPEED (THOUSANDS OF RPM)

Figure 10. Graph of {p o/ 2 E )a 2 vs. rotor speed for a duralumin 
cell model.

Figure 11. Graph of 2a(2R  — a) — 2R(2zb +  h) +  Zb2 +
(zb  +  h)2 vs. liquid column height (h) for various base positions 
within a model cell centerpiece.

gerated by cell centerpiece deformation if precautions 
are not taken. Furthermore, as indicated by Schach
man21 the experimental conditions are complicated by 
window bulging and distortion owing to liquid pressure 
effects. In  practice the effects of cell distortion as re
gards decrease in liquid column height with increase of 
the rotor speed are accentuated by the above effects. 
However, our model indicates that the effects of cell 
distortion may be evaluated devoid of the complications 
of window bulging and finite liquid compressibility. 
This is acheived experimentally by using a Yphantis-

(21) H. K. Schachman, “ Ultracentrifugation in Biochemistry,” 
Academic Press, New York, N. Y., and London, 1959, pp 32, 177- 
180.
(22) P. Y . Cheng and H. K. Schachman, J . A m er. Chem . Soc., 77, 
1498 (1955).
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type cell centerpiece and making simultaneous measure
ments of liquid column height contraction, together 
with relative base position displacements, the latter be
ing independent of the aforementioned complications.

Conclusion

We have introduced a model of a cell in an analytical 
ultracentrifuge and have formulated mathematical 
expressions specific for the effects of cell centerpiece 
deformation under the centrifugal body forces. Data  
relevant to standard cells used with the Beckman 
Model “E ” instrument have been evaluated and have 
indicated effects to be of an order of magnitude relevant 
for correction in present day high-precision methods. 
The orders of magnitude established are similar to those 
intimated by experimentally derived raw data results of 
Baghurst and Stanley12 applicable to the inner and 
outer reference holes in a counterbalance cell. However, 
these authors stressed that an analysis of covariance 
failed to confirm the effect at the 5% probability level, 
but a suggestion of cell compression was made. The 
model has highlighted the specific effects of cell distor
tion, as distinct from rotor stretch, and has indicated 
correction procedures that could be relevant for high- 
precision sedimentation equilibrium Rayleigh inter
ference work. The analysis of experimental data for 
the latter sometimes assumes the conservation of mass 
to evaluate a constant of integration, when use is made 
of the initial concentration of solute in the cell. The 
variation in liquid column height owing to cell distor
tion and finite liquid compressibility could influence the 
result of this calculation if precautions are not taken. 
Furthermore the radial displacement of the base region 
owing to cell distortion should be considered along 
with the corrections for rotor stretch. For the less pre
cise schlieren work the effects will be relatively minor, 
although theoretically they would exaggerate effects of 
radial dilution. In  particular the model has warned of 
possible complications associated with the use of 
Yphantis-type cells and has indicated appropriate 
correction procedures for precise work.

Finally, it  must be emphasized that the theory is 
based on a model, and that the exact results evaluated 
are really only applicable to this model. However the 
model does approximate the experimental conditions 
experienced; the results it predicts are intuitively 
correct, and these are of the orders of magnitude ex
pected from experimental evidence to date. Therefore 
we feel within the limitations imposed that the model 
is useful and applicable to the task in hand.

Appendix

A  M athem atical Form ulation o f  L iquid  Colum n  
H eight Com pression Owing to F in ite  L iquid  Com press
ibility  in  the A nalytica l Ultracentrifuge. A t the higher 
rotor speeds (about 60,000 rpm) a large pressure differ
ence exists between the air-liquid meniscus (where the

pressure is 1 atm) and the bottom of a centrifuge cell. 
Svedberg and Pedersen,23 Fujita ,24 and Schachman21 
have discussed the effects of this pressure variation and 
give appropriate references to both experimental and 
theoretical work undertaken in this area. However, 
the analysis above has indicated that one of the observ
able effects of cell deformation in these large centrifugal 
fields is an effective compression of the liquid column, 
and hence in the context of this paper it  is appropriate 
to determine the relative contributions that these two 
independent sources make to the experimentally ob
servable compression.

Using the notation of Fujita24 the pressure distribu
tion in a sector-shaped centrifuge cell may be deter
mined from

~  =  PCor2 (A l)
o r

where p =  density of the solution at the radical posi
tion r, co is the rotors’ angular velocity, and p  is the 
pressure.

For dilute solutions p may be replaced by the density 
of the solvent p0 at the same point. Denoting the 
compressibility by ¡3 we obtain

po =  ~ ~  ^  p0°(l +  dp) (A2)
1 -  dP

i.e.

Po =  Po° +  Ap (A3)

where A =  p0°d with po° being the value of p0 at p  =  0, 
and this approximates the value at the meniscus (rm).

Whence by substitution and integration the solvent 
density is given by

Po(r) =  po° exp[V2dpo0co2(r2 -  rm2)] (A4)
Defining

and
v =  (V2)dPo°co2rm2 (A6)

We get

Po(x) =  p0° e x p [r (a ;  — 1 ) ]  (A 7 )

The fractional decrease in liquid column height (q) is 
defined by

h' =  h( 1 -  q) (A8)
where h' is the liquid column height at rotor frequency 
co and h its value when co =  0. I t  is easy to show that

(23) T. Svedberg and K. O. Pedersen, “ The Ultracentrifuge,”  
Clarendon Press, Oxford, 1940, pp 37, 267, 447.
(24) H. Fujita, “ Mathematical Theory of Sedimentation Analysis,” 
Academic Press, New York, N. Y ., and London, 1962, pp 130-139.
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where rb is the radial position of the liquid column base 
and p(x') is the average density of the liquid at angular 
frequency w.

In  practice hq/2rh «  1 and hence from eq A9 the 
fractional liquid column height compression (g) is 
given by

Q =
Po(x)

Po°
Defining a function î(x') by

(AIO)

f(z) = PqQe)

Po°
(All)

we see from eq A10 that the mean value of i {x )  is q. 
Substituting p0(x ) from eq A7 into eq A l l  we obtain

f(o:) =  exp [¡/(a: — 1)] — 1 (A12)

and since in practice v(x  — 1) «  1 eq A12 becomes to 
a close approximation

f (x )  =  v(x  -  1) (A13)

Thus the required fractional liquid column height com
pression is given by

q =  v {x  — 1) (A14)

where x  is the mean value of x  for the centrifuge cell. 
Writing Xb as the value for x  at the cell base we find 
that

q =  ^(xb -  1) (A15)

By the reinsertion of previously defined terms we can 
rewrite eq A15 as

Po°c*>2/?
q =  [h(2rh -  h )] (A16)

Differentiating eq A16 with respect to h we note that 
(dq/dh) is positive for all values of h used experi
mentally, and hence the larger the column (h) the 
greater q, this Jatter effect contrasting with the effective 
compression produced by cell centerpiece deformation. 
Figure 12 shows the variation in q and h at constant 
rotor speeds, calculated from eq 16 with: rb =  7.1 cm; 
Pa° =  0.998gem -3 ; and/3 =  40 X  10-6 atm -1. These 
data are applicable to water at 20° in a typical ultra
centrifuge cell. By comparison of Figures 12 and 5 
the relative effects of cell distortion and finite com
pressibility may be estimated.

As with cell distortion it is of interest to determine 
the discrimatory effects of finite liquid compressibility 
among the channels of a high speed Yphantis-type cen
trifuge cell.

Figure 12. The variation in liquid column height compression 
(?) vs. liquid column height (h) in a centrifuge cell at constant 
rotor speeds, owing to finite liquid compressibility.

The percentage compression (g) of a fixed water 
column height of 0.3 cm at 20° in each of the three 
channels was determined using the following pertinent 
data: u>2 =  4 X  107 (rad sec-1) 2; rbi =  7.1 cm; rb2 =
6.6 cm; and rb3 =  6.1 cm.

The numerical subscript indicates the channel 
numbered from bottom to top of the cell. The cal
culations gave: gi =  0.35%; g2 =  0.32%; and g3 =  
0.30%. These imply that the overall radial movement 
of the menisci for the above conditions as recorded 
photographically in the ultracentrifuge would be in 
the region of 0.002 cm, account being taken of the 
X 2 magnification of the radial cell coordinates by the 
interference-schlieren optical system of the ultra
centrifuge. The variations among the channels is 
shown to be small, but they do lie within the precision 
of the instrument. Naturally, should the liquid em
ployed have a larger compressibility and/or density 
then the observable effect from this source will be 
increased accordingly, as indicated by eq A16. Again, 
as for cell deformation, it  is anticipated that appro
priate precautions for the aforementioned physical 
effects should be made in accurate sedimentation 
equilibrium studies employing Rayleigh interference 
optics.
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Iodate reacts with bromide in the presence of phenol according to the equation
IO3 4“ 2Br— 4" 2H+ = IO2” 4- Br2 4" H 2O

Phenol is not oxidized by the iodate under the acid conditions employed, but it reacts with the products, iodite 
and bromine. Kinetic behavior becomes complicated if phenol in less than optimum concentration is employed. 
The following rate law holds

— d [I03- ]  =  [IO3—] [ B r —]2[H+]2(fci 4- U H+p) 
d i  1  4 -  K 5[R +)

k\ and k, were found to be 22 l.4/(mol4 sec) and 152 l.6/(mol6 sec) at 35° and y =  1.0 M  and K*, is the 
association constant for I O 3-  and H +. Almost identical results were obtained by employing hydrobromic 
acid instead of sodium or potassium bromide. The rate decreases by increasing the dielectric constant of the 
medium. Salt effect on the rate of the reaction appears to be explained by the equation log k3 =  log k0 — 
2 [(v V /(l 4- vV )) ~  0.2f<] where k3 is the rate constant at constant hydrogen ion concentration. Attempts 
to isolate and identify the products of the side reaction by the conventional methods met with no success. 
There appear to be at least four products, all having iodine and bromine. • The chromatographic analysis in 
conjunction with the sharp peaks of their spectrum of the crude product strongly suggests the latter to be a 
mixture of isomers.

Reduction of iodate1 is one of the most extensively 
studied reactions. Depending on the pH  and the 
concentrations of the reactants, the end products are 
hypoiodite, iodine, or iodide. However, most of the 
workers have indicated that the reduction occurs in 
stages through the intermediate formation of highly 
reactive iodite. Landolt2 suspected the formation of 
iodite in the reduction of iodate. Abel3 assumed its 
formation in the oxidation of oxalate. A  mechanism 
involving the same species has been given by Masson 
and Race4 in the oxidation of hydrocarbons. In  the 
conversion of hypoiodite to iodate, Lievin6 andGuiseppe6 
indicated the formation of iodite. By an analytical 
procedure Gupta and Bhargava7 have shown the for
mation of iodite in the oxidation of iodide by per
manganate and the reduction of iodate by some car
boxylic acids. Recently, Harmelin and Duval8 have 
given ir spectroscopic and thermogravimetric analytical 
evidence in favor of iodite when a mixture of lead and 
sodium iodate is heated. In  view of the analogous 
species bromite and chlorite which are more stable, 
attempts have been made in the past to prove the 
existence of iodite and possibly isolate it, but without 
any success.

The reactions of halates with halides in general 
have been discussed by Hirade.9 Schwicker and 
Schaw10 have assumed an equilibrium for the reaction

of iodate and bromide with an equilibrium constant of
1.6 X  K H 22 at 14°.
2 I0 3_ -f- 10Br— 4- 12H+ __I 2 4~ 5Br2 4- 6H 2O (1)
Any kinetic study of this equilibrium or reaction with 
iodine and bromine together in the system along with  
iodate would be difficult. I t  has been shown by 
Hirade9 that the slow rate-determining step does not 
give the end products and that intermediate species 
are formed which finally give iodine and bromine. In  
order to have a better insight into the mechanism it was 
considered desirable that the reduction of iodate be 
restricted to the slow step or in other words the first 
reduction product, iodite, not be allowed to react with

(1) I. M . Kolthoff and R. Belcher, “ Volumetric Analysis,”  Vol. 3, 
Interscience, New York, N. Y., 1957, p 449.
(2) H. Landolt, Süzbar Akad. Bodin, 249 (1885).
(3) E. Abel, Z. Phys. Chem., AU. A, 154, 167 (1931).
(4) I. Masson and E. Race, J. Chem. Soc., 1718 (1937).
(5) 0 . Lievin, “ Mémoires et Travaux des Facultés Catholiques de 
Lille,”  1923.
(6) D . Guiseppe, Boll. Chim. Farm., 78, 117 (1939).
(7) Y . K. Gupta and A. P. Bhargava, Bull. Chem. Soc. Jap., 38, 12 
(1965).
(8) M . Harmelin and C. Duval, C. R. Acad. Sci., 260 (9), 2461 
(1965).
(9) J. Hirade, Bull. Chem. Soc., Jap., 10, 97 (1939).
(10) A. Schwicker and G. Schaw, Z. Phys. Chem., 122, 482 (1926).
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bromide or bromine. I t  was with this aim in view that 
we employed phenol which removed bromine and 
iodite as soon as they formed. The slow step can 
broadly be represented as

IO 3-  T  2B r— T  2H +  — I 0 2~ Br2 T  H 2O (2)

There is stoichiometric, kinetic, and circumstantial 
evidence to show that iodite and bromide do not react 
among themselves and that they immediately react 
with phenol forming such products which do not inter
fere with the iodometric determination of iodate. I t  
is well established that hypohalites and halites rapidly 
react11-13 with phenol and the fact has been utilized 
in analytical procedures. I t  is, therefore, expected that 
iodite, if formed as an intermediate product, would also 
react rapidly or rather more rapidly than other halites 
and hypohalites. Poliak14 has used phenol in the 
reaction of bromate and bromide with the same aim in 
view. The reaction of phenol and bromine is also well 
known.16 I t  is the hypobromous acid which formed 
via the equilibrium, Br2 +  H 20  =  HOBr +  HBr, reacts 
with phenol.16'17

Experimental Section

M aterials and Solutions. Potassium iodate and 
potassium bromide were of B D H  AnalaR quality and 
other chemicals were also of the same quality or E  
Merck GR quality. Stock solutions of sodium per
chlorate were prepared by neutralizing perchloric 
acid with B D H  AnalaR sodium carbonate and boiling 
off the carbon dioxide. Ethanol for solvent-effect 
study was obtained from the commercial grade sample 
after purification by the method of Smith.18 All stock 
solutions were prepared in redistilled water, the second 
distillation being done with the permanganate.

K in etic  P rocedure. Reactions were carried out in a 
thermostatic bath at 35° unless otherwise mentioned. 
The reaction was initiated by adding a temperature- 
equilibrated solution of potassium iodate to the reaction 
vessel containing the desired amounts of potassium 
bromide, sulfuric or perchloric acid, phenol, and water. 
The kinetics were followed by removing 10- or 5-ml 
aliquot portions after suitable intervals and quenching 
the reaction by the addition of a solution of potassium 
iodide. The liberated iodine was titrated against a 
standard solution of sodium thiosulfate. In  most cases 
duplicate rate measurements were reproducible to 
± 5% . The maximum error in the analysis of the 
aliquot portions was ±0.02 ml of thiosulfate. This 
introduced an error of ± 1- 6%  in the rate constants 
depending on the volume of the titrant.

A preliminary investigation indicated that a slow 
reaction between iodate and phenol occurs if the hydro
gen ion concentration is large, but it  is insignificant 
in less than 1.0 M  [H±]. All kinetic studies were 
therefore made in less than 1.0 M  [H + ].

R eduction of Iodate to Iodite by Bromide

B rom ide D eterm ination. For the estimation of 
bromide in the reaction mixtures in connection with 
the stoichiometry, a slightly modified method19 was 
employed. The acid of the reaction mixture was first 
exactly neutralized by adding a calculated amount of 
caustic soda and then acetic acid was added so that 
the pH was 2.5-2.8. Under these conditions the 
titration of bromide solutions with silver nitrate using 
eosin as an absorption indicator19 yielded a sharp end 
point.

Side Products. A  whke gelatinous precipitate was 
obtained from concentrated solutions. I t  was filtered 
and recrystallized from petroleum ether. I r  spectra 
(with a Perkin-Elmer grating Model 257) of the crude 
product, characteristic of phenyl groups, aromatic 
substitution, and C-halogen bonding, showed sharp 
peaks suggesting a pure compound. Fractional pre
cipitation from alcoholic solution by the addition of 
water yielded white impure products with a melting 
point varying from 133 to 87°. All of them contained 
iodine and bromine. Thin layer chromatography of 
all these products with petroleum ether and ethyl 
acetate (1:1  v /v ) as solvent gave one spot at equal 
distances suggesting a pure compound. The gas 
chromatography (Perkin-Elmer F, 71 H F  gas chroma
tograph with 415B, 2.01 polyester column at 220°) 
done on these impure products showed two, three, or 
four peaks. The crude white product therefore appears 
to be a mixture of a number of isomers all containing 
iodine and bromine. Attempts to separate these by 
employing different solvents met with no success. The 
original crude product was subjected to sublimation 
under reduced pressure and the sublimed product 
melting at 94-96° gave two peaks in gas chromatog
raphy, one of which was 94%. These two portions 
could not be separated. These side products do not 
seem to have a bearing on the kinetics of the reaction 
and hence further study of the products was abandoned.
Results

Stoichiom etry. Stoichiometry of the reaction was 
determined in the usual way by varying the concen
trations of the reactants, phenol and sulfuric acid. 
Excess bromide was determined by the method de
scribed earlier. I t  was found that 2 moles of bromide 
are used up for each mole of iodate. Stoichiometry 
with excess iodate was not determined due to the 
phenol-iodate reaction.

(11) R. M. Chapin, J. Amer. Chem. Soc., 56, 2211 (1934).
(12) L. Farkas and M. Levin, Anal. Chem., 19, 662 (1947).
(13) E. Sohulek, Z. Anal. Chem., 67, 142 (1925).
(14) F. Poliak, Monatsh., 53, 914 (1929).
(15) R. P. Bell and D. J. Rawlinson, J. Chem. Soc., 63 (1961).
(16) E. A. Shilov, J. Gen. Chem. USSR, 519 (1938).
(17) H. Baines, J. Chem. Soc., 121, 2810 (1922).
(18) E. L. Smith, ibid., 1288 (1927).
(19) I. M. Kolthoff and V. A. Stengar, “ Volumetric Analysis,” 
Vol. II, Interscience, New York, N. Y., 1964, p 271.
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Figure 1. Pseudo-firs1>order plots of the reaction between 
iodate and bromide in the presence of phenol: [KI03] =
2 X 10-' M ;  [CeHsOHJ = 5 X 10~3 M ;  [H2S04] = 0.5 M ;  
[KBr] = O, 2 X 10-' M ;  •, 4 X 10- 3 M ;  □, 5 X 
10“3 M ;  X, 7.5 X 10-* M .

Order and Rate Constants. The reaction is first 
order in iodate and second order in bromide. Some of 
the pseudo-first-order plots are shown in Figure 1 
and the derived third-order rate constants are shown 
in Table I.  The simplified rate expression is

- d [ I 0 3- ] /d f  =  k3 [ I0 3~][B r~]2 (3)

A more complicated rate expression is given later when 
the hydrogen-ion concentration is also considered. 
When bromide concentration is large, (3) will reduce 
to (4) with k ' as the pseudo-first-order rate constant.

- d [ I 0 3~ ]/d i =  fc '[I03- ]  (4)

The bromide concentration used in column 5 for the 
calculation was the average of the initial and final con
centrations. In  some of the experiments, bromide is 
not in large excess and only first few points were con
sidered for the calculation of the pseudo-first-order rate 
constants. For experiments 8, 17, 21, and 22 with 
somewhat larger concentrations of bromide, the results 
with 5 X  10-s M  phenol were irregular and the rate 
constants were larger. On employing a higher con
centration of the phenol as indicated in Table I, 
expected results were obtained. Second-order nature 
with respect to bromide is quite obviotis from Table I. 
A log-log plot of the rate and the bromide concentration 
yielded a straight line with a slope of 1.98. A plot of 
rate and bromide concentration passes through the 
origin and hence there is no term independent of 
bromide in the rate expression. This removes any

D evendrá Nath Sharma and Y ugul K ishore Gupta

T a b l e  I  : Pseudo-First-Order and Third-Order Rate Constants

[H2S04] = 0.5 M ; [phenol] = 5 X IO-3 M ;  t = 35°

kz =
*7[ Br-]*,

Expt íoqiOi-], 10>[Br-], 10 l.2 mol-2
no. M M sec-1 sec-1

i 1.00 5.00 8.87 3.69
2 2.00 5.00 8.25 3.58
3 2.00 6.00 11.9 3.54
4 2.00 7.50 19.2 3.60
5 3.00 5.00 8.36 3.78
6 3.00 6.00 12.2 3.75
7 3.00 7.50 19.2 3.70
8“ 3.00 9.00 28.0 3.70
9 4.00 5.00 8.38 3.62

10 4.00 6.00 11.5 3.67
11 4.00 7.50 18.7 3.71
12 5.00 5.00 8.05 3.98
13 5.00 6.00 12.0 3.97
14 5.00 7.50 18.9 3.86
15 6.00 6.00 11.9 3.97
16 6.00 7.50 18.9 3.97
17« 6.00 9.00 26.8 3.80
18* 7.00 7.50 18.7 4.04
19* 8.00 6.00 11.8 4.36
20* 8.00 7.50 19.0 4.23
21« 4.00 9.00 29.2 3.95
22“ 5.00 9.00 27.1 3.75
23 2.50 7.50 19.6 3.74

1 Phenol was 2 X 10 ~2 M .  * Phenol was 1 X 10'-* M .

doubt about a significant possibility of iodate-phenol 
reaction or the reduction of iodate in any other way.

Some more results with stoichiometric concen
trations of iodate and bromide are shown in Figure 2. 
The third-order rate constants calculated from the 
slopes of the straight lines of this figure are similar to 
those of Table I. Some of these experiments were 
carried out in the presence of 2 X  10” 2 M  phenol. 
W ith 0.005 M  phenol in these experiments, few initial 
points were not on the straight line and the reaction 
was faster in the beginning as is obvious from Figure 3. 
Incidently these are the cases of higher concentrations 
of iodate. All these reaction mixtures turned slightly 
yellow and had the odor of bromine. Normal be
havior of the reaction, however, was found by in
creasing the concentration of phenol. Figure 3 shows 
how by increasing phenol, deviation from the third- 
order plots yielding straight line decreases. Further, 
it is also seen from Figure 3 and from other plots (not 
shown) that in the later stages of the reaction almost 
parallel straight lines are obtained, indicating the same 
rate in all the cases. The reason for initial deviation 
from the third-order straight-line plots is not obvious.

R eaction  Between H B r  and KIO?„ In  a few experi
ments H B r was employed instead of potassium bromide 
and the results of Table I I  fairly agree with those of 
Table I.  The third-order rate constants are slightly
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Figure 2. Third-order plots of the reaction between iodate 
and bromide in the presence of phenol: [H2S04] = 0.5 M ;
O, 0 , e ,  A, □— [C6H6OH] = 5 X 10"3 M ;  X, ■, [C6H5OH] 
= 2 X 10-> M ;  ®, [C6HsOH] = 3 X 10~2 M .  In the 
reaction, 2[I03_] = [Br_] : O, 2.0 X 10-3 M ;  ®, 2.8 X 10-3 
M ;  0, 3.6 X 10 “3 M ;  A, 4.0 X 10 “3 M ;  □, 5 X 10 " 3 M ;
X, 6 X 10'3 M ;  m, 7 X 10"3 M ;  •, 8 X 10~3 M ;
®, 10 X 10- 3 M .

TIME IN MINUTES

Figure 3. Effect of phenol on the reaction between iodate and 
bromide and deviation from the third-order plots for the 
reaction, 2[I03-] = [Br_] = 1 X 10-2 M :  [H2S04] = 0.5
M ;  [C6H5OH] = O, 8 X 10-3 M ;  •, 1 X 10"' M ;  □, 1.2 X 
10“2 M ;  A, 1.4 X 10"2 M ;  X, 1.7 X 
10 ~2 M ;  ® , 2 X  10 " 2 M .

higher in the case of higher concentrations of H B r than 
those of KBr.

2519

T a b l e  I I : Third-Order Rate Constants for HBr-KI03 Reaction

[H2S04] = 0.5 M ;  [I03 ] = 5.0 X 10 4 M ;  [phenol] = 5 X 
IO-3 M ,  t = 35°

Expt 10» [HBr],
kst

l.2 mol-2
no. M sec-1 sec“1
24 4.00 5.01 4.09
25 5.00 8.06 3.98
26 6.00 11.5 3.80
27 7.00 15.3 3.62
28 7.50 19.4 3.96
29 8.00 22.9 4.07
30 9.00 30.9 4.28

H yd rogen -Ion  D ependence. Hydrogen-ion concen
tration was varied with perchloric acid at different ionic 
strengths and temperatures. The rate increases sig
nificantly with the increase of hydrogen-ion concen
tration. Plots of first-order constants vs. [HC104] yield 
curves passing through the origin and hence the rate 
has no term independent of hydrogen ions. A  log-log 
plot of the rate and hydrogen-ion concentration 
yielded a straight line with a slope of 2.6.

E ffect o f  Io n ic  Strength and Salts. Ionic strength was 
changed with the help of sodium perchlorate, and 
perchloric acid was used instead of sulfuric acid. The 
results at different hydrogen-ion concentrations are 
shown in Table I I I .  The minimum in the rate is 
observed at the ionic strength of 0.6 M  with the three 
concentrations of perchloric acid employed for the 
investigation.

A few more salts like sodium chloride, sodium nitrate, 
sodium sulfate, barium nitrate, and aluminum nitrate, 
etc., were also employed for the investigation. The 
change in fc3 was small and negative.

Tervalent aluminum salt contributes more to the 
ionic strength and hence the decrease in the rate was 
large. The rate in the presence of nitrate was lower 
than that expected. A  similar effect was observed by 
Amis and coworkers20 in the oxidation of iodide by 
bromate ion. I t  appears that the nitric acid formed 
increases the iodometric value in the determination of 
iodate. In  the presence of chloride the rate was 
slightly higher. Skrabal and Weberitsch21 reported 
that chloride ion accelerates the analogous reaction 
between bromate and bromide.

E ffect o f V arying the D ielectric Constant. A few 
reactions were carried out in mixtures of water and 
ethyl alcohol. The rate increased with the lowering

(20) Indelli, G. Nolan, and E. S. Amis, J. Amer. Chem. Soc., 82, 
3233 (1960).
(21) A. Skrabal and S. R. Weberitsch, Monatsh., 36, 211 (1915).
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T a b l e  I I I : Third-Order Rate Constants at Different Ionic Strengths

[IOS- ] = 5 X 10-4 M ; [Br~1 = 1.5

OrHX - ¡ I ; [phenol] = 1 X 10~2 M ; t = 35°

», M 0 . 1 0 . 2 0.3 0.4 0.5 0.6 0.7 0.8 1 . 0 l.l 1 . 2 1 . 5 2.2

10%3, 1.2 mol-2 sec-1
[H+] = 0.1 8.0 6.1 5.5 5.2 5.0 5.4 6.2 7.2
10%3, I.2mol-2 sec-1
[H+] = 0.2 38 33 31 30 31 34 39 46 ' 87
10%3, I.2mol-2 sec-1
[H+] = 0.3 98 80 100 125

Figure 4. Variation of rate constant with dielectric constant 
of the medium (different mixtures of water and alcohol):
[KIO,] = 5 X 10-“ M ;  [KBr] = 6.4 X 10'~3 M ;  [H2S04] = 
0.35 M ;  [C6H6OH] = 0.015 M .

in the dielectric constant. A plot of log k' against 
1/D  (Figure 4) yields a straight line.

E nergy and E n trop y  o f A ctivation . The reaction was 
studied at five other temperatures within the range 
30-45°. The third-order rate constants were found to 
be 2.55, 3.23, 3.68, 4.61, 5.51, and 7.35 l .2 mol" 2 sec“ 1 at 
30, 33, 35, 38, 40, and 45°, respectively. The energy 
of activation for the overall reaction was 14.0 ±  0.5 
kcal mol-1 and the entropy of activation was —12.3 cal 
deg*-1 mol-1.

Discussion

In  general the rate laws for the iodate oxidations and 
in fact most halate-halide reactions22 exhibit second- 
order hydrogen-ion dependence, although one23 and 
three24 orders have also been reported in the iodate- 
iodide reaction. Proton catalysis can be considered to 
be due to the labilization of the oxide ion separating 
from the iodine(V) atom of the iodate.25 The order 
with respect to the hydrogen ion may apparently sug
gest a two-term rate law, one involving [H + ]2 and the 
other involving [H + ]3. However, one has to consider 
equilibrium 5 also before giving the exact form of the 
rate law.

H +  +  I O r  H I0 3 (5)
Recent studies on conductance,26 -  29 pH, absorption 
spectra, and other properties have shown that acid 
solutions of iodate largely have I 0 3-  and H I0 3 together 
with small proportions of more protonated species and 
polymerized forms.30,31 The rate law showing com
plete hydrogen-ion dependence and in conformity with 
the observed results would be of the form
-d [ I 0 3-]/d f =

[IQ3- j [ B r - ] 2[H+32(fci +  fc2 [H +]2)
1 +  K s[ H + ] 1 '

where fci and k2 are complex rate constants for the two 
steps. From this it follows that at constant iodate 
and bromide

[H +w fe  +  fa [H + n
h ----------1 +  X , [H + ] (7)

Thus a plot of fc3 (1 +  K s  [H + ]) /[H + ]2) against [H + ]2 
would yield a straight line from the slope and intercept 
of which k2 and ki can be calculated. The values of K & 
at different temperatures were obtained from the work 
of L i and Lo.32 Figure 5 shows such plots at different 
ionic strengths and Figure 6 shows them at different 
temperatures. Table IV  shows the values of kx and 
fc2 and energy and entropy of activation corresponding 
to the two steps. The rate laws (6) or (7) might appear

(22) J. O. Edwards, Chem. Rev., SO, 455 (1952).
(23) H. Kubina, Monlash., 43, 439 (1923).
(24) M. Wronska and B. Banas, Bull. Acad. Pol., Sci., Ser. Sci., 
Chim., 13 (1), 5 (1965).
(25) J. O. Edwards, “ Inorganic Reaction Mechanism,”  W . A. Ben
jamin, New York, N. Y., 1964, p 137.
(26) J. F. Harvey, J. P. Redfern, and J. E. Salmon, J. Inorg. Nucl. 
Chem., 26, 1326 (1964).
(27) A. D. Pethybridge and J. E. Prue, Trans. Faraday Soc., 63, 
2019 (1967).
(28) G. C. Hood, A. C. Jones, and C. A. Reilly, J. Phys. Chem., 63 
101 (1959).
(29) J. R. Durig, O. D. Bonner, and W. II. Breazeale, ibid., 69, 
3886 (1965).
(30) R. M. Fuoss and C. A. Kraus, J. Amer. Chem. Soc., 55, 476 
(1933).
(31) M. R. Mayer, Curr. Sci., 8, 73 (1939).
(32) N. C. C. Li and Y .-T . Lo, J. Amer. Chem. Soc., 63, 394, 397 
(1941).
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Table IV : Separate Rate Constants fa and fa at Different Ionic Strengths and Temperatures

[10*-] = 5 X 10-“ M -  [Br-] = 6 X 10~3 M -  [phenol] = 1 X 10~2 M

AS+,
---------- Temp, °C--------- -------------- s Pa, cal deg“!

30 --------------- 35------------- 40 kcal mol-1 mol-1

Ionic strength, M 0.84 0.8 1.0 1.5 2.0 0.8
fa, l.4 mol-4 sec-1 9.0 15 22 25 33 24 18.5 ± 0 . 7 4.93
fa, l.6 mol-6 sec-1 92 146 152 220 372 242 18.3 ±  0.9 9.07

Figure 5. fa and fa at different ionic strengths adjusted by 
NaCIO,; K 6 =  6.94 (35°): [KIO,] = 5 X 1 0 M ;  [KBr] 
= 6 X 10-> M ;  [C6H5OH] = 1 X 1 0 M ;  #, M = 2 M ;  
■, M =  1.5 M ;  A, n =  1 M ;  O, y  =  0.8 M .

Figure 6. fa and fa at different temperatures at ionic 
strengths adjusted by NaCICX = 0.8 M :  [KIO3] = 5 X 10“4
M ;  [KBr] = 6 X 10“» M ;  [C«H6OH] = 1 X 10“! M ;  • ,  
40°; 0,35°; A, 30°; K-0 = 7.4 (40°); 6.94 (35°); 6.54 (30°).

unusual but probably no other rate law can explain 
the variation of order in hydrogen ion between two and 
three, and also the fact that iodate exists mainly as

IO3 -  and HIO3 in the acid solutions employed. In  
fact, the range of hydrogen ion investigated is very 
limited on account of the iodate-phenol reaction be
coming significant above 1 . 0  M  HCIO4 and the main 
reaction becoming too slew in solutions less acidic than 
0 . 2  M  (HCIO4). The reliability of the rate law insofar 
as hydrogen ion dependence is concerned, is therefore 
limited.

In  spite of many common features in the halate- 
halide reactions, no one mechanism22 conforms to the 
observed results and this is more true for the iodate 
reactions. Also no unique mechanism for a particular 
iodate reaction can be given and the possibility of 
alternatives always exists. The hydrogen-ion effect has 
been interpreted33'34 in terms of the formation of 
cationic species I 02+ in the iodate-iodide reaction. 
Bray and Liebhasky36 assume the formation of H 2I 20 3 
in the same reaction. I t  is, therefore, quite probable 
that the hydrogen-ion involvement occurs in the for
mation of cationic species as in reactions 8 and 9.

IO »- +  2H +  ^  I 0 2+ +  H 20  (8)
H I0 3 +  2H +  ^  H I0 22+ +  H 20  (9)

Although iodyl cation has not been produced in solution 
as free ion, it does appear in complex36 form as I 02 
HS04-H 2S()4 in sulfuric acid solutions. However, 
whether it  is iodyl cation or its complex form is not 
known. Further support to the existence of this species 
is lent by the postulation of B r0 2+ by several workers20'37 
in the bromate oxidations and the formation of the 
molecule,38 bromyl fluoride B r0 2F. I t  is, therefore, 
quite probable that species such as shown in (8) and
(9) can form in the present system. Barton and 
W right,39’40 however, do not favor this postulate in the 
bromate-iodide and iodate-iodide reaction catalyzed by

(33) M . G. Peard and C. F. Cullis, Trans. Faraday Soc., 47, 616 
(1951).
(34) K. J. Morgan, Quart. Rev. Chem. Soc., 8, 123 (1954).
(35) W. C. Bray and H. A. Liebhasky, J. Amer. Chem. Soc., 52, 
3580 (1930).
(36) R. J. Gillespie and J. B. Senior, Inorg. Chem., 3, 440 (1964).
(37) E. Abel, Helv. Chim. Acta, 33, 785 (1950).
(38) M. Sehmeisser and E. Pammer, Angew. Chem. Int. Ed. Engl., 69, 
781 (1957).
(39) A. F. M . Barton and G. A. Wright, J. Chem. Soc. A, 1747 
(1968).
(40) A. F. M . Barton and G. A. Wright, ibid., 2096 (1968).
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acetate and other carboxylate ions. The probability is 
that the iodyl cation would interact as soon as formed 
with iodide or bromide (in low acid medium) forming 
iodyl iodide or iodyl bromide. The central iodine atom 
can still hold atoms increasing its coordination number, 
and thus attack by nucleophiles I - , B r- , and carboxyl
ate ions can be explained.

Three mechanisms can explain the hydrogen-ion 
dependence observed and it is not possible to distinguish 
them kinetically.

(A) I 0 2+ reacts with B r-  and also H B r

I 0 2+ +  2B r -  10 ,"  +  Br2 (10)
K n

H +  +  B r ~ ^ H B r  (1 1 )

I 0 2+ +  2HBr H I0 2 +  Br2 +  H +  (12)
Reactions 10 and 12 might be more complicated, each 
one of them occurring in two steps; e.g., reaction 10 
could be a combination of reactions 13 and 14.

I 0 2+ .+  B r - “ b  IC V B r (13)

I 0 2 ■ Br +  B r -  10 ,“ +  Br2 (14)
The concentration of HBr, however, is very small and 
only a small fraction of the reaction is likely to occur 
via the second part of this path (with a term square in 
H B r). This is likely to be of some importance in high 
acid media.41

(B) I 0 2+ reacts with B r -  (step 10) and H I0 22+ reacts 
with both B r-  and HBr.

K m

H IC V +  +  B r -  ^  H IO ,-B r+  (15)
and

H IO ,-B r+  +  H B r H IO z +  Br2 +  H +  (16) 
or

Kv,

H I0 22+ +  H B r H I0 2-H B r2+ (17)
and

H I0 2-H B r2+ +  B r -  -% ■  H I0 2 +  Br2 +  H +  (18)

This appears to be more probable than the second part 
of (A) but it is difficult to explain the fact that H B r 
rather than Br~ reacts in step 16 or 17.

(C) I f  one assumes that I 0 2+ reacts with B r -  and 
also with HBr, and H I0 22+ reacts only with B r- , a 
rate law similar to (19) involving three terms in hydrogen 
ion would be obtained

—d [IO .- ] /d i =

[IQ3—] [Br~]2 [H + ]2(fc' +  k " [  H + ] +  fc" '[H + ]2) 1
1 +  A 6[H +] 1 J

Although this rate law is slightly different than (6), its 
possibility is not ruled out because this also can explain 
the varying order in hydrogen ion between two and 
three. However, its verification is not possible with 
the data available for the limited range of hydrogen ion.

Table I I I  shows a minimum in the rate at ionic 
strength ca. 0.6 M . Similar minima of rate with in
creasing ionic strength have been reported in the CrVI-  
iodide42 and Fe(C N )63--iodide43 reactions. This is, 
however, expected from the Davies44 equation (20) 
with a suitable value for B .

- l o g / /  ~  A Z + Z -[(-\ / [i/ ( 1 +  v V ) )  — -®#*] (20)

Scatchard’s46 development of the kinetic rate law 
leads to expression 21 where e is the electronic charge, k 
is the Boltzmann constant, r  is the radius of the acti
vated complex, and f\ is a typical activity coefficient 
for a univalent ion. Since the rate of reaction is 
proportional to / 14, Figure 4 gives the value of r as
1.2 X  10“8 which is not very different from the ionic 
radii of univalent ions.

log / 14 =  e 2/2.3Z)k7Y (21)

(41) C. N. Hinshelwood, J. Chem. Soc., 694 (1947).
(42) K. E. Howlett and S. Sarsfield, J. Chem. Soc. A, 683 (1968).
(43) Y . A. Majid and K. E. Howlett, ibid., 679 (1968).
(44) C. W. Davies, “ Ion Association,”  Butterworths, London, 
1962.
(45) G. Scatehard, Chem. Rev., 10, 229 (1932).
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Ion Exchange in Molten Salts. V. Potassium Zeolite A as an 

Ion Exchanger in Nitrate Melts
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The exchange of sodium and potassium ions between nitrate melts and zeolite at 350° shows that the potassium 
zeolite A, Ki2(AlSi04)i2, behaves differently from the occluded sodium zeolite Na22[(AlSiO4)i2(NO3)i0]; only 
after exchanging 7K+ with Na+ does partial occlusion of Na+N 0 3“ ion pairs occur. Small amounts of K+ 
in the zeolite are sufficient to block the channels of the zeolite and interfere with the absorption of more nitrate 
ions. At 450° occlusion starts at much lower sodium concentration than at 350°. The order of selectivity 
is Ag >  Li >  Na >  K for potassium zeolite and dilute solutions in a potassium nitrate melt.

Introduction

In  a previous paper in this series,2 dealing with the 
formation of occlusion compounds of zeolites and molten 
nitrates, it was reported that potassium zeolite A does 
not occlude molten potassium nitrate at 350°. I t  was 
therefore felt that it  would be interesting to look into 
the ion-exchange properties of this zeolite and compare 
them with those of sodium zeolite A which gives oc
clusion compounds, and the ion-exchange properties of 
which have already been investigated.s’4 This paper 
reports on exchange reactions of the potassium zeolite 
A in melts containing potassium nitrate and sodium, 
lithium, or silver nitrates.

Experimental Section

The nitrate salts used were of reagent grade, and 
were oven dried at 110° for at least 1 hr. The Linde 
Molecular Sieve A exchanger was obtained in powder 
form from Linde A ir Products Ltd. The exchanger 
was first sieved through a 200 mesh sieve and then sedi
mented in water in a 100-cm column. The main frac
tion was collected and analyzed. The ratios S i02-  
A120 3 =  1.94 and N a20 -A l20 3 =  0.965 were found to be in 
good agreement with the composition expected from the 
formula of the unit cell. The potassium form was pre
pared by ion exchange with aqueous solutions of K N 0 3 
and was contaminated by less than 0.1%  sodium. 
Attempts to prepare potassium zeolite by ion exchange 
with pure molten K N 0 3 at 350° failed. Indeed after 
a single treatment with molten K N 0 3 only 6.6 N a + 
ions from a total of 12 available could be exchanged 
with potassium. Repeating this treatment four times 
with fresh potassium nitrate melts, not more than 9 
N a + ions have been exchanged.

The experimental and analytical procedures have 
been described in the first part of this series;8 both 
the exchanger and the liquid phase were analyzed. 
Previously it  was shown that equilibrium was reached

in a matter of hours, but for technical reasons the ex
periments were maintained for 16-24 hr at the desired 
temperature.

The unit cell of potassium zeolite, K i2(A lSi04)i2, taken 
as 1 mol of zeolite, will henceforth be called K i2A where 
A stands for the group (A lSi04)i2; n K, etc., are the num
ber of moles of potassium, etc., ions per mole of zeolite. 
The concentrations in the liquid phase are expressed 
as mole fractions N , according to Temkin’s model.
Results

The exchange reaction with sodium was investigated 
at 350 and 450° and for the other ions at 350°. A t 
the lower temperature the concentration of the sodium 
ions in the solution varied from a dilute solution of Na+  
in KNOs (ANaNo, =  0.009) to a solution of K +  in 
N a N 0 3 (A nsno, =  0.76). The results are shown in 
Figure 1.

From the exchange isotherm given in Figure 1, it is 
evident that up to an exchange of seven K +  by N a +, 
the reaction is stoichiometric, therefore for every N a + 
which enters the zeolite, 1 K +  joins the solution, and 
indeed the alkali: silica ratio in the zeolite for the first 
nine points is 0.983 ± 0.052 as compared with 1.000, 
the ideal ratio. Beyond this point, the ratio increases 
and reaches 1.39 for the last point (A Nano, =  0.76), 
and the reaction changes its nature from an exchange 
reaction to one of occlusion of N a 1 N 0 3~ ion pairs

N a ,K 6(AlSi04)12 47NaNOf
N  a12.7K 4. o [ (A lS i04) 12 (N  0 3) 4.7 ] +  K +  (1)

In  view of the above results, the question arises 
whether it  is possible to obtain N a22[(AlSiO4)i2(NO 3)x0]

(1) Physical Chemistry Laboratory, Imperial College of Science and 
Technology, London S.W. 7.
(2) M . Liquornik and Y. Marcus, Isr. J. Chem., 6, 115 (1968).
(3) M . Liquornik and Y . Marcus, J. Phys. Chem., 72, 2885 (1968).
(4) M. Liquornik and Y . Marcus, ibid., 72, 4704 (1968).
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Figure 1. Exchange isotherm at 350°: •, »Na; O, « k; ©, 12-«k 
all starting with KizA; ®, « k starting withNai2A- lONaNOs.
The occlusion of nitrate («ncm =  «n. +  « k — 12) is shown.

from K 12(AlSi04) at all. In  order to answer this ques
tion and to test whether the above exchange reactions 
are reversible, a sample of potassium zeolite was kept 
on a shaker for 1 week at 350° with molten sodium ni
trate. After filtering the liquid phase, the zeolite was 
cooled, the excess salt washed off, a sample of the zeo
lite was taken for analysis, while the rest was added to 
pure potassium nitrate, and the whole again heated on 
a shaker for 1 week at 350°. The results of these ex
periments can be written as follows
K 12(AlSi04)i2 +  N a N 0 3 (large excess) — >

Nax2.2K 2.2f (A lS i04) 12 (N  0 3) 2.4 ] +
K N 0 3 ( A N a N 0 ,  =  0 . 9 6 )  ( 2 )

N a i2 .2 K 2 .2 [(A lS i0 4) i2( N 0 3)2.4] +

K N 0 3 (large excess) — >
N a3.0K 9.0 [ (AlSi04)x2(N  0 3)2.7 ] +

N a N 0 3 ( A N a N o 3 =  0 . 0 3 7 )  ( 3 )

Further results were obtained at the higher tempera
ture of 450°. The concentration range of the solution 
was more restricted and varied from ATaN-o, =  0.01 to 
0.21, and every experiment was performed in duplicate, 
so that a better appreciation of the experimental and an
alytical error could be obtained. In  Figure 2, where the 
exchange isotherm is given, every point shows the 
spread in values obtained by averaging the results.

In  order to compare the selectivity series of K A  and 
NaA, the distribution of L i+ and Ag+ ions from diluted 
molten potassium nitrate solutions was determined and 
the results are shown in Figure 3. Only the minor con
stituent of the solution was determined analytically 
and the distribution calculated by the difference be
tween this concentration and the initial one.
Discussion

The exchange reactions involving K i2A are expected

Figure 2. Exchange isotherm at 450°; the symbols are the 
same as in Figure 1.

Figure 3. Exchange isotherm at 350°: •, «Ag; + , «Li,' and
O, «Na (from Figure 1) for the dilute region, starting with Ki2A.

to be quite different from those with N ai2A because 
of the ability of the latter to occlude N a +N 0 3-  ion pairs 
and the absence of occlusion by the former.2 Indeed, 
exchanging the K +  in the K 12A with Na+, one would 
expect that the reaction would proceed

K i2(AlSi04)i2 T  22N a + T  10NO 3— — >■
N a22 [ (A lSi04) 12 (N 0 3) 10 ] T  12K+ (4)

I t  is obvious that such a reaction cannot be 
stoichiometric; we proceed from a zeolite which has 
12 cations (K +) and finish with a zeolite containing 
22 cations (Na+). Furthermore, the question of the re
versibility of such a reaction also arises; in other words, 
if proceeding from the occluded sodium zeolite (the 
only stable form in a molten sodium nitrate solution) 
will the occlusion be driven out?
N a22f(AlSi04)i2(NO3)xo] T  12K + — >

K 12(AlSi04)i2 +  12Na+ +  10NaNO3 (5)
I t  is evident that small amounts of potassium ions in 

the zeolite are sufficient to block the channels of the 
zeolite and therefore interfere with the absorption 
of more nitrate ions. The zeolite can be considered as
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an interconnected tridimensional network of undulating 
channels, with cations located at the entrance to these 
channels. Apparently, the presence of one potassium 
ion in one of those channels is sufficient to block it  
for the big X 03~ ions and therefore only partial occlu
sion occurs. I t  is conceivable that only with the last 
K + removed does the total occlusion of the zeolite occur, 
but the last K + ions are difficult to exchange. I t  
should be further pointed out that the same is true in 
the aqueous system.5 Indeed N ai2A and water at room 
temperature (and therefore 20-25° above the melting 
point of the liquid phase) will give the hydrated zeolite 
N ai2A -27H 20  and the reaction is strongly exothermic. 
Barrer,6 from thermodynamic considerations, proved 
that the free energy of the zeolite is lowered by the oc
clusion of foreign molecules, and that on reversing the 
reaction, there is no energetic reason for the zeolite 
to eliminate the occluded molecules.

A t 450° the occlusion of N 0 3~ ions begins at a 
much lower sodium concentration, at ArNaNo, =  0.01 
(Figure 2). Indeed, already at this concentration the 
alkali-silica ratio is significantly different from unity 
(1.15 ± 0.04), which corresponds to an occlusion of
1.8 mol of XOs "/m ol of K i2A. I t  is remarkable that 
the occlusion rapidly reaches the maximum value for 
this range of concentration, of 4.1 ± 0.5 mol of N 0 3- /  
mol of K i2A, and which is about the same occlusion as 
that reached at the lower temperature. So far, there is 
no direct evidence, which may explain why at higher 
temperatures there is an occlusion at such a low sodium 
concentration.

I t  may be recalled that Barrer and Walker7 found 
analogous behavior in an aqueous system and N ai2A. 
They report that at room temperature there is no 
absorption of sodium chloride from the aqueous solution 
into the zeolite, but at 90° the zeolite occludes 1 mol 
of sodium chloride.

Breck8 pointed out that at —196° oxygen is freely 
absorbed by the zeolite, while nitrogen is essentially 
excluded, whereas at —109° both gases are equally well 
absorbed. Although the nitrogen molecule is only 
0.2 A larger than the oxygen molecule, this difference 
is sufficient at —196° to effect the separation. “Over 
a temperature interval of 80-300° a variation in vibra
tion amplitude of 0.1- 0.2 A is very reasonable and a 
variation of 0.3 A in the aperture diameter could result 
from this thermal effect alone. Thus the aperture may 
be effectively smaller at low temperature.8” Addition
ally, at the higher temperatures, the K + ion may change 
its position, by being drawn closer to the oxygen ions 
of the interior of the a-cage opening. All these factors 
together act to allow the occlusion of N 0 3~ ions. Fur
thermore, it is also possible that at 450° the occlusion 
is made from K + N 0 3~ ion pairs. Supporting this 
suggestion is the fact that the occlusion is essentially 
constant (4.1 mol of N 0 3- /m ol of I \ i2A) over most of 
the range examined (except the first point) and is not 
a function of the sodium concentration in the melt, un
like at 350°.

Figure 3 shows the order of selectivity Ag >  Li >  Na  
>  K  for exchange from very dilute solutions of nitrate 
of the foreign ions in potassium nitrate with potassium 
zeolite A. The order for these three ions is the same as 
that for the corresponding sodium nitrate-sodium zeolite 
A system.3 The transposition of potassium to the least 
preferred position in the selectivity series when the 
space in the a  cage is used up by large ions has been 
noted and discussed previously.3

(5) R. M . Barrer, L. V. C. Rees, and D. J. Ward, Proc. Roy. Soc., 
Ser. A, 273, 180 (1963).
(6) R. M. Barrer, J. Phys. Chem. Solids, 16, 84 (1960).
(7) R. M . Barrer and A. J. Walker, Trans. Faraday Soc., 60, 171 
(1964).
(8) D. W. Breck, J. Chem. Educ., 41, 678 (1964).
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The shock tube isomerization of cyclopropane to propylene has been studied as a possible model system for 
shock tube isomerizations of small-ring compounds. At low (0.1-1%) concentrations of cyclopropane in 
helium-argon matrix the reaction is unimolecular with a high-pressure first-order rate k a =  1014-60±(U4 
e-65ioo±8oo/KT sec- i  jn temperature range 935-1397°K. The rate constants are smaller than the extrap
olated low-temperature results. This difference is expressed in a smaller value for the frequency factor. A 
discussion of reasons for this difference is given. When the substrate concentration was increased to 5% it 
was found that the Arrhenius parameters are no longer in agreement with the values obtained at low sub
strate concentration. At this concentration the exothermicity of the reaction and other effects so seriously 
affect the ideality of the shock wave that the model cannot be relied upon for kinetic analysis.

Introduction

The single pulse shock tube1 isomerization of cyclo
propane to propylene has been studied as a possible 
model system for shock tube isomerizations of small
ring compounds. We wish to report that a kinetic 
analysis of this reaction in the shock tube gave values 
for the Arrhenius parameters for infinite pressure which 
allow the extension of the kinetic analysis2 to a higher 
temperature regime. The Arrhenius parameters ob
tained from a least squares fit of the data for the tem
perature range 935-1397°K are given in eq 1.

k =  i o 14'50±0-14e _65'100±800/Kr (1 )

These parameters were obtained at a substrate concen
tration of 0.1-1%  in a helium-argon matrix. When 
the substrate concentration was increased to 5%  it was 
found that the Arrhenius parameters were no longer in 
agreement with the values obtained at low substrate 
concentration. The parameters are given in eq 2.

k  =  i o 7'66±0'15e ~ 30,200±400'/'s:r (2 )

Graphs of data to support eq 1 and 2 are shown in Fig
ures 1 and 2, respectively.

Experimental Section

P rocedure. The shock tube was fabricated in the 
school machine shop and was of the double diaphragm 
type described by Glick, Squire, and Hertzberg.3 I t  
was fabricated of 2.5-in. stainless steel with a 5-ft driver 
and 10-ft driven section. The dump tank was 10 f t3 in 
volume. The test section, comprising the last 4 ft of 
the driven section, was honed with a J-7 finished stone 
to a microfinish of 14 to 16 to ensure a smooth inner 
surface.

The driven section of the shock tube was evacuated 
to 1 n pressure by means of an oil diffusion pump. 
The leak rate at this pressure was 1-2 ¿¿/hr. The dump

tank and driver section were evacuated to 400 m pres
sure.

Diaphragm material was 0.020-in. aluminum (5052- 
H32) scored to 0.010 in.

Velocity measurements were made by means of Vie in. 
wide thin-film platinum heat gauges which were placed
12.000 in. apart. The signal from the heat gauges was 
fed into an electronic counter (Hewlett-Packard Uni
versal Counter, 5325A) which counted to 0.1 /¿sec.

Pressure in the driven section was measured with a 
Wallace and Tiernan gauge (Model No. FA145) accu
rate to ±0.1 psia. In itia l driven pressures varied from
2.0 to 5.0 psia.

Dwell time was obtained either from the appropriate 
wave diagram for ideal flow based on the Mach number 
of the shock wave and on the gas properties4 or accord
ing to the method described by Lifshitz, Bauer, and 
Resler.6 The pressure trace necessary for the second 
method was obtained with a Kistler pressure transducer 
(Model No. 603A) imbedded in the end plate of the 
shock tube. A slight modification of the latter method 
was necessary since the isolation valve was in the end 
plate rather than upstream of the test section. When 
the isolation valve was opened immediately after the

(1) S. H. Bauer, Science, 141, 867 (1963).
(2) (a) B. R. Davis and D. S. Scott, Ind. Eng. Chem., Fundam., 3, 
20 (1964); (b) B. S. Rabinovitch, E. W . Schlag, and K. B. Wiberg, 
J. Chem. Phys., 28, 504 (1958); (c) H. O. Pritchard, R. G. Sowden, 
and A. F. Trotman-Dickenson, Proc. Roy. Soc., Ser. A, 217, 563 
(1953); (d) E. S. Corner and R. N. Pease, J. Amer. Chem. Soc., 67, 
2067 (¿945); (e) T. S. Chambers and G. B. Kistiakowsky, ibid., 56, 
399 (1934).
(3) H. S. Glick, W. Squire, and A. Hertzberg, “ A New Shock Tube 
Technique for the Study of Higher Temperature Gas Phase Reac
tions,”  in “ Fifth Symposium (International) on Combustion,”  Rein
hold, New York, N. Y., 1955.
(4) See A. J. Caponecchi, M.S. Thesis, Air Force Institute of Tech
nology, Wright-Patterson Air Force Base, Ohio, June 1967, for a 
development of the theory and for the necessary computer program.
(5) A. Lifshitz, S. H. Bauer, and E. L. Resler, Jr., J. Chem. Phys., 
38, 2056 (1963).
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Figure 1. Arrhenius plot of the first-order rate constants for 
the unimolecular isomerization of cyclopropane: O, 
low-temperature work;2 •, 0.1% cyclopropane; + ,
1.0% cyclopropane.

Figure 2. Arrhenius plot of the first-order rate constants for 
unimolecular isomerization of cyclopropane (5% C3H6).

gas mixture had been shocked, a sample of the shocked 
gas was withdrawn into an evacuated sample chamber 
of known volume. The assumption was made that the 
volume of gas that flows from the shock tube exactly 
equals the volume of the sample chamber. The appro
priate expressions for the calculation of the space-aver
aged dwell time are given in eq 3 and 4.

4v =  ¿mess +  1̂ +  l/M-B^b/ds (3)

b =  - 7 / 2  A  (4)
M r is the Mach number of the reflected shock wave, a5 
is the sonic velocity behind the reflected shock wave, V  
is the volume of the sample chamber, and A  is the cross- 
sectional area of the shock tube. Both methods gave 
identical results for dwell time.

In  order to maximize dwell time, the shocks were 
“tailored.” Impedance matching was achieved for the 
various pressure ratios by varying the ratio of helium 
and argon in the driven section from a H e /A r ratio of
3.5 to a ratio of 1.5.4 W ith this technique, dwell times 
of the order of 2.1 msec were achieved.

Analysis of the gas in the sample chamber was done 
by gas chromatography. Immediate isolation of a gas 
sample after the shock prevented diffusion of cold gas 
mixture from the upstream section of the driven sec
tion.6 This procedure ensured that the gas sample used 
for analysis came from the test section of the shock tube. 
The gas mixture was analyzed on a 20 ft X  Vs in. col- 
umm packed with 15% triacetin on 60-80 mesh Chrom- 
osorb P which was operated at room temperature. For 
the higher gas concentrations thermister detectors were 
used. For 0.1% substrate concentration flame ioniza
tion detection was used. Retention times were 8.0 min 
for cyclopropane and 6.0 min for propylene. Extent of 
reaction was based on the amount of propylene formed. 
Side products were detected only in the 5% samples 
shocked at high temperatures (1300-1400°K). The 
major side product was separated with a 10 ft X  l/a in. 
5A molecular sieve column and was identified as meth
ane. The amount of methane accounted for no more 
than 2% of the final gas mixture. Other side products 
were present in much lesser amounts and no attempt 
was made to identify them.

The shock temperature calculated from the initial 
shock velocity4 was corrected for the temperature in
crease due to the heat of reaction according to eq 5.

2 A//reac-ion
1 — 1  SHOCK - r  „  r  A

O Up gas mixture
(%  substrate) (%  reaction) (5)

Heat capacity values for argon and helium were obtained 
from the JANA F Tables and the values for cyclopro
pane were calculated from spectroscopic data.7

(6) A. Bar-Nun and A. Lifshitz, J. Chem. Phys., 47, 2878 (1967).
(7) H. P. Nielsen, M.S. Thesis, Air Force Institute of Technology, 
Wright-Patterson Air Force Base, Ohio, June 1969.
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The temperature correction is necessary since release 
of the heat of reaction will cause a temperature increase 
during the course of the reaction. The factor of 2 * */ 3 is 
used instead of the more obvious factor of V* to take 
into account the nonlinearity of the temperature-rate 
relationship. For small temperature changes which do 
not affect the ideality of the shock wave, the correction 
serves as a refinement to the temperature determina
tion. However, as the temperature increase becomes 
large the correction can only be taken as approximate 
(see below).

In order to test the shock tube and the shock proce
dure, ¿erf-butyl alcohol was converted into isobutylene 
in the shock tube. The analysis procedure followed 
was that described by Tsang.8 The Arrhenius param
eters obtained are given in eq 6.

fc =  1 0 13 .3 5 ± 0 .20e - 6 0 ,5 0 0 ± 100/B7’ /gs

The parameters are comparable, within experimental 
error, to those obtained by Tsang.8

Error Estimate. The Arrhenius parameters, A  and E ,  
were calculated using program a c t e n ,9 a program 
which calculates least squares with both the logarithmic 
(linear) and the exponential (nonlinear) forms of the 
Arrhenius equation. The values reported are those 
which yield the minimum sum of squares for the conven
tional linear form.

The tolerances reported for the parameters also were 
obtained from the results of program a c t e n . The 
program displays sums of squares corresponding to se
lected confidence levels10 as well as sums of squares over 
any desired range of (A ,E ). Thus, loci of the selected 
confidence levels can be plotted on the A ,E  plane. The 
tolerance reported for each parameter was determined 
from the intersection of the reported value of the other 
parameter with the 99% confidence level.

The deviations from ideality of the shock wave and 
the various other sources of random error present in a 
kinetic analysis by a single-pulse shock tube technique 
have been discussed at length by Lifshitz, Bauer, and 
Rosier5 * * and by Tsang8 among others. The procedure 
employed by the present authors was checked out using 
the ¿erf-butyl alcohol system studied by Tsang.8 To 
preclude the possibility of invalid results due to system
atic errors, the low concentration analysis was per
formed at 0.1% and 1.0% substrate concentration. 
The plot of Figure 1 shows that the kinetic analysis is 
independent of concentration in this range.

Discussion

Figures 1 and 2 are Arrhenius plots of the shock data 
for the concentrations listed. In addition, Figure 1 
shows the Arrhenius curve extrapolated from low-tem
perature results. The data on which the plots are based 
are listed in Tables I and II.

A first-order mechanism was assumed and the data 
were reduced according to eq 7 where Co and Ct are the

h  =  In (C„/Cf) /iav (7)

Table I : Summary of Data for the Unimolecular Isomerization
of Cyclopropane at Low (0.1-1%) Concentrations

Dwell
Temp, ft,“ P\,b time, Extent of fcuni. hai,

°K mm mm msec reaction sec*1 sec-1

1% Cyclopropane

1042.3 1767 103 2.005 0.010 4.8 7.6
1055.3 2698 155 2.055 0.008 4.5 6.7
1096.1 2875 155 2.216 0.062 28.8 44.6
1103.6 2892 155 1.756 0.021 11.9 18.9
1125.9 2996 155 2.197 0.266 140.7 222.8
1127.8 2024 103 2.007 0.116 61.3 106.4
1146.2 3128 155 2.167 0.105 51.2 83.0
1158.6 2621 129 2.058 0.147 77.3 134.3
1168.0 2123 103 2.408 0.333 168.4 306.2
1169.6 3297 160 2.188 0.345 193.5 321.4
1172.8 2123 103 2.158 0.644 478.3 891.3
1191.7 3274 155 2.228 0.603 414.4 687.1
1214.2 3380 155 2.209 0.634 455.7 792.5
1264.5 3638 155 2.210 0.707 556.3 988.6
1281.6 2479 103 2.210 0.916 1121.9 2239.0

0.1% Cyclopropane

998.7 2362 155 1.254 0.002 1.5 2.1
1003.8 3187 207 1.304 0.003 2.4 3.3
1017.5 3255 207 1.404 0.004 2.6 3.6
1057.4 3481 207 1.555 0.008 4.9 7.1
1060.3 1729 103 1.955 0.007 3.8 6.6
1062.9 3524 207 1.355 0.006 4.4 8.0
1081.0 4535 259 1.456 0.016 11.1 15.7
1095.4 2792 155 1.266 0.019 14.9 23.6
1156.6 3070 155 2.108 0.229 123.4 208.9
1166.4 3105 155 2.258 0.191 94.0 163.3
1170.2 3113 155 2.208 0.083 39.4 68.6
1215.6 3352 155 2.109 0.559 387.9 706.3
1231.2 2250 103 2.259 0.606 412.3 841.4
1233.7 2257 103 2.259 0.658 474.8 993.1
1250.9 3482 155 2.259 0.815 747.5 1107.0

° Reflected shock pressure. 6 Initial driven section pressure.

initial and final concentrations of cyclopropane and ¿av
is the dwell time of the extracted gas sample. The rate
constants were corrected for infinite pressure in the
following manner. The total pressure in the reflected
shock (P6) was split into the partial pressures of the
component gases. The inert portion of the gas mixture 
was assumed to be 30% argon and 70% helium. The 
pressure efficiencies of argon and helium were taken 
to be 0.06 and 0.053, respectively, that of cyclopropane.2'

(8) W. Tsang, J. Chem. Phys., 40, 1498 (1964).
(9) R. W. Crossley and E. A. Dorko, Program a c t e n , available 
from the Quantum Chemistry Program Exchange, Indiana Uni
versity, Bloomington, Ind., No. QCPE 179.
(10) R. S. Burington and D. C. May, “ Handbook of Probability 
and Statistics,”  Handbook Publishers, Sandusky, Ohio, 1958, p 158.
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Table II: Summary of Data for the Unimolecular Isomerization 
of Cyclopropane at High (5%) Concentrations

Temp, f t , “ ft,6 *
Dwell
time, Extent of A*co,

°K mm mm msec reaction sec-1

9 5 5 .7 2404 155 2 .2 3 1 0 .0 1 5 6 .7
97 4 .1 2741 168 2 .4 3 5 0 .0 2 2 8 .9

1006.2 2641 155 2 .3 9 7 0 .0 1 7 7 .0
1021 .6 2744 155 2 .2 5 8 0 .0 2 0 8 .8
1031 .8 2763 155 2 .0 8 3 0 .0 3 6 1 7 .4
1040 .4 3405 181 1 .8 8 0 0 .0 3 5 1 8 .8
1044 .0 2836 155 2 .2 0 8 0 .0 4 8 2 2 .1
1048 .5 2861 155 2 .1 0 8 0 .0 3 9 1 9 .1
1060 .7 3224 169 2 .1 4 1 0 .0 5 7 2 7 .7
1074 .2 3028 156 1 .9 92 0 .0 9 5 5 0 .1
1140 .0 2809 130 1 .4 07 0 .0 61 4 4 .8
1169 .9 2813 129 2 .3 5 1 0 .2 4 0 1 1 6 .8
1192 .6 3448 155 2 .4 11 0 .3 4 8 1 7 7 .4
1203 .9 3467 155 2 .4 1 2 0 .4 7 0 2 6 3 .1
1240 .7 3556 146 2 .0 6 9 0 .4 4 8 2 8 7 .3
1249 .9 3654 155 1 .4 09 0 .6 0 9 6 6 7 .2
1296.8 3614 142 1 .7 8 5 0 .5 6 3 4 6 3 .2
1350 .0 2733 103 2 .5 5 4 0 .7 6 5 5 6 7 .4
1361.2 3542 130 2 .3 1 1 0 .6 8 8 5 0 3 .6
1412.1 3412 116 2 .3 5 2 0 .5 1 3 3 0 5 .6

“ Reflected shock pressure. 6 Initial driven section pressure

The rate constant was corrected for this effective pressure 
by utilizing the falloff curve determined at 491°.11 In 
addition, the effect of temperature on the position of 
the plot of log (fc/fc«,) against log p  was taken into 
account by utilization of eq 8.11 The factor n was

A log p  = VV« log (T2/7 ’i) (8)

taken to be 14, the number of independent vibrations 
in cyclopropane.12

For comparison with present results the commonly 
accepted low-temperature rate equation for infinite 
pressure is shown.

K  =  (9 )

It can be seen that the activation energies agree but 
the frequency factors differ by a power of 0.67. The 
question must immediately be asked if the high-tem- 
perature shock tube results represent a direct extension 
of the low-temperature results. It is obvious from Fig
ure 1 and from a comparison of eq 1 and 9 that this is 
not the case. The rate constants appear to be smaller 
than the extrapolated low-temperature results. This 
difference is expressed in a smaller value for the fre
quency factor.

Tsang8 and others6 * have discussed some of the reasons 
why the rate constants determined in a single pulse
shock tube tend to be smaller than expected from low- 
temperature extrapolation. However, one effect which
has not been considered in previous discussions is the
large difference in residence time between shock tube

experiments and conventional heating techniques. 
Residence or dwell times in a single pulse shock tube 
are of the order of several hundreds of microseconds. 
In comparison, residence times for the low-temperature 
experiments are much longer than this. In order to 
understand the significance of this difference, let us con
sider the mechanism postulated for cyclopropane isom
erization. The process is usually represented as an 
initial second-order activation followed by a first-order 
decomposition13 as shown in eq 10 and 11.

v  +  M =5=  ̂ v*  +  M (10)
k-i

v* - A *  ( 1 1 )

The rate expressions are given as eq 12 and 13.

d[V] _ fefcxtVHM] 
d£ +  fc2

d[V] h h [ V ]  , ,-----— = —------» where fc_i[M] 5$> fc2 (13)
Oit rC_i

Equation 12 represents the general rate expression and 
eq 13 represents the rate expression for high pressure. 
These two equations can only be developed if it is 
assumed that after a relatively short initial period the 
concentration of reactive intermediate reaches its 
steady-state concentration (the steady-state as
sumption).14 The assumption maintains that this in
duction time is negligibly small compared to the total 
time of the kinetic determination. As the total resi
dence time decreases this assumption becomes more 
and more tenuous. Currently, research is being con
ducted with a view toward determining the time required 
for the build-up of the concentration of reactive inter
mediate. Preliminary experiments indicate that this 
induction time can be as high as 10% of the total dwell 
time.15 A subsequent report will deal with this effect 
in detail.

The activation parameters obtained for the high (5%) 
substrate concentration vary significantly from the cor
responding values obtained for the low-concentration 
reactions. The activation energy drops and the fre
quency factor value is no longer of the expected order of 
magnitude for a first-order reaction. It is quite likely 
that the deviation at the high concentration is caused 
by the substantial change from ideality in the shock 
tube due to the exothermicity of the isomerization. 
The average temperature change, as calculated by eq 5, 
for the 5% concentration can be as high as 60-70° K. A

(11) N. B. Slater, Phil. Trans., A246, 57 (1953).
(12) W . E. Falconer, T. F. Hunter, and A. F. Trotman-Dickenson, 
J. Chem. Soc., 609 (1961).
(13) S. W. Benson and H. E. O’Neal, “ Kinetic Data on Gas Phase 
Unimolecular Reactions,”  NSRDS-NBS-21, U. S. Government 
Printing Office, Washington, D. C. 20402, 1970, p 15.
(14) W. S. Benson, J. Chem. Phys., 20, 1605 (1952).
(15) E. A. Dorko, U. Grimm, G. Mueller, and R. W. Crossley, work 
in progress.
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temperature change of this magnitude should have a 
significant effect on the shock wave, and most likely a 
simple analysis based on an ideal, one-dimensional wave 
is no longer adequate. At the high concentration the 
reacting mixture may be exothermic enough to cause 
the velocity to approach the Chapman-Jouget or deto
nation velocity.16 This effect would make the simple 
shock wave model invalid. In addition to the heat 
effects there may be a series of systematic errors such as 
boundary layer effects which become appreciable at the 
high concentration.17 In addition there may be a sig
nificant change in kinetic mechanism.

A discrepancy exists between the present high-con- 
centration results and the results of a previous high- 
concentration isomerization performed by Miyama and 
Takeyama.17 Their work utilized 5 and 10% cyclo
propane concentrations. Their analysis as a first-order 
reaction shows a bend in the curve at 1200°K. This 
bend was not observed in the present work, whether an 
Arrhenius plot was made assuming either a first- or 
second-order mechanism. However, a first-order plot 
of the present data and a plot of the previous work in
dicate that the present rate constants are lower by al
most two orders of magnitude than the constants deter
mined by the previous researchers. An Arrhenius plot 
of both sets of data leads to two parallel lines for the re

gion below 1200°K. We feel that the temperature de
termination by Miyama and Takeyama is too low. 
Apparently no correction was made for the heat given 
off by the reaction. At the 5% concentration this 
could lead to as much as a 60-70°K temperature differ
ence and at the 10% concentration the difference could 
be as great as 120-140°. Another discrepancy could 
arise due to difference in shock velocity determination.

Clearly additional work remains to be performed with 
the higher cyclopropane concentrations. The impor
tant consideration at this point is that only the low-con
centration data can be reasonably compared with the 
low-temperature work.
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247 (1969).
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The anomalous behavior of solutions containing sat
urated hydrocarbons and fluorocarbons, first noted by 
Hildebrand and Scott,1 continues to be incompletely 
understood. In an effort to contribute toward a better 
understanding of such solutions we have calculated the 
entropies of vaporization of 12 saturated hydro
carbons and of the corresponding 12 fluorocarbons. 
For reasons given by Hildebrand many years ago,2 we 
have calculated these entropies not at the same tem
perature nor at the same reduced temperature but at

the same saturated vapor volume, arbitrarily chosen to 
be 49.51. per mol.

Data Reduction
The molar entropy of vaporization As is given by the 

Clapeyron equation

where P  is the saturation (vapor) pressure at tempera
ture T  and Av is 49.5 1. minus the molar volume of the 
saturated liquid. The pressure and temperature cor
responding to the selected saturated-vapor volume are 
found from simultaneous solution of two equations

49.5 = ~  +  B {T )  (2)

P  =  f (T ) (3)

(1) J. H. Hildebrand and R. L. Scott, “ Solubility of Nonelectro
lytes,”  Reinhold, New York, N. Y,, 1950.
(2) J. H. Hildebrand, J. Chem. Phys., 7, 233 (1939).
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where B (T )  is the second virial coefficient at tempera
ture T  and where f(T ) is an empirical function (e.g., the 
Antoine equation) representing the saturation pressure 
data.

For the hydrocarbons, saturation pressure and vol
umetric data were taken from Rossini, et al.3 Data for 
fluorocarbons were taken from several sources as shown 
in Table I. Second virial coefficients were calculated 
using the correlation of Pitzer and Curl4 with critical 
data taken from Zwolinski.6

Results
Entropies of vaporization are shown in Table I; 

some of the results for hydrocarbons were presented 
earlier by Hermsen.6 For each hydrocarbon and its 
corresponding fluorocarbon we find that the latter 
has a larger entropy of vaporization by about 1 eu; 
this result had been anticipated by Hildebrand and 
Rotariu.7 If we make the reasonable assumption 
that the configurational entropy of a hydrocarbon at

Table I: Entropies of Vaporization at a 
Saturated Vapor Volume of 49.5 l./mol

Hydrocarbon“
T,
“K

As,
cal mol” 1 

•K-i

Methane 92.6 22.5
Ethane 163.2 22.7
Propane 209.3 22.6
Butane 251.2 22.3
Pentane 288.6 22.3
Isopentane 279.8 22.1
Hexane 323.1 22.2
2-Methylpentane 313.6 22.1
3-Methylpentane 316.1 22.1
2,3-Dimethylbutane 311.6 21.7
Heptane 353.3 22.4
Cpclopentane 302.3 22.4

Corresponding fluorocarbon

Tetrafluoromethane' 126.0 23.9
Hexafluoroethane1* 174.2 23.5
Perfluoropropane' 215.2 23.0
Perfluorobutane7 250.4 23.2
Perfluoropentane8 282.5 23.7
Perfluoro-2-methylbutane8 283.3 23.4
Perfluorohexane8 311.0 23.3
Perfluoro-2-methylpentane8 311.2 23.1
Perfluoro-3-methylpentane8 311.7 22.8
Perfluoro-2,3-dimethylbutane8 313.7 23.1
Perfluoroheptane6 337.3 23.6
Peril uoro cyclopen tane6 ■" 275.6 23.8

' For saturation pressure, see ref 3. b Saturation pressure of
liquid perfluorocyclopentane was extrapolated to lower tem
peratures by plotting the logarithm of saturation pressure vs. 
\/T . c M. Simon, C. M. Knobler, and A. G. Duncan, Cryo
genics, 138 (1967). d E. L. Pace and J .  G. Aston, J. Amer. 
Chem. Soc., 7 0 ,  566 (1948). * J .  A. Brown, J. Chem. Eng. Data, 
8, 106 (1963). 7 J .  A. Brown and W. H. Mears, J. Phys. Chem., 
6 2 ,  960 (1958). 8 G. A. Crowder, Z. L. Taylor, T. M. Reed, 
and J .  A. Young, J. Chem. Eng. Data, 1 2 ,  481 (1967). h G. D. 
Oliver and J .  W. Grisard, J. Amer. Chem. Soc., 7 3 ,  1688 (1951).

49.5 1. per mol is equal to that of its corresponding 
fluorocarbon at the same volume, we conclude that the 
saturated fluorocarbon liquid has a lower configura
tional entropy (more order) than that of the corre
sponding hydrocarbon. We note that the consistently 
higher entropy of vaporization for fluorocarbons is 
maintained despite temperature differences. For ex
ample, for methane the equilibrium temperature is 
92.6°K, whereas for perfluoromethane it is higher, 
126.0°K. On the other hand, for cyclopentane the 
equilibrium temperature is 302.3°K, whereas for per
fluorocyclopentane it is lower, 275.6°K. Nevertheless, 
in both cases the entropy of vaporization of the fluoro
carbon is larger than that of the corresponding hydro
carbon by 1.4 eu.

For a fluid whose molecules are perfectly spherical, 
evaporation at constant temperature affects only trans
lational degrees of freedom but for polyatomic mole
cules, rotational and vibrational degrees of freedom may 
be affected also. The higher order in the larger fluoro
carbon liquids may be due to hindered rotation and 
vibration; while such motions are no doubt hindered in 
hydrocarbon liquids also, it is possible that hindrance is 
more pronounced in the larger fluorocarbons. This 
difference between hydrocarbon liquids and fluoro
carbon liquids may have an appreciable effect on the 
excess functions of their mixtures, as pointed out by 
Patterson;8 the Prigogine theory of mixtures of large 
molecules shows that excess functions depend not only 
on differences in molecular size and intermolecular en
ergy, but also on differences in the degrees of freedom 
affected by the environment, as measured by Prigo- 
gine’s parameter c.

However, differences in rotation and vibration cannot 
explain why the entropy of vaporization of tetrafluoro- 
methane is larger than that of methane; for these mole
cules it is likely that rotational and vibrational degrees 
of freedom are not at all hindered in the liquid phase. 
The difference in entropy of vaporization, therefore, 
cannot be explained by hindered rotation and vibration 
but may be ascribed to free volumes in the fluorocar
bons which are smaller than those of the corresponding 
hydrocarbons. This conclusion follows directly from 
the definition of free volume as given by Hildebrand 
and Scott (reference 1, Chapter 5, eq 32); in this defi
nition the free volume is a function of density but not

(3) F .  D. Rossini, K. S. Pitzer, R. L. Arnett, R. M . Braun, and 
G. C. Pimentel, “ Selected Values of the Physical and Thermo
dynamic Properties of Hydrocarbons and Related Compounds,” 
Carnegie Press, Pittsburgh, Pa., 1953.
(4) K. S. Pitzer and R. F. Curl, J. Amer. Chem. Soc., 79, 2369 
(1957).
(5) A. P. Kudehadker, G. H. Alani, and B. J. Zwolinski, Chem. Rev., 
68, 659 (1968).
(6) R. W. Hermsen and J. M. Prausnitz, J. Chem. Phys., 34, 1081 
(1961).
(7) J. H. Hildebrand and G. J. Rotariu, J. Amer. Chem. Soc., 74, 
4455 (1952).
(8) D. Patterson, Macromolecules, 2, 672 (1969).
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of temperature. Further, it is consistent with Sher
wood’s analysis of second-virial coefficient data9 which 
shows that when experimental data are reduced with 
the square-well potential, the reduced well width for 
methane is 1.60, whereas that for tetrafluoromethane is 
1.48.
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Much has been written concerning the effect of the 
simple alkali metal, halide, and tetraalkylammonium 
ions on the thermal and transport properties of aqueous 
solutions.1-8 The effects are generally ascribed to the 
ability of the various ions to increase or decrease the 
structure of water over that of the pure solvent. The 
general argument is that small simple ions such as lith
ium are structure makers while large simple ions such 
as cesium are structure breakers. On the other hand 
the tetraalkylammonium salts follow the reverse 
pattern from the simple ions, and this is usually ex
plained in terms of the special hydrophobic inter
actions of the hydrocarbon groups with water to in
crease its “ice-like” structure.3 Presumably these 
effects will be observed only in solvents having a high 
degree of initial structure and capable of being struc
tured still further through hydrophobic interactions. 
Because of this water has been considered anomalous 
in this respect. The effect should not be observed for 
solvents exhibiting only a small amount of structure.

Wu and Friedman5 and Friedman6 have examined 
the heats of transfer of several ions between water and 
propylene carbonate as a function of ionic radius and 
observed that AH °  decreases as r increases for the 
simple ions, but the trend (reverses for the tetraalkyl
ammonium ions. Since it is expected that propylene 
carbonate is nonstructured and is therefore an ideal 
solvent, this reversal in trend is ascribed entirely to 
the specific interactions with water. On the other 
hand, Bhatnagar and Criss9 examined AH °  for several 
alkali metal and tetraalkylammonium iodides in 
various solvents and in some cases observed inter

ruptions in regularity for A//t° of ions between the 
various nonaqueous solvents. Unfortunately the 
scarcity of data precluded a definite conclusion. Sim
ilar trend reversals for apparent molal heat contents of 
ions in aqueous solution have been observed by Linden- 
baum. 7 For both cations and anions the interruption 
occurs between the largest simple ion and the smallest 
complex ion. The results are explained in-terms of 
water structure promotion by the large complex ions.

Viscosities of electrolytic solutions have long been 
used as an indication of the amount of structure within 
a solution. 2 ,10 -12 The relative viscosity of an electro
lytic solution is given by the well-known Jones-Dole 
equation13 in which 17 and rjo are the viscosities of the

-  =  1 +  A vV c  +  B vc (1)
Vo

solution and pure solvent respectively, A v and B n are 
empirical constants, and c is the concentration. A v can 
be calculated theoretically1415 and is associated with 
ion-ion interactions, while B v, the ion-solvent param
eter, cannot presently be calculated satisfactorily 
on an a priori basis. However, this parameter can be 
evaluated experimentally, and when it is divided into 
its ionic components to obtain B v (ion) it provides a 
very useful tool for indicating the degree of structure 
in solution.

A survey of the literature has produced B v coeffi
cients for a number of electrolytes containing both 
simple and complex ions, in the solvents water, meth
anol, and acetonitrile.8' 10' 16-18 The validity of eq 1 
for the nonaqueous solutions indicates that, for the

(1) H. S. Frank and W. Wen, Discuss. Faraday Soc., 24, 133 (1957).
(2) M. Kaminsky, ibid., 24, 171 (1957).
(3) Th. Ackerman, ibid., 24, 180 (1957).
(4) H. Ruterjans, F. Schreiner, U. Sage, and Th. Ackerman, J. 
Phys. Chem., 73, 986 (1969).
(5) Y. C. Wu and H. L. Friedman, ibid., 70, 501 (1966).
(6) H. L. Friedman, ibid., 71, 1723 (1967).
(7) S. Lindenbaum, ibid., 74, 3027 (1970).
(8) R . L. Kay, T. Vituccio, C. Zawoyski, and D. F. Evans, ibid., 70, 
2336 (1966).
(9) O. N. Bhatnagar and C. M. Criss, ibid., 73, 174 (1969).
(10) R. W . Gurney, “ Ionic Processes in Solution,”  McGraw-Hill, 
New York, N. Y., 1953.
(11) R. H. Stokes and R. Mills, “ Viscosity of Electrolytes and Re
lated Properties,”  in “ The International Encyclopedia of Physical 
Chemistry and Chemical Physics,”  E. A. Guggenheim, J. E. Mayer, 
and F. C. Tompkins, Ed., Pergamon Press, New York, N. Y ., 1965.
(12) E. R. Nightingale, Jr., "Chemical Physics of Ionic Solutions,”  
B. E. Conway and R. G. Barradas, Ed., Wiley, New York, N. Y., 
1966, Chapter 7.
(13) G. Jones and M . Dole, J. Amer. Chem. Soc., 51, 2950 (1929).
(14) H Falkenhagen and M. Dole, Z. Phys. Chem., Abt. B, 6, 159 
(1929).
(15) H. Falkenhagen and E. L. Vernon, Phys. Z., 30, 140 (1932).
(16) G. Jones and H. J. Fornwalt, J. Amer. Chem. Soc., 57, 2041 
(1935)
(17) D. F. Tuan and R. M . Fuoss, J. Phys. Chem., 67, 1343 (1963).
(18) R. P. T. Tomkins, E. Andalaft, and G. J. Janz, Trans. Faraday 
Soc., 65, 1906 (1969).
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r(°A)
Figure 1. Variation of B n (ion) coefficients with radius of ion: 
cations, solid curves; anions, dashed curves; theoretical value, 
broken curve; open circles, aqueous solutions; solid circles, 
methanolic solutions; squares, acetonitrile solutions.

concentrations over which B n was evaluated, no dis
sociation was occurring and therefore ion-pair forma
tion is probably not significant. Furthermore, for 
acetonitrile B n (ion) has been shown to be approxi
mately additive. 17 The B v (ion) data along with the 
radii of the various ions are summarized in Table I. 
For the solvents, water and methanol, the division 
of 5 , into its ionic components is on the basis that 
B v (K+) = B n (Cl- ); in acetonitrile, 5 ,  (Me4N +) 
is assigned a value of 0.25. However, for the present 
discussion the choice of division of B n is unimportant. 
Values of B v (ion) as a function of radius are plotted 
in Figure 1.

As expected and observed by others, B v (ion) 
for aqueous solutions of cations decreases with radius 
for the simple ions and increases for the tetraalkyl- 
ammonium ions. Not unexpectedly, the few data 
that are available for anions appear to follow the same 
trend. If A, (ion) were governed by the Einstein 
effect, 19 as suggested by some authors, then one would 
have

B „ (ion) = 2.5 Vi (2)

where Vi is the partial molal volume of the solute ion. 
Accordingly, one would expect a continual increase in 
5 , (ion) with the radius of the ion. One must keep in 
mind that the Einstein relationship is derived for non- 
charged spherical particles and that its application to 
ions, even large ions with low charge densities, may not 
be valid. Nevertheless, it is instructive to compare

Table I: B v (ion) Coefficients in Various Solvents at 25°

------------------- Bv (ion)------------------
Radius, Aceto-

Ion Ä“ Water6 Methanol0 nitrile4

Li + 0.60 0.15
Na + 0.95 0.09 0.44
K + 1.33 -0 .007 0.382
Rb + 1.48 -0 .0 3
Cs + 1.69 -0 .0 5
n h 4+ 1.48 -0 .0 1 0.279
Me4N + 3.47 0.12 -0 .0 3 0.25
Et4N + 4.00 0.38 0.12 0.32
Pr4N + 4.52 0.86 0.30 0.37
Bu4N + 4.94 1.28 0.49 0.56
Cl- 1.81 -0 .007 0.382
Br- 1.95 -0 .0 3 0.358 0.37
I - 2.16 -0 .0 8 0.293 0.34
Pic- 3.71 0.43* 0.53
BPE- 4.2 0.87

“ Radii of simple ions and NH4 + are from L. Pauling, “The 
Nature of the Chemical Bond,” Cornell University Press, Ithaca, 
N. Y., 1960. Radii of the tetraalkylammonium ions are from 
R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 
Academie Press, New York, N. Y., 1959. The radius of the 
picrate ion is from ref 18 and the radius of the tetraphenyl- 
boride ion is from E. Grunwald, G. Baughman, and G. Kohn- 
stam, J . A m er. Chem. Soc., 82, 5801 (1960). 6 Data are from 
ref 11, except for the picrate ion which is from ref 12. c Data 
are from ref 9 and 17. 4 Data are from ref 18 except Na +
which was evaluated from viscosity data from ref 19. ' 18°.

this relationship with the available data, and therefore 
B v (ion), calculated by eq 2, is included in Figure 1. 
The partial molal volume term is assumed to be the 
volume occupied by 1  mol of hard spheres of radius 
r. The fact that aqueous solutions of simple ions do 
not even qualitatively follow this equation can be 
partly explained in terms of the structure-breaking 
effect of the simple ions on water as the radius in
creases, which in some cases leads to negative B v 
(ion) values. However, if the decrease were entirely 
dependent upon structure breaking by the larger 
simple ions, then in principle it would not be observed 
in “structureless” solvents.

A similar trend is observed for cations in methanol, 
and the few data for the simple anions in this solvent 
indicate that they too will exhibit a similar curve. 
This is somewhat unexpected in view of the fact 
that methanol is generally considered to be much 
less structured than water. One must conclude that 
the smaller simple ions either have much less effect 
in destructuring methanol, if one assumes the solvent 
to be initially structured, or conversely the smaller 
ions have a much better ability of structuring the 
solvent, presumably through électrostriction, if one 
assumes the solvent to be structureless. On the basis 
of partial molal volumes of electrolytes in this solvent,

(19) A. Einstein, Ann. Phys., 19, 289 (1906); ibid., 34, 591 (1911).
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Millero20 has suggested that électrostriction is much 
greater than for aqueous solutions. Similarly, the 
tétraméthylammonium ion is either most capable of 
destructuring the solvent, or conversely least capable 
of structuring the solvent.

Even more surprising is the similar trend exhibited by 
ions in acetonitrile. In this presumably “structure
less” solvent the larger simple ions of both valence types 
apparently exhibit smaller B, (ion) values than the 
smaller ions. This can only be explained in terms of 
structuring of the solvent by the smaller cations, again 
presumably through électrostriction. In addition, if 
the division of B„ is even approximately correct, the 
complex anions appear to have an ability to structure 
acetonitrile even more than that exhibited by the tetra- 
alkylammonium ions on the structure of water. As 
one would expect, the Einstein effect is not even quali
tatively in agreement with the pattern observed for B„ 
(ion).

Considering that the curves for B, (ion) in all three 
solvents are qualitatively similar in spite of the fact that 
the natures of the solvents are widely different, and 
different explanations must be invoked, leads one to 
conclude that all these interactions exist to a more or 
less degree in every solvent, and that one should be 
careful in attempting to explain results solely on the 
basis of unique specific interactions of certain ions with 
water structure.
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A variety of negative ions have been observed by 
electron impact on perfluorocarbons. 2 - 4  The F~ ion is 
generally much more abundant than the carbon-con
taining negative ions. Reactions of these negative ions 
may be of importance in the radiation chemistry of 
fluorocarbons6 and are of intrinsic interest in general 
ion-molecule reaction chemistry. Since there is no in

The Journal of Physical Chemistry, Vol. 75, No. 16, 1971

formation available on such reactions, we present here a 
quantitative study of the negative ion-molecule reac
tions in C3F8. Reactions have been identified and their 
kinetic energy dependence deduced in a tandem mass 
spectrometer. Studies at higher pressure were per
formed with a single-source, time-of-flight mass spec
trometer. F~ is unreactive with C3F8, but the carbon- 
containing negative ions undergo collision-induced dis
sociation (CID) reactions.

Experimental Section
Perfluoropropane was obtained from Air Products 

and Chemicals, Inc., and was purified by trapping the 
middle portion of the C3F8 peak from a 4.6 X 0.63 cm 
diameter silica gel gas chromatographic column op
erated at 120°. The C3F8 was further degassed before 
use. Unpurified C3F8 contained an unidentified trace 
impurity which led to 8 6 % F2~ formation at 2 0 0  ß 
pressure. The purified C3F8 gave less than 0.5% F2~ 
formation at 2 0 0  ß  pressure.

The ARL in-line tandem mass spectrometer was used 
for studying the individual ion-molecule reactions. 
This instrument has been described previously.6'7 

Reactant ions are produced by electron impact in a 
specially designed negative ion source.8 The mass- 
analyzed reactant ion beam is decelerated to any de
sired kinetic energy over the range of ~ 0 .3-100 eV be
fore entering the collision chamber. The pressure of a 
desired target gas can be varied in the collision chamber. 
Product ions are mass-analyzed in a second mass spec
trometer and detected with an electron multiplier using 
pulse counting techniques. The collision chamber and 
the reactant ion source were at room temperature for 
these experiments.

Rate constants were calculated by comparing the ob
served secondary ion to primary ion ratios with the 
N 02~ to O“ ratio from reaction 1  under similar experi
mental conditions.

O -  +  N 0 2 — ► N 0 2-  +  O (1)

The rate constant for reaction 1 was taken as 1.3 X 
1 0 - 9 cm3 molecule- 1  sec- 1  for thermal energy ions. 9 

The accuracy of this procedure with regard to collec-

(1) John Simon Guggenheim Fellow, 1970-1971.
(2) M . M . Bibby and G. Carter, Trans. Faraday Soc., 59, 2455 
(1963).
(3) K . A. G. MacNeil and J. C. J. Thynne, Int. J. Mass Spectrom. 
Ion Phys., 2, 1 (1969).
(4) C. Lifshitz and R. Grajower, ibid., 3, 211 (1969).
(5) L. Kevan and P. Hamlet, J. Chem. Phys., 42, 2255 (1965).
(6) J. H. Futrell and C. D. Miller, Rev. Sei. Instrum., 37, 1521 
(1966).
(7) C. D. Miller, F. P. Abramson, and J. H. Futrell, ibid., 37, 1618 
(1966).
(8) T . O. Tiernan, “ Development of a High-Eflicieney Negative 
Ion Source for Mass Spectrometers,”  OAR Progress 1969, Office of 
Aerospace Research, U. S. Air Force Report OAR-69-0017, 1969, p 
49. Available as AD 699300 from Clearinghouse, U. S. Dept, of 
Commerce, Springfield, Va. 22151.
(9) J. F. Paulson, Advan. Chem. Ser., No. 58, 28 (1966).
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tion efficiency for the product ions has been discussed. 10 

The reaction dependencies on kinetic energy are most 
conveniently plotted in terms of cross sections. The 
cross section scale is established for the lowest kinetic 
energy by dividing the rate constant by the appropriate 
ion velocity at 0.3 eV.

A modified Bendix Model 12-101 time-of-flight 
(TOF) mass spectrometer which permits operation at 
source pressures up to 1 Torr11 was used for high- 
pressure studies. The electron current was maintained 
at about 5 X 10- 9  A and the electron energy at 100 eV 
in these experiments. The ion source was operated at 
room temperature.

Results and Discussion
Two CID reactions are the only ones observed. The 

reaction energetics and rate constants are given in Table 
I. The values of the heats of formation of G W , CIV, 
and F~ used to calculate the heats of reaction are 
— 267.9, —58.7, and —63.2 kcal/mol, respectively. 
These values are based on thermochemical data for 
fluorocarbon species tabulated previously12 and the fol
lowing electron affinities: ¿"(CaFe) = 2.3 eV, 4

E ( CF3) = 2.0 eV, 4 andA’(F) = 3.45 eV. 18

Table I: Negative Ion-Molecule Reactions
(CID Reactions) in Perfluoropropane

Reaction kcal/mol

(1) CF3_ +  M —*■ F -  +  59.1 ± 3 °
CF2 +  M

(2) C2F 5 -  +  M — F -  -F 52.3 ± 3
C2F. -f- M

0 Estimated uncertainties.

When either CF3_ and G W  are impacted on xenon 
in the collision chamber of the tandem mass spectrom
eter, only F ~ is observed as a product. The F-  increases 
linearly as a function of xenon pressure and extrap
olates to zero xenon pressure. This linear increase in 
F -  demonstrates that these reactions indeed proceed by 
collision-induced dissociation. Similar results are ob
served with CsF8 in the collision chamber.

Figure 1 shows the reaction cross section dependence 
on the center-of-mass kinetic energy for collision of 
CI'V and C2F5-  with xenon. The increase in cross sec
tion with kinetic energy is consistent with the endo
thermic nature of CID reactions and has also been ob
served for positive fluorocarbon ion CID reactions. 12’ 14 

Table I shows that the CID reactions are endothermic 
by 2.45 and 2.15 eV, respectively, for ground state CF3~ 
and C W . Since the observed apparent thresholds 
are considerably lower than these values, as shown in 
Figure 1, the reactant fluorocarbon ions must be inter

Figure 1. Cross section for collision-induced dissociations of 
CF3-  and C2F5” with xenon as a function of center-of-mass 
kinetic energy.

Figure 2. Effect of pressure on the negative ion mass spectrum 
of perfluoropropane in a Bendix TOF mass spectrometer with 
— 6-V repeller potential.

nally excited by several electron volts. Although most 
of the negative ions are formed by low-energy electrons 
in the negative ion source used, 8 it is certainly possible 
that the ions are produced with internal excitation.

(10) T. O. Tiernan and R. E. Marcotte, J. Chem. Phys.} 53, 2107
(1970) .
(11) J. H. Futrell, T . O. Tiernan, F. P. Abramson, and C. D. Miller, 
Rev. Sci. Instrum,.., 39, 340 (1968).
(12) T. Su, L. Kevan, and T. O. Tiernan, J. Chem. Phys., 54, 4871
(1971) .
(13) R. S. Berry and C. W . Reimann, ibid., 38, 1540 (1963).
(14) R. Marcotte and T. O. Tiernan, ibid., 54, 3385 (1971).

Rate constant, 
cm3 molecule-1 

sec-1

3 X 10"12 

8 X IO"12
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The effect of pressure on the negative ion abundances 
in pure C3F8, as observed in the TOF mass spectrom
eter, is illustrated in Figure 2 . It can be seen that 
CF3~ and C2F5-  decrease in relative intensity as the 
pressure is increased, while F~ increases. That is, of 
course, compatible with the tandem mass spectrometer 
results. The log of the ordinate in Figure 2  vs. pressure 
gives a good straight line, the slope of which allows us to 
calculate the total disappearance cross sections for 
CF3~ and C2F6~ given in Table II.

Table II : Total Reaction Cross Sections for 
Negative Ions in Perfluoropropane

Ion mje Cross section

CFr 69 1 X 10~16 cm2
C2F5- 119 2 X 10~16

The qualitative kinetic energy dependence of the 
CID reactions in pure C3F8 can also be demonstrated by 
varying the repeller potential in the TOF mass spec
trometer. The results are shown in Table III. The

kinetic energy of the ions is increased at higher repeller 
fields. The abundance of CF3~ and C2F6~ decreases at 
higher repeller fields which indicates a greater reaction 
cross section with increasing kinetic energy. Thus, 
these results are consistent with Figure 1.

Table III : Effect of Repeller Potential on the 
Perfluoropropane Negative Ion Spectrum

Source Repeller
pressure, potential, — %  abundance—-

M v F" CFs- C2F6
70 3 95.5 2.6 1.9

6 95.8 2.5 1.7
9 96.6 2.3 1.1

94 3 95.2 2.8 2.0
6 95.9 2.4 1.7
9 96.2 2.3 1.5

130 3 96.0 2.4 1.6
6 96.2 2.3 1.5
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S ir: The gas phase photolysis of methyl iodide in the 
first absorption continuum provides more energy than 
necessary for the simple C-I bond rupture of ( l ) , 1 - 3  

and results in the formation of “hot” methyl radicals

CH3I +  hv —■> CH3 +  I (1)

excited with some of this excess energy (e.g. >  42 
kcal/mol in 2288-A photolysis). Such hot methyl 
radicals show enhanced chemical reactivity, especially 
through the formation of methane by abstraction of 
hydrogen despite the presence of free radical scaven
gers. 4 - 9  Two recent reports have suggested that these 
hot methyl radicals are also capable of forming higher

alkanes by the substitution of methyl for H in 0 2- 
scavenged alkanes. 10' 11 These interesting products, 
as well as some others not readily accounted for by hot 
methyl reactions, 1 2 - 1 7  have prompted a study of some

(1) D. Porrett and C. F. Goodeve, Proc. Roy. Soc., Ser A., 165, 31 
(1938).
(2) J. R. Majer and J. P. Simons, Advan. Photochem., 2, 137 (1964).
(3) J. G. Calvert and J. N. Pitts, Jr., “ Photochemistry,” Wiley 
New York, N. Y., 1966.
(4) R. D. Schultz and H. A. Taylor, J. Chem. Phys., 18, 194 (1950).
(5) F. P. Hudson, R. R. Williams, Jr., and W. H. Hamill, ibid., 21, 
1894 (1953).
(6) G. M . Harris and J. E. Willard, J. Amer. Chem. Soc., 76, 4678 
(1954).
(7) R. D. Souffle, R. R. Williams, Jr., and W. H. Hamill, ibid., 78, 
917 (1956).
(8) R. D. Doepker and P. Ausloos, J. Chem. Phys., 41, 1865 (1964).
(9) (a) B. G. Dzantiev and A. P. Shvedchikov, High Energy Chem. 
(USSR), 3, 28 (1969); (b) B. G. Dzantiev, S. T. Kozlov, A. N. 
Mushkaev, and A. P. Shvedchidov, ibid., 3, 32 (1969).
(10) J. Saunders and D. Uroh, Chem. Phys. Lett., 8, 277 (1971).
(11) J. W. Root and G. W. Mutch, Abstracts, 160th National Meet
ing of the American Chemical Society, Chicago, 111., Sept 1970.
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Table I : Selected Products from Cadmium Resonance Photolysis of Radioactive Methyl Iodide

-------------------------------------------------- Relative product yield-
■Reactants, Torra--------------—• ✓----------------- —----- Hydrocarbons-

uCHaI 02 Other »cm “ CO >*C02 2 C2 Other

2.0 7 150 n-CiHio 100 20 36 2 < 0 .1  c 6
2.5 10 100 C3H8 100 165 142 1 0.3 C4

ch2ti 0 2 Other CH.T HT c2h6t C2H3T 7I-C5H1 1 T 2-CsHuT
2.0 0 150 n-C4Hio 100 5 4.4 0.07 0.38 0.37
1.0 14 150 JI-C4H10 100 135 <0.1 <0.1 0.49 0.47

«CHsI 0 2 Other 14CHa «CO >*COj sc2 CaHs CsHs C-C3H6

4.0 0 230 C2H4 100 2.8 d 4.7 6.8 74 5.3
4.4 20 200 C2H4 100 430 1120 14 <1 200 <2
4.0 0 230 C2D4 100 2.8 d 6.2 6.3 26s 4.7
4.0 20 200 C2D4 100 430 760 15 <1 92 <2

ch2ti 0 2 Other CHsT HT C2h6t CüHsT CsH8 CsH, c-CaHe
1.1 0 218 C2H4 100 2.3 6.0 0.5 73“ 6.8

“ Ratio 14CH3I/CH3I = 0.07; CH2TI/CH8I ~  4 X lO-3. 1 Isotopic analysis: CD2H»CH=CD2, 3.2; CD3C D =14CH2, 2.8; (“ CH:r 
CD=CD2 -f- 14CH2DCD=CD2), 20.4. c Isotopic analysis: tritium in olefinic position of propylene 5.6 ±  1.0% of total propylene-i. 
d Not determined.

of the lower yield reaction paths in the photolysis of 
CH3I-alkane systems. We report here chemical evi
dence for the presence of both singlet and triplet 
methylene during the photolysis of methyl iodide. 
The known reactions of these two species provide an 
alternate, albeit more prosaic, explanation for the 
formation in such systems of alkanes with one carbon 
atom more than the substrate molecule.

Radioactively labeled methyl iodide (14CH3I or 
CH2TI) has been photolyzed in mixtures with n-butane, 
propane, or ethylene, both with and without 0 2, in 
cells equipped with Suprasil quartz windows and grease
less stopcocks and joints, using either a cadmium18 or 
mercury resonance lamp. Products were analyzed by 
radio gas chromatography.19’20 Typical experimental 
data are summarized in Table I.

Triplet methylene has recently been shown to react 
with 0 2 to form HT (from CHT), 14CO, and 14C02 
(both from 14CH2).21 The data of Table I indicate that 
these along with methane are the only important 
products observed during the photolysis of CH2TI or 
14CH8I in the presence of 0 2. When the photolysis is 
carried out in the absence of 0 2 and with metallic Ag 
present to remove molecular iodine, a very much larger 
total yield of products is observed, consistent with the 
absence of the usual back-reaction (2).

CHa +  I2 — ► CH3I +  I (2)

Both singlet and triplet methylene react with ethyl
ene to form cyclopropane and propylene,22-24 and these 
products are both found in the ethylene systems. 
While most of the labeled propylene is formed by the 
reactions of hot methyl radicals "with ethylene, these 
reactions should lead only to the formation of CH2T- 
CH=CH2 from CH2TI +  C2H4 and 14CH3C D =CD2 
from l4CH3I +  C2D4. The presence of other isotopic

forms of propylene in both cases (see footnotes) can 
only readily be attributed to the reactions of methylene 
with ethylene, followed by the isomerization of the 
resulting cyclopropane. These yields are substantially 
reduced by 0 2 scavenger, indicating that most of the 
methylene is triplet methylene, scavengeable by 0 2. 
With 0 2 present, the yield of labeled cyclopropane 
drops to a very low yield;21 but the isotopic propylene 
products from its isomerization are still present,26

(12) N. R. Davidson and T. Carrington, J. Amer. Chem. Soc., 74, 
6277 (1952).
(13) R. T. Meyer, / .  Phys. Chem., 72, 1583 (1968).
(14) G. J. Mains and D. Lewis, ibid., 74, 1694 (1970).
(15) C. D. Bass and G. C. Pimentel, J. Amer. Chem. Soc., 83, 3754
(1961) .
(16) R. E. Rebbert and P. Ausloos, J. Chem. Phys., 48, 306 (1968).
(17) P. G. Barker, J. H. Purnell, and B. C. Young, Trans. Faraday 
Soc., 66, 2244 (1970).
(18) The cadmium lamp produces radiation with the wavelengths 
2288, 2265, and 2144 A in the approximate ratio of 15:3:1.
(19) J. K . Lee, E. K. C. Lee, B. Musgrave, Y .-N . Tang, J. W. Root, 
and F. S. Rowland, Anal. Chem., 34, 741 (1962).
(20) Since self-radiolysis of radioactive methyl iodide creates labeled 
hydrocarbon impurities very rapidly, the methyl iodide was routinely 
purified by degassing at —100° with added hydrocarbon carriers 
approximately 1 hr before the actual photolysis.
(21) R. L. Russell and F. S. Rowland, J. Amer. Chem. Soc., 90, 1671 
(1968).
(22) D. Setser and B. S. Rabinovitch, Can. J. Chem., 40, 1425
(1962) .
(23) C. McKnight, E. K. C. Lee, and F. S. Rowland, J. Amer. Chem. 
Soc., 89,469 (1967).
(24) F. S. Rowland, C. McKnight, and E. K. C. Lee, Ber. Bunsenges. 
Phys. Chem., 72, 236 (1968).
(25) The half-pressure for stabilisation of excited C-C3H5T has been 
reported at 170 Torr for 3CHT and about 1700 Torr for 4CHT from 
the 3130-A photolysis of CHTCO 24
(26) The apparent absence of cyclopropane and propylene as prod
ucts in CHsT I-C 2H4 photolysis was the basis for the conclusion that 
singlet methylene was not present in methyl iodide photolysis sys
tems, and therefore could not be responsible for the butane products 
in CH2TI-C3H8 mixtures.10
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confirming the presence of singlet methylene in these 
systems.

The yields of C5 products from n-C4H10 and C4 

products from C3H8 are quite low in 0 2-scavenged 
systems at 2288 A. However, these yields are con
siderably higher with an 1849-A, 2537-A Hg resonance 
lamp, and occur with the ratios ft-CgH^/i-CgH^ = 1 . 2  

for both CH2TI and 14CH3I with 0 2-scavenged n-C4Hi0, 
and n -C 4H 10/ f - C 4Hio = 2.3 for the 14C H 3I - C 3H 8- 02 
system. The insertion reactions of singlet methylene 
can readily account for the formation of these higher 
alkanes, and the ratios of n-C4H10/i-C 4Hi010 and 
n-C5H1:j/f-C5Hi2.27 respectively, are quite similar to 
those obtained for the reactions of singlet methylene 
from the photolysis of diazomethane and ketene.28-30

The presence of methylene in the reaction system 
also suggests it as a possible precursor31 for all or part 
of the yields for several products found in earlier 
methyl iodide studies, e.g., ethylene (3CH2 +  CH3) and 
acetylene (3CH2 +  3CH2) in flash photolytic systems;13,14

and, from CD3I +  C2H4,16 CH2CH2CD2 (3CD2 +  
C2H4). Finally, the reaction of 3CHT with 0 2 leads to 
the formation of hot T atoms,21 and small yields of 
products characteristic of energetic tritium atom reac
tions can be expected in 0 2-scavenged systems.

The mechanistic source of methylene species has not 
been unequivocally identified, although sufficient 
energy exists for the formation of CH2 +  HI as a minor 
direct photolysis route. In any event, the major 
photolytic route (>95%) is certainly the split into CH3 
and I at these wavelengths.
(27) The very much higher m-pentane/isopentane ratios reported in 
CHiTI-n-CiHio mixtures apparently had substantial contributions 
from Hg-photosensitization reactions: ref 11 and private communica
tion from J. W. Root.
(28) R. L. Johnson, W. L. Hase, and J. W . Simons, ./. Chem. Phys., 
52, 3911 (1970).
(29) J. W. Simons, C. J. Magee, and G. W . Taylor, J. Phys. Chem., 
72, 769 (1968).
(30) R. L. Russell and F. S. Rowland, unpublished results.
(31) P. S. -T . Lee, R. L. Russell, and F. S. Rowland, Chem. Commun., 
18 (1970).
(32) This research has been supported by A.E.C. Contract No- 
AT-(04-3)-34, Agreement No. 126.
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S ir : Publications1-4 from this laboratory have empha
sized the dipole-dipole mechanism of carbon-13 nuclear 
spin relaxation and have suggested that these dipolar 
mechanisms are dominated by intramolecular pro

cesses. 1 - 4  However, heretofore only indirect evidence 
has been presented to support this suggestion, 1 - 4  

and this work contains data on a dilution study which 
will now substantiate the validity of this conclusion for 
two very representative hydrocarbons.

Table I contains carbon-13 nuclear Overhauser 
effect, NOE, and proton-decoupled relaxation time, 
Ti, 3 - 6  measurements obtained on Varian AFS-60 and 
XL-100-15 spectrometers. The adiabatic rapid passage 
technique3 was used at two different frequencies and at 
36 ±  2° for benzene, cyclohexane, and a 50:50 (v:v) 
mixture of the two liquids. From the NOE and T i 
data, the dipolar relaxation contribution, T m c , was 
determined2 - 3  (7%° =  2 Ti/r/). Observe that the 
relaxation processes are dominated by dipole-dipole 
mechanisms (7? = 2 . 0 0  arid 7jav = 1.80 for the cyclo
hexane and benzene, respectively). The carbon-13 
relaxation times, T lt of benzene and cyclohexane at
62.5 MHz agree6 reasonably well with the data at 15 
and 25 MHz indicating that chemical shift anisotropic 
effects are minimal in these compounds. Also, temper
ature studies from 35 to 60° disclose no spin-rotation 
effects.7 The slight reduction in the benzene Over
hauser effect from maximum to ?jav = 1.80 is not 
statistically significant for the experimental errors which 
were obtained in this study. * 1 2 3 4 5 6 7

Table I: Carbon-13 NOE and Spin-Lattice Relaxation 
Data for Benzene and Cyclohexane at 36°

Compound
Frequency,

MHz r, =  NOE -  1 Ti, sec Tit>c , sec 7V3, sec

Cyclohexane 15 .1 2 .0 0  ±  0 .1 0 1 7 .5  ±  2 18 ±  3 > 1 0 0
2 5 .1 2 .0 0  ±  0 .1 0 1 7 .0  ±  2 17 ±  3 > 1 0 0

Benzene 15 .1 1 .8 5  ±  0 .1 5 2 2 .0  ±  2 24 ±  5 > 1 0 0
2 5 .1 1 .8 0  ±  0 .1 5 2 3 .0  ±  2 25 ±  5 > 1 0 0

5 0 :5 0 2 5 .1 2 .0 0  ±  0 .1 0 1 7 .8  ±  2 18 ±  3 > 1 0 0
mixture 2 5 .1 1 .7 5  ±  0 .1 5 2 4 .0  ±  2 27 ±  5 > 1 0 0
cyh1, - c6h 6

In order to determine if the dipolar relaxation con
tribution is dominanted by intramolecular effects, a 
50:50 (v:v) solution of benzene-cyclohexane was 
studied. Intermolecular carbon-hydrogen terms would 
be expected to change for both cyclohexane and 
benzene in the mixture as a result of the twofold dif
ferences in proton populations for these two compounds. 
Since there are no significant differences in the values

(1) K. F. Kuhlman and D. M. Grant, J. Amer. Chem. Soc., 90, 7355 
(1968).
(2) K. F. Kuhlman, D. M . Grant, and R. K, Harris, J. Chem. Phys., 
52,3439 (1970).
(3) T . D. Alger, S. C. Collins, and D. M . Grant, ibid., 54, 2820 (1971).
(4) J. Lyerla Jr., D. M. Grant, and R. K. Harris, J. Phys. Chem., 75, 
585 (1971).
(5) R . A. Hoffman and S. Forsen, J. Chem. Phys., 45, 2049 (1966).
(6) H. Spiess, et al., Max Planck Institute, private communication.
(7) D. K . Green and J. G. Powles Proc. Phys. Soc., London, 85, 87 
(1965), observed a similar lack of spin-rotation effects in the proton 
relaxation of benzene up to the critical temperature.
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of Ti and 7'h>c, for either compound in the neat liquid 
or in the 50-50 mixture (Table I), it is evident that 
intramolecular dipolar effects dominate the carbon-13 
spin-lattice relaxation when protons are directly at
tached, and that neither spin-rotation coupling nor 
anisotropic chemical screening mechanisms are impor
tant in these two different characteristic hydrocarbons.

Since the 7'm0 values are dominated by intramolecu
lar dipole effects, an effective rotational correlation 
time, T0, may be calculated from the data in Table I for 
both benzene and cyclohexane by assuming isotropic 
tumbling8 [1/7%° (intra) = nH7c27H2rc/rcH6, where 
nH is the number of directly attached hydrogens]. The 
results of this calculation yield 1.7 X 10-12 sec for rc 
(benzene) and 1.3 X 1 0 '12 sec for rc (cyclohexane). 
These results correlate well with the value of 1.5 X 10-12 
sec obtained by Green and Powles7 for the intramolecu
lar relaxation of hydrogen in benzene. Note that the 
differences in T idc for benzene and cyclohexane (Tidc = 
25 sec and 7%° = 17 sec, respectively) are roughly ex
plained by the twofold differences in the number of 
protons attached directly to carbons in the two com
pounds. The slightly longer correlation time observed 
for benzene does modify this twofold population factor 
as might be expected from the geometry of benzene 
and the greater molecular association anticipated from 
increased intermolecular ir-electron interactions. The 
greater planarity of benzene may also suggest that some 
anisotropy in molecular rotation is giving rise to the 
longer effective correlation time or slower rotational 
diffusion rates.

Acknowledgments. This work was supported by 
grants from the National Institutes of Health (GM- 
0852-10) and the National Science Foundation (GP- 
18436).

(8) J. A. Pople, W . G. Schneider, and H. J. Bernstein, “ High-resolu
tion Nuclear Magnetic Resonance,” McGraw-Hill, New York, N. Y ., 
1959, p 202.
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S ir: It has long been recognized that nuclear spin-
lattice relaxation times (7\) can provide significant in
formation relative to liquid dynamics.1'2 However, the 
interpretation of 7\ data with respect to molecular 
motion for spin Vz systems has often been hampered by 
the difficulties encountered in separating the various

contributing relaxation mechanisms. For protons, 3 

evaluation of the individual relaxation processes usually 
requires detailed dilution and temperature studies. 
However, it has been recently illustrated that such 
complex analysis can often be avoided in the considera
tion of carbon-13 relaxation times. In particular, it 
has been demonstrated that determination of the 
KfC{ T I} nuclear Overhauser effect (NOE) and 13C 
spin-lattice relaxation times under proton-decoupled 
conditions allows determination of the C-H intra
molecular, dipolar relaxation time provided inter
molecular C-H processes are negligible. 4 - 7  Knowledge 
of the C-H dipolar contribution, 7%°, to the spin-lattice 
relaxation time permits calculation of molecular re
orientation rates with resultant insight into the dy
namics of the systems.6 '7

Herein are reported in Table I the proton-decoupled 
carbon-13 spin-lattice relaxation times and the in
cremental increase in signal (ij) due to the NOE values 
( 1  +  ?7) for formic and acetic acids and their respective 
methyl esters. All relaxation measurements were made 
by adiabatic rapid passage4 '6 (ARP) techniques on de
gassed samples at 35 ±  2 °. Experiments were per
formed at 14.1 kG on a Varian AFS-60 spectrometer 
and at 23.5 kG on a Varian XL-100-15 spectrometer. 
The ^C^H} NOE enhancement factors were deter
mined from the ratio of the integrated intensities of the 
13C decoupled and coupled spectra.6 '8 The carboxyl 
data were obtained from formic and acetic acid samples 
enriched9 in the 13C isotope to approximately 23% at 
the carboxyl position. At this level of enrichment 
only a single scan was required to acquire the necessary 
information on both instruments. The 7\ values of 
the two esters and the methyl carbon of acetic acid 
were obtained from nonenriched samples and thus re
quired accumulation techniques using a Varian C-1024 
time-averaging device. 4 ’5

Listed also in Table I are the C-H dipolar relaxation 
times ( T i d c )  and the total relaxation time due to all 
other mechanisms (TL0) obtained from the Ti and 
NOE data via the formulations4 - 7

(1) J. S. Waugh in “ Molecular Relaxation Processes,”  Academic 
Press, London, 1966.
(2) A. Abragam, "Principles of Nuclear Magnetism,” Oxford Uni
versity Press, New York and London, 1961, Chapter VIII.
(3) D. K . Green and J. G. Powles, Proc. Phys. Soc., London, 85, 87 
(1965).
(4) K . F. Kuhlman, D. M . Grant, and R. K. Harris, / .  Chem. Phys., 
52,3439 (1970).
(5) T . D. Alger, S. C. Collins, and D. M. Grant, ibid., 54,2820 (1971).
(6) J. Lyerla, Jr., D. M . Grant, and R, K . Harris, J. Phys. Chem., 
75, 585 (1971).
(7) T. D. Alger and D. M. Grant, ibid., 75, 2538 (1971).
(8) K. F. Kuhlman and D. M . Grant, J. Amer. Chem. Soc., 90, 7355 
(1968).
(9) These compounds were synthesized by Professor Edward G. Paul 
of Brigham Young University.

The Journal of Physical Chemistry, Vol. 75, No. 16, 1971



2 5 4 0 Communications to the Editor

Table I ;  13C-NOE and Spin-lattice Relaxation Results for Formic and Acetic Acids and Their Methyl Esters
Compd Carbon Tu sec (15 MHz) Ti, sec (25 MHz) xi»C{iH}a T jD ° Two

Formic acid Formyl 10.3 ±  1.0 10.1 ±  1.0 2.0 ±  0.15 10.0 ±  3.0 >100
Methyl formate Formyl 15.1 ±  2.0 14.5 ±  1.5 1.55 ±  0.15 19.0 ±  5.0 83.0 ±  20

Methyl 16.8 ±  2.0 18.0 ±  2.0 0.80 ±  0.10 43.0 ±  10 29.0 ±  10
Acetic acid Acetyl 29.1 ±  2.2 30.0 ±  3.5 1.08 ±  0.04 53.6 ±  4.2 63.7 ±  5.0

Methyl 10.5 ±  0.5 9.8 ±  0.6 1.40 ±  0.13 14.9 ±  1.5 35.5 ±  3,7
Methyl acetate Acetyl6 35.0 ±  5.0 29.0 ±  5.0 0.25 ±  0.08 278 ±  84 40.0 ±  13

Methyl 16.3 ±  1.3 17.4 ±  1.5 0.63 ±  0.08 53.0 ±  8.0 24.6 ±  3.7
Methoxy 17.0 ±  1.5 18.3 ±  2.1 0.93 ±  0.04 37.6 ±  4.2 33.1 ±  3.7

® The values are from the AFS-60. 6 The carboxyl carbon of methyl acetate was not enriched and, therefore, the errors are large in the 
Ti measurement of this peak due to the reduced signal intensity of this carbon.

J _____ 1 1

T io° _  T i ~  T 1DC
(2)

Discussion of the various results requires consideration 
of the C-H dipolar relaxation rate in formalistic terms

^  7 h 2T c 2^ 2
—  2 - J --------------------- T e f f

i  Tcm (3)

where the summation is over all protons in the sample, 
Tch is the nuclear separation, and reff is an effective 
correlation time for molecular reorientation.

The Tid0 and T10c results for the respective acids and 
esters illustrate the effects of dimerization upon the 
molecular reorientation times. In particular, the C-H 
dipolar process for the carboxyl of acetic acid is quite 
efficient for a quaternary carbon in view of the 1/rcH6 
dependence of T jx>°- Furthermore, the methyl carbon 
has a rather short T xdc considering that very low 
barriers to internal rotation (476 cal10) usually give 
rise to substantial reductions in the dipolar process.4’6’11 
Both these results are consistent, however, since the 
effect of association is to slow down appreciably the 
molecule’s reorientation rate, especially perpendicular 
to the dimer’s long axis. As reii of eq 3 is intimately 
related to the diffusion rates about the various axes of 
the molecular system,12 the result of dimerization is to 
increase the effective correlation time. The increased 
value of 7-etf then gives rise to a much more efficient 
dipolar process for the carbons of acetic acid than that 
normally observed for corresponding type carbons in 
nonassociated liquids.

The results for the C-H dipolar rates in methyl 
acetate, where the association effects are precluded, 
reinforce the above discussion. The T 1DC value for the 
methyl (53 sec) is consistent with the T idc value for the 
methyl of acetonitrile (49 sec)6 which is also a free rotor 
at room temperature. The methoxy 7\DC value repre
sents a somewhat more efficient process than for the 
methyl as might be expected in view of the higher 
barrier to rotation ('~1200 cal10) about the C -0 axis 
relative to that of the methyl C-C rotational barrier. 
Finally, the carboxyl now has a much longer dipolar 
relaxation time and is more in line with other quaternary 
carbons.13 Hence the T1DC values in methyl acetate

reflect the reduced retf value for the molecular re
orientation process when association effects are absent.

The results for formic acid and methyl formate are 
analogous with those of the acetic acid case. However, 
as the carboxyl is attached to a proton in methyl 
formate, it is possible for reft to be estimated from eq 3 
and the value for T¡dc which is now dominated by the 
directly bonded proton. The rea for the acid is 4.9 X 
10“12 sec, while a value of 2.6 X 10~12 sec is obtained 
for the ester. Thus, dimerization has significantly 
affected the overall rate of molecular diffusion.

A few comments should be made regarding the origin 
of the Tioc processes in these systems. The field-de- 
pendent studies illustrate no appreciable effect within 
experimental error on the relaxation times of all the 
carbons. It is concluded, therefore, that the T i0c 
processes are due to the spin-rotation mechanism. The 
relatively short times observed for the methyl carbons 
are in accord with the facility of internal rotation.

In conclusion, these relaxation results for the formic 
and acetic acids and their methyl esters illustrate the 
high degree to which the dynamics of liquid systems are 
faithfully reflected in the C-H dipolar relaxation rate. 
In this regard, the study also indicates the potential 
importance of I\  and Overhauser data as a technique to 
separate relaxation mechanisms.

Acknowledgments. This research was supported by 
grants from the National Institutes of Health (GM- 
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(10) W. Gordy and R. L. Cook in “ Technique of Organic Chemistry,” 
Vol. 9, A. Weissberger, Ed., Interscienee, New York, N. Y ., 1970.
(11) K. T. Gillem, M. Schwartz, and J. H. Noggle, private communi
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(12) D. E. Woessner, J. Chem. Phys., 37, 647 (1962).
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