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The reaction of nuclear recoil generated chlorine atoms with hydrogen to produce hydrogen chloride was studied
in the presence of ethylene and iodine scavengers. The vield behavior is presented for this reaction over a relative
average translational energy range extending from a lower limit of ~0.16 eV determined by the thermal scavenging
efficiency of the system to several tens of electron volts. The hydrogen isotope effect for H, and D, reactants
is explored over this same energy range and found to exhibit a cross over from a normal value of 2.3 to an inverse
effect of 0.8 as the average reaction energy is increased. The relative kinetic behavior of the isotopic systems
is interpreted in terms of a steady state non-Boltzmann formalism and comparison is made with reported results

for corresponding fluorine atom reactions.

Introduction

Halogen atom reactions with hydrogen have been
studied extensively in thermal and photochemical sys-
tems.'™ Recent investigations of these reactions have been
extended to much higher energies via theoretical trajectory
studies in the fluorine atom case and experimental nuclear
recoil studies for both fluerine and chlorine atoms.>® The
quasiclassical trajectory calculations as well as the ex-
perimental results indicate that the reactive cross section
for fluorine extends to several tens of electron volts center
of mass translational energy. It is anticipated that other
halogen atom reactions with hydrogen also occur efficiently
at such high energies, and indeed experimental evidence
for hot reaction of chlorine has heen communicated by
these authors.” These systems are particularly attractive
for high energy kinetic studies because there are a limited
number of reaction pathways available and the HX
product molecule can carry away sizable amounts of
translational, rotational, and vibrational energy. This
allows stable product formation even at relatively high
incident collision energy.

In hydrogen reactant, replacement and abstraction are
indistinguishable processes with respect to the product HX
formed. In hydrocarbon reactant systems, however, the

! Camille and Henry Dreyfus Teacher-Scholar 1971-1978.

class of reactions which gives the same product is desig-
nated hydrogen abstraction. Such ahstraction reactions
by recoil fluorine atoms have been reported for a large
number of saturated hydrocarbon and halogenated hy-
drocarbon reactants where the relative rates have been
compared®!? and for olefinic reactants where abstraction
is determined in competition with addition.!2

In this report, the high energy reactions of recoil chlorine
atoms with hydrogen and deuterium are examined as a
function of added moderator concentration. Since a direct
quantitative interpretation of the reaction kinetics in terms
of the eollisional and compaositional properties of the
medium is not possible, the non-Boltzmann kinetic
technique recently reported by Keizer'? is employed to
explore dynamical features of the high energy reaction
process and to verify empirical conclusions hased on direct
observation. This method has been successfully applied
to experimental results for the recoil reaction of flucrine
with hydrogen at high translational energies® and is in-
formative in this system as well. In particular unlike the
case of fluorine, the reaction of chlorine atoms with hy-
drogen and deuterium shows a definite cross over from a
normal to an inverse isotope effect at high energies. Fi-
nally, the magnitude of the normal isotope effect ex-
trapolated to an infinite moderator / hydrogen ratio in the
presence of 5% ethylene scavenger suggests that the

0022-3654/78/2082-0627801.00/0 © 1978 American Chemical Society
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scavenger present in this experimental system maintains
an average effective low energy reaction temperature of
~1200 K for chlorine reaction with hydrogen. This tends
to limit the low energy results reported to the epithermal
region.

Experimental Section

Translationally hot 338C1 atoms were generated by the
ACKn/INCI nuclear reaction. Sample vessels, filling and
irradiation procedures, and sample analysis methods were
identical with those described previously.4 Samples
contained H2or D2reactant, CF2C12moderator and source
gas for the nuclear reaction, and an ethylene-12competitive
scavenger for low energy chlorine atoms. Matheson H2
D2 and CF2C12 and Phillips Research Grade C2H4 were
used directly from lecture bottles after gas chromato-
graphic and mass spectroscopic analysis indicated purities
of greater than 99.9%. Following irradiation, volatile
hydrogen chloride product was separated from organic and
other inorganic products using a carbonate stripper column
described previously. X4 Involatile hydrogen chloride was
removed from the reaction vessel walls with repeated rinses
of 0.1 M aqueous Na2C 03, and the absolute yields of the
hydrogen chloride as well as the summed absolute yields
of all other products were determined ina 3 X 3 in. Nal(TI)
scintillation detector.

The identity of the hydrogen chloride product on the
reaction vessel wall and in the stripper apparatus was
determined indirectly in an extensive series of
investigations1l5 which are described briefly below. The
chlorine containing yield adsorbed on the reaction vessel
wall following evacuation of other reactants demonstrated
highest lability toward aqueous polar solvents. In order
of decreasing efficiency, the solvents used included 0.1 M
aqueous Na2C 03 0.1 M aqueous NaCl, H2, anhydrous
CH30H, and anhydrous C6H6. Wall activity which was
removed by either methanol or benzene solvent was
guantitatively extractable into aqueous 0.1 M Na2C03
Quantitative recovery of 38C1 activity as Ag3CIl was also
observed when an aqueous NaCl rinse was used followed
by addition of 0.1 M AgNO03 This behavior suggests that
the wall yield is both polar and inorganic in nature and
discounts the probability of significant contributions to
the wall yield from chloroethyl radicals or from polym-
erized halocarbon products. Further, the wall yield was
dependent on both the source and the quantity of ab-
stractable hydrogen in the reactive system containing H2,
C2H4, and CF2C12 suggesting that the wall yield also
contained hydrogen.

The identification of the wall yield as H3C1 is further
supported by addition of inorganic carrier gases to the
reaction vessel following evacuation of other products into
the cold trap. HCLI carrier efficiently removed 98% of the
wall activity after 2 min equilibration time, and that yield
was quantitatively trapped on a carbonate stripper column.
IC1 carrier, by comparison, did not influence the wall yield
and identical rinse yields were obtained whether or not IC1
carrier was used. ICl1 passed through the carbonate
stripper column and could be detected chromatographi-
cally, although no evidence of radioactive 138C1 was seen
in any experimental run. Chlorine gas added in carrier
quantities removed ~80% of the wall yield after 2 min
equilibration time. The yield so removed, however, passed
through the carbonate stripper and was collected quan-
titatively in the cold trap. The labeled chlorine product
was also detected chromatographically despite the fact that
no carrier free chlorine was ever detected. In view of this
result and the fact that the CI2 carrier was neither as
effective as HC1 in removing the wall activity nor was
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retained in the carbonate stripper it is felt that the CI2
exchanges chlorine atoms with labeled H38C1 on the re-
action vessel wall. This exchange process has been well
documentedl6in thermal systems and depends critically
on the dryness of the reaction vessel walls. It is concluded
also that 3CLF is absent as a product since the wall and
stripper yields showed no direct dependence on the
guantity of source gas CF2C12present. It appears then that
H3BCL in carrier free quantities is largely adsorbed re-
versibly on the reaction vessel walls and can be removed
by carrier addition or appropriate aqueous rinse. H3Cl
activity which remains in the gas phase is trapped on the
carbonate stripper column.

In the absence of added Cl2no evidence of heterogeneous
wall-catalyzed exchange was found. The wall yield results
were independent of irradiation length or sample analysis
time, and Pyrex wool placed in the reaction vessels to
increase surface area gave identical results to samples
without added surface area. The observed results were also
independent of the severity of reaction vessel drying al-
though in practice the vessels were routinely dried ov-
ernight at 150 °C while a few were heated under vacuum
immediately prior to sample preparation. The results
suggest that the HACI on the reaction vessel walls and on
the carbonate stripper is a recoil reaction product.

Results and Discussion

The reaction of recoil chlorine atoms with hydrogen and
deuterium was monitored in the respective experimental
systems by directly measuring the absolute product yields
of H38C1 and D38Cl from the reactions

3aCl + H2 *= H38CL + H- (1)
3Bci+ D2- D38CL+ D- )

Thermalized chlorine atoms were scavenged by a com-
bination ethylene-12 scavenger which resulted in the
formation of chloroiodoethane scavenger product:

38C1L+ C2H4 - *C2Hj38C 1~ CH2ICH23Cl (3)

The use of ethylene as a competitive scavenger for low
energy chlorine atoms also presents a source of abstractable
hydrogen which contributes to the hydrogen chloride yield
through a direct abstraction mechanism as reported
earlier.4

38C1 + C2H4 - H38CL+ C2H3 (4)

The yield of H3CL from this mechanism is directly pro-
portional to the concentration of ethylene in the reactive
system and changes by only 0.1% absolute yield per
additional percent ethylene concentration. For the 5%
scavenger concentration used, the ethylene produced H/CI
yield can be accounted for on a quantitative basis. Hy-
drogen chloride can also be generated by unimolecular
decomposition of the intermediate chloroethyl scavenger
radical, but internal sample pressures of 1000 Torr in the
present study suppress this reaction pathway to <0.2%
of the absolute product yield.14 Other sources of ab-
stractable hydrogen or reaction pathways contributing to
the H38CL yield were absent in the recoil system.

The energy dependence of the primary 33C1L + H2(D2
reaction was investigated experimentally by variation of
the CF2C12 moderator gas concentration. Freon-12 was
found to be essentially inert to both hot and thermal
chlorine reaction contributing less than 1% to the total
yield of products in all systems studied. At high mod-
eration, the recoil chlorine atom must, on the average,
undergo numerous nonreactive energy degrading collisions
with the inert collider prior to reaction with hydrogen, and
the average reaction energy is expected to be near thermal.
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Figure 1. Dependence of the absolute yield of hydrogen chloride on
CFa,Cl2 moderator concentration at 1000 Torr pressure for the reactions
of *¥C1 with H, and D, in the presence of ethylene-iodine scavenger:
(O) H, reactant; (@) D, reactant.

At low moderator concentrations, however, the density of
high energy collisions between the recoiling hot atom and
H, reactant increases and the average energy of reaction
may increase accordingly if the reaction channel exhibits
a significant cross section at high energies. The depen-
dence of the H*Cl yield on moderator concentration was
monitored in a system of 2-95% H.,, ethylene-I, scavenger,
and CF,Cl, moderator and source gas added to a total
pressure of 1000 Torr. The ethylene scavenger concen-
tration was maintained at 5% of the moderator concen-
tration or 10 Torr pressure whichever was greater. The
results of the moderation dependence for the 3Cl + H, and
#Cl + D, reactions are shown in Figure 1 and include the
summed yields of hydrogen chloride generated by the
primary reaction with H, or D,, as in (1) or (2), and by
abstraction from ethylene as in (3). The error bars shown
are representative and show one standard deviation in the
data. These results indicate a definite hot contribution
to the hydrogen chloride yield, and they show an inverse
isotope effect arising at high energies in this recoil reaction
system.”!®

The differences in zero point energies in the H, and D,
systems are expected to give rise to sizable isotope effects
at thermal energies. In thermally equilibrated systems at
300 K, normal isotope effects have been determined
experimentally’ to be ky,/kp, = 9.4 for the Cl + Hy(D,)
abstraction reactions, and similar values have been cal-
culated theoretically.'” The measured isotope effect de-
creases rapidly at higher temperatures to a limiting
minimum value predicted to be ~1.4. In the study re-
ported here the high moderation yields were extrapolated
to a moderator /hydrogen ratio of infinity and a scavenger
concentration of 5%. The values for the H®Cl and D*Cl
absolute yields determined in this way are ~10.6 and
~8.3%, respectively.” Substraction of the 6.5% H*Cl
yield*15 from the ethylene reaction results in a measured
low energy isotope effect of ky,/kp, = 2.3. Extrapolation
of the published temperature dependence of the thermal
isotope effect gives an effective minimum reaction tem-
perature corresponding to ~1200 K for these reactions at
high moderation in the presence of 5% ethylene.

The high effective reaction temperature is thought to
result from the increasing differential reactivity of the
ethylene relative to hydrogen for low energy chlorine atoms
as the moderator concentration is increased. Indeed it is
expected that the average energy of reaction could be
lowered further if the concentration of scavenger were
reduced.

At low moderator concentrations, corresponding to high
average energies of reaction, the H®¥Cl and D*CI yields
exhibit an inverse isotope effect where Ypc) > Yye.” The
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Figure 2. Pressure dependence of hydrogen chioride yield for gas
mixtures containing 50% H,(D,) reactant, 45% CF,Cl, moderator, and
5% ethylene-I, scavenger: (O) H, reactant; (®) D, reactant. Error
bars represent standard deviations in the yields.

crossover is thought to be the result of dynamical factors,
involving either the primary reaction cross section or
subsequent decomposition of the nascent product arising
from the high energy reaction mechanism, which are in-
dependent of and which are substantially larger than the
normal thermal kinetic isotope effect. The inverse isotope
effect is also observed as a function of pressure at constant
moderation in a system with 50% H,(D,) reactant, 45%
CF.Cl, moderator and source gas, and 5% ethylene-I,
scavenger. The H3Cl (D%*Cl) yields are shown in Figure
2 as a function of pressure. The increasing hydrogen
chloride yield at low pressures results from the unimo-
lecular decay of the #Cl + ethylene reaction intermediate
reported previously.!* Subtraction of the ethylene-
produced H®C] yield from the total hydrogen chloride
yields at various pressures in the present system results
in constant H¥Cl (D*C]) yields from the 3Cl + Hy(D,)
reaction over the pressure range investigated experi-
mentally in Figure 2. The net absolute yields from the
chlorine atom reaction with H, and D, at 50% moderation
are measured to be 16 and 26 %, respectively, giving rise
to an inverse isotope effect of 0.62. It is interesting to note
that at lower moderator concentrations and higher average
energies of reaction the inverse isotope effect reduces to
~0.8.

The kinetic behavior of the Cl + Hy(D,) reaction has
been well established in thermal systems with excellent
agreement between experimental and theoretical results.
Recently, a non-Boltzmann rate constant formalism has
been proposed for recoil systems.®'® The %Cl + Hy(D,)
reaction can be examined using this method in order to
further explore the high energy isotope effect.

The formulation of the non-Boltzmann kinetic theory®?
postulates that the energy distribution function for hot
atoms surviving after n collisions with surrounding bath
gas can be characterized by a hot atom probability dis-
tribution W (E, E) which describes the probability of a
recoil atom with initial energy E having energy E’ after
n collisions. In this approach the probability function
W.(E, E) is proposed to relax to a steady state distribution
in the recoil system if the rate of reaction of hot atoms is
significantly slower than the collision frequency, which
allows the implicit time dependence of W (E, E’) to be
ignored. For this case, phenomenological rates for com-
petitive reaction channels can be expressed in terms of
energy dependent rate constants x based on the non-
Boltzmann steady state energy distribution function where
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Ki =/dVR/IdVA(yr) fA(VA) fRtt, VR)a*(;,VD (5)

The term 0*(j, V) is the reactive cross section for the jth
internal state of the reactant, fa(VA) and fR(/, V r) are the
velocity distribution functions for hot atoms A and res-
ervoir molecules R, and Vr is the relative velocity of
reactants.

The gquantitative validity of the non-Boltzmann theory
depends on the condition for attainment of the steady state
energy distribution requiring the half-time for reaction to
be longer than the half-time for momentum relaxation. In
a nuclear recoil system the large reactivities of recoil
species at high energies as evidenced, for example, by the
calculated cross sections for the F + HAD2 system suggest
that the rate of reaction may approach the collision fre-
quency.5 For such highly reactive systems the steady state
energy distribution may exist rigorously only at high
moderator concentrations where the total probability of
nonreactive collision is much larger than the probability
of reactive collision. In principle, this problem can be
eliminated through a direct utilization of a time dependent
velocity distribution fA(VA t) in (5), but such a treatment
is necessarily complex. Root and co-workers have recently
applied the time independent non-Boltzmann theory to
experimental results from 18 to H2D2 systemséband have
suggested in a preliminary report6® that their related
calculations on time dependent rates support the quali-
tative significance of the rates obtained from the steady
state approximation. The time independent non-Boltz-
mann theory thus appears to be a straight forward, ap-
proximate model for examining the experimental kinetic
behavior of recoil systems.

For a steady state energy distribution, the non-Boltz-
mann rate constants ljcan be handled in a manner similar
to conventional chemical kinetics where the recoil system
is approximated by an extremely small initial concen-
tration of hot atoms. In the present study, competing
reactions for recoil chlorine atoms include the direct re-
action with hydrogen (1) or deuterium (2), the scavenging
addition to ethylene (3), and the abstraction reaction with
ethylene (4). Assigning the non-Boltzmann rate constants
*h>*d>*%>and ka to these reactions, respectively, the rate
of production of H3C1 is given as

d[H*CI]/df = kh[H2][38C1] +
ka[38C 1][C2H4] (6)
Combining eq 6 with the total rate of disappearance of ~ClI

gives the yield of H3Cl at t = €corresponding to the end
of sample irradiation as

[H38C1] _ kh[H2] + xa[C2H4]

[38C1l]o0 kh[H2] + (KS+ ka)[C2H4] )
Rearranging

Y W h [HZ] ka
1-Y) hs [C2H4] ks 1’

Similar results will be obtained in terms of the overall
hydrogen chloride yield Y = yHWi + Fdnci if D2is sub-
stituted for H2 as the primary reactant.

Since the energy dependencies of the reactions are
implicitly contained in the rate constants, a plot of the
concentration term in (8) vs. the yield term will be linear
with a slope of kh/ ks and an intercept of ka/ ks provided
the energy dependences of the individual constants ka, ks,
Kh, and kd are similar over the effective energy range
explored by moderation. The plot of the ratio of the
reactant concentrations vs. the measured yield term Y /(I
- Y) calculated from the moderation dependence data for
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Figure 3. Absolute H3CI yield ratios Y1L(1 - y) as a function of the
sample composition ratio [H2]/[C 2H4] for the “ Cl + H2reaction in the
presence of ethylene-iodine scavenger.

Figure 4. Calculated non-Boltzmann rate constants ka/kd and ka/ kh
as a function of moderation with CF2CI2: (O) 38Cl + H2reaction; ()
3BCI + D2 reaction. Error bars represent the standard deviation.

the 3C1 + H2reaction in Figure 1 is shown in Figure 3.
The data in Figure 3 can be approximated by this linear
relationship over the range of reactant concentrations from
0to 66%. At lower moderation and correspondingly higher
average energies of reaction there is significant curvature
due both to the breakdown of the time independent steady
state assumption in the highly reactive hydrogen system
and to differences in the energy dependence of the in-
dividual reactions monitored. Extrapolating the linear
region of Figure 3 to infinite moderation provides an
intercept of ka/ ks = 0.08. Thus ks = 12ka, and eq 7 or 8
can be further simplified to give

ka = 1~ Y)H2]
kh (13Y- 1)[C2H4]

The ratios of the constants ka/ kh can then be determined
from eq 9 as a function of moderation in order to char-
acterize the behavior of kh and Id in these reaction systems.

The ratios of ka/ kh and ka/ kd were calculated from eq
9 at various sample compositions using the experimental
reactant concentrations and resultant hydrogen chloride
yields from the H38Cl moderation dependence study in
Figure 1 and from similar data reported previously for the
deuterium reaction.1415 Plots of the calculated ratios ka/ kh
and «a/ka vs. Sample moderation are shown in Figure 4.
Since the values of kh and kd are expected to rise at higher
energies on the basis of their respective cross sections, the
positive slopes of the lines in Figure 4 dictate that ka must
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also be rising as an inverse function of moderator con-
centration. The magnitude of the increase in «,, however,
appears to be greater than that expected on the basis of
the direct moderator experiment with ethylene in the
absence of hydrogen.!* These results cast significant doubt
on the quantitative interpretation of the values determined
via this operational method. Nevertheless the technique
is of considerable value in clearly illustrating the relative
behavior of the high energy reactions with H; and Ds.

The data also provide a direct comparisen of the ratio
«g/ ¢p as a function of system composition. The isctope
effect described by the non-Boltzmann rate constant ratios
for the direct abstraction reactions with H, and D, is seen
to exhibit a cross over from a normal to an inverse effect
as a function of moderation. This directly reflects the
behavior of the H®C] and D*C]I yields vs. moderation.’

The rate ratios implicitly account for the energy de-
pendence of the two reactions, and the observed behavior
of «y/«p directly reflects changes in the energy distribution
caused by moderation. Replacement of the CF,Cl,
moderator with H; or Dy, reactant in these experiments,
however, requires that the extent of any concurrent
moderating isotope effect be carefully evaluated. Such
effects can arise because H, and D, provide unequal,
nonreactive collisional energy sinks for the recoil chlorine
atoms, and thus the collisional energy distribution
functions for the recoil species will, in general, be different
at each moderation in the two systems. At infinite
moderation the energy distribution of chlorine atoms in
the respective hydrogen and deuterium systems must be
identical because the moderator alone determines the
distribution. At lower moderator concentrations, however,
nonreactive collisions between hot chlorine atoms and H;
or Dy alter the energy distribution functions, and in
particular deuterium, primarily because of its greater mass,
is expected on an a priori basis to be a more efficient
energy degradation agent than hydrogen.

The moderating isotope effect influences the non-
Boltzmann rate constant ratio xy/xp either directly by
altering xy with respect to «p, or indirectly by altering the
value of «x, at each moderation in the respective H; and
D, reactant systems. To anticipate the effect on «y and
xp the average energy of hot reaction at fixed moderation
must be considered. Because DD, is thought to be a better
hot atom energy degrading agent than H,, there should be
a larger number of potentially reactive collisions with H;
than with I}, over any energy interval. This means that
the average energy of potentially reactive collisions in the
H, case is higher than in the D case. To place the « and
xp values on a comparable energy scale then, the low
moderation region of the abseissa in Figure 4 must be
translated to higher effective moderation for H, relative
to D,. This would have the net effect of emphasizing the
magnitude of the inverse isotope effect at high energy and
low moderation.

The moderating isotope effect alse differentially in-
fluences x4 in the two systems. At a particular moderation,
as above, the abstraction reaction from ethylene would be
less efficient in the Dy system than in the H, system
because there are fewer high energy collisions in D, than
in H; bath. The value of the observed energy dependent
constant x, would similarly be artifically low in the
deuterium case. Since the same reactive cross section with
ethylene is involved, the data can be corrected by adjusting
the observed xyp, upward relative to xau in order to
achieve an equal energy basis. This translation is also most
pronounced in the low moderation region of Figure 4 and
thus tends to reduce the magnitude of the high energy
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isotope effect.

In the limiting case where there is no offsetting direct
effect on «y or «p, the observed rate x, in Figure 4 must
increase by a factor of at least 1.5 in going from D, to H,
in order for the ratios «aq/xy and xam/«p to coincide at
50% moderation and thus eliminate the isotope effect cross
over. For «4 to change by such a large extent, the average
logarithmic energy loss per chlorine atom collision prior
to ethylene reaction must be on the order of 1.5 times as
large for deuterium as it is for hydrogen. This is incon-
sistent with experimental results in other recoil hot re-
action systems where the relative difference in moderating
efficiencies between hydrogen isotopes Hy and D), has been
shown to be small, and it is considered extremely unlikely
in these studies. In addition, the moderating differences
are expected to directly influence «y and xp as well as «,,
and the compensating nature of the two influences will
further reduce the importance of the moderating isotope
effect. It is then concluded that the cross over in isotope
effect reflected in the rate constant ratio «y/«p is kinetic
in nature.

The cross over in the *®Cl + H,(D,} isotope effect has
been discussed previously’ in terms of dynamical features
arising from a high energy reaction mechanism. It should
be noted that no experimental evidence for a high energy
inverse isotope effect was observed either directly in the
data or in the non-Boltzmann rate constant evaluation of
the recoil hot atom reactions of ®F with H,(D,).5

Semiclassical trajectory calculations have been used to
evaluate the respective fluorine reaction cross sections as
a function of translational energy in the center of mass,
and results indicate that the H, and D, cross sections are
nearly coincident over the entire reactive energy range with
a maximum at ahout 2 eV 1% [Likewise, it might be
anticipated that the chlorine atom cross sections are also
similar, although it is possible that the deuterium cross
section is shifted to slightly higher energies, thus ac-
counting for the observed yields. In any case, the hydrogen
halide product of either reaction at high relative trans-
lational energies is expected to carry a significant fraction
of the available energy away in vibrational and rotational
excitation. In general, for these diatomics, energy transfer
from rotation to vibration is rapid, and the total internal
energy may well be sufficient to place the molecules in
vibrational levels near the dissociation limit. The product
molecules, which also possess significant translational
energy due to momentum conservation, may bhe cobli-
sionally dissociated releasing the halogen atom at a low
energy to be scavenged. If this mechanism is primarily
respensible for the observed high energy isotopic effects,
hydrogen chloride must be more easily dissociated on
collision than hydrogen fluoride in recoil experiments, and
HCI must either be formed with more vibrational energy
than DCI or transfer of vibrational energy from DCl must
be more efficient than from HCI an collision with D or
H., respectively. Since there is no obvious dynamical
feature in these reactions which could account for HCI
being preferentially excited nearer its dissociation limit
than DC), the relative contribution of this factor to any
collisional dissociation manifest in the observed yields
cannot be assessed.

A second factor of importance is the relative effec-
tiveness of the scavenger in competing with thermal ab-
straction from hydrogen. This is important because of the
nature of recoil experiments in which low energy contri-
butions to the reactive cross section are reflected more
significantly in the product yields than higher energy
contributions. In the recoil chiorine study described here,
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the scavenger effectively terminates very low energy re-
action processes as evidenced by the relatively high ef-
fective average temperature (~1200 K) observed for
hydrogen chloride production at high moderation. Such
effective elimination of very low energy abstraction re-
actions by fluorine is much more difficult to achieve due
to the high intrinsic reactivity, and the competition
provided by the scavenger may be slightly less favorable
than in the chlorine studies. Due to the disproportionate
impact of low energy processes and the fact that all near
thermal reactions are expected to give a normal isotope
effect, it might be anticipated that any small inverse effect
at higher energies will be overshadowed in the total yields
measured for hydrogen fluoride.

The combined effect of these factors and the degree to
which the chlorine reactive cross sections are not super-
imposable cannot be evaluated quantitatively. The ex-
perimental data, however, provides clear evidence that the
overall reactive process in the two recoil systems is dif-
ferent and that the stabilized product yields of the heavier
halogen atom exhibit an inverse deuterium isotope effect
at high energies which is absent from the yield data for
the lighter halogen atom.
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A Mass Spectrometric Study of the Fragmentation of the Lithium Fluoride Vapor System
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The angular number distributions of species effusing through a cylindrical orifice have been used to investigate
the fragmentation processes which occur in the ion source of a mass spectrometer. The lithium fluoride vapor
system has been studied in the temperature range 785-825 °C. The monomer, dimer, and trimer have been
identified as the neutral vapor species, and the fragmentation processes associated with the electron bombardment
of each of these species have been identified. The approximate contribution of each of the neutral species to

the fragment ions has been determined.

Introduction

Although the LiF vapor phase system has been the
subject of frequent investigation, there is substantial
disagreement regarding the identity of the neutral pre-
cursor or precursors of the ions in the mass spectrum of
the lithium fluoride vapor system. Mass spectrometric
investigations of the fragmentation products of this system
have been reported by Sidorov and Alikhanyan,1Berkowitz
et al.,23 Akishin et al.,4 Porter and Schoonmaker,5 Hil-
denbrand et ah,6 and Searcy and Mohazzabi.7 As a
consequence of the fact that Li3 2+ is the ion of highest
mass observed in the mass spectrum, it is generally as-
sumed that Li3F2+ results from dissociative ionization of
LiF3 The source of LiZF+ is most generally reported to

0022-3654/78/2082-0632$01.00/0

be LiZF2 However, both Akishin et al.4and Sidorov et al.1
report LiZ2and Li3F3 as the source of this ion. Only
Hildenbrand et al.,6 however, offered substantial exper-
imental justification for the assignment of LiZ=2as the only
precursor molecule of LiZF+.

Berkowitz et al.23 reported that LiF+ is formed pre-
dominately from LiF as did Sidorov et al.1 Both groups
also claimed a small contribution to LiF+ from Li2F2 but
they failed to agree on the extent of the LiZ=2contribution.
On the other hand, Hildenbrand et al.6found a substantial
dimer contribution to LiF+ as well as a monomer con-
tribution. Hildenbrand also found LiF to be the only
neutral precursor of Li+. The other studies1:57 concluded
that Li+ was formed from the dissociative ionization of
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both LiF and LiZ2 However, there is no quantitative
agreement regarding the extent of the dimer contribution.

It is apparent that the discrepancies concerning the
identity of the neutral precursors of the ionic species
produced by electron bombardment of the LiF vapor
system have not been resolved by the existing high
temperature mass spectrometric techniques. The angular
distribution (AD) technique has proven particularly
valuable in the determination of fragmentation patterns
of complex polymeric vapor systems such as AgCl,8CucCl,9
and Bi.10 In this paper the AD method has been used as
an additional tool in the investigation of the LiF system
to provide some further answers to the fragmentation
phenomena.

Additional data on this system have been obtained and
these include vapor pressure measurements made by
Evseev et al.,11 Hildenbrand et al.,12 and Scheffee and
Margrave.13 Thermodynamic data for the vapor species
of lithium fluoride (monomer, dimer, and trimer) have
been reported by Hildenbrand et al.,22 Scheffee and
Margrave,13 Porter and Schoonmaker,5 Akishin et al.,4
Bauer and Porter,}4 and Berkowitz et al.2 Data from
infrared matrix isolation studies are consistent with a
planar, rhomboid structure for the dimer. 1520 In addition
to the cyclic structure, Abramowitz et al.2l have found
evidence for a linear dimer.

Experimental Section

Data were obtained with a 60° single focusing, 30.5-cm
radius-of-curvature mass spectrometer. Two molecular
beam sources were used in conjunction with the mass
spectrometer: (1) a standard static Knudsen cell system,
and (2) a rotary Knudsen cell system. The static unit
allows one to determine atomic and molecular beam fluxes
only at the normal to the orifice exit plane whereas the
rotary assembly permits sampling of the fluxes at any
off-axis angle between 0 and 75°. Details of the con-
struction and operation of the rotary unit have been
described.2

Radiant heating was used for the Knudsen cells in both
the static and rotary units. Thermal energy was supplied
by a bifilarly wound, platinum-10% rhodium helical fi-
lament surrounding the cell on A120 3supports. Because
of the reactivity of lithium fluoride vapor with A12 3, the
furnace assembly was covered by a shield made of
0.051-mm tantalum foil. The temperatures were deter-
mined by means of a calibrated chromel-alumel ther-
mocouple peened into the base of the Knudsen cell. The
thermocouple also provided the input signal to a specially
designed temperature controller which was used in con-
junction with a Hyperion Si 20-20 dc power supply to
maintain the cell temperature constant to within £0.02 °C
of the nominal value.

The lid of the rotary cell had an orifice with an L/R =
4 geometry and a 0.508-mm radius. The length to radius
ratio of the static cell orifice was L/R = 0.10. In order to
minimize the possibility of reaction between lithium
fluoride and the cell, nickel was used in the construction
of all cell components. No evidence of cell reactivity was
found in the temperature range of this investigation.
Specially designed jigs were used to align the orifice of
these cells to within £0.02 mm in both the Xy plane and
the z direction thus ensuring mechanical reproducibility
between runs. The cell was loaded with approximately 0.1
g of 3 N lithium fluoride (Electronic Space Products, Inc.)
for each run.

Intensity data were collected using a 16-stage electron
multiplier as the detector and a 640 Keithley vibrating
capacitor electrometer in series with a 399 Keithley iso-
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TABLE I: Relative Intensities, Appearance Potentials,
and Heats of Sublimation0 (Average Temperature 805 °C)
Appear-
_ ance Heat of
Relative potential, sublimation,
lon intensity eV = 0.5 kcal/mol
Li+ 36.44 11.8 619 + 04
LiF+ 12.88 11.8 62.0 £ 0.5
Li2F+ 100.00 13.0 68.1 + 0.4
Li3F2+ 12.01 12.3 73.6 £ 0.3

° Data taken at 18 eV.

Figure 1. lonization efficiency curve for Li+ at a cell temperature of
825 °C.

lating amplifier. The output from the isolating amplifier
was simultaneously fed to a strip chart recorder and a
Hewlett-Packard Model 2212A voltage to frequency (V-
to-F) converter whose output was measured with a
Mech-Tronics Nuclear 715 dual scaler. The V-to-F
converter and dual scaler functioned as a dc integrator with
a variable-time base. By varying the integration times it
is possible to maintain approximately the same average
deviation for a wide range of peak intensities and sig-
nal-to-noise ratios.

Results

Four ions were detected in the lithium fluoride mass
spectrum, and they are as follows: Li+, LiF+, LiZ+, and
Li3F2+. Appearance potentials for all species except Li+
were determined by the linear extrapolation method, and
values for the four ionic species observed are given in Table
I.  The spectroscopic ionization potential of mercury23
(10.43 eV) was used as a reference for the energy scale.
The ionization efficiency curve of Li+ is nonlinear as shown
in Figure 1. Nonlinearity of this type may occur when
an ionic species is formed from more than one neutral
species.

The intensity of each of the ions was determined as a
function of temperature over the range 785-825 °C. The
equilibrium vapor pressure P of a neutral species in a
Knudsen cell at a temperature T is related to the intensity
I+ of the ionic species which results from electron bom-
bardment of the neutral vapor species by the relation P
= KI+T where, K is a constant.24 If an ionic species results
from ionization of only one neutral vapor species, then the
heat of sublimation of the vapor species can be obtained
from the slope of a plot of log I+T vs. 1/T. However, if
an ionic species is formed by the ionization of more than
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one neutral species, then the observed heat of sublimation,
assuming temperature independent cross sections for the
ionization processes, will have a value which is between
the heats of sublimation of the contributing neutral species.
The exact value will depend on the relative contribution
of each of the neutrals to the ionic species. Heats of
sublimation are given in Table I for all species. Data were
taken at an electron bombardment energy of 18 eV, and
the data for each run were treated by the least-squares
method. The tabulated heats of sublimation are the
average of the least-squares data for at least five runs per
ionic species. The uncertainties in these values are the
standard deviations from these averages.

The angular distributions of species effusing from an
orifice depend not only on the orifice geometry as predicted
by Clausing, but also on the vapor species. Grimley et al.85
have given a detailed description of the AD technique and
its application to fragmentation studies. The information
required to characterize each AD curve includes the cell
angles 8 the molecular beam intensities 1(8) as a function
of angle, and the temperature of the Knudsen cell. The
beam intensities are normalized to the beam intensity at
0° by taking the ratio of the intensity at each angle 8to
the intensity at 0°. The relative intensities 1(8)/1(0) are
then plotted as a function of the angle 8 The plot will
hereafter be referred to as the AD curve. Initially dis-
tribution data were obtained for each species at an electron
bombardment energy of 18 eV, and these data are given
in Table 11.26 Additional angular distribution curves were
obtained at several other ionizing electron energies and at
two other temperatures. These curves will be considered
in the discussion of the fragmentation process.

Discussion

A preliminary analysis of the fragmentation behavior of
the lithium fluoride system was attempted by use of the
following standard techniques: stoichiometric constraints,
appearance potentials, ionization efficiency curves, and
heats of sublimation.

If the ionization potential of an atom or molecule has
been determined previously, then appearance potential
data can be used to assist in the identification of the
neutral precursor of a given ion. The appearance po-
tentials and heats of sublimation for the LiF system are
given in Table I. The conclusion which may be surmised
from the appearance potential data is that Li+ is a frag-
ment ion.

Because of the low pressures present in the ion source,
we have assumed that ion-molecule reactions may be
neglected in the stoichiometric analysis. Based on the
stoichiometric constraints, Li3F 2+ could be formed from
one or more of the neutrals LinF,, where n > 3. However,
the absence of breaks in the ionization efficiency curve
would tend to indicate only one major contributor. The
heat of sublimation data for Li32+ indicate at least one
neutral contributor to LiF2+ not common to the other
ionic species. These data are consistent with the view that
Li3dF 2+ arises primarily from one molecular source of the
form LinF,, where n > 3.

By a similar type analysis LiZ=+ is found to be formed
from one species of the form LirF,, where n> 2, and which
is different from the precursors of the other ionic species.
This type of analysis also indicates one primary molecular
source for LiF+ which is different from the precursors of
both LiZF+and LiF2+. Although these techniques indicate
that LiF+, Li2F+, and Li3F2+ each results from ionization
of a different molecular species, one may not eliminate the
possibility of additional small contributions to these ions
from other sources.
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Figure 2. Angular distribution curves for LiF+, Li2F+, and Li3F2+ at a
cell temperature of 825 °C and 18 eV.

The elimination of atomic Li as a potential source of Li+
by virtue of the appearance potential measurement has
already been noted. Stoichiometric constraints only limit
the identity of the precursor to one or more of the species
Li,Fn, where n > 1. The ionization efficiency curve of Li+
shows appreciable curvature or tailing, and this behavior
is sometimes indicative of two ionization processes. Thus
there is the possibility that two sources of Li+ exist. The
heat of sublimation data for Li+ and LiF+ at 18 eV are
virtually identical. This result is normally interpreted to
mean that Li+ and LiF+ are formed primarily from the
same source or sources.

Since the standard techniques of identifying neutral
species provide only limited information and the results
of other research are inconclusive, the AD technique will
be used almost exclusively to analyze the fragmentation
pattern of lithium fluoride. The application of AD
measurements to the analysis of fragmentation patterns
depends on the assumption that each neutral vapor species
will exhibit a unique AD pattern as it emerges from a
Knudsen cell with a nonideal orifice. Thus the shape of
the AD curve of an ion formed from a single neutral species
is dependent only on the directional characteristics of that
given atomic or molecular species as it leaves the orifice,
and is independent of the ionizing electron energy.
However, if an ion is formed by the electron bombardment
of two or more neutral vapor species, then the shape of its
AD curve will depend on the relative contribution from
each of the neutral vapor species. In the case of two
contributors the AD curve for the ion will be located
between the AD curves of the two neutral species. The
exact location will depend on the molecular fluxes and the
ionization cross sections of the two neutral species. The
flux can be varied by changing the equilibrium temper-
ature of the system whereas the ionization cross section
can be changed by varying the energy of the ionizing
electrons. As a consequence the position and configuration
of the angular distribution curve of the ion can be altered
by changes in ionizing energy or temperature. The re-
sulting shifts in the AD curves can then be used in the
analysis of the fragmentation processes.

The AD curves for the LiF+, LiZ+, and Li32+ions are
shown in Figure 2. All data shown were taken at 18 eV
and a cell temperature of 825 °C. Three distinct curves
may be seen, and these are associated with three different
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molecules. The simplest and generally the most sensitive
means of determining if more than one precursor exists
is to vary the energy of the ionizing electrons. This test
was applied to the AD measurements of the four species
Li*, LiF*, Li,F*, and LiyF,*. The data for LiF* exhibited
no changes in the AD curves measured at 18, 25, 40, and
60 eV and a cell temperature of 825 °C as shown in Table
111.2% The independence of the AD curve with ionizing
energy was also observed at cell temperatures of 805 and
785 °C. The shifting of the AD curve as a function of
temperature has been explained by Voronin.? Within the
sensitivity limitations of the AD technique (which is on
the order of a few percent), only one precursor of LiF* is
observed. From the stoichiometry of the ion it is assumed
that the neutral precursor is the LiF molecule.

The AD data measured at 18 eV for Li,F* and Li;F,*
showed that the AD curves for these species were different
from each other and from LiF*. However, energy de-
pendence measurements are necessary to determine if one
or more precursor molecules are present. The AD curves
of the Li,F* ion were identical for energies of 18, 25, 40,
and 60 eV; the data are given in Table 11126 The AD
curves for Li;F,* were similarly independent of the energy
of the ionizing electrons, and the resultant data are also
contained in Table II1.% From the stoichiometry of the
jons it is assumed that the neutral precursors of Li,F* and
Li;F,* are LiyF; and LiyF3, respectively.

Since the data are energy independent, the represent-
ative AD curve at each temperature for the three species
is taken as the arithmetic average of all energies studied,
and these data are given in Table [V.%

In contrast to the other ionic species, the data for the
Li* ion exhibited shifting as a function of the ionizing
energy. The AD curves for Li* which demonstrate this
effect are given in Figure 3.

The equations, from which the relative precursor
contributions to the Li* ion may be determined, are de-
veloped in a straightforward manner. The total ion in-
tensity from all sources of each species is given by

I*(T,0)= >j31,-k’(T, 6) 1)

The index k identifies the ion and index j serves to identify
the neutral species which form species k upon ionization.
In particular, for the LiF vapor system & =0, 1, 2, 3 refers
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to the ions Li*, LiF*, Li,F*, and Li,F,*, respectively. The
index j = 1, 2, 3 refer to the molecules LiF, Li,F,, and
Li;F,, respectively. The molecules LiyF;, Li,F,, and LiF
have been identified as the sole precursors, respectively,
of the ions LizF,*, Li,F*, and LiF*. For the LiF system
three ion intensity terms I;;* exist in which j = k. To
identify these terms, the notation /,;* is used, where I;;*
is the intensity of LiF*, I,* the intensity of Li,F*, and I;;*
the intensity of LizF,*.

With a conventional Nier-type ion source, the partial
ion intensity /;,*(T, ) may be expressed as

KVj(T, 6 )U,k(T)

I, (T, 6)= = 2
; &(T, 0) =)
where T is the temperature of the Knudsen cell, § is the
cell rotation angle, « is a constant related to the instrument
geometry, o,(T) is the ionization cross section in which
ion k is produced from molecule j, »(T, 6) is the flux of
molecule j at angle 6, and ¢,(T, 6) is the average speed of
molecule J.

The ion intensity fraction F,(T, 6) of the total intensity
[,7(T, 8) which results from the ionization of one species
is defined as

Fie(T, 6) = I;y,"(T, 6)/1," (T, 0) (3)

The intensity [,,*(T, ) cannot be measured directly. The
term can be evaluated from the relationship

L' (T,0)  kvi(T,0)0;(T) ¢;(T,0)

L(T,0) &6(8) oL o)y M
L, (T, 0) o0;,(T ;

;:-*((T, 9)) i oj,l:((T)) a3

where a;,(T) is a constant at a given T. Therefore

I *(T, 0) = a;s (T);;*(T, 0) (5)
Using the result from eq 5 one may rewrite eq 1
I,*(T,0)= IZaik(T)I,-,-’(T, 6) (6)

The normalized distribution D;(T, 6) of a precursor
molecule j which is the sole source of an ionic species with
intensity I,;*(T, 6) is defined by the equation

Dy(T, 6) = I;'(T, 0)/1;; (T, 0) (7)
Equation 6 may now be expressed in terms of D{(T, 6)
I (T, 0)= IZG,-;Q(T)I,-;’(T, 0)D;(T, 6) (8)

The normalized angular distribution D, (T, 8) of an ion %

which is formed by the ionization of more than one neutral

precursor is defined by the equation D, (T, 6) = I,*(T,

6)/1,*(T, 0). By dividing eq 8 by I,*(T’, 0) one obtains

D, (T,0)=Za (T)MD-(T 0) (9)
B Ry T

We define f,(T) by the equation
ajk(T)I]j+(T» 0)

= 10
flk(T) Ik+(T, 0) ( )
Equation 9 may be rewritten in the form
Dy (T, 6)= :@f;k(T)Dj(T,ﬁ) (11)

The angular distribution term D,(T, 6) and the D(T, 6)
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terms are obtained from experimental data. The coeffi-
cients f;(T) may be determined by a least-squares pro-
cedure which will be discussed.

The coefficients f;,(T) may be obtained from the ex-
perimental data; however, our primary interest is in the
calculation of the ion intensity fractions, F (T, 0).
Therefore, it is necessary to develop a quantitative rela-
tionship between these quantities. We proceed by com-
bining eq 3 and 5 to yield

F.>e 0\

2ji \£2 V)
F.(T =a. (T ~———= 12
]k( ,0) ajk( )Ik’(T,(?) ( )

The relationship between f3(T) and F; (T, 6) can be
obtained by taking the ratio f;,(T)/F;(T, §) in conjunction
with eq 10 and 12.

(1) _ a(DL; (T, 0)  I,*(T, 0) 18)
Fu(T,0) I(T,0) au(DL(T,0)
Equation 13 may be simplified by use of eq 7.

- _ Di(T,9)
(T 0) = 575y (D) (14)

The definitions of Di(T, 6) and D(T, ) require that D(T,
0) = D,(T, 0) = 1. Thus eq 14 reduced to

F; (T, 0) = f;,(T) (15)

at § = 0°. This means that the experimental measure-
ments of the coefficients f;,(T) are equal to the ion in-
tensity fractions F, (T, 6) at a detector angle of 0°.

Substitution of the angular distribution data into eq 11
results in a set of overdetermined equations which is
susceptible to least-squares analysis. A general least-
squares program, GENLSQ, obtained from the Purdue
University Computer Center was used to calculate the
coefficients f;(T). The program was modified slightly to
give the maximum and average errors of the least-squares
fit. The maximum error in all cases was less than the
experimental error with the average error being of a
considerably smaller magnitude.

In the analysis above it has been assumed that the ion
intensities were measured with a point detector. A slit
detector was used in these measurements, and it is possible
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to develop the necessary deconvolution mathematics to
correct for the geometric effects of the detector if one
assumes known behavior in the ionization region of the ion
source. Unfortunately, the optical characteristics of the
ion source are not well known, and preliminary mea-
surements in this laboratory indicate a nonlinear response.
Thus some inherent and nonquantized detector error
exists. The quantitative treatment which we have em-
ployed, however, is sufficiently accurate to permit cal-
culation of trends in the data.

The problem of the molecular contributions to the Li*
ion may now be examined. The curvature in the low
energy portion of the IE curve of Li* is indicative of the
possibility of multiple precursor contributions. Accord-
ingly the AD curves for Li* were examined over a wide
range of ionizing energies (10-60 eV) at each of several
temperatures (785, 805, 825 °C). Examination of the AD
curves in Figures 3 and 4 shows that the deviation of the
AD curve for Li* from the LiF AD curve is greatest at 10
eV, reaches a minimum at 12 eV, and then increases
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TABLE VI: lon Intensity Contributions (Arbitrary Units) to Li+from LiF and Li,F,

lonizing ,

energy, /10T, 0) x 10'3 VCT, 0) X 10-3
eV 785 °C 805 °C 825 °C 785 “C 805 “C 825 °C
10 6.48 1.92
10.5 9.84 2.13
11 14.67 1.71
12 25.17 1.23
13 36.24 1.74
14 49.98 2.46
15 62.91 3.30
16 77.52 4.50
18 36.90 64.83 106.38 4.37 6.42 6.84
25 72.35 126.33 204.09 8.93 14.01 24.09
40 129.79 225.60 356.40 19.17 34.41 68.73
60 174.42 301.68 477.45 26.10 50.40 103.38

continuously to 60 eV, the maximum energy for mea-
surement. It is obvious that the most important con-
tributor to Li+ is LiF. The selection of the polymeric
contributor poses a more difficult problem. By a sufficient
variation in the ionizing energies it has frequently been
possible to cause a complete shifting of the AD curve
between the contributing species. This was not possible
with the LiF system. The least-squares procedure was
employed assuming monomer, dimer, and trimer contri-
butions. At a number of ionizing energies and tempera-
tures, the coefficients fjk(T) calculated for the dimer and
trimer contributions were negative. Since these results are
physically meaningless, the assumption of more than one
polymer contributor is invalid. This method of analysis
has been shown to be capable of providing an excellent fit
in the case of the highly complex selenium vapor system.28
Therefore it must be assumed that the Li+ ion results from
the fragmentation of only two neutral species. Since the
AD curve of Li+ is more diffuse than the dimer curve, the
possible sources of Li+ are the monomer and dimer or the
monomer and trimer. A quantitative solution is achieved
assuming either case. With presently available techniques
it is impossible to obtain a unique solution. The possibility
exists that a double-cell distribution study might be able
to resolve this problem. For the present, however, we are
forced to assume that the polymeric species present in the
greatest amount is the most likely source of the polymeric
contributor to Li+. Accordingly we have assumed that the
monomer and dimer contribute to Li+.

The fragmentation pattern of an ion which results from
the ionization of more than one precursor molecule may
be characterized by one or more of three arbitrarily defined
parameters. These are (i) the ion intensity fraction FjK(T,
8), (ii) the cross-section ratio QK(T), and (iii) the total
intensity fraction Qjk(T).

(i) lon Intensity Fraction. The ion intensity fraction
has been defined according to the equation Fk(T, 8) =
ljk+H(T, 6)/1kHT, 8). The ion intensity fraction FIK{T, 0) is
a measure of the ratio of the ion intensity contribution
from a specific molecule j to the total intensity resulting
from contributions to ion k from all sources. In high
temperature studies the mass spectrometer is ordinarily
located on the axis which is normal to the plane of the
effusion orifice. Since the detector is located at 8 = 0, the
ion intensity fraction of paramount importance is Fjk{T,
0), and this quantity was shown by eq 15 to be equivalent
to the superposition coefficients of eq 11. For the Li+ ion,
ho(T) = FWT, 0) and /2F) = F2(T, 0).

(ii) Cross-Section Ratio. The cross-section ratio has
been defined by the equation afg(T) = ak(T)/CjjiT) =
ljk+(T, 6)/1jjHT, 8) where IjkHT, 8) is the ion intensity
contribution of molecule j to ion k, and In+(T, 8) is the
intensity of ion j (not necessarily a parent ion) formed

vralfiijfi

solely from molecule j. The magnitude of ajk(T) provides
a measure of the relative importance of the possible
ionization paths for a given molecule.
(iii)  Total Intensity Fraction.
fraction Qk(T) is defined by the equation

ijk+T,e)

QKT = T d) + 2 1T, 6)

(16)

The total intensity fraction QJK(T) is a measure of the ratio
of the intensity of ion k formed by molecule j to the total
ion intensity resulting from all possible ionization modes
of molecule j. Equation 16 may also be expressed in terms
of cross sections.

Ojk(T)

jk(T) =
D= ojjmy + 2,00k e

The denominator is equal to the total cross-section 0,(71,
and

Qik(T) = ojk(T)/0j(T) (18)

The quantity Qk(T), therefore, is also a measure of the
importance of one ionization path for molecule j relative
to all possible ionization paths for this molecule.

The results of previous investigations have involved
either (1) incomplete data on gas phase-condensed phase
equilibria or (2) data on gas phase equilibria obtained by
the double cell technique. Consequently, the data of other
investigators cannot be used to determine ion intensity
fractions comparable to those contained in this work.
However, data on the ion intensity fractions are necessary
to determine the individual ion intensity contributions
IjkHT, 8). The ion intensity contributions ljkHT, 6), in
turn, are used in thermochemical calculations.

The contributions of Li+ from LiZF2expressed in the
form of fZYF) are given as a function of temperature and
the ionizing energy in Figure 7 and Table V.2 The Li+
contributions from LiF are also listed in Table V.25 It is
evident that the dimer contribution fZJF) exhibits a
substantial energy dependence, particularly at the highest
temperature of measurement. The limitations of machine
sensitivity prevented measurements at lower energies and
temperatures. The wide variation of the ion intensity
fractions under differing measurement conditions provides
evidence of the difficulties which may be encountered in
comparing the data from different investigations. The
relative ion intensity contributions to Li+from LiF, I'WHT,
0), and Li2F2 ToHT, 0), are given in Table VI for each of
the ionizing energies and temperatures studied. It is
apparent that the magnitude of the monomer term is
always considerably larger than that of the dimer term.

finnici Ifhpffj-y

The total intensity
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Figure 7. Plot of the percentage dimer contribution to Li+ as a function
of ionizing energy at cell temperatures of 785, 805, and 825 °C.

TABLE VII: Cross-Section Ratios for the Formation of
Li* and LiF+from LiF and the Formation of
Li* and Li2F* from Li2F2

Iy (D= 0TTHan(T)  o»(T)=VMT)an(T)
energy, 785 805 825 785 805 825
eV °C °C °C °C °C °C
10 1.83 0.261
10.5 1.98 0.132
11 2.04 0.068
12 2.12 0.027
13 2.25 0.019
14 2.34 0.020
15 2.47 0.021
16 2.55 0.024

18 272 267 288 0.051 0.036 0.025
25 286 277 3.07 0.046 0.044 0.036
40 3.03 296 335 0.052 0.050 0.054
60 311 323 350 0.055 0.054 0.063

The monomer, therefore, is the major contributor to the
Li+ ion intensity under the conditions of this study.

In the range of ionizing energies from 12 to 10 eV asmall
maximum exists in the 12T, 0) data rather than the
continuous decrease normally observed in ionization ef-
ficiency curves. The effect is seen in Figure 3 as a shift
in the AD curve of the Li+ ion in the 10-12-eV range. The
direction of the shift suggests that the effect is due to a
polymeric contributor. Whether the enhanced ion in-
tensity is due to ionization of the trimer or an alternate
ionization process involving some other species cannot be
determined.

The cross-section ratios al)T) and aZJT) were deter-
mined by use of eq 10, and the resulting data are shown
in Table VII. From the values of al)T) and aX)T) it is
evident that Li+ is the predominant ionic species formed
from LiF and LiZ=+ is the principal ionic species formed
from LiZF2

While the cross-section ratios a;fe(T) and the total in-
tensity fractions Q;f(T) are functions of temperature and
the ionization energy, they are independent of the com-
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TABLE VIII: Comparative Cross-Section Ratio and
Total Intensity Fraction Data
T° IEDb
Author °C eV «_O(T) A2C(' ) Qu,m QH(T)

This work 785 60 3.11 0.055 0.757 0.052
This work 805 60 3.23 0.054 0.764 0.051
This work 825 60 350 0.063 0.778 0.059
This worke 777 75 3.16 0.057 0.760 0.054
Searcy 777 75 354 0.09 0.780 0.083
et al.d
Thisworke 820 75 354 0.062 0.780 0.058
Berkowitz 820 75 4.02 0.141 0.801 0.123
et al.e

a Nominal effusion cell temperature. b Electron ion-
izing energy. ¢ Extrapolated values. d Seeref7. e See
ref 2.

position of the LiF system. Therefore, it is possible to
compare the values of a~(T) and Qjk(T) obtained in this
work with the results of other investigators. Each of the
cross-section ratios reported in the existing literature were
determined under different conditions of measurement.
In order to compare the present work with that of other
investigators, comparative data were obtained by inter-
polation of temperature data and extrapolation of the
ionizing energy data reported in this work. These results
were compared with the values of Oi0IT), ad)T), Q1NT),
and QAT) reported by Searcy7and Berkowitz.2 The data
comparisons are shown in Table VIII. Akishin4 also
reported a value for a2)T) at 693 °C. However, the
ionizing energy was not specified, and meaningful com-
parisons are not possible without this information. The
ajk(T) and Qjk(T) values obtained by Searcy et al.7 agree
most closely with the results of this work. While there are
differences between corresponding data, the agreement is
quite good considering the measurement problems re-
ported by various investigators.

Supplementary Material Available: Four tables con-
taining AD data for Li+, LiF+, LiZ+, and LiF2+ at 18 eV
and 825 °C (Table Il), AD data at 18 25, 40, and 60 eV
and 825 °C for LiF+, LiZ=+ and LiF2+ 'Table Ill), average
LiF+, LiZ+, and Li3F2+ AD data at 785, 805, and 825 °C
(Table 1V), and percentage contributions to Li+ from LiF
and LiZF2 (Table V) (4 pages). Ordering information is
available on any current masthead page.
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Thermal ion—molecule reactions in simple aliphatic ketones have been studied with a time-of-flight mass
spectrometer. The appearance potentials and ionization efficiency curves of fragment and product ions were
measured by the RPD technique. Protonated, methylated, and acylated ions were formed by the reactions
of molecular and acyl ions with ketones. The rate constants of condensation-elimination and addition reactions
by molecular and acetyl ions increased with increasing carbon number of the alkyl group in the ketones (CH,COR,
with R = CH,, C;H;, and C4H;). The increase of this rate constant could be explained by the polarizability
of the molecules. Methylated ions (CH;CORCH,*) resulting from condensation-elimination reactions of the
acetyl ions with ketones are due to the dissociation of the complexes (CH;CORCH,CO**) from which carbon
monoxide is eliminated. The rate constants of the methylation reactions by the acetyl ions decreased with
increasing carbon number of the alkyl group, and the formation of the methylated ion was negligible in the

case of 2-pentanone.

Introduction

In this laboratory thermal ion-molecule reactions in-
volving oxygen-containing ions have been studied with a
time-of-flight mass spectrometer.'> Consecutive associ-
ation reactions by (CH,0),H* to form cluster ions were
observed in trioxane.! Condensation-elimination reactions
involving C;H,0" ions in ethylene oxide and acetaldehyde
have been studied to obtain information for the behavior
of structural isomer ions in gas phase ion chemistry.? In
addition condensation-elimination reactions of C,H,0% 34
CH,0CH,*, and CH,O0CH,*® with cyclic ether molecule
(trioxane) have been studied in binary mixtures. Ton—
molecule reactions in acetone have been studied by several
workers.512 From these studies data on the mechanism
and kinetics of several reactions were obtained. However
other aliphatic ketones have not been studied in detail. In
acetone™® it is kmown that acetylated ions are formed by
the reactions of CH;COCH," and CH,CO™ with the neutral
molecule. In general oxygen-containing ions such as
RCOR*, RCO?, and R’'CO* are generated from simple
aliphatic ketones (RCOR’) by electron impact. Therefore
it 1s expected that condensation-elimination and addition
reactions of these ions with ketones will occur. The
CH,CO" ions are generated from both ethylene oxide and
acetaldehyde by electron impact as abundant fragment ion,
but addition reactions by these ions in both systems were
not obhserved.2® On the other hand, in n-propyl acetate,
condensation-elimination and addition reactions involving
CH,COOH," and CH,CO* were observed to a significant
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extent. As part of our program concerned with thermal
ion—molecule reactions in oxygen-containing molecules, the
present work was performed to clarify the mechanism and
kinetics of condensation-elimination and addition reactions
involving molecular and acyl ions in simple aliphatic
ketones. The relationship between the carbon number of
the alkyl group in ketone molecules and the rate constants
of acylation reactions was systematically studied.

Experimental Section

The instrument used was a Bendix Model 12-101
time-of-flight mass spectrometer, which has been modified
by construction of a closed ion source and improvement
of the rise times of the ionizing and ion withdrawal pulses
as described elsewhere.'t The ion source constructed
permitted operation under elevated pressures and at long
delay times. The pulse electronic circuits of the instrument
were also modified and the variable delay time circuit
permitted a variation of the time between the end of the
ionizing pulse and the onset of the ion withdrawal pulse.
During the delay time the entire ionization chamber is field
free, so that ion-molecule reactions occurring in the time
interval do so under purely thermal conditions. The re-
tarding potential differential technique (RPD) was adapted
for appearance potential and ionization efficiency curve
measurements.’® The electron energy scale was calibrated
using the ionization efficiency curve of krypton. The
measurement of the ionization efficiency curves of two ions
was simultaneously performed by the two-channel ion

© 1978 American Chemical Soclety
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TABLE I: Thermal lon-Molecule Reaction Rate Constants in Simple Aliphatic Ketones
Ke
Reactions This work Ref 7
(la) CH3COCHS3++ CH3COCH3- CH3COCH3H++ CH3COCH?2 3.061
- CH3COCH3CH3CO++ ch3 1.93)
(Ib) ch3co*+ ch3och3- ch3och3h++ chZo 213\
- CH3COCH3CH3++ CO 0.56 >
- CH3COCH3CH3CO+ 1.26/
(2a) CH3COCZ2H,++ ch3coczh, - ch3coczh5Sp + cdh7o 5.56
- CH3COCZ2HECH3CO+ + c2n5 3.62
- CH3COC2HEC2HSCO++ ch3 0.07
(2b) ch3co++ ch3cocz2nhs- CH3COC2HsH++ chZ2co 3.31
- CH3COC2HECH3+ + CO 0.08
- CH3COC2H5CH3CO+ 2.82
(3a) C2H,COC2H ¢+ C,HXCOC,H5- C,H.COC,H,H++ C2H,COC2H. 5.31
- C2HsCOC2HEC2HsCO++ c2nh5 2.43
(3b) C2HECO++ C2HsCOC2h5- CZHSCOCZ2HsH++ C2H4CO 2.56
- c2hXoc?h,c,h,co+ 2.25
(4a) CH3COC3H/ + ch3coc3nh7- ch3coc3hzn++ ch3coc3h. 6.28
- ch3oc3h’ch3o++ c3nh, 4.27
(4b) ch3Xo*+ ch3%oc3h, > CH3COC3H7Ht + CH2CO 3.86
- CH3COC3HTCH3CO+ 3.24

“ All rate constants in units of 10 0cm3molecule 's'1

detection technique. The sample pressure was measured
with an MKS Baratron 90-X RP-2 capacitance manometer
and was calibrated by the known rate constant (1.17 + 0.07
X 10'9cm3molecule 1s-1)I6for CH5+ in methane. Studies
of the variation of ion intensities of fragment and product
ions with delay time were carried out at a number density
of 2.50 x 1013molecules cm 3and at an electron energy of
70 eV. The uncertainty of the rate constants obtained in
this work is approximately 10%. Acetone, butanone,
3-pentanone, and 2-pentanone used were obtained from
Tokyo Kasei Co. Ltd. and used after vacuum distillation
at various temperatures.

Results and Discussion

Acetone. The delay time dependence of fragment and
product ions is shown in Figure 1. The ion intensities of
the fragment ions CH3COCH3+, CH3CO+, and CH3+ de-
creased with increasing delay time. As major product ions,
CH3COCH3H+, CH3COCHB3CH 3+, and
CH3COCH3CH3CO+ were observed. In order to determine
the precursors of these product ions the appearance po-
tentials and ionization efficiency curves of the fragment
and product ions were measured and are shown in Figure
2. The onsets of the ionization efficiency curves of
CH3COCH3+, CH3CO+, and CH3+ were obtained as 9.71
+ 0.05,10.50 £ 0.05, and 14.28 + 0.05 eV, respectively. The
ionization potential of acetone obtained is in good
agreement with the values reported by Watanabe (9.69 +
0.01 eV),I7Hurzeler et al. (9.65 + 0.1 and 9.75 + 0.03 eV),18
and Potapov and Sorokin (9.71 £ 0.01 eV).19 The ioni-
zation potential obtained with photoionization will be the
adiabatic ionization potential if the adiabatic lies in the
Franck-Condon region. In general it will be a potential
somewhere between the adiabatic and vertical potential.
Thus the value obtained with electron impact in this work
agreed with the vertical ionization potential (9.75 + 0.03
eV) reported by Hurzeler et al.18 The appearance potential
of CH3CO+was determined as 10.42 + 0.03 eV by Potapov
and Sorokin9and agreed with that obtained in this work.
In Figure 2 the onsets of the ionization efficiency curves
of CH3COCHS3+ and CHsCOCH3CH3CO+ agreed with that
of CH3COCHZ3+. In addition the second appearance po-
tentials of both CH3COCH3H+and CH3COCH3CH3CO+
agreed with the onset of the ionization efficiency curve of
CH3CO+ Also an agreement of the onsets of the ionization
efficiency curves of CHICOCH3H3H3+and CH3O+was

Figure 1. Delay time dependence of fragment and product ions in
acetone: (A) CH3+ (X 1/10); (O) CH3CO+ (X1/10), () CH3COCH3+
(X 1/2); (m) CH3COCH3H+; (A) CH3COCH3CH3+ (X100); (O)
CH3COCH3CH3CO+ (X100).

8 9 10 1 12 13 u 15 16

ELECTRON ENERGY (eV)

Figure 2. lonization efficiency curves of major fragment and product

ions in acetone: (O) CH3+; (m) CH3CO+; (*) CH3COCH3+; (A)
CH3COCH3H+; (A) CH3COCH3CH3+; (O) CH3COCH3CH3CO+.

observed. From these results it is concluded that
CH3COCHS3H +, CH3COCHS3CH 3+, and
CH3COCH3CHXO+ are formed by the following con-
densation-elimination and addition reactions: The rate
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CH3COCH3+ +
CH3COCH3-> CH3COCH3CH3COCH3+
- CH3COCH3H+ + CH3COCH2 (1)
- CH3COCH3CH3CO++ CH3 )
CH3CO+ + CH3COCH3-» CH3COCH3CH3CO+*
- CH3COCH3H++ CH3CO (3)
= CH3COCH3CH3+ + CO 4)
CH3COCH3CH3CO+ (5)

constants of reactions 1-5 were obtained by the ratio plot
technique and are summarized in Table I. The total rate
constants for the reactions of CH3COCH3+and CH3 O+
with acetone agree with those of MacNeil and Futrell.7
The relative rate constants of reactions 1 and 2 were Ki.k2
= 0.65:0.35. This value agreed with the ratios 0.67:0.33 and
0.78:0.22 which have reported by MacNeil and Futrell7and
Blair and Harrison.8 The rate constant for the acetylation
reaction by CH3COCHS3+ was larger than that by CH3CO+.
Butanone. The delay time dependence of major frag-
ment and product ions is shown in Figure 3. As product
ions, CH3COC2H5H +, CH3COC2H5CH 3+,
CH3COC2HECH3CO+ and CH3COC2HEC2H5CO+ were
observed. The formation of CH3COCZ2H5CH3CO+ was
remarkable as compared with that of
CH3LOCHEC2HECO+. The ionization efficiency curves of
the fragment and product ions are shown in Figure 4. The
onsets of the ionization efficiency curves of CH3COC2H5+,
CH3CO+, and C2H5+ were obtained as 9.52 + 0.05, 10.36
+ 0.05, and 12.45 + 0.05 eV, respectively. The ionization
potential of butanone obtained in this work is in good
agreement with the vertical ionization potential (9.55 +
0.03 eV) reported by Hurzeler et al.18 The onsets of the
ionization efficiency curves of both CH3COC2H5H + and
CH3COC2HECH3CO+ agreed with that of CH3COC2H 5+,
and also the break points in the ionization efficiency curves
of both product ions agreed with the onset of the curve of
CH3CO+. The onsets of the ionization efficiency curves
of CHCOC2HEC2H5CO+ and CH3COC2H5CH 3+ agreed
with those of CH3COC2H5+ and CH3CO+, respectively.
From the results of these ionization efficiency curve
measurements, the following reactions are derived:

CH3COC2H5+ +
CH3COC2H5- CH3COCZ2HSCH3COCZ2Hst+*

- CH3COC2HSH+ + C4H,0 (6)
- CH3COCZ2H5CH3CO+ + C2Hs %)
- CH3COC2H5C2H5CO+ + CH3 (8)

CH3CO+ + CH3COC2H5- CH3COC2HsCH3CO+*
- CH3COC2H3H++ CH2CO 9)

M CH3COC2HECH3+ + CO (10)
= CH3COC2HsCH3CO+ (11)

The rate constants of these reactions are given in Table
I and the rate constant of reaction 7 is larger considerably
than that of reaction 8. The bond dissociation energy,
Z)(CH3CO-C2H5), is somewhat smaller than that of D-
(CH3COC2HY), thatis, D(CH3CO-C2HY = 72.2 kcal mol1
and D(CH3COC2H5 = 72.6 kcal moT12 In the con-
densation-elimination reaction, it is presumed that the rate
constant is affected by the bond dissociation energy. The
rate constant of reaction 7 was comparable with that of
addition reaction 11 of CH3CO+with the neutral molecule.
Since C2H5CO+ from butanone was less abundant, the
condensation-elimination and/or addition reaction was not
observed. The méthylation reaction (condensation-
elimination reaction) by CH3CO+ in butanone results in
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DELAY  TIME IFS)
Figure 3. Delay lime dependence of fragment and product lons in
butanone: (0) CH3CO+ (X1/10); (A) CHECO+; (+) CHjCOCHS+ (X1/2);
(0) CH3COC2H5H+; (m) CH3COCZ2H5CH3+ (X200); (A)
CH3COCZ2HECH3CO+ (X20); (V) CH3COC2HEC2H5CO+ (X200).
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ELECTRON ENERGY I ev !

Figure 4. lonization efficiency curves of major fragment and product
ions in butanone: (V) C2H5+; (O) CH3CO+; (¢) CH3COC2H5+; (A)
CH3COC2H5H+; (A) CH3COCZH5CH3+; (m) CH3COCZ2H5CH3CO+; (O)
CH3COCZHEC2HSCO+.

an elimination of carbon monoxide from intermediate
complex (CH3COC2HECH3CO+*). The rate constant of
methylation reaction 10 is smaller than that of the
analogous reaction 4 in acetone. The rate constant ratios
(k3+ k&/K5and (k9+ kw)/Kkn in acetone and butanone
are 2.1 and 1.2. This difference in both systems indicates
that the dissociation of CH3COCH3CH3CO+* leading to
the formation of protonated and methylated ions in
acetone predominates as compared with that of
CH3COC2HECH3CO+* in butanone. The excess energy of
CH3CO+ will play an important role in the dissociation of
the complex. In fact it is known that the excess trans-
lational energy of CH3CO+ from acetone is higher than that
from butanone.1921

3-Pentanone. The major product ions formed in 3-
pentanone were C2H5COC2H5H + and
CHSCOC2HEC2HECO+ as can be seen in Figure 5. The
ionization efficiency curves of the fragment and product
ions are shown in Figure 6. The onsets of the ionization
efficiency curves of CHBECOC2Z2H5+ and C2H5CO+ were
obtained as 9.60 + 0.05 and 10.29 + 0.05 eV, respectively.
The onsets of the ionization efficiency curves of these
product ions agreed with that of CHS5COCZ2H5+, and also
the break points in the curves of the product ions agreed
with the onset of the curve of C2H5CO+. The results of
the ionization efficiency curve measurements confirm the
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Figure 5. Delay time dependence of fragment and product ions in
3-pentanone: (m) C2H5+ (X1/10); (O) C2H5CO+ (X1/10); (*)
C2HBCOC2H5+; (A) C2HSCOC2HEH+; () C2H5COC2HSC2HECO+ (X20).
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Figure 6. lonization efficiency curves of major fragment and product
ions in 3-pentanone: (O) C2H5CO+; (*) C2H5COCZHS; (A)
C2H5COC2HSH+; (A) C2H5COCZ2HEC2H5CO+.

view that CHSCOC2H5H+and C2H5COCZ2HEC2H5CO+ are
formed by the following reactions:

C2HSCOC2Hs+ +
C,H,COC,Hs- C2HS5COC2H5C2HECOC2H ,+*
- C2HBECOCZHsH+ + C2HECOC2H4  (12)

> C2HsCOCHEC2HECO+ + c2h'5 (13)

C2HsCO+ + C2H5COC2Hs - CZ2HsCOCZ2HSLC2HsCO+*
C2HsCOC2HsH+ + C2H4CO (14)

¥ C2H5COC2HsC2HECO+  (15)

The rate constant of condensation-elimination reaction 13
was comparable with that of addition reaction 15 (Table
). The rate constant of the acylation reaction by
C2HB5COC2HS5+ in 3-pentanone is larger than that by
CH3COCZ2H5+ in butanone.

2-Pentanone. The delay time dependence of major
fragment and product ions is shown in Figure 7. The
major product ions were CH3COC3H7H+ and
CH3COC3HTCH3CO+, and the ionization efficiency curves
of these ions are shown in Figure 8. The onsets of the
ionization efficiency curves of CH3COC3H7+and CH3CO+
were obtained as 9.29 + 0.05 and 11.10 + 0.05 eV, re-
spectively. The onsets of the ionization efficiency curves
of CH3COC3H M +and CH3COC3H TCH3CO+ agreed with
that of the curve of CH3COC3 7+, in addition, the break
point in the curves of the product ions was in good
agreement with the onset of the curve of CH3CO+. Ac-

M Kumakura and T. Sugiura

Figure 7. Delay time dependence of fragment and product ions in
2-pentanone: (O) CH3CO+ (X1/10); (m) CH3COCH2+ (X1/10); ()
CH3COCZHT+ (X1/2); (0) CHITOC3HT7H+; (A) CH3COC3HTCH3CO+ (X20).

8 9 10 1 12 13 U 15
ELECTRON ENERGY (ev)
Figure 8. lonization efficiency curves of major fragment and product

ions in 2-pentanone: (A) CH3CO+; (¢) CH3COC2H7+; (A) CHCOC3HMH+;
(O) CH3COC3HTCH3CO+.

cordingly it was found that CH3COC3H7H+ and
CH3COC3HTTCH3CO+ result from the following reactions:

CH3COC3H / +
CH3COC3H, - CH3COC3HTCH3COC3H7+*
- CH3COC3H,H++ CH3COC3H6 (16)

-> CH3COC3H,CH3CO+ + c3n7 17)

ch3co++ CH3COC3H, - CH3COC3H,CH3CO+*
- ch3oc3 ,h++ chZco (18)

- CH3COC3H,CH3CO+ (19)

The rate constants of reactions 16-19 are summarized in
Table I.

In simple aliphatic ketones, it is of interest to examine
the relationship between the rate constants of acetylation
reactions and the molecular structures of ketones. A plot
showing the relation between the rate constants and the
carbon number of the alkyl group in ketones, CH3COR (R
= CH3, CH5 and CH7), is shown in Figure 9. The rate
constants for the acetylation reactions (condensation-
elimination reactions) by the molecular ions (CH3COR+)
increase with increasing carbon number of the alkyl group
in ketones. The acetylation reactions by CH3COR+ occur
via the cleavage of the C-R bond in the intermediate
complexes (CH3CORCH3COR+*). The dissociation energy
of the C-C bonds (CH3O-R) does not change with in-
creasing carbon number of the alkyl group, that is D-
(CH3CO-CHJ3 = 72.6, D(CH3X0O-CH5 = 72.2, and D-
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Figure 9. Rate constant vs. carbon number of the alkyl group in CH,COR

(R = CHy, C,Hs, and C.H;): (@) CH COR' + CH,COR —
CH,CORCH,CO™ + R; (O) CH,CO" + CH,COR — CH;CORCH,CO*.

(CH,;C0O-C3H;) = 72.5 kcal mol.*® While, the polariz-
ability of ketones increases with increasing carbon number
of the alkyl group, that is, CH;COCH, = 62.3 X 10°%,
CH,COC,H; = 82.3 X 10%, and CH;COC;H; = 102.3 X
10% c¢m3.22  Also, the ionization potential of ketones
becomes lower with increasing carbon number of the alkyl
group as described above. It is known that the proton
affinity of a molecule depends on its ionization potential .
Thus a relationship between the proton affinity and the
rate constant for the acetylation reaction seems plausible.
However the acetylation reactions would be dominated by
the polarizability of the neutral molecules rather than the
proton affinity. Furthermore the rate constants of the
acetylation reactions (addition reactions) by the CH,CO*
ions increase with increasing carbon number of the alkyl
groups in the source molecules. The addition reactions of
the CH;CO™ ions with ketones would depend greatly on
the translational energy of the CH;CO* ions and the
polarizability of the neutral molecules. As can be seen in
Figure 9, the rate constants of the acetylation reactions
by the CH;CO' ions are smaller than those by the
CH,COR" ions, and the differences in the rate constant
between both reactions become large at the larger alkyl
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groups. The CH;CO" ions play an important role in tne
formation of methylated ions as reactant ion. Methylated
ions resulting from condensation-elimination reactions of
CH,;CO" ions with molecules are due to the dissociation
of the intermediate complexes (CH;CORCH;CO**) from
which carbon monoxide molecule is eliminated. The rate
constants of the methylation reactions by the CH;CO* ions
decreased with increasing carbon number of the alkyl
group, and the formation of methylated ion was negligible
in the case of 2-pentanone. Thus, as the carbon number
of the alkyl group is increased, the dissociation channels
leading to the formation of protonated and methylated ions
become minor. The translational energies of the CH,CO*
ions from ketones (CH;COR) become low with increasing
carbon number of the alkyl group.!*?! The dissociation
of the complex would depend on the energy of CH,CO*,
The correlation of rate constants with translational en-
ergies is feasible.
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Application of RRKM Theory Using a Hindered Rotational Gorin Model Transition State
to the Reaction HO,NO, + N, 2 HO, + NO, + N’
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We have calculated rate constants as a function of temperature and pressure for the title reaction, using RRKM
theory in conjunction with a hindered rotational Gorin model for the transition state. This treatmeant is consistent
with the direct experimental measurements on the forward and reverse reactions.

Introduction

The recent identification and characterization by Fourier
transform infrared spectroscopy of pernitric acid (HO,-
NO,) in the gas phase by Niki et al.! has led to a great deal
of interest in that compound. The formation of a long-
lived complex between HO; and NO, was first suggested
by Simenaitis and Heicklen,? who pointed out that this
could have an effect on atmospheric chemistry. HG; and
NO; both play a crucial role in the chemistry of the upper
and lower atmosphere. Thus, reaction 1 ana its reserve

HO, + NO, + M= HO,NO, + M (1,-1)

are potentially of great importance in the HO, and NO,
cycles.

There have been two direct studies of the rate of re-
actions 1 and —1. Howard?® measured the rate of reaction
1 (M = He, N,, 0, NO,)} at low pressures (0.5-3 Torr) and
300 K, using laser magnetic resonance detection of HO,
in a discharge flow system. In the third-order, low-pressure
limit, that process yielded &, = 2.09 £ 0.52 X 1073 ¢m?®
molecule? s7! (M = N,). Graham, Winer, and Pitts?*
measured the rate of reaction -1 at 1 atm (M = N} and
temperatures 254-283 K, by direct observation of the decay
of pernitric acid using Fourier transform infrared spec-
troscopy. Their experiment yielded &, = 1.3 % 10
exp(—20700 % 500/RT) s!, although, as the authors peint
out, the pressure at which they obtained their measure-
ment is probably in the falloff region for the reaction.

Kinetic models of atmospheric chemistry require a
knowledge of the rate of reactions 1 and -1 as a function
of temperature and pressure. We have attempted to
supply that information by the application of RRKM
theory to reaction —1; k; can then be deduced as &, = Kk_,,
where K is the equilibrium constant.

The application of RRKM theory requires a knowledge
of the high-pressure limit Arrhenius parameters of reaction
-1 and a model of the structure of the transition state, We
have developed a hindered rotational Gorin model for the
transition states of simple bond fission reactions®® that
should be applicable in this case. This reaction is therefore
a suitable example with which to test further the validity
of our model, and to see if the available data can be
reconciled using reasonable model parameters. It this way
we hope to generate a data base from which transition-
state parameters for simple bond fissions may be selected
a priori.

Estimation of High-Pressure-Limit
Arrhenius Parameters

Before any application of unimolecular rate theory is
possible, it is necessary to know the high-pressure-limit

YThis work was supported by Contract 68-02-2427 from the
Environmental Protection Agency.
1 Postdoctoral Research Associate.

0022-3654/78/2082-0644$01.00/0

Arrhenius parameters for reaction —1. The very low values
of the A factor measured by Graham et al., for instance,
compared to that for nitric acid decomposition$’ of ~ 10165
s, provide reliable evidence that those measurements were
not made in the high-pressure limit. Thus, the high-
pressure parameters must be estimated, and the predicted
rate at ] atm may then be compared with the experimental
value,

It is convenient to estimate A, and then calculate A_,
from the overall entropy change for the reaction, which
is reasonably well known, Howard® has measured the rate
of reaction 2 as 10%7#%1 M1 5! and Batt et al? have

HO, + NO - OH + NO {2)
MeO + NO, —» MeONO, (3)
MeQ + NO — MeONO {(4)

caleulated the rate of reaction 3 to be 10975 M™! s based
on their measured value of 10*1*%6 M ! 5! for reaction 4,
all assuming that there is no activation energy. Reaction
3 is precisely analogous to reaction ! and isoelectronic with
it, while the rate of reaction 1 is unlikely to be faster than
reaction 2, although there is little evidence on the relative
rates of combination and disproportionation for nonalkyl
radicals. Thus, a reasonable value would seem to be A,
= 10%5 M1 57! with no activation energy. The effects of
errors in the estimate are discussed later.

The entropy of HO,NO, may be estimated with rea-
sonable accuracy to be 71.6 eu, based on a measured value
for MeONOQ,," after correcting for the change of internal
rotor from a methyl to an OH. That yields A_, = 1084 g1
using standard values for the entropy of HO, and NO,.1!
It then remains to estimate the activation energy, E_|. The
only peroxynitrate decomposition that has been studied
is peroxyacetylnitrate (PAN) by Hendry and Kenley'? and
Cox and Roffey (reaction 5).” They found that E; = 26.9

CH,C{O)YOONO, - CH,C(0Y00 + NO, {5)
+ 0.9 and 24.9 £ 0.8 keal mol™,, respectivelv. E_; should
be of similar magnitude. The effect of varying E; is
discussed later.

Application of RRKM Theary

RRKM is a statistical rate theory couched in transition
state formulation, which assumes fast random access by
allowed internal states to molecular energy, E*. The
unimeolecular decomposition rate constant, &y, is given

by
Q, e EolkT G(ENe BT gB*
C hQQ, °1+ Q' G(E)YhQ,N(E*)Fjuw {

where E; is the critical energy, E* is the tota. energy, and
E* = E* - E; is the maximum energy of the critical

L

6)
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configuration; G(E*) is the sum of the states of the complex
below energy E*, and N(E*} is the density of molecular
states; @, /@, is the partition function ratic of the inactive
modes (moments of adiabatic rotors), and €, is the par-
tition function for the active molecular modes; F is the
Waage—Rabinovitch!? centrifugal correction term for
conservation of angular momentum among the adiabatic
rotations, w is the (Lennard-Jones) collision frequency of
excited substrate with bath gas at pressure P, and 3 is the
collisional efficiency for stabilization (sufficient energy
removal). Our calculations used the Stein-Rabinovitch'®
algorithm to compute G(E*) and N(E*).

In order to evaluate eq 6 it is necessary to postulate a
mode] for the critical configuration {transition state}, A
sometimes legitimate complaint about RRKM theory is
that the parameters relating to the transition state are not
a unique choice, and are often completely empirical. In
simple hond fission reactions, which are the reverse of
radical-radical combination reactions, a logical choice for
the interfragment distance in the transition state is the
top of the centrifugal barrier.!! Using a Lennard-Jones
potential, that gives

(r'/ro) = (6Do/RT)"® (7)

where r is the distance between the center of mass of the
two fragments, and D, = E; + zero-point energy. We have
used a hindered rotational Gorin medel for the transition
state, which provides a unique choice for the structure of
the transition state while involving only one tempera-
ture-dependent parameter, the degree of hindrance, . In
the Gerin model, the internal modes of the transition state
are simply the vibrations and rotations of the independent
fragments. Thus, the six vibrations associated with the
breaking bond in the molecule become the reaction co-
ordinate, one one-dimensional and two two-dimensional
rotations in the transition state.

At the interfragment distance of the critical configu-
ration the fragment rotation generally will not be free,
because of the presence of the other fragment. To account
for that, we introduce the hindrance parameter, 7, which
decreases the entropy of internal rotation by reducing the
effective moment of inertia of the rotor. We thus have a
unique model for the transition state of any bond fissien
reaction involving only one empirical parameter. That
parameter may be adjusted to give the desired entropy of
the transition state, and hence the appropriate high-
pressure-limit decomposition A factor. Determining the
parameters for the properties of the transition state in this
simple way should facilitate the comparison of data on
similar types of reactions, and may even yield a useful
predictive method.

A significant advantage of the hindered Gorin medel is
that it can reproduce the experimentally observed tem-
perature dependence of the high-pressure A factors. As
observed in studies over wide temperature ranges, the
high-pressure A factors for bond fission and radical
combination have a negative temperature dependence.” A
vibrational model for the transition state would necessarily
predict a positive temperature dependence. However, if
7 is allowed to increase with temperature, then the correct
temperature dependence is achieved. That is physically
reasonable, because the position of the centrifugal barrier
means that the interfragment distance in the transition
state decreases with temperature (see eq 7). Thus, it is
to be expected that the rotation of the fragments should
become more hindered as the temperature increases. The
hindrance parameter, 5, is therefore a simple represent-
ation of the “tightness” of the transition state.! The larger
n, the lower the entropy of the transition state, and the
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TABLE I: Frequency Assignment of HO,NO,

Frequency, Frequency,
em’! Type em’™! Type
35401 OH stretch 633 NO stretch
1728 ¢ NO, 500 NO, rock
1304 ° NO, 735 NO, wag
803 ¢ NO, 125 0-NO, torsion
1396 ¢ OH bend 400 OOH hend

880 00 stretch
200 HO-0 torsion

2 From ref 1.

TABLE II: Temperature Dependent Parameters

Collisional
T.K efficiency @ % hindrance n
300 0.39 982
278 0.41 a74a
266 0.42 a7
254 0.43 95
230 0.45 93b
217 0.47 gab

9 Empirically derived to fit experimental data. ® From
linear extrapolation of high-temperature values.

lower the high-pressure A factor.

Details of the Calculation

The frequency assignment for the molecule is given in
Table I. The first five frequencies are those observed by
Niki et al.;* the remaining frequencies are based on those
for FNO4, H,0,, and HNO,, with the low-frequency tor-
sions adjusted 1o give the correct entropy for the molecule.
The values used are compatible with the known torsion
barriers for O-OH and O-NO,. The frequencies and
moments of inertia for the transition state were those for
isolated HO, and NO, taken from the JANAF!S tables.
The hindrance correction is applied to the two two-di-
mensional rotors, chosen to exclude rotation about the
breaking bond axis. The one-dimensional rotor in the
transition state is not hindered. That rotation which
corresponds to external rotation about the breaking bond
in the molecule is taken as active.!”

The only other unknown parameter is 8, the collision
efficiency. Troe!® has developed a theory from which g
as a function of temperature may be calculated using eq
8, where (AE} is the average energy transferred in all

B AB
1-8"% FgRT

(8}

collisions, and Fg is defined by eq 9. The values of 3 used

=1 (s-1)! /kT)” (9)

Fr=2 e

B ag (5=1— )l \E,
in the calculations are tabulated in Table If. They were
caleulated using (AE) = 0.7 keal mol ™, a typical value for
nitrogen as a collision partner.'®

Results and Discussion

Figure I shows the results of the calculation at 300 K
for the pressure range 107! to 10° Torr. The experimental
points are the measurements of Graham et al., extrapolated
90° using the reported activation energy, and Howard's
rate for the combination reaction converted to a decom-
position rate using the equilibrium constant defined by the
assumed high-pressure parameters. Figure 2 shows the
results of the calculation at 1 atm over the temperature
range 254-300 K. The experimental points are from
Graham et al. The high-pressure Arrhenius parameters
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Figure 1. HOZ\IOZdecomposition at 300 K. The rate constant for
H OZ\IOZdecomposition as a function of pressure at 300 K. Solid line
is from Howard’s low-pressure measurement, X is Graham et al.,
measurement, and ¢ calculated from RRKM theory.

Figure 2. Arrhenius plot for the decomposition of HONOZ2at 1 atm.
The Arrhenius plot reported by Graham et al.: «, experimental points;
O, calculated from RRKM theory using values of 1) shown.

used to produce these results are: Ax= 1055 M"1s'1 E_x
= 23.0 kcal mol"1, S° (HOZN 02 = 71.6 ey, which yield A x
= 10164 s'1 at 300 K. The values of 4§ the hindrance
parameter, are tabulated as a function of temperature in
Table IlI.

As can be seen from the figures, the calculations re-
produce the experimental results very well. However, the
extent to which the assumed high-pressure Arrhenius
parameters are a unique set remains in question. It is
extremely unlikely that A.j is less than 10164s'l That
value is already somewhat low compared to the A factor
for nitric acid decomposition of ~10187s"1, which should
be the smaller. A.j could be increased by increasing Ax
however, that would then make A llarger than the A factor
for combination of OH and N 02radicals, which is unlikely.
It is possible that our entropy estimate for pemitric acid
is too large, from the nature of the estimate it is most

A. C. Baldwin and D. M. Golden

Figure 3. H02\102decomposition rate constants. The pressure and
temperature dependence of the rate constants for the decomposition
of HoAO02 = A.(300) exp(-f.(300)/RT); /r, = 101643
exp(-23.0/RT).

unlikely to be too small; that would yield a larger value
of A,. Taking a reasonable minimum value of S°
(HO2N 02 of 69.0 eu gives A x= 1017 s“1with Ax= 1095
M'1s'1l To fit the lowpressure data, this requires E {=
27.0 kcal mol"l However, the rate at 1 atm then differs
from the measurement by at least a factor of 10.
Therefore, those parameters seem to be a unique set,
assuming that Axcannot be any larger.

The values of the hindrance parameter used, from 98%
at 300 K to 92% at 217 K, show the expected variation
with temperature. However, the values are much larger
at moderate temperatures than in our previous study of
the decomposition of nitric acid. As yet, there are too few
data to allowwmeaningful conclusions to be dranwn from the
size of the hindrance parameter. Further studies may be
able to correlate the hindrance parameter with some
physical properties of the system.

Figure 3 shows a plot of k 1k, for the decomposition
reaction over the temperature and pressure range needed
for atmospheric modeling. The hindrance parameters at
temperatures for which no experimental data are available
were estimated by linear extrapolation of the higher
temperature values, which should be sufficiently accurate
over the small (~35°) temperature range. It should be
noted that  in this case is calculated at any temperature
using the high-pressure Arrhenius parameters at 300 K.

Conclusions

Experimental data for the decomposition of pemitric
acid, and the reverse radical combination reaction, are
available only under widely disparate conditions. The
application of RRKM theory has enabled us to arrive at
a unique set of high-pressure Arrhenius parameters that
are consistent with known thermochemistry and the ex-
perimental results. The theory has then been used to
predict the pressure and temperature dependence of the
reaction over a range of conditions appropriate to at-
rmospheric modeling. That approach has denonstrated the
utility of RRKM theory in comparing data on pressure
sensitive reactions, and its ability to generalize the
pressure, and temperature dependence from a limited set
of data.

In applying RRKM theory, we have used a hindered
rotational Gorin model for the transition state. That
method offers several advantages over conventional vi-
brational models in that it can reproduce the observed
temperature dependence of high pressure A factors, and
that it offers a transition state involving only one enpirical
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parameter at each temperature. When further studies are
available, it may be possible to make an a priori prediction
of that parameter based on the physical properties of the
system.
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The rates of complexation-decomplexation of the 15-cromn5 [1,4,7,10,13-pentaoxacyclopentadecane] and
18-cromn6 [1,4,7,10,13,16-hexaoxacyclooctadecane] conmplexes of the agueous cations Sr2+ Ba2t, Pb2+, and Hg2+
have been determined from ultrasonic absorption measurements covering the 15-205-MHz frequency range
at 25 °C. As inthe case of previously reported studies of complexation of monovalent cations by these cronn
ethers, the data have been fitted to a two-step mechanism  Diffusion has been ruled out as the rate-limiting
step in the conplexation. Loss of the coordinated water from the ions is proposed as the rate-determining

step.

Introduction

Interest in the solution chemistry of the synthetic
macrocyclic polyethers has increased greatly since their
introduction by Pedersen,2 stimulated by the many
chemical and biological applications of these ligands as
complexing and transport agents for metal ions.

In a previous kinetic investigation3of the complexation
equilibria between monovalent metal ions and the cronn
ethers Chock proposed a mechanistic scheme involving a
ligand conformational rearrangement folloned by the
stepwise substitution of the coordinated solvent molecules
by the ligand. Kinetic studies in this laboratory4 6 of
aqueous monovalent metal ion and ammonium ion
complexation by 18-crown-6 and 15-crown5 have con-
firmed the existence of at least one conformational re-
arrangement equilibrium for each of the ligands. Fur-
thermore, one conformer strongly predominates in each
such conformational equilibrium; the predominant form
is involved in the metal ion complexation equilibrium and
complexation is not diffusion controlled.

The kinetics of the complexation equilibria involving
these same crown ethers with some divalent metal ions is
considered here. If loss of coordinated water is rate
limiting then complexation rates should be slower for

0022-3654/78/2082-0647%$01.00/0

divalent ions compared to monovalent ions. In making our
choice of divalent ions, two with inert gas configurations,
Sr2+ and Ba2+, and two ions with nonspherical coordi-
nations, Pb2+ and Hg2+ were selected. By analogy with
the results for monovalent ions where faster complexation
rates were observed for nonspherically coordinated Ag+
and TI+ ions, the rates of complexation of Pb2+and Hg2+
by the polyethers might be anticipated to be greater than
those for Sr2+and Ba2+. I such were the case, we would
have additional evidence for water loss as the rate-limiting
step in the mechanism

Experimental Section

Ultrasonic absorption measurements were made at 25.0
+ 0.1 °C over an acoustic frequency range from 15 to 205
MHz, using a computer-controlled laser acoustooptic
technique.7 The argon ion laser was operated at the
514.5-nm green line and the piezoelectric acoustic
transducer element was a gold-plated, 5-MHz frequency,
X-cut quartz crystal which wes driven at odd harmonics
over the frequency range.

Additional lowfrequency measurements were made on
aqueous solutions of BaCl2with 15-crown-5 using reso-
nance ultrasonic absorption techniques.

© 1978 American Chemical Society
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TABLE I: Relaxation Parameters from Computer
Analysis for Complexation by 15-Crown-5a
Strontium
10I7A,
[SrCI2]0b [15-Crown-5]0b /R 1> Np 108
M M mHz cm-1s2 rmsc
1.00 0.0377 9.95 1579 1.0
151 0.0877 14.09 8237 1.3
1.82 0.0797 18.33 48.89 1.0
Bariumd
10TA,
[BaCl2]o, [15-Crown-5]0, /. ii. Np 108
M M m Hz cmls2 rms
0.756 0.0640 12.15 144 15
0.886 0.0864 1592 126.7 25
1.01 0.0360 19.64 84.5 23
Lead(ll)
10TA,
[Pb(C104)2],, [15-Crown-5]0, ;> Np 108
M M mHz cm“ls2  rms
0.413 0.0783 19.72 69.17 1.2
0.516 0.130 20.80 83.87 1.8
0.688 0.0877 31.19 3292 0.9
Mercury(ll)
10TA,
[Hg(ClO4)JQ, [15-Crown-5]0, /., ii. Np 108
M M mHz cm“ls2  rms
0.590 0.114 1497 759.3 23
0.871 0.111 1891 5721 2.3
1.15 0.107 26.20 287.1 1.9

“ All symbols as defined in the text. b The subscript
zero on concentration denotes total concentration.
¢ Root mean square deviation. d Barium results based on
resonance ultrasonic absorption measurements in the ~0.9-
to ~ 4-MHz frequency range as well as on higher frequency
acoustooptic data.

Solutions were prepared using deionized redistilled
water. The 15-cromn5 and 18-cronwn-6 (Parish Chemical
Co., Provo, Utah) were purified as described previously.46
The inorganic ions were all analytical reagent grade.
Strontium and barium ions were in the form of chloride
salts and stock solutions were prepared by weight. The
lead and mercury ions were introduced as perchlorates.
These latter stock solutions were standardized either
gravimetrically (PbS048or titrimetrically (Hg(CNS)2.9

Results

Total sound absorption data, expressed as (ct/f2T Np
cm 1s2 (see paragraph at end of text regarding supple-
mentary material), were analyzed in tens of relaxational
and nonrelaxational contributions to the ultrasonic ab-
sorptions. In all cases only one relaxational process was
detected. The best fit was obtained using the following
one-relaxation equation:

(alf2h =A[1+ (fIfR)2T '+ B

where A is the relaxation amplitude, / and /R are re-
spectively the experimental ultrasonic and relaxational
frequencies, and B is the solvent absorption, which wes
varied in the fitting process around the pure water value
to take account of the structural changes in the solvent
brought about by the added electrolyte. However, if the
final best B value wes in the range 21.7 + 0.5 X 10 ’Np
cnrls2 that of the pure water obtained on the present
equipment, the central value 21.7 X 10 7Np cmtl s2wes
used in the fit as a fixed parameter. Representative plots
of experimental data for Ba2+and 15-cromn5 are shown

Eyring et al.

Figure 1. Plot of ultrasonic absorption, expressed as exit2, vs. logarithm
of the experimental frequency for aqueous solutions of BaCl2 plus
15-crown-5. Experimental points are as follows: A for [Baz+]0: 0.756
M, [15-crown-5]0= 0.064 M; « for [Ba2+]0: 0.886 M, [15-crown-5]0
= 0.0864 M; m for [Ba2+]0: 1.01 M, [15-crown-5]0= 0.0860 M. The
curves are computer calculated, nonlinear, least-squares fits of the
experimental data. For clarity, the curves are arbitrarily displaced
vertically; all have the same high-frequency asymptote of 21.7 X 1047
Np cm-l s“1 The vertical amplitudes are as given in Table I. Data
points at f < 10 MHz were obtained by a resonance technique.

TABLE Il: Relaxation Parameters from Computer
Analysis for Complexation by 18-Crown-6n

Strontium
101A,
[SrClj]0, T18-Crown-61,,. 7, ii> Np 10B
M M mHz cm“ls2 s
1.00 0.100 10.82 89.00 2.1
1.40 0.100 17.12 64.70 1.4
1.89 0.0920 20.97 46.25 1.1
Barium
10TA,
[BaClJ0, ri8-Crown-61,. ;. > Np 108
M M m Hz cm“1s2  rms
1.00 0.100 19.19 39.48 1.7
1.30 0.100 24.76 (b) 25.14 1.2
1.50 0.100 28.10 (c) 21.99 11
Lead(ll)
10'M,
[Pb(CIO4)J0,  Ti8-Crown-61,. ,, i Np 108
M M mHz cm“ls2 s
0.242 0.0134 11.50 (d) 45.94 0.9
0.323 0.0179 16.37 (d) 30.92 0.5
0.430 0.0238 2169 (e) 23.43 0.5
Mercury (I1)
10TA,
[Hg(ClO4J0, [18-Crown-6]10> ,, . . Np 108
M M mHz cm“1s2  rms
0.354 0.0400 21.80 71.28 1.0
0.472 0.0450 28.51 58.39 1.1
0.590 0.0500 32.55 55.76 1.2

° A background of (b) 23.0 X 10“17, (c) 22.7 X 10“17,
(d) 20.6 X 10“17, (e) 20.2 X 10“I7 Np cm'1ls2give the best
fit to the experimental data.

inFgure L For clarity the data sets have been displaced
vertically relative to each other; all have the same a/f in
the limit of high frequencies (>250 MHz).

Tables 1 and Il show the parameters calculated at
different concentrations of cronns and metal ions which
give the best fit of the experimental data. The resulting
values of the relaxation frequencies, /R are in some cases
below the lower limit of the experimental frequency range
scanned with the present equipment. For several of these
sample solutions complementary measurements were
madeXon resonance ultrasonic spectrometers in the ~0.5-
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TABLE III:
from Ultrasonic Absorption Data
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Rate Constants for Complexation by 15-Crown-5 and 18-Crown-6 in Aqueous Solution at 25 ° C Calculated

15-Crown-5

18-Crown-6

Cation ky, Mt s™!

ki, s Ko, M

ky M s Ry, s Kr® M

Sr?* 6.5 X 107
Ba®* 1.2 x 10°®
Pb?* 3.2x 10°
Hg** 1.6 x 10°®

@ Jzatt et al., ref 11.

7.3 % 10° 89.1
2.3 x 10°¢ 51.3
4.6 X 10¢ 70.8
3.3 x 10¢ 47.9

to ~5-MHz frequency range. Discrepancies greater than
a factor of 2 were noted in the absorption amplitudes for
some of the strontium-15-crown-5 solutions. Other so-
lutions gave generally better agreement between the two
methods. Practically the same relaxation frequencies, fx,
were found from the composite ultrasonic data as were
found originally in the laser acoustooptic measurements
at Utah. By comparing the analysis of only the higher
frequency acoustooptic data with the analysis of the
composite data including the low frequency resonance
results, an average maximum error of £14% in fy was
established for the three Ba®* and 15-crown-5 data sets
(Figure 1). Since these three data sets show relaxation
frequencies which might be considered to be at the lower
analysis limit of the equipment in this laboratory, the value
of ~14% error in fy was used to estimate errors in the
computed rate constants. This ~14% error in fy gives rise
to an uncertainty in the complexation rate constant k,;
(determined graphically from a plot of eq 6) of the same
magnitude. Since none of the calculations or conclusions
in this paper are based on the ultrasonic absorption
amplitudes, uncertainties in their magnitudes are irrelevant
to the present discussion.

Earlier studies in this laboratory of the complexation
kinetics of monovalent metal ions by 15-crown-5 and
18-crown-6 were interpreted*® in terms of a two-step
mechanism (eq 1 and 2) previously suggested by Chock®

k
CR,——CR, K, = [CR,I/[CR,] (1)
kll
k23
CR, + M™ — MCR,™ (2)
kSl

for the case of metal ion complexation by dibenzo-30-
crown-10 in methanol. Although the relaxation time of the
conformational step was not measured in Chock’s study,
a concentration independent relaxation frequency for pure
crown in aqueous solutions has been reported for both
15-crown-5 (fp; = 22.9 MHz) and 18-crown-6* (fg; = 101
MHz). Accordingly it seems reasonable to expect that a
two relaxation process should be observed when com-
plexing electrolytes are present. The above reaction
scheme is mathematically described by the secular de-
terminant in eq 3 where \; = 1/7,, and the extent of

kRiz+ Ry =N —kyy
_k23[MM] k23([MM] + [CRzl) + k32 -2
(3)

coupling is determined by the terms —ky; and —ky[M"*].
In the case of complexation of monovalent cations by
15-crown-5, the analysis of the normal reactions and their
amplitude factors showed that coupling does not exist since
ko << ky, and the amplitude of the conformational step
is negligibly small compared to that of the complexing step.
In the 18-crown-6 case, 7 ! is sufficiently greater than ry*
that coupling between the steps is insignificant and only

7.7 x 10’

1.5 x 10° .25 x 102
1.3 x 10°® 1.
1.
1.

5
7% 10° 7.41 x 103
8 x 10° 1.86 x 104
5x 10° 2.63 X 10?

3.3x 108
4.0 x 108

109

ll'j

| |
| 2
ionic charge/radius

Figure 2. Plot of the logarithm of the rate constant for complexation,
k3, vs. the ratio of ionic charge to ionic radius (arbitrary units) for
complexation by 18-crown-6, O, and by 15-crown-5, @. The straight
diagonal line is a least-squares fit of the alkali and alkaline earth metal
data.

one relaxation is observed when electrolytes are present.’
For the divalent ions, therefore, an analogous two-step
mechanism is to be expected with the second step having
the larger amplitude and thus giving rise to the detected
relaxation. Consequently, the analysis of the kinetic data
is made In terms of contributions from only this step, i.e.

p ' = kas([CRy] + [MP']) + ks, (4)

The experimental equilibrium concentrations can be
calculated from the equilibrium constants for the overall
complexation K, reported by Izatt et al.!' in the form

Kp = [CR,M**J/([CR,] + [CR;D[M**] (5)

Taking into account the fact that [CR,] >> [CR,] since
we have found!® for both 15-crown-5 and 18-crown-6 K,
<< 1, then CR,; = CRt in eq 4 and so eq 4 can be arranged
as

g ' = Rkys([CRy] + [M**]+ K1) (6)
and k4, can subsequently be calculated from
k3, = ky3/Kq (7)

In all cases the experimental kinetic data give an ac-
ceptable fit to eq 6. Table III shows the calculated ko3 and
k., values obtained for the complexation of Sr?*, Ba?*,
Pb?*, and Hg?* by 15-crown-5 and 18-crown-6 following
this procedure.

Discussion

To add perspective to the kinetic results from the
current work, data from previous studies*® on monovalent
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ions have been added to Figure 2, which is a plot of the
logarithm of k2 vs. the ratio of ion charge to ion size.
There is an obvious separation between the ions with noble
gas electronic configurations and the group of ions of the
post transition elements. The observed linear dependence
of log <23 for the first group is consistent with the decrease
in charge density with increasing ionic size, and the in-
creasing relative ease with which coordinated water is lost.

The observed rate constants kes for complexation, Table
111, may be compared with the rate constants:s for sub-
stitution of water molecules from the inner coordination
sphere of metal ions, fQ All that is required is an estimate
of the stability constant for outer sphere complex for-
mation, KQ in the relation

N23 = -~oex (8)

We estimate.. avalue of KO=0.32M'1 Thus for Ba2+and
18-cromn-6 fes = 1-3x 13 M : s: would correspond to a
ké&o=4 X 10 s: that is smaller than the solvent substi-
tution rate constant kO ~2 X 10 s : reported by Winkler.1s
The other two cations, Sr2+and Hg2+ for which Winkler
reports solvent substitution rate constants, follow the same
trend although in the case of mercury and 18-cromn-6 kn
=13X 10 s: is almost as large as k0~2 X 1 s'l

Since we have not found a value of kOfor Pb.+ag) in
the recent literature, we are not able to make the same sort
of comparison of kei and kOfor this ion. However, it may
prove useful to others to assume that our kex= 10 X 1%
s 1 is only slightly smaller than the solvent exchange rate
constant, ko, for this ion.

There is no apparent dependence of the rates of com-
plexation on the “hole” dimensions of the ligands. Var-
iations in overall stability constants have already been
related to parallel variations in k2for either ligand.«s A
dependence on ring dimensions is observeds s for de-
complexation rates for all ions. The smaller ring separates
faster than the larger ring, which is indicative of a greater
conformational strain on the 15-crom-5 when it com-
plexes.

Complexation rates for the transition and post transition
metal ions differ in two ways from the rates for the noble
gas configuration ions. They are all larger in magnitude
(Figure 2) and except for Pb2+they show a distinct ligand
dependence. A possible interpretation of the increased rate
is that in the progressive substitution process fewer solvent
molecules are lost. Also if the loss of coordinated water
molecules other than the first is rate limiting, the rate of
complexation could be enhanced by directional influences

Eyring et al.

through the hybridization network of these ions. Silver®
and mercury(l1) ions demonstrate the greatest dependence
of k23 on the ligand. These ions commonly hybridize in
sp geometry. A trans-directing influence, i.e., covalent
bonding, of the coordinated ligand might enhance the rate
of second substitution.l5 At the same time the ligand
w'ould undergo considerable conformational strain to
accommodate itself to the linear geometry of the metal.
Again the strain would be greater for the smaller and
inherently more rigid 15-crown-5 polyether thus accounting
for the slower complexation rate with this ligand.
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The radical cations of methylated benzene decompose in acid solution inte the corresponding methylbenzyl
radical and a proton. The rate constant for this reaction decreases by three orders of magnitude as the number
of methyl groups increases from one to five. The rate constants can be correlated with the ionization potential
of the parent compound. In neutral solution the reverse reaction to the acid-catalyzed OH adduct conversion
occurs and the radical cations react with water to form the OH adduct. In slightly alkaline solution the radical
cations of the higher methylated benzenes {n = 3) react with hydroxide ions forming the OH adduct,

In our previcus paper! we reported on the OH-radical
induced formation of radical cations of methylated
benzenes in aqueocus acidic and neutral solution. The
precursor of the radical cation in acid media is the OH
adduct, whereas the cation is formed directly in a reaction
with 30, radical anions in neutral solution. The de-
pendency of lonic strength of some reactions of the radical
cations demonstrated the unit positive charge of the
species. The present report describes the proton loss
reaction and the reactions with water and hydroxide ions.
Some considerations of the reverse reactions are also
included.

Acid Solution

The radical cations decay in acid solution hy first-order
kinetics independent of solute and acid concentration up
to 0.5 M acid. The product of the decay is exclusively the
corresponding methylbenzyl radical (reaction 1). In acid

(CH,),CH,.,* -~ (CH,), ,C,H, ,CH, + B* (1)

solution all the OH radicals yield methylbenzyl radicals,
mainly through the conversion of the OH adduct via the
radical cation, but with a small contribution from the direct
attack on a methyl group.’

The rate constant for this conversion was previously
determined by measuring the rate of the formation of the
methylbenzyl radicals® as the existence of the radical cation
as an intermediate species was not established yet. The
formation of the radical cation from the OH adduct was
demonstrated! to be a result of the reaction of the hy-
droxycyclohexadienyl radicals with hydrogen ions (reaction
2). The rate constant for this reaction is (1.5 = 0.5) % 107

(CH,)»WC, H,_,OH + H* - (CH,),C, H,_»* + H, O (2)

M 57! irrespective of the compound. The appearance of
the radical cation in acid media, however, is governed by
the rate of reaction, in which the radical cation reacts with
water yielding the OH adduct (reverse of reaction 2).
The rate constants for the decay of the radical cations
in reaction 1 were determined in 1073 to 1 M HCIO,, Ar
or O, saturated solution. These rate constants (Table I)
agree with those measured for the buildup of the me-
thylbenzyl radicals (&, in ref 2) for compounds substituted
with three or less methyl groups. For the higher meth-
ylated benzenes (four or five methyl groups) the rate of
the decay of the cation is slower than the previously
measured rate of buildup of the methylbenzyl radicals.
This overestimation of the buildup rate may be due to the

0022-3654/78/2082-0651301.00/0

low rate of reaction of the solute with the primary radicals
hecause of the low solubility of the compounds together
with a fairly high direct formation, up to 30%, of the
corresponding methylbenzyl radicals. The rate constant
for reaction 1 varies three orders of magnitude from one
to five methyl substituents.

As the Hammett substituent constants for most of these
compounds are not available, the rate constants, &, are
correlated with the adiabatic ionization potential of the
parent compound (Figure 1). The ionization potential is
primarily determined by the energy of the highest occupied
molecular orbital and Rao® has shown a linear relationship
between the ionization potential and the Hammett sub-
stituent constants for disubstituted benzenes, where only
little or no steric effects due to substituents are operative.
No appreciable steric effect is expected from the methyl
groups in the studied compounds thus the substituent
effect is primarily of electronic nature.

At even higher acid concentrations, 1-8 M HCIO,, the
k,'s become successively lower, e.g., the rate for the p-
xylene radical cation is lowered by an order of magnitude
in going from 1 to 5 M acid. Accordingly we tried to detect
the reverse reaction (--1), i.e., a protonation of the me-
thylbenzyl radical. It was not possible to observe this
reaction up to 5 M acid neither with methylbenzyl radicals
produced by an H atom reaction with some methylbhenzyl
chloride compounds nor in the case where the direct
formation of methylbenzyl radicals exceed 25% (high
methylated compounds).

Neutral Solution

As mentioned in our recent paper! the radical cations
decay faster in neutral than in acid solution. Contrary to
acid media, where the cations decay exclusively into the
methylbenzyl radicals, the decay in neutral solution yields
the OH adduct and the methylbenzyl radical. The rates
of decay are independent of solute concentrations, which
excludes a reaction with the parent hydrocarbon as is the
case with anisole.* There is no indication of a radical-
radical dimerization since the decay is strictly first order,
independent of dose rate.

We ascribe these results to a reaction of radical cations
with water in competition with reaction (1}:

(CH,),C,H,_»* + HO~ (CH,),C, H, ,OH+ H* {-2)
This reaction is analogous to that proposed for other

aromatic radical cations.® Reaction -2 is the reverse of
reaction 2. It was studied in electron irradiated Ar-sat-
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TABLE I: Rate Constants for the Methylated Benzene Radical Cation Reactions in Aqueous Solution

Proton loss reaction,

Methylbenzyl

Reaction with H20, Reaction with OH"'

kts 1 radical,“ % M-s'1 k3M"1s 1
Toluene 1.0 £ 0.5 X 107 <5 >2 X 107
o-Xylene 2.0 £+ 0.5 X 106 ~10 8+4X 10s
m-Xylene 2.0 + 0.5 X 106 <5 15 + 0.5 x 106
p-Xylene 1.4 + 0.2 X 106 ~10 5.0+ 2.0 X 105
Mesitylene 1.5+ 0.2 X 106 <5 1.0 £ 0.5 X 106
Hemimillitene 1.5+ 0.3 X 106 40 50+ 20 X 104 ~1 X 1010
Pseudocumene 20 £0.2 X 10s 60 3.0+ 1.0 X 103 35+ 0.5 X 10’
Isodurene 1.0+ 0.2 X 10s 65 1.0 £+ 0.3 X 103 1.2 + 0.2 X 109
Prehnitene 25 + 0.2 X 10s ~90 4+ 2Xx 102 6.0 £ 1.0 X 108
Durene 27 +0.5 x 104 >95 62 1.5+ 0.3 X 108
Pentamethylbenzene 1.6 + 0.3 X 104 >95 <4 1.0 £ 0.2 X 10*

“ See text.

Figure 1. Rate constants for the reactions 1 (X) and 3 (O) as a function
of the adiabatic ionization potential of the parent compounds.

urated neutral solution containing persulfate by producing
the radical cations in a reaction of S04 radicals with the
substrate. From the radical cation decay data we can
derive k_2 under the assumption that k x is the same in
neutral as in moderate acid solution. Only the fe 2s for the
higher methylated compounds (n > 3) can be determined
in this way, as the decay of the loner methylated com-
pounds (n = 1 or 2) is either too fast to be measured
(toluene and mxylene) or the cation radical spectrum
overlaps the original spectrum of the S04 anion radical
(1450 run), which prohibits a meaningful determination
of the radical cation decay (o-xylene and mesitylene).
An independent way of determining the rate of reaction
-2 is to measure the distribution of the OH adduct and
the methylbenzyl radical formed from the radical cation.
This was done by analyzing the spectrum from 240 to 340
nm in an Ar-saturated solution containing 5 x 103 M
S &- and comparing this with the spectrum in N2
saturated solutions. Using the extinction coefficients for
the OH adduct (at 320-330 nm) and the methylbenzyl
radical (at 250-270 and 320-330 nm) and taking into
account the amount of directly formed methylbenzyl
radicals,2 the yields of the methylbenzyl radical produced
from the decay of the radical cations were calculated.
These yields are given as percentage of the total radical
cation yields in Table 1. From the distribution of the OH

Figure 2. Rate constants of the reaction -2 as function of the adiabatic
ionization potential of the parent compounds.

adduct and the methylbenzyl radical and from the ob-
served decay rate of the radical cation, k x and k .2 can be
calculated. The results confirm the assumption that the
rate constants of reaction 1 are unchanged in acid and
neutral solutions. Furthermore « 2from the two sets of
experiments agree. The mean values are shown in Table
I. These rate constants decrease by seven orders of
magnitude as the number of methyl groups increases from
ore to five. This trend is consistent with the high rate of
this hydrolysis reaction reported for the benzene radical
cation.6 k-2shows a good correlation with the ionization
potential of the parent compound (Figure 2).

Alkaline Solution

In alkaline solution the radical cation reacts with hy-
droxide ions forming the OH adduct (reaction 3). As a

(CH3)nC6HBY + OH*“- (CH3)NC6H6_,,OH 3)

consequence of fast reaction -2 with water only the
methylated benzenes with n > 3 can be studied with re-
spect to reaction 3. With compounds of n < 3, k_2 is 105
or higher (Table I) and we are unable to establish a
competition between reaction -2 and 3, because the decay
of the radical cation is either too fast or mixed with the
S04 decay (see neutral solution), and the product in both
cases is the OH adduct. Another limitation is that pro-
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Figure 3. The half-life of the first-order decay of the radical cation of
isodurene (1, 2, 3, 5) as function of pH. The solid line is calculated
for ks = 1.2 X 10°M's",

duction of the radical cation from SO, is not feasible above
pH ~12, as the rate constant for the reaction SO,” + OH"
— 80,7+ OH is 7.3 X 10’ M1 5.7 On the other hand,
if reactions 1 and 2 are competing, which means that an
appreciable amount of methylbenzyl radicals are formed
(n = 3), we can establish a competition with reaction 3 in
the pH region 8-12.

The radical cation was produced in an electron-irra-
diated Ar-saturated alkaline solution containing S;04% and
kg was calculated from the decrease in the half-life of the
radical cation over the pH range 8-12. As an example the
half-life vs. pH for the isodurene radical cation is shown
in Figure 3. The rate constants in Table I are determined
by this method but checked by the method of determining
the yield of methylbenzyl radicals formed. This is done
by recording the resulting spectra as previously in neutral
solution and from this yield, k; and & ,, the rate of reaction
3 is derived. These rates agree with those measured from
the kinetics. Also in case of reaction 3 the rate constants
can be correlated with the ionization potential of the
parent compound (Figure 1).

The reverse reaction of (3), a dissociation of the OH
adduct, was not observed directly, but its existence for
several of the compounds (n > 3) is strongly suggested
from our previous study on the formation of the meth-
ylated benzyl radicals in acid solution.? The flat portion
of the growth curve at pHs 3-5 indicates the formation of
the methylbenzyl radicals from an uncatalyzed reaction
such as (-3) followed by reaction 1. This type of reaction,
(-3), proceeds with DMA?8 and is discussed in more detail
in a paper concerning uncatalyzed water elimination re-
actions.? k_; for methylated benzenes are generally small
(<10% and can be measured in only a few cases (n = 4 or
5), but some upper limit estimates were made in our
previous work (k, in Table IV, ref 2). Reaction -2 must
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be slow compared to reaction 1 in order to obtain reliable
values.

Summary

The reactions of the radical cations of methylated
benzene can be summarized according to (4).

O
_OH' .
\ CHz
+0H™ D
A +H+‘ -4t

SESCN
>
- A

T -0H, C

P
The appearance of the radical cation in aqueous solution
is conjugated with the presence of the OH adduct via the
pseudobasic equilibria A, B, and C. This is analogous to
the reactions of quaternary heterocyclic cations.!®!! The
radical cations can thus be treated as an acid form of the
OH adduct. The formation of the protonated OH adduct
(formally identical with a monohydrated radical cation)
is suggested by O'Neill et al.!? in order to rationalize the
acid catalyzed formation of the radical cation from the OH
adduct of methoxylated benzene. The existence of the
protonated OH adduct, however, has not been confirmed
experimentally in any system. Step D is irreversible under
our experimental conditions. The stability of the radical
cation with respect to the reactions in (4) increases
markedly with decreasing ionization potential of the parent

compound.
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Solid benzene at -196 °C wes irradiated with 4CH+ and MCH3+ ions at 10-eV kinetic energy. Yields were
determined for the labeled hydrocarbon products: berzene, toluene, cycloheptatriene, diphenylmethane, bipheryl,
and phenylcycloheptatriene. The radioactivity distributions between the ring and the methyl group of the
toluene product were also determined. These results have been compared to those previously obtained with
MUC+and UCH2+ ionms. The comparisons have provided both insight into the reaction mechanisms and a tentative
estimate of the distribution of the species (4CHI) that react with the benzene.

In a recent report2we described the principal differences
observed when solid benzene is irradiated with UCH2+ in
place of MC+ ions. This work was carried out to gain
information on whether the MC+ ion picks up hydrogen
before the carbon-carbon bond forming interaction with
benzene, or whether the initially formed CH6intermediate
then abstracts hydrogen from an adjacent benzene mol-
ecule. Although we irradiate with ions, the initial en-
counter with the benzene is thought to be charge exchange
without significant loss of kinetic energy. Consequently,
our work may be thought of as a study of the interactions
of energetic, neutral species with benzene.

Our major observations and conclusions from the earlier
work with accelerated MCH2+ were (@) labeled benzene
yields appeared to be about the same as with 4C+, this led
us to surmise that methylidene (CH) radicals might be
intermediates in a postulated bicyclo C7 intermediate in
the mechanism leading to labeled benzene, (b) the high
yields of toluene and cyclohepatriene pointed to similarities
to known reactions of benzene with photolytically pro-
duced methylene, (C) in contrast to MC results, 4CH2
produced high yields of labeled toluene and cyclohepta-
tiene, and (d) also in contrast to the MC results, ACH2
produced toluene that had no measurable activity in the
ring.

In the present report we describe extensions of our
studies by irradiations of benzene with UCH+ and UCH3+
ions.

Experimental Section

Most of the experimental details have been described
in a recent paper and in the literature cited therein.3 All
the irradiations reported in this paper were carried out at
a kinetic energy of 10 eV. The accelerated ions were
directed toward a continuously deposited solid benzene
target, with the ratio of irradiating carbon ions to benzene
molecules of about 10 4 The surface charge on the target
wes continuously neutralized by a spray of electrons from
a nearby tungsten filament.

The ion source gas, MCH4, specific activity 62.7 mCi/
mmol, was obtained from the New England Nuclear Co.,
Boston, Mass. Methane gives good beans of C+ and CH3+
(about 1 pA) inour carbon-ion accelerator,4but poor beans
of CH+and CH2+ (about 0.1 /¢A). The low intensities of
the methylidene and methylene bearms have been a major
impediment in this work The radioactivity in peaks
emerging from the gas chromatograph were determined
either by direct counting in a proportional tube connected
to a multichannel analyzer, or by trapping and subsequent
counting in a liquid scintillation solution.

TABLE I: Percent Yields of Products from
lons at 5and 10 eV

Irradiating Species and Energy

c* CH+ CHS ch3
Product 5eV 10eV 10eV 5eV 10eV 10 eV
Benzene 4 4 7.6 1.5 33 1.5
Toluene 0.2 0.2 1.4 18 21 35
CHT“ 0.5 0.5 42 51 36 5
PhC=CH 0.3 0.5& <0.5 <0.5 <05 <0.1
PhCHO 14 19 5 10 2
Ph2 1.5 1.5 5 1 )d <0.1
Ph,CH, 3 2 3 1 6( 6
PhCHT 11 10 6 1 <0.1
Total 20.5 187 27.2 735 66.3 475

yieldc

“ CHT = 1,3,5-cycloheptatriene. b At 15 eV. c Not in-
cluding PhCHO, which is formed from residual oxygen-
containing gases in the ion accelerator. d These three pro-
ducts were not adequately separated on the GLC column.

The toluene radioactivity distribution wes determined
by adding carrier toluene to the target benzene, isolating
the toluene by gas-liquid chromatography (GLC) on
Carbowax 20M, trapping the emerging peak in glacial
acetic acid that contained additional carrier, and oxidizing
the toluene to benzoic acid with Cr03and sulfuric acid.
The benzoic acid was converted to its silyl ester and the
latter wes rigorously purified by GLC on an SE-30 colunm.
The ester’s specific activity was determined by liquid
scintillation counting, after which it was decarboxylated
via the Schmidt reaction5to aniline (Which contains the
toluenge’s ring activity) and C02 (which contains the methyl
activity). The latter wes trapped and analyzed for both
mass and radioactivity after passage through a Poropak
R GLC column. The residual sulfuric acid solution, which
contained the aniline, was analyzed for radioactivity by
liquid scintillation counting.

Results

The yields, which we estimate to be reproducible to
+25%, of the major labeled products obtained on irra
diating benzene with 4CH+and J4CH3+ ions at 10 eV are
shown inTable 1. We repeat that these reactions should
be thought of as between high-energy or collisionally
thermalized neutral species (MCH, MCH3 etc.) and
benzene. For comparison we include earlier data obtained
with accelerated UC+ and MCH2+ ions at 5 and 10 eV.

Toluene degradations were carried out on the target
material from two irradiations with MCH3+ and two with
HCH+, all at 10 eV. The JACHS3+ results showed that no

0022-3654/78/2082-0654%$01.00/0 © 1978 American Chemical Society
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measurable radioactivity was incorporated into the ring
of toluene. This result is the same as that previously found
in the 14CH2+ irradiations,2 and is in contrast to the toluene
product obtained on irradiation of benzene with 4C+ iors.
With these ions, from 5000 down to 10 eV, we have always
found about 85% of the toluene’s activity in the methyl
group, and the remaining approximately 15% in the ring.
At 5 eV this ratio becomes about 60/40, and at 2 eV it is
94/6.® The 14CH+ irradiation gave a toluene product with
about 10% of its radioactivity in the ring.

Discussion

We have no data to indicate the electronic states of our
reacting species. Since we expect deactivating collisions
before the product-forming interactions with benzene, we
presunme that the bare cartbon and the methylenes interact
in the ground-state triplet form, and that the CH and CH3
radicals react as ground-state singlets.

In accord with a previously published mechanisne that
we used to explain the production of labeled benzene from
14CH2 we now find that our highest yields of the benzene
come from JACH irradiations. The mechanism is shown
in (1). Evidence for a seven-membered intermediate has

excited labeled

recently been reported in gas-phase mass spectral studies
of C+ reactions with benzene;7 in earlier work we found
evidence for the specific bicyclo intermediate shown
aboves In addition, this mechanism is in agreement with
a higher yield of benzene from 4CH2 at 10 eV than from
the same species at 5 eV. At the lower energy a lower
probability of stripping off a hydrogen atom to produce
methylidene radical is expected. This postulate is also
useful in explaining the observation that, of the four
accelerated species that we have used, methyl appears the
least effective in producing labeled benzene.

The high yield of labeled biphenyl from the 4CH+ ir-
radiations wes not expected. If the excited intermediate
in (1) ejects a CH, it becomes labeled benzene without
generating a phenyl radical. In contrast, the intermediate
from a MC reaction (I) is expected to react with a

neighboring benzene nolecule either to abstract hydrogen
or to form labeled biphenyl. If MCH is the primary
reactant that produced biphenyl as the data suggest,
hydrogen migration either before or during the secondary
reaction most likely occurs with the expulsion of a
methylene. This is shown in reaction 2 (nonbonding

H H H

electrons are omitted).

The yields of toluene rise with increased numbers of
hydrogens on the irradiating carbon, that is, they are the
highest of all with methyl. That methylene is an effective
producer of toluene (by simple C-H bond insertion, as is
indicated by the toluene’s radioactivity distribution) is not
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TABLE I1l: Estimated Distribution of Species Reacting
with Benzene Derived from Initial lon Beams of C*, CH*,
CHZ, and CH3¥ at 10-eV Translational Energy

Reacting species,” %

lon beam C CH CH3 CH3
c* 10 8 <1
aH <1 24 4
chz 9 57
ch¥ 8 8

“ Charge neutralization is expected to be the first result
when these ions reach the benzene matrix; see ref 11 and
12.

surprising. That methyl is even more effective is sur-
prising, although alkylation of arenes with methyl ions is
strongly exothermics and has been observed previously in
the liquid phase9 Since it has been demonstrated that the
attack of C3H3+ on benzene gives, among other products,
labeled benzene 9 it may be that in our work reported here
we are observing the effects of methyl ion, rather than
methyl radical, attack on benzene. This suggestion is
reinforced by the ionization potentials of our four irra-
diating species. These aregineV, as follons. C, 11.26; CH,
11.13; CH2 10.40; CH3 9.83. We expect to be able to
determine whether hydrogen is lost from the benzene or
from the methyl ion by reacting accelerated CD3+ with
benzene, folloned by a determination of the deuterium
distribution in the toluene product.

It is also noteworthy that, in contrast to toluene, cy-
cloheptatriene yields are as expected, that is, they reach
a maximum with methylene irradiations. This difference
is probably explained on the basis that the main route to
cycloheptatriene (CHT) is through C-C bond insertions,
whereas toluene can be formed by both C-C and C-H
bond insertions (ref 3, p 70).

The 1C, and to a lesser extent the 14CH, can give a
toluene product that is partially ring labeled. Methylene
and methyl, on the other hand, give toluene that is only
methyl-group labeled. We interpret this to mean that the
“bare carbon” (14C) gives ring-labeled toluene by insertion
into a benzene C-C bond. We presume that 4CH leads
to the ring labeled product through the CH-bridged bicyclo
intermediate in reaction 2.

Based on the yields of Table I, a rough estimate can be
made of the relative amounts of the four species, CHo 3+
or their neutralized counterparts (see Table I, footnote
a) that undergo a bond-forming (i.e., stable product
forming) interaction with benzene when the initially ac-
celerated species is C+, CH+, CH2+, or CH3+. Such esti-
mates are presented in Table It  They followdirectly from
the folloning hypotheses: (1) that CHT comes primarily
from CH2z and that the ratio of toluene to CHT found for
CH2 represents the relative reactivities of CH2 to give these
products; (2) that from the above assumption the amount
of CHT formed from CH via a pick up of one hydrogen,
and the amount of toluene formed from CH3 by loss of
hydrogen, can be determined; (3) that for CH, the bernzene,
biphenyl, diphenylmethane, and phenylcycloheptatriene
are formed directly via CH reaction; and (4) that from the
above four yields, products derived from hydrogen pickup
by C to form CH, and from hydrogen elimination from CH2
to form CH, can be determined. While the data provide
evidence that diphenylmethane can also arise from a CH2
or CH3 intermediate, we are not able to suggest a rea
sonable mechanistic route for its formation from these
species. Nevertheless, such a reaction would avoid the
unfavorable consequence outlined below in which hydrogen
atorms are lost from CH2 and would alter the figures re-
ported in Table Il in a minor way.
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Although, as will be explained below, the above hy-
potheses are not firmly established, they lead to the rough
approximations presented in Table Il. These approxi-
mations indicate that at 10 eV (1) C picks up hydrogen
almost as readily as it inserts in benzene. Such pick up
reactions may occur via direct abstraction or by an in
sertion-decomposition reaction either into the ring, or as
has been reported previously for recoil produced carbon
atoms, into a C-H bond,10 (2) CH reacts primarily by
insertion, but prefers hydrogen pickup over elimination,
(3) CH2also reacts primarily by insertion with only a small
percentage of the methylene ions losing a hydrogen, and
(4) CH3 loses one or two hydrogens but also reacts readily
to methylate benzene. It is also apparent both from Table
I and Table 11 that the most reactive species in producing
the insertion products observed at 10 eV is CH2 followed,
in order, by CH3 CH, and C.

The data of Table | leave no doubt that CH?2 is the most
efficient species for forming CHT, and that CH is the most
efficient species for forming benzene. However, this does
not necessarily mean that the bare UC atom must pick up
a hydrogen before the interaction that leads to the labeled
benzene product. In fact, our previous studiess13 have
shown that the yields of labeled benzene, toluene, and
CHT from 1C reactions are essentially constant through
the translational energy range of 10-2 eV. Consequently,
an alternative interpretation might postulate similar bi-
cyclo Cr intermediates such as that in (1) arising from the
initial reaction of C, CH, or CH2 with benzene. In each
case, labeled benzene and biphenyl would be produced
folloning intramolecular hydrogen transfer when needed,
as, for example, in reaction 2 or 3. How important the

H H

lebeled
suggested intramolecular hydrogen transfers are may be

Y. Jean and H. J. Ache

determined by future experiments using MCHX- beams at
5 eV, or lower, kinetic energy.

A problem with the intramolecular hydrogen shift
mechanism lies in the experimental results which support
the energetically unfavorable conclusion that C is more
readily expelled than CH2 Such a mechanism yields
labeled MCH fragments from C reactions and MCH?2
fragments from CH reactions, but in loner quantities than
estimated in Table Il. Here, as in the previous inter-
pretation, there is no mechanistic explanation for the high
yield of diphenylmethane in the methyl irradiations.
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Positron Lifetime Studies in 7-Irradiated Organic Crystals
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Four organic solids, adamantane, guanosine, 2,-deoxyuridine, and 5-iodo-2-deoxyuridine were y irradiated in
the dose range from 0 to 200 Mrad and their positron annihilation lifetimes and ESR signals measured, with
and without subsequent thermal annealing. No corsistent correlation between the positron lifetime data, XP?
X2 and 2 and free-radical concentration or absorbed radiation dose could be observed. On the besis of these
results, it appears that the positron annihilation method is not a direct technique for the study of paramagnetic
centers or redicals in irradiated solid organic materials becavse the interactions of positron or positroniumwith
these species are frequently dbscured by the respornse of the positron annihilation process to radiationrinduced

structural changes in these solid materials.

Introduction

In previous papers several authorsz's studied the cor-
relation between ESR or EPR and positron annihilation
measurementse* 12 in 7 -irradiated organic compounds.

In these investigations carried out by Eldrup et al.4 and
Hadley et al.3 with 7 -irradiated acetyl methionine, a re-
duction of / 2 the intensity of the long-lived component in

the positron lifetime spectra, with increasing radiation dose
and EPR signal intensity was observed. Similar results
were found by Hadley and Hsw2 in 7 -irradiated D L-leucine,
while more recently Ito and Tabatas investigated 7 -ir-
radiated eicosane and polyethylene where they observed
an increase of the annihilation rate X associated with the
long-lived component and a simultaneous decrease of / 2
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with increasing radical concentration.

Although these authors could not establish a simple
correlation between the EPR centers and the observed
changes in the positron lifetimes, they prefer to associate
their results with interactions of free radicals with or-
thopositronium (Ps) atons.

However, since the y irradiation of organic solids is
known to cause in addition to the generation of free
radicals macrascopic or structural changes inthe solid, i.e,
changes in free volume (swelling upon irradiation), vacancy
formation, etc., to which the positron annihilation tech-
nique responds very strongly, we have studied the effect
of 7 irradiation in a variety of organic solids to further
assess the origin of the observed changes in the annihi-
lation parameters upon y irradiation and to estimate the
contribution made by the reaction of o-Ps with free radicals
to the total effect observed. For this purpose we included
in this study four organic solids such as adamantane,
guanosine, 2'-deoxyuridine, and 5-iodo-2'-deoxyuridine.
Adamantane wes chosen because it is unusually stable
toward radiation and even after applying massive radiation
doses (at room termperature), only relatively small amounts
of free radicals can be detected. The other three com-
pounds were selected because they are components of
important biological systems and it appeared interesting
to investigate whether positron annihilation techniques
could reveal details about their behavior upon y irradi-
ation, which could not be detected in ESR studies.

Experimental Section

(A) Purity of Compounds. Adamantane was obtained
from Aldrich and 2'-deoxyuridine, guanosine, and 5
iodo-2'-deoxyuridine were obtained from ICN Life Sciences
Group. They were of the highest purity available (>99%),
and no further purifications were made.

(B) Preparation of Samples and Positron Lifetime
Measurements. The solids were degassed and sealed under
vacuum in quartz tubes. The irradiations were carried out
at room temperature with a 13Cs 7-ray source at
Brookhaven National Laboratory at a dose rate of 7.8
Mrad/h for guanosine samples and 1.6-1.9 Mrad/h for
others. The irradiated samples were left under vacuum
for 14 days, until the amount of free radicals had assumed
an approximately constant value. Then, aliquots of the
samples were transferred under vacuum into specially
designed vials together with a positron source consisting
of 3-~5 QA 2ZNa deposited on a thin Al foil, which was
placed in the center of the vial. The i.d. of the sanple vial
was 0.6 cm, which ensured that all of the positrons were
annihilated in the sample before they reached the glass
wall. All lifetime measurements were carried out at room
temperature. The annealing of these samples was carried
out under vacuum in an oil bath kept at 100 °C for a
predetermined period of time. The positron lifetime
measurements and their computational analysis were
carried out by conventional methods as described previ-
ously.13 The resolution of the fast-slow coincidence system
was 0.4 ns as measured by the prompt spectrum of 60Co.

(C) ESR Measurements. A Varian E-12 spectrometer
was employed to record the first-derivative spectra at a
micronave frequency of approximately 9.08 GHz and 100
kHz magnetic modulation. The microwave powers were
kept at 30 mW for all measurements. The standard DPPH
spectra with known free-radical concentrations were re-
corded at exactly the same instrumental sensitivities for
each sample measurement. The absolute free-radical
concentrations were obtained in a standard way by
comparing the ESR intensities of samples with DPPH
standards. All ESR measurements were carried out at the
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Figure 2. 12and X2vs. free-radical concentration and absorbed radiation
dose in [-irradiated adamantane.

mean time of lifetime measurements at room temperature.
For the identification of the ESR signals in the various
compounds under investigation, see ref 14 and 15.

Results and Discussion

Figure 1, where the radical concentration is plotted as
a function of absorbed radiation dose, shows the expected
smooth correlation between free-radical concentration and
absorbed radiation dose. However, while in the case of
adamantane and guanosine, a maximal concentration of
about 2.7 and 10.5 radicals/molecule, respectively, is
observed at 200 Mrad which, as shown for guancsine, can
be almost completely annealed, the corresponding radical
concentration in 2'-deoxyuridine and 5-iodo-2'-deoxy-
uridine is 170 and 100 radicals/molecule and can be, as
shown for 2'-deoxyuridine, only partially annealed.

From Hgures 1-5 it can clearly be seen that the changes
in \2 and /2 are relatively small, even after prolonged
periods of \ irradiation, and do not follow in a consistent
way the variation of the free-radical concentration.

The obvious divergence of the experimentally obxserved
positron lifetime parameters, X and /2, in the four 7 -ir-
radiated systens as shown in Figures 2, 4, and 5 makes a
unigue interpretation in terms of the previously postulated
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Figure 3. I, and A, vs. freeradical concentration and absorbed radiation
dose in y-irradiated guanosine.
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Figure 4. Effect of thermal annealing on I, and A, and free-radical
concentration in vy-irradiated guanosine. (Absorbed radiation dose 200
Mrad).

interactions of positrons or o-Ps with free radicals rather
difficult. For example, in the adamantane system where
the free radical concentration even after absorption of
relatively high radiation doses is rather small, no change
of I, can be observed as a function of free-radical con-
centration (Figure 2). On the other hand )\, shows a
decrease with free-radical concentration, which is clearly
the opposite of the effect one would expect from the most
likely interaction between o-Ps and paramagnetic species,
namely the ortho—para spin conversion of the Ps, which
should lead to a shortening of the positron lifetime, i.e.,
an increase of A..5'? Thus, the observed effect, i.e., the
decrease of \,, cannot be associated with this process but
may be most likely understood as the result of an increase
of the free volume of the compound in which the o-Ps can
reside and experience a longer lifetime.!® This enlargement
of the free volume, caused by the radiation-induced
swelling of the solid, and its effect on the positron an-
nihilation process clearly outweigh at these low radical
concentrations the consequences of Ps reactions with the
radicals present.

In vy-irradiated guanosine (Figure 3) the initial drop in
A, at low radiation doses or free-radical concentrations may
have the same origin as discussed above for adamantane,
whereas the subsequent drop of I, and increase of A, at
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Figure 5. I, and A, vs. free~adical concentration and absorbed radiation
dose in y-irradiated 2'-deoxyuridine.

higher free-radical concentrations may now be the result
of the interaction of “hot”?*1718 and thermalized o-Ps,
respectively, with the radicals present, which at these
higher radical concentration overcompensate the free-
volume effect. The decrease in I, could, however, also be
explained in terms of the simple spur reaction!® or modified
spur reaction model® by assuming a reduction in the
number of available electrons for Ps formation due to fast
reactions between radiation-produced species (radicals)
and electrons in the positron spur, thus competing for
available electrons with the Ps formation process.

The thermal annealing of a sample which had received
200 Mrad leads to an almost complete elimination of the
paramagnetic centers, (Figure 4) from initially 10.7 to
1.2-1.8 radicals/molecule. This is accompanied by a
change in the positron annihilation data, which assume
values coinciding with those obtained at about 30 Mrad;
i.e., where positronium-radical reactions seem to have no
significant impact. Thus, it appears that while thermal
annealing at 100 °C can eliminate most of the paramag-
netic species produced, it cannot restore the initial
structure of the organic solid.

It would be difficult to suggest such a simple inter-
pretation for the 2’-deoxyuridine system, (Figure 5) where
I, and Xy, both increase with free-radical concentration or
absorbed radiation dose. This compound is very sensitive
to radiation and the damage caused by the large radiation
doses applied in this study has probably generated some
profound structural changes in the compound and pro-
duced a considerable amount of stable radiolysis products
whose interactions with Ps lead to the observed variations
in the positron annihilation data. This is also supported
by the fact that annealing of the compound (100 °C for
20 h) does not restore the initial I, or A, values, nor does
it lead to a complete elimination of the paramagnetic
centers. An interpretation of the positron lifetime data
in this system would require a much more detailed
knowledge of the various species present after irradiation
and is, because of lack of such data, presently not feasible.

The analysis of the positron lifetime spectra of 5-
iodo-2’-deoxyuridine, is complicated by the fact, that the
long-lived component has an intensity of only 1-2%, which
introduces a large experimental error in the evaluation of
A, and I,. The measurements reveal only slight increases,
even after large radiation doses have been absorbed, in I,
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and A, (0 Mrad: 1, 1.2%; X, 0.62 x 10% s7%; 100 Mrad: [,
2.7%, A 0.72 % 10° s71).

The explanations suggested above are essentially hased
on the model that the long-lived component in the lifetime
spectra, with the decay rate A, and an intensity [,, is the
result of the thermalized o-Ps formed in the substance and
its subsequent interactions with its environment.

These explanations may, however, have to be qualified
if one considers the results of recent experiments by Hogg
et al.?1? and Chuang and Tao,* which seem te indicate
that the long lifetime component in positron annihilaticn
lifetime spectra for organic solids may not be due to o-Ps.

These authors® prefer to associate this component with
the annihilation of “free” positrons trapped in void-type
defects of large size in the solid, in which case the size of
the void would control the positron annihilation A; and a
correlation should exist between the number of the pos-
itrons annihilating in these voids and I,.

Since it can be assumed that the size and number of
these voids depend on the radiation conditions, it is not
suprising that A, and I, are affected by the irradiation.

In summary, the experimental results obtained in this
study seem to confirm the contention that values 7, and
Ao extracted from positron annihilation lifetime mea-
surements in y-irradiated substances cannot always be
directly related to the presence of free radicals. It seems
that whatever interaction between paramagnetic species
and Ps or positrons in irradiated solid organic compounds
occurs, it could be overshadowed by other parameters such
as free volume and other structure changes introduced as
a result of the irradiation, to which the positron annihi-
lation process responds more directly. This appears to be
especially true in cases where only a relatively small
amount of radicals is formed as a result of massive ra-
diation, as in the adamantane system, or where a rather
complicated radiation chemistry results as a consequence
of the irradiation as in 2’-deoxyuridine. Thus, one would
have to conclude that the positron annihilation technique
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cannot compete with ESR methods in the detection of
paramagnetic species in irradiated solids because of its
relative insensitivity, its susceptibility to interferences
caused by structural changes in the substances, and its
apparent failure to distinguish between different types of
radicals. Tts usefulness will, therefore, most likely be
limited to the detection of paramagnetic centers in gaseous
systems, where such interferences do not exist and where
its sensitivity is dramatically increased, as recently shown
by Brandt et al.?*
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Electrohydrodynamic ionization is a technique whereby ions are generated directly from a liquid surface by
application of an electric field. Organic liquids may be ionized if an electrolyte is dissolved to increase electrical
conductivity. Emitted ions are formed by attachment of a cation or anion to polar solvent molecules. These
cluster ions can decompose in the gas phase by the loss of one or nore neutral solvent molecules.  Positive
ion mess spectra have been obtained for different electrolytes (Nal, KlI, HCl, HZS04 MgCI2 AlCI13 and SbCI3
dissolved in glycerol as well as Nal in diglycerol and ethylene glycol. Positive and negative ions from Nal in
glycerol are analogous in composition. The average size of cluster ions and the probability of decomposition
in the gas phase are determined predominantly by the size and electric charge of the cation or anion. The paper
discusses the basic mechanisins of electrohydrodynamic ionization and this technique is compared with field
desorption. Because solvated ions are sampled directly from the liquid phase, electrohydrodynamic ionization
mess spectrometry can yield two types of complenentary information regarding ion solvation:  the distribution
of cluster ions actually emitted reflects the degree of association in the liquid phase, whereas stability in the
gas phase is a measure of ion-solvent bonding in the absence of the liquid phase. Inplications for the mess

spectrometric characterization of dissolved sample naterials are considered.

Introduction

An electric field applied across the surface of a liquid
metal induces the formation of a stable liquid cone; suf-
ficiently high fields cause ion emission from the tip of the
cone.15 This electrohydrodynamic ionization can take
place under vacuum if the liquid has sufficiertly low vapor
pressure. The liquid is most conveniently supported by
a hollow capillary needle connected to a suitable resenvoir.
A simple ion sourceG7 has been developed in this laboratory
and used for the mass spectrometric analysis of metal
alloys with low melting points.810 Atomic, polyatomic, and
multiply charged positive ions were all forrmed by electron
abstraction.

lons may be generated from nonvolatile organic liquids
also but only if the applied electric field is high, the flow
rate of liquid is sufficiently low; and electrical conductivity
is adequately increased by dissolution of an ionic elec-
trolyte4112 If these conditions are not satisfied, then
macroscopic droplets are emitted instead. Electrohy-
drodynamic ionization of doped organic liquids differs
qualitatively from that of liquid netals. There is no single
liquid cone; instead emission originates near the rim of the
capillary needle, often from several sites simultaneous-
ly _4i3i4 Emitted species are formed by attachment of a
cation or anion to one or nore polar solvent nolecules. If
an additional nonvolatile material (liquid or solid) is
dissolved, then those molecules also may be incorporated
within the emitted ion clusters.

We have used our ion source, in conjunction with a
double-focusing mass spectrometer, to analyze a range of
materials of biochemical interest (amino acids, sugars,
nucleosides, peptides, and antibiotics) dissolved in glycerol
with Nal as electrolyte.1016 These materials yielded
quasimolecular positive ions resulting from cation (or
proton) attachment to clusters of solvent and/or solute

* Author to whom inquiries about the paper should be addressed.
Present address: Department of Chemistry, Harvard University, 12
Oxford Street, Cambridge, Mass. 02138.

1Present address. General Electric Company, Knolls Atomic Power
Laboratory, Schenectady, N.Y. 12301

*Also School of Chemical Sciences, University of Illinois.

molecules. It seerms that electrohydrodynamic ionization
can generate quasimolecular ions characteristic of any
sample material which can be dissolved, together with an
electrolyte, in a nonvolatile organic solvent and which then
undergoes appreciable interaction with cations and anions
in solution. There is no need for sample heating or vol-
atilization, so electrohydrodynamic ionization mass
spectrometry should be applicable to labile materials which
cannot be ionized by other methods.

This paper will be concerned specifically with the in-
teraction between organic solvent and dissolved electrolyte.
We believe that the applied electric field sufficiently
distorts the potential energy distribution at the liquid
surface to permit direct emission of those solvated ions
already present at the surface. 181818 Such field-induced
“evaporation” imparts virtually no additional vibrational
or electronic energy to those ion species emitted into the
gas phase.I820 This absence of internal excitation is
confirmed by the lack of nolecular fragmentation as well
as by the relative stability of large, weakly bound cluster
ions. 516 As a result, the distribution of different cluster
ions electrohydrodynamically emitted from the surface of
a solution should reflect the nature and strength of ion-
solvent and ion-ion association within the liquid phase.
Furthermore, the subsequent stability of solvated cluster
ions in the gas phase is a direct measure of ion-solvent
bonding in the absence of the bulk liquid phase.

Thus electrohydrodynamic ionization mass spectrometry
of electrolyte solutions can yield two types of comple-
mentary information regarding ion-solvent interaction.
This paper reports our preliminary investigations and
proposes how quantitative thermodynamic information
could be derived from mass spectrometric measurements.
We consider the implications of our results for the mass
spectrometric characterization of dissolved sample ma-
terials.

Experimental Section

The AEI MS902 double-focusing mass spectrometer wes
operated with a mass resolution of 800 (measured at 5%
of peak height). The owverall dynamic range within asingle
mass spectrumwas such that ions with relative abundances
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as low as 0.02-0.1% could be detected. Unless othennise
stated, mass spectra extended up to the maximum
mass-to-charge ratio {im/z 950 at 8-keV ion energy) ac-
cepted by the mass spectrometer. Our mass spectrometer
has been modified so that the kinetic energy of ions
transmitted by the electric sector may be adjusted
manually to any value below the maximum of 8 keV; this
predetermined ion energy is independent of the voltages
applied to the ion source. The total energy bandwidth of
the AEI MS902 meass spectrometer is 1.3% of the nominal
ion energy. An electronic mass measurement system
calculated mass-to-charge ratio as a combined function of
magnetic field and transmitted ion energy.

The structure and operation of the electrohydrodynamic
ion source have been described previously. 1516 Unless
otherwise stated, the voltage applied to the capillary needle
emitter was approximately +8.6 kV; the exact value was
selected during operation such that all ions which did not
undergo any decomposition process would possess 8.0-keV
energy within the mass spectrometer. The discrepancy
between actual needle voltage and maximum ion energy
represents a real voltage drop within the liquid solution
at the tip of the capillary needle emitter. The corre-
sponding energy dissipation results predominantly from
electrical and hydrodynamic effects such as ohmic re-
sistance and viscous liquid flow, 4212with small additional
contributions resulting from electrode processes at the
capillary needle and the energy required for ion emission
into the gas phase.

Negative ion mass spectra (from Nal in glycerol) were
obtained by reversing the polarity of all voltages applied
to the ion source as well as the electric and magnetic fields
of the mass spectrometer. Positive and negative ion
currents were of the same magnitude, and there wes no
indication of electron emission in the latter case. However
negative ion emission from the electrohydrodynamic ion
source waes appreciably less stable. It is probable that
sodium, formed when the capillary needle is cathode, reacts
with glycerol whereas molecular iodine, formed when the
needle is anode, is readily soluble in glycerol.3

Al solvents and electrolytes were of reagent grade except
diglycerol, obtained from ICN Life Sciences Group (K&K),
which wes only 85-90% pure with glycerol and triglycerol
as the mygjor impurities. Both MgCI26H2 and AIC136HD
were used in the hydrated, crystalline form

HC1 (agueous solution), HS04, and MgCI2'6HD dis-
solved readily in pure glycerol at room temperature, as did
Nal in ethylene glycol. Other solutions were prepared
either by heating, with continuous stirring, or by using
water as an intermediate solvent. Any water, whether used
as intermediate solvent or introduced as water of hy-
dration, was removed by preliminary pumping under
vacuum  These procedures have been described else-
where.16 Of the electrolytes used, only HCL (introduced
as concentrated agqueous solution) was appreciably volatile
when dissolved in glycerol; removal of the water by pre-
liminary pumping resulted in loss of most of the HCL
initially added to the glycerol. Table | specifies the final
concentration of HC1 in glycerol. Chemical indicators
demonstrated that the solutions of HC1, HZS04 AIC13 and
SbCI3in glycerol were strongly acidic; the other electrolytes
gave neutral solutions.

We have previously suggestedl6 that the most useful
definition of molar concentration is the number of moles
of electrolyte (or sanmple) dissolved relative to the number
of moles of solvent set equal to 100%. This definition of
molar concentration will continue to be used throughout
this paper because it relates directly to the average
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composition of cluster ions which will be emitted if
electrolyte, sample, and solvent are removed from the
liquid solution at the same rate.

For each mass spectrum, relative abundances have been
normalized to the peak height of the most abundant ion
set equal to 100%. No correction has been made for the
anomalous broadening of metastable peaks, so the true
abundance of daughter ions is somewhat underestimated.
The absolute ion currents specified in Fgure 1 were
calibrated by means of the auxiliary plate collector in-
corporated in the AEI MS902 mass spectrometer.

It will be convenient to define “ion energy ratio” as the
ratio of the energy of the ions actually transmitted by the
electric sector to the energy of ions emitted from the ion
source (prior to any decomposition process).

Results

Decomposition of Solvated lons in the Gas Phase. The
ions emitted electrohydrodynamically from a solution of
a 11 electrolyte (A+B>) in a solvent (S) are predominantly
solvated cations and anions of the form [S,, + A]+and [S,,
+ B]* Typically the value of n ranges from O to greater
than 10, but for the most abundant ions n lies between 1
and 3

In general, such cluster ions are not stable in the gas
phase.2 Decomposition of singly charged positive ions
proceeds by the loss of one or more neutral solvent
molecules, as follows

[S,, + A]* —[S,,_m+ A]++ Sm 1)

This may be expressed in more general terns
[M]+- [M- aM]++ AM ©)

where [M]+ is the parent ion and [M - AM]+ is the
daughter fon I such decomposition takes place while the
parerit ion is in transit within the mass spectrometer, then
the daughter ion will not normally arrive at the collector
or be recorded as part of the mass spectrum. However if
the parent ion decomposes when located within one of
three specific regions of the mass spectrometer, then the
daughter ion may be detected and identified with a
particular decormposition.

() An ion may decompose during acceleration within
the ion source, between the capillary needle emitter and
the grounded collector cup electrode. We consider a
specific singly charged parent ion which decomposes,
according to eq 2, at some position where it has already
acquired a fraction c of the maximum possible kinetic
energy EQ This kinetic energy cEOQis then partitioned
between the daughter ion and the neutral fragment such
that velocity is unchanged and momentum is conserved.
(Any release of internal energy is assumed negligible
compared to the total kinetic energy.) The daughter ion
is then accelerated through the remaining potential dif-
ference, so its final kinetic energy becomes

E=(M MAM) cEO+ (1- c)EO 3)

Because ¢ can range from zero to unity, the daughter ions
entering the electric sector of the mass spectrometer will
possess a continuum of kinetic energies from the maximum
EOdown to

(4)

(2 A parent ion which decomposes in the first field-free
region (between the collector cup of the ion source and the
entrance to the electric sector) has already acquired the
maximum possible kinetic energy EQ Therefore, whereever
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a parent ion decomposes in this region, the daughter ion
will subsequently have the kinetic energy given by eq 4.
Because of the considerable length of this field-free region,
a high proportion of all daughter ions entering the electric
sector will possess this specific energy.

(©)] If a parent ion decomposes in the second field-free

region (between the electric and magnetic sectors), then
it will already have passed through the electric sector set
to accept ions with the full kinetic energy EQ After de-
composition, energy will again be partitioned according to
eq 4; because the momentum of the charged species has
been reduced, the daughter ion will then be transmitted
by the magnetic sector at an apparent mass given by

M*=(M- AM)2/M (5)

Equations 3-5 become more complex if parent and
daughter ions are not both singly charged.28

This behavior is identical with that of metastable
molecular ions and similar experimental techniques may
be used. 24 For convenience the term “metastable” will be
applied to solvated cluster ions which decompaose before
arrival at the collector of the mass spectrometer.

This discussion shows that if daughter ions are formed
during acceleration or within the first field-free region, then
they will not pass through the mass spectrometer unless
the electric sector is adjusted to accept ions of the energy
given by eq 3or 4. (Note that the characteristic parameter
E /E Ospecified by these equations has earlier been defined
as the “ion energy ratio”.) In particular, if the electric
sector is set to accept ions with the full kinetic energy EO
(ion energy ratio equal to unity), then only parent ions
which do not decompose will be recorded in the mass
spectrum. A high proportion of all metastable ions de-
compose within the first field-free region. Consequently
daughter ions resulting from a specific decomposition will
be efficiently transmitted only if the electric sector is set
to accept ions with the appropriate energy, given by eq 4;
all other ions, whether stable parent ions or the products
of other decompositions, will be rejected. A mass spectrum
recorded under such conditions must necessarily be se-
lective.

In order to demonstrate the feasibility of studying the
decomposition of metastable ions in the first field-free
region, successive mass spectra were recorded at different
ion energy ratios. The voltage applied to the capillary
needle emitter was maintained constant at +8.0 kV and
consequently the total ion emission did not change. The
absolute intensity of the ion currents due to specific
daughter ions could then be determined as a function of
ion energy ratio.

Fgure 1 shows this variation for the two most abundant
ions, [G2+ Na]+and [G3+ Na]+, observed from glycerol
(G) with Nal as electrolyte. As the energy of the analyzed
ions is reduced from 8 to 4 KV, definite structure is ob-
served. No ions have an energy corresponding to the full
needle voltage; as explained above, this is a consequence
of the finite voltage drop (here 700 V) between the ca-
pillary needle and the liquid-vacuum interface at the
emission sites. A maximum in ion current for each species
at 7.3 keV corresponds to transmission of those parent ions
which do not decompose within the mass spectrometer.
Additional maxima at 5.1 keV for [G2+ Na]+and at 5.6
keV for [G3+ Na]+ correspond to transmission of those
species as daughter ions resulting from loss of one neutral
glycerol molecule in the first field-free region. In other
words, although [G2+ Na]+and [G3+ Na]+ are observed
in the mass spectra under these conditions, it is [G3+ Na]+
and [G4+ Na]+ respectively which are actually emitted
from the liquid surface. A small maximum at 4.5 keV can
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ION ENERGY RATIO E/EO

Figure 1. lon current due to [G2+ Na]+ and [G3 + Na]+ (G = glycerol)
transmitted as daughter lons by the mass spectrometer as a function
of the ion energy transmitted by the electric sector. For clarity, the
two curves are displaced vertically from the axis by different amounts
(3 X 10*14and 1 X 1(THMA, respectively). The arrows show predicted
ion energies for specific decompositions in the first field-free region.
The voltage applied to the capillary needle emitter was 8.0 kV.

be attributed to loss of two neutral glycerol molecules from
[G5+ Na]+with subsequent detection of [G3+ Na]+. Loss
of two neutral glycerol nolecules is always much less likely
than loss of one. There is no evidence for decompositions
involving the loss of species other than an integral number
of neutral glycerol molecules.

If parent ions decomposed only within the first field-free
region, then structure in the variation of ion current with
ion energy would be sharp, limited in width only by the
energy bandwidth of the electric sector (which is 100 eV
at 8.0-keV ion energy and 50 eV at 4.0 keV). However, as
explained above, decompositions also take place during
acceleration of parent ions within the ion source; conse-
quently each specific decomposition is associated with a
continuum betwween the maximum ion energy EOand the
loner ion energy given by eq 4. Because of the nonlinear
potential distribution within the ion source, the continuum
varies in amplitude (as seen in Figure 1).

Information of the type illustrated in Figure 1 can be
obtained for each positive ion in the mass spectrum. For
each species, the maxima in transmitted ion current will
occur at different ion energy ratios. In Figure 2, the ion
energy corresponding to each of these maxima has been
plotted as a function of the mass of the ion analyzed by
the mass spectrometer. The individual data points
compare well with the relationship predicted by eq 4,
which is also illustrated. For these measurements, a
composite solution of glucose, sucrose, and raffinose with
Nal in glycerol wes used; the mass spectrum obtained with
this solution has been analytically interpreted elsewhere. 16

Decomposition of metastable ions in the second field-free
region can be detected in most mass spectra as anoma-
lously broadened peaks (triangular in shape) at the ap-
parent mass given by eq 5. Allocation of a specific de-
composition to such peaks is straightforward and the
relative abundances of these metastable peaks are included
in Tables 1 and 11, which are discussed below.

Positive lons from Nal-Glycerol. Glycerol (G) with
sodium iodide (Nal) as electrolyte was used exclusively for
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TABLE I:
n O 1 2 3

Nal lon energy ratio = 1.00

Positive ionsb

[G,, + H]+ 0.02 1.9 3.2
[G,, + Na]* 0.4 3.2 100 67
[Gn+ Na + Nal]+ 0.05
Metastable ions

[Gn+ H]+-’“ [G”_’ + H]+ 0.05
[G,, + Na]+-m[G,,.j + Nar 0.09 2.5

[Gn+ Na + Nal]+-
[Gn_, + Na+ Nair
Negative ions

[G.-H]- 0.5 1.8
[G, + IT' 0.8 57 100 12
[G,, + I + Nal]“ 0.3 0.9 0.4
Metastable ions

[G, + 11“- [Gn_, + I]*¢ 1.2 0.6
Nal lon energy ratio= 0.75c

[g9.,+ Hr <0.1 1.4 1.3
[G.+ Na]+ 11 1.3 87 100
[G,, + Na + Nall]* 0.3 0.3 0.5

Metastable ions
[G,, + Na]+ [G,._,

Kl lon energy ratio= 0.7 5d

[G, + H]+ 0.9 26 6.9

[G., + K]+ 39 100 31
Metastable ions

[Gn+ K]+- [G,_, + K]+ 0.1 0.5

HC1 lon energy ratio=1.00
[G.+ H]+ 0.9 46 100
Metastable ions

[G,, + H]+>=[G,,_, + H]+ 0.09 54

a Nal (molar concentration 6.1%), Kl (4.8%), and HC1 (1.4%).
6 From ref 16.

in glycerol at ion energy ratio = 1.00 are also listed.
d Maximum m/z 600.

Figure 2. lon energy corresponding to each maximum in transmitted
ion current due to specific singly charged positive ions as a function
of the mass of the ion analyzed by the mass spectrometer. The solid
symbols denote experimental measurements whereas the continuous
curves show the predicted relationship for decompositions involving
the loss of one or two neutral glycerol (G) molecules in the first field-free
region. The voltage applied to the capillary needle emitter was 8.0
kV.

our earlier studies of electrohydrodynamic ionization.1516
We now compare the positive and negative ions emitted
from this solution and then present positive ion mass
spectra obtained by electrohydrodynamic ionization of
other electrolytes and solvents.

Table I describes, in a matrix format, the cluster ions
emitted from glycerol with Nal as electrolyte. The most
abundant positive ions are of the form [G,, + Na]+ rep-
resenting varying degrees of solvation of the Na+ cations
by glycerol nolecules. At an ion energy ratio of unity, the
most abundant positive ion is [G2+ Na]+. However the
total ion current (measured at a monitor collector located
between the electric and magnetic sectors) is greatest at
an ion energy ratio of 0.75. With the latter operating

+ Na]+ <0.1

The Journal of Physical Chemistry, Vol. 82, No. 6, 1978 663

Relative Abundances (%) of Positive lons Characteristic of 1:1 ElectrolytesO Dissolved in Glycerol (G)

4 5 6 7 8 9 10
0.09
8.6 0.3 0.01 0.04 <0.01 <0.01
0.1 0.03 0.1 <0.01 <0.01
0.7 0.06 0.02
0.01 0.01
0.08 0.04
0.8 0.06
0.2 0.08
0.1
0.2 <0.1
21 12 6.9 3.5 1.1
1.3 1.1 0.9

<0.1 <0.1 <0.1 <0.1 <0.1

0.6
6.7 2.4 0.6
0.2
6.1 0.1 0.07 0.2 0.1
0.6

Relative abundances of negative ions characteristic of Nal
¢ From mass spectrum in ref 15; maximum m/z 800.

condition, [G3+ Na]+ beconmes the most abundant cluster
ion in the mass spectrunt because the ion energy ratio hes
been reduced below unity, [G4+ Na]+ is the ion actually
emitted. The increase in relative abundance of larger
cluster ions at the loner ion energy ratio confirs that the
probability of decomposition in the gas phase increases
rapidly with cluster size.

Two other species of solvated cluster ion are observed,
but at much lower relative abundance. Solvation of free
protons results in ion clusters of the form [G,, + H]+ In
general, such protonated clusters are two orders of
magnitude less abundant than the corresponding [G,, +
Na]+ clusters. Glycerol does not dissociate to an appre-
ciable extent (pK = 14.1)%as an acid in water solution,
and the very lowelectrical conductivity of the pure liquid®
confirms that self-protolysis is an equally weak process.
Consequently few free protons will be generated in the bulk
liquid phase and the observed abundance of protonated
clusters probably results from a greater concentration near
the emission sites. It is probable that the high electric field
at the liquid surface causes locally enhanced dissociation
of the glycerol. Such field-enhanced dissociationZ 2B has
also been suggested in connection with the electrohy-
drodynamic spraying of doped glycerol droplets.11,12

In addition, multiple incorporation of cations and anions
results in clusters of the form [G,, + Na + Nal]+. These
ions are not very abundant hut, as expected, the proba-
bility of incorporation of both sodium and iodine increases
with the size of the cluster. These composite clusters may
reflect the existence in solution of associated triple ions. 2
Certainly the nmolar concentration of Nal in glycerdl is large
enough (6.1%) to imply a considerable degree of associ-
ation; however the variation of conductivity with con
centration for this systemi®bis sufficiently dominated by
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the change in viscosity that any structure resulting from
ion association® is obscured.

For all three types of ion-solvent cluster, metastable
peaks are observed resulting from the loss of one neutral
glycerol molecule. The probability of such deconmposition
in the second field-free region is seen to increase with
cluster size although the measured abundance is, of course,
determined by the probability of emission of the relevant
parent ion. These metastable peaks are much more
prominent at an ion energy ratio of unity than at an ion
energy ratio of 0.75. Therefore a cluster ion of any specific
size is less likely to decompose if it is a daughter ion re-
sulting from an earlier decomposition than if it is the
parent ion directly emitted from the liquid. This ob-
servation implies that daughter ions have significantly less
internal energy than parent ions of the same conposition.
On decomposition, some internal energy is required to
overcome the force binding the neutral fragment to the
parent cluster. (We discuss later how the activation energy
for decomposition might be measured.) In addition an
appreciable amount of kinetic energy may be imparted to
the charged and neutral decomposition products. The
anomalous broadening of metastable peaks is directly
related to the kinetic energy released during decompo-
sition, which can be calculated from the width and shape
of the metastable peak.2b For the dominant [G3+ Na]+
—»[G2+ Na]+ transition at apparent m/z 143.3, the total
width of the major isotopic component of the metastable
peak is 1.1 u (with a parent ion energy of 8 keV and an
ion energy ratio of unity). The corresponding maximum
energy release is 0.066 eV, which is certainly comparable
with the thermal energy of the trinolecular parent cluster.

Negative lons from Nal-Glycerol. Two series of cluster
ions dominate the negative ion mass spectrum from
glycerol with Nal as electrolyte (Table 1). These corre-
spond to T anion attachment to solvent nolecules and to
proton loss from glycerol clusters to the solution, giving
[G, + I]* and [Gn- H]“ respectively. Both series of
negative ions are analogous in composition to positively
charged species. Electrohydrodynamic ionization proceeds
similarly for both polarities of applied electric field because
electron transfer is not involved. Triple ion clusters [G,
+ | + Nal]“ with net negative charge are detected; the
smallest cluster ions of this type incorporate only one
glycerol molecule.

At an ion energy ratio of unity, [G2+ 1]* is the most
abundant negative ion. Table I definitely suggests that
the average number of glycerol molecules in clusters in-
corporating the T anion is lower than the average number
in clusters incorporating the Na+ cation. In particular, [G
+ 1]* is more abundant than [G3+ I]*“whereas the relative
abundance of the analogous positive ions is reversed. For
any particular cluster size, the transition [G,, + 1] [Gn|
+ 1]* is more probable (relative to the abundance of the
intact parent ion) than the corresponding positive ion
decomposition, [G,, + Na]+-» [G,_, + Na]+. All of these
observations suggest that the strength of the bond between
glycerol molecules and the large T ion decreases rapidly
as the number of solvent nolecules in the cluster increases;
comparison with the other halide anions might permit a
direct correlation with ion radius.

Other 1:1 Electrolytes. Potassium iodide (KI) wes
dissolved as electrolyte in glycerol in order to change only
the cation available in solution. Comparison with the
positive ion mass spectrum from Nal-glycerol at the same
ion energy ratio of 0.75 reveals two significant differences
(Table I). First the degree of proton attachment is higher;
the series of [G,, + H]+ ions is an order of magnitude nore
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abundant than when Nal is the electrolyte. In addition
to the field-induced dissociation of glycerol described
above, the high electric field may induce specific chemical
reactions between electrolyte and solvent resulting in
enhanced proton transfer. Alternatively the local electric
field required for electrohydrodynamic ionization may not
be the same for different electrolytes in the same solvert;
the degree of field-induced dissociation would not then be
identical. Second the K+ cation is associated with a smaller
average number of glycerol nolecules than is the Na+
cation; at an ion energy ratio of 0.75, the ratio of the
abundances of the ions [G,, + K]+[G,, + Na]+ decreases
rapidly from 30 at n = 1to 0.09 at n = 6. This smaller
average cluster size is accompanied by larger metastable
peaks (and since the ion energy ratio is less than unity, the
daughter ions which are actually detected have undergone
two decompositions, one before and one after the electric
sector). It seens therefore that the K+ cation, like the T
anion, is not able to maintain a solvation shell as large as
the smaller Na+ cation.

The inverse correlation of cluster size with ion radius
is further supported by the positive ion mass spectrum
obtained with hydrochloric acid (HC1) as electrolyte in
glycerol. (As explained above, the volatility of this
electrolyte necessitated a low molar concentration.) As
shown in Table I, the most abundant ion at an ion energy
ratio of unity is [G3+ H]+ although decompositions with
this species as parent ion are also probable. Emission of
unsolvated protons could not be observed above the
minimum detectable relative abundance of 0.02%. lon
emission current and source pressure were both rather
unstable for this solution (and for other solutions with CI*
anions), probably resulting from evolution of HC1 fromthe
solution or Cl2gas at the capillary needle as anode. The
main features of this mass spectrum were reproducible,
however, and it is evident that an acidic electrolyte can
induce strong protonation of clusters of solvent molecules.

Sulfuric acid (HZS04) wes also investigated as an acidic
electrolyte because it is one of the few strong mineral acids
which has lowvolatility (extrapolation of published data®
gives a vapor pressure of 1.2 X 102Pa, 9 X 10‘5Torr at
20 °C). From glycerol including HZS 04 at a molar con-
centration of 9.3%, large but unstable positive ion currents
were obtained; the most abundant species was [G2+ H]+.
A small amount of glycerol monosulfuric acid ester,
HOCHZCHOHCHZS0H) was formed as a reaction
product3L‘ and incorporated in a minor series of solvated
cluster ions.

21 and 31 Electrolytes. We have previously observedb
doubly charged clusters of the form [G,, + Fe]2+for 5 <
n < 8 where the Fe2+ ions were generated by electro-
chemical attack of a stainless steel capillary needle emitter.
This interference has subsequently been avoided by the
use of platinum capillary needles. We now report a study
of the solvation of multiply charged cations generated from
solutions of 21 and 3:1 electrolytes in glycerol.

Table Il lists relative abundances of the characteristic
ions emitted electrohydrodynamically from a solution of
magnesium chloride (MgCI2 in glycerol. Mass spectra
were obtained at ion energy ratios of 1.00 and 0.75; the
latter value corresponds to maximum total ion current at
the monitor collector located after the electric sector. The
spectra obtained at these two values of ion energy ratio
are completely different in character.

At an ion energy ratio of unity, the dominant ion species
are of the form [G,, + H]+ Two other series of ions, reither
of which is very abundant, can be directly attributed to
the MgCl2electrolyte: the doubly charged cluster ion [G,
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+ Mg]2+ easily identified by the halved mass difference
between isotope peaks and between successive clusters of
the series, and the solvated ion pair [G,, + MgCI]+, for
which the chlorine atom contributes a characteristic
isotope pattern. There is some interference between
isotope peaks because the two ions [G™H + Mg]2+and [Gn
+ MQgCI]+ differ in mass-to-charge ratio by only one atomic
mass unit. Metastable peaks are detected corresponding
to decomposition of all three types of ion. The ratio of the
amplitude of each metastable peak to that of the corre-
sponding stable parent ion is high enough to suggest that
both ions incorporating magnesium are relatively unstable
in the gas phase.

This hypothesis is reinforced by the much larger
abundance of the same ions at an ion energy ratio of 0.75;
ions analyzed by the mass spectrometer are now the
products of an earlier decompoasition. In aness spectrum
recorded under this condition, the [Gn+ Mg]2+ ions are
dominant, with [G5+ Mg]2+ the most probable species.
Very large doubly charged clusters, up to [GU+ Mg]2+at
m/z 656, can be detected. Singly charged ions of the form
[Gn+ MgCI]+ for 3 < n < 7 are of somewhat lower
abundance, which may reflect the degree of association of
cations and anions in glycerol solution. At this lower ion
energy ratio, metastable peaks are smaller relative to the
abundance of the corresponding stable parent ions; as
discussed abowve, it seens that decomposition of a cluster
ion in the second field-free region is less likely if that ion
is itself the product of a previous decomposition. Because
of the larger electrostatic forces acting within the liquid,
the effective solvation shell for multiply charged cations
will involve, on average, more solvent molecules than in
the case of singly charged cations. Consequently elec-
trohydrodynamic ionization generates larger cluster ions.
However, after they have been emitted into the gas phase,
the stabilizing effect of the bulk liquid phase is absent; the
large multiply charged cluster ions are then sufficiently
unstable that most clusters undergo at least one decom+
position before arrival at the collector of the mass spec-
trometer.

This model is compatible also with electrohydrodynamic
ionization mass spectra obtained from a solution of alu-
minum chloride (AICI3) inglycerol. At an ion energy ratio
of unity, only the series of ions of the form [G,, + H]+and
the associated metastable peaks are observed,; this wes the
only solution from which a small signal due to unsolvated
protons could be detected. AlLC13hydrolyzes in water to
give aluminum axychlorides and hydrochloric acid; ZRHCL
must be formed in glycerol also because the solution wes
strongly acidic.

At an ion energy ratio of 0.70, corresponding to maxi-
mum total ion current at the monitor collector, the same
series of protonated [G,, + H]+ ions remains most
abundant; as for other electrolytes, the distribution is
shifted to larger cluster sizes at ion energy ratios less than
unity. Additional ions observed only at the lower ion
energy ratio are [G,, + AlC1]2+and [G,, + AIC1Z+ Both
of these species result from solvation of associated ions.
Since AICI3 is a relatively weak electrolyte, it will not
dissociate totally at the high nolar concentration of 3.5%.
No iors of the form [G,, + Al]3t+or any other triply charged
ions are detected. The doubly charged [G,, + ALC1]2+ions
are associated with very large numbers of glycerol mole-
cules: the largest cluster detected is [GI6+ ALCI]2+at m/z
767. A series of singly charged ions of the form [G,, + AL
- 2H]+for 2 < n <7 is not included in Table 11 but the
maximum relative abundance is 12% at n = 5, analogous
ions from SbCI3 as electrolyte are discussed below. The
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composition of another minor series of ions is explained
as [G,, + AICL + (CHD XI)nj2+where m equals 1 or 2,
glycerol monochlorohydrin, HOCH2ZCHOHCHZXCI, is a
reaction product of hydrochloric acid and glycerol3r'38and
can be incorporated in cluster iors.

Although it is a covalent compound, antimony tri-
chloride (SbCI3 can be used as an electrolyte in glycerol
for electrohydrodynamic ionization34 because it
decomposes3b to give HC1 which then provides ions in
solution and thereby increases electrical conductivity.
Cohen3d states that ions containing antimony are also
formed in glycerol solution.

Two solutions of SbCI3at molar concentrations of 2.8
and 4.0% in glycerol were employed but the mass spectra
were similar. At an ion energy ratio of unity, the principal
peaks result from solvated protons, with [G2+ H]+ the
most abundant ion; the associated metastable peaks are
also seen. At an ion energy ratio of 0.75, [G3+ H]+ be-
comes the most abundant ion. Two additional ions have
relative abundances of 83 and 50% and can be explained
as [G, + SbCI - H]+ with n = 3 and 4, respectively.
Another ion with a relative abundance of 7.0% has the
similar composition [G3+ Sb - 2H]+. Incorporation of Sb
and Cl can be confirmed from their characteristic isotope
pattern. lons of these types are seen, but with much loner
abundance, at an ion energy ratio of unity. These species
are formed by replacement of exchangeable hydrogen
atoms of the glycerol nolecule. Both (HOCH2ZCHOHC-
H2D)SbCI2 and (HOCH2ZZHOHCH2)2ShCl are likely
products of solvolysis reactions between SbCI3 and gly-
cerol; 3% ionic dissociation of these two products would
generate CI" anions and solvated cations with the com+
position described above. In addition to these unexpected
species, ions of the form [G,, + SbCI2+ are observed for
2 < n <4 with low relative abundance (<3%) at both ion
energy ratios. There was no evidence for the emission of
[G,, + SbCI]2+ or any other multiply charged ions.

Other Solvents. There are few solvents which are
suitable for direct electrohydrodynamic ionization under
vacuum. The principal requirements are low vapor
pressure and ability to dissolve ionic electrolytes disso-
ciatively; in gereral, the latter requirement is satisfied only
by solvents with high dielectric constant. For experimental
convenience, the solvent should be liquid at room tem-
perature. Glycerol3:38 (HOCHZCHOHCHZ0H, molecular
weight 92) satisfies all requirements and is also able to
dissolve and thereby permit electrohydrodynamic ioni-
zation of many organic materials of analytical interest.
Interpretation of mass spectra is facilitated because few
interfering impurities are found in commercially available
glycerol. Although glycerol has a relatively low molecular
weight, the three hydroxyl groups of the glycerol molecule
cause considerable hydrogen bonding within the liquid,
which results in abnormally high viscosity and low vola-
tility (extrapolation of published data3) suggests a vapor
pressure of 4 X 10°2Pa, 3 X 104 Torr at 20 °C). We have
now investigated some other solvents which are chemically
and physically similar.

Diglycerol3ic3b (HOCHZCHOHCHZ2OCH2ZCHOH-
CH20H, molecular weight 166) is an ether formed from
two molecules of glycerol with removal of HD; it has a
loner vapor pressure and higher viscosity than glycerol.
The electrohydrodynamic ionization mass spectrum ob-
tained from a solution of Nal in diglycerol includes a large
number of positive ions, all of which can be explained in
terms of Nat+ cation or proton attachment to various
combinations of diglycerol with the glycerol and triglycerol
impurities. Table 111 lists only those species with relative
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TABLE I11: Positive lons with Relative Abundances
Greater Than 10% Characteristic of Nal {Molar
Concentration 13.0%) Dissolved in Diglycerol (Dg) with
Appreciable Glycerol (G) and Triglycerol {Tg) Impurities®

Rel
abun-
dance,

m/z Ion %
183 [Dg + Nal 40
207 [G,+ Nal* 64
263 [Tg + Na]* 23
281 [G+ Dg+ Nal* 100
3556 [Dg, + Na]" and [G + Tg + Nal* 69
429 [Dg + Tg + Nal* 34

447 [G + Dg, + Na]’ and [G, + Tg + Na]* 11
521 |[Dg, + Na]*and [G+ Dg + Tg + Nal]* 21

9 Ion energy ratio = 0.75.

abundances greater than 10%; where two alternative ion
species are listed, that given first will be the dominant
component because diglycerol comprises 85-90% of the
solvent. It can be seen that the most abundant clusters
incorpotate one or two solvent molecules regardless of their
mass.

Because of the high viscosity of glycerol and diglycerol,
electrolytes and nonionic solutes do not dissolve easily. In
addition the low mobility of ions in solution limits electrical
conductivity. An appreciably less viscous solvent might
require a lower electrolyte concentration for ion emission
{as opposed to the macroscopic droplets which are formed
from liquids of lower conductivity).

For this reason, a solution of Nal at a molar concen-
tration of 4.1% in ethylene glycol3®3% (HOCH,CH,OH,
molecular weight 62) was investigated. Although this
solvent has a much lower viscosity than glycerol, it has a
relatively high vapor pressure (12 Pa, 9 X 1072 Torr at 20
°C).¥® During electrohydredynamic ionization the pressure
in the ion source rises to 0.4 Pa, 3 X 1073 Torr, which results
in a mean free path for ions sufficiently low that collision
with neutral gas molecules is significant. Furthermore the
high rate of evaporation from the capillary needle emitter
causes rapid depletion of liquid at the ionization sites; once
initiated, stable ion emission can be maintained for only
a few tens of seconds. Efficient electrohydredynamic
ionization is achieved for a potential difference between
capillary needle emitter and the two counterelectrodes
{extractor, collector cup) as low as 4 kV; ionization at lower
electric fields may result directly from an increase in
electrical conductivity of the solution. With ion energy
ratios near unity, virtually no ions are detected. High
volatility in the liquid phase is probably associated with
greater instability of clusters in the gas phase. At an ion
energy ratio of 0.70, the major ions characteristic of
ethylene glycol (Eg} are [Eg, + Na]* for 1 £ n < 4.

The difficulties experienced with ethylene glycol suggest
that electrechydrodynamic ionization under vacuum of even
more volatile solvents will not easily be achieved. Brief
experiments with Nal as electrolyte in water revealed two
additional problems. First, excessively high pressure near
the capillary needle induces electrical discharge between
emitter and counterelectrodes. Second, evaporation of
solvent causes cooling of the remaining solution which
results in freezing of water at the tip of the emitter.

Discussion

Electrohydrodynamic lonization and Relationship to
Field Desorption. Holland, Soltmann, and Sweeley® have
recently suggested a model for field desorption in which
quasimolecular ions are formed within a thin fluidized
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layer by chemical attachment reactions which are pre-
dominantly thermally dependent; the electric field then
extracts these ions from the emitter surface. Anbar and
St.John® have developed a variant of conventional field
desorption in which the o-ganic sample is dissolved into
a matrix consisting of water, NaCl, polyvinyl alcohol, and
sucrose; a similar composite solution is used for inorganic
materials.**" Mass spectra obtained with this technigue
demonstrate interaction between ions and polar molecules;
it is possible that the polyvinyl alcohol inhibits complete
evaporation of water. These workers® suggest that “the
polar polymer matrix is a viscous medium in which the
ionic species may migrate in the applied field to the points
of highest field strength whence they are desorbed with
minimum decomposition”.

The types of ion seen in field desorption mass spectra
are compatible with these ideas. Often the dominant
guasimolecular ions result from protonation,®4! which
generally requires less energy than direct molecular ion-
ization.**® Cation attachment can be induced by adding
a suitable salt 1o the emitter surface;**® multiple cation
attachment, or attachment of both cations and anions, can
oceur at high salt concentrations.*”™® Multimolecular
cluster ions, formed by attachment of protons* 9% or
cations,*® *¥5% are penerated under certain operating
conditions. Only low electric fields are required® for field
desorption of inorganic or organic salts, which results in
emission of cations or anions as well as various cation-
anion complexes with net positive®4051°% or negatijve®
charge.

Multimolecular cluster ions incorporating volatile solvent
molecules can be generated by field ionization because the
high electric field at the emitter surface enhances con-
densation of vapor from the gas phase, 719555 Water
forms multimolecular layers from which protonated
clusters of the form [{H,0), + H]* are desorbed. 1343558
Protonated clusters incorporating other polar molecules
such as alcohols, acids and ketones have also been ob-
served, 1919443566164 Becayse increased dissociation of
adsorbed molecules is induced by the electric
field, 9c19e56-586162 the relative abundances of the various
melecular and cluster ions are influenced by applied
voltage.'®3536182 DNecomposition of cluster ions in the gas
phase by loss of one or more neutral molecules has oc-
casionally been reported,'?5961

It is clear that field desorption and electrohydrodynamic
ionization are closely related. Both processes generate
electrically charged clusters involving weak bonding be-
tween polar molecules and an ion. However electrohy-
drodynamic ionization is distinguished by two specific
characteristics.

(1) Both techniques require surfaces with high curvature
so that the applied electric field is sufficiently large to
induce icn emission. [n electrohydrodynamic ionization,
these high curvature surfaces are not solid but are formed
from the liquid solution by interaction between the electric
field and the liquid. Consequently, so long as liquid so-
lution continues to be available, the ionization process is
inherently self-sustaining. Nevertheless variations in
emission are observed: these may be caused by the finite
rate of consumption of solution (due to emission of ions
and evaporation of neutrals), electrode processes'4#3.3365
(such as chemical reaction and gas evolution) at the lig-
uid—solid interface, and fundamental electrohydrodynamic
instabilities'® %8 (perhaps resulting in mobility and finite
lifetime of individual emission sites). The ion currents
from field ionization' #5648 gnd field desorption™ sources
also suffer from essentially statistical fluctuations.
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(2) Neutral molecules and ion-molecule clusters are
transported to emission sites within the bulk of the liquid
phase and not along a two-dimensional surface. Conse-
quently efficient electrohydrodynamic ionization occurs
at room temperature. In contrast, field desorption emitters
must usually be heated)3 in order to enable surface
diffusion of sample to the tip of the solid emitter.

Of these ionization techniques, only electrohydrody-
namic ionization involves sampling of solvated ions actually
from the liquid phase. This unique property enables direct
mass spectrometric investigation of ion-solvent interac-
tions in solution. As a result, this new technique can
provide information complementary to that obtained by
studies of gas-phase solvation in high-pressure ion
sources. 1072

Mass Spectrometry of Solvated lons. These preliminary
results confirm that electrohydrodynamic ionization nmess
spectrometry can yield two types of basic information
regarding ion-solvent interaction: the relative abundance
of the different cluster ions emitted from the liquid surface
and the subsequent stability of each of these solvated
species in the gas phase. However recorded mass spectra
represent a convolution of these two sets of quantitative
information. The composition and relative abundance of
the various ions analyzed by the mass spectrometer are not
identical with those of the emitted species; instead they
are related by the rate constant for each possible de-
composition process in the gas phase. Consequently the
distribution of cluster ions actually emitted from the liquid
surface can be calculated only after all significant de-
composition reactions have been quantitatively charac-
terized. We discuss below how such fundamental infor-
mation might be derived and applied toward a better
understanding of ion-molecule interaction in liquid so-
lution and in the gas phase.

If the distribution of cluster ions actually emitted from
the liquid surface does reflect the extent of ion-solvent
association in solution, then the most abundant cluster
represents the preferred size of solvation shell. Fur-
thermore any discontinuity in the distribution of emitted
cluster sizes indicates certain preferred or improbable
solvation structures. However, for several basic reasons,
the composition and relative intensity of emitted cluster
ions may not exactly reflect normal solvation processes in
the bulk of the liquid phase. The high electric field at the
emission sites may enhance or inhibit certain types of
ion-ion, ion-solvent, and solvent-solvent interaction,
especially when solvent nolecules are thermselves strongly
polar. In addition dissociation equilibria may be modified,
as discussed above for self-protolysis of glycerol. The
electric field may even facilitate chemical reactions be-
tween solvent and electrolyte which are otherwise un-
important. (We have shown that mass spectra can indicate
the presence of reaction products.) Electrohydrodynamic
ionization is obviously a “soft” process with little excess
energy imparted to electrically charged species as they pass
from the liquid phase into vacuum; the fact that large,
weakly bound cluster ions are emitted at all is evidence
for this, as is the absence of molecular fragmentation
during ionization of complex organic materials.1516
Nevertheless those solvent molecules which are most
weakly bound to a dissolved cation or anion may be unable
to accompany that ion across the liquid-vacuum interface;
therefore the distribution of cluster sizes probably reflects
only the number of solvent nolecules bound to each ion
with an energy, at the moment of emission, in excess of
some minimumvalue. The fundamental requirement that
emission take place from a liquid surface may result in
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modification of behavior characteristic of the bulk. An ion
in a dielectric liquid with finite electrical conductivity can
experience an appreciable electrostatic force only if it lies
within some critical distance from the surface. This
proximity to the surface may cause the solvation shells of
such ions to be asymmetric and smaller than those in the
bulk of the solution.

Electrohydrodynamic ionization mass spectrometry is
also able to study stability in the gas phase of the various
cluster ions. The results presented earlier demonstrate
that the rate of decomposition increases rapidly with the
number of solvent molecules incorporated in a cluster. It
is for this reason that mass spectra, recording only those
ions stable for the entire transit time within the mass
spectrometer, are inevitably biased tonard smaller cluster
sizes. However a complete knowledge of the rate of each
possible decomposition would permit reconstruction of the
spectrum of species actually emitted. In addition, ther-
modynamic information regarding gas-phase decompo-
sition would indicate the relative stability of different
cluster ions in a nonequilibrium situation, where exchange
of solvent molecules with the bulk liquid phase is not
possible. If a certain size of cluster ion is particularly stable
or unstable in the gas phase, then this will be reflected in
an abnormal rate of decomposition. On the other hand,
if solvated cluster ions have no distinct structure then
decomposition rates will increase monotonically with
cluster size. For parent ions with the same intermal energy,
decompositions (at least those involving loss of only one
neutral solvent molecule) should follow first-order kinetics.
Variation of rate constant with temperature will then yield
the activation energy for each specific decomposition.
Emitted cluster ions should have a characteristic tem-
perature which is essentially the same as that of the bulk
liquid solution near the emission sites. However that liquid
may become heated above ambient temperature by the
electrohydrodynamic ionization process. The ion current
must flow across the potential difference between the
capillary needle and the emission sites; the mgjority of this
energy loss must by dissipated as heat, predominantly by
thermal conduction through the liquid and along the
capillary needle. 142173

With a conventional double-focusing magnetic mass
spectrometer, the parent and daughter ions involved in a
specific decomposition can be monitored by several dif-
ferent measurements. The normal ion peak in a mass
spectrum obtained at an ion energy ratio of unity gives the
number of parent ions which have not decomposed within
the time required for ions of that mass and energy to travel
through the mass spectrometer. In the same mass
spectrum, the area within the broadened metastable peak
at the apparent mass given by eq 5 yields the number of
daughter ions formed in the second field-free region. The
normal ion peak due to daughter ions in a mass spectrum
obtained at the ion energy ratio given by eq 4 is a measure
of the number of decompositions occurring within the first
field-free region  Finally, the extent of decomposition while
parent ions are being accelerated within the ion source is
reflected in the variation of ion current due to daughter
ions for ion energy ratios between unity and the value given
by eq 4. Since electrostatic potential and thereby ion
energy and transit time can be evaluated as functions of
position, the shape of the continuum can be converted into
a direct relationship between deconposition rate and time.
Such measurements have already been used for the study
of fast reactions in field ionization sources. 1820574

Development of these techniques will enable quanti-
tative investigation of electrohydrodynamic emission and
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the kinetics of cluster ion decompeosition in the gas phase.
A range of experiments is possible since, for most polar
solvents, suitable electrolytes can be chosen to donate or
accept protons or supply any of the positive alkali or
negative halide ions; many polyatomic or multiply charged
ions can be similarly studied. The change in cluster ion
composition as a function of electrolyte concentration has
not vet been investigated systematically., Increased
concentration, especially in less polar solvents, will
probably encourage lonic association, thereby enhancing
the emission of triple ion clusters and other species formed
by multiple ion attachment. Complex cluster ions of this
type may decempose other than by the loss of an integral
number of solvent molecules; for example, both products
might be electrically charged.

If the distribution of cluster sizes actually emitted from
the liquid surface can be derived, then it becomes possible
to determine whether an overall balance is achieved be-
tween the molar concentrations of solvent, electrolyte, and
solute in the liquid solution and the concentrations emitted
into the gas phase. If balance is not achieved, then
preferential enhancement or elimination of certain species
in the remaining solution must result. Such imbalance
would reflect the relative degree of ion—solvent, ion—solute,
and solvent—solute interaction; there would be considerable
implications with regard to the quantitative analysis of
dissolved sample materials and the long-term stabhility of
the emission process.

Mass Spectrometry of Dissolved Sample Materials. It
is evident from this work that electrohydrodynamically
generated cluster ions entering the mass spectrometer have
acquired a wide range of kinetic energies because of de-
composition processes which take place during ion ac-
celeration or within the first field-free region. In order to
enable routine characterization of dissolved sample ma-
terials, therefore, ions with only a narrow range of energies
should be selected for mass analysis; any magnetic mass
spectrometer must have a double-focusing geometry, We
have argued before'® that representative mass spectra of
dissolved sample materials can, in general, only be obtained
at an ion energy ratio of unity.

There is strong evidence that electrohydrodynamic
ionization emits into the gas phase only those solvated ions
which are already present at the liquid surface. Dissolved
sample molecules may be included within the effective
solvation shell, but only if there is some degree of attractive
interaction between either cation or anion and the sample
molecule. As in field desorption, unfaverable stereo-
chemistry may inhibit such ion attachment.*® If no ap-
preciable ion-molecule interaction oceurs within the liquid
phase, then quasimolecular ions incorporating the sample
will not be seen in the mass spectrum under any operating
eonditions.

The actual composition and abundance of such guasi-
molecular ions must depend on the nature of the various
ion-molecule interactions, the equilibrium hetween the
competitive solvation of ions by solvent and sample
molecules, and the availability of protons, cations, and
anions in solution. We have already shewn!® that the
apparent efficiencies of ionization of different sample
molecules (measured at an ion energy ratio of unity) can
vary over more than one order of magnitude. The chemical
properties of the solvent and the molar concentration of
sample and electrolyte may have to be selected carefully
if quasimolecular ions incorporating a dissolved sample are
to be generated efficiently.

Proton affinities of polar molecules are relatively high
and quasimolecular ions resulting from protonation are
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often more abundant than those formed by cation at-
tachment, even when few free protons are available in
solution.'® Protonation of sample molecules may be
possible even when attachment of larger cations is ste-
rically hindered. Quasimolecular species formed by
pretonation can be enhanced by the use of acidic elec-
trolytes or solvents. In centrast, basic electrolytes or
solvents can be expected to enhance those negative
quasimolecular ions resulting from proton abstraction.
Variatien of the hydrogen ion concentration (pH) of the
solution may be equally valuable as a means of increasing
the solubility of difficult sample materials, However field
desorption experiments®™ *? suggest that cationized mo-
lecular ions are often better stabilized against molecular
fragmentation than the corresponding protonated species.
Polar molecules generally have higher affinities for lithium
than for other alkali cations,* %7 so lithium salts may be
useful electrolytes for electrohydrodynamic ionization.

An important potential application of electrohydro-
dynamic ionization mass spectrometry is determination
of the molecular weight of complex, nonvolatile materials.
The positive quasimolecular ions in the mass spectrum
may not unambiguously identify the molecular weight of
the sample because the number of incorporated solvent
molecules is not known. Furthermore, either a proton or
a cation may be attached to any specific quasimolecular
species, Incorporation of any cation or anion with a
characteristic isotope pattern can be easily recognized. In
addition, the difference between the mass-to-charge ratios
of positive and negative quasimolecular ions will digtin-
guish between proton and cation attachment for positive
species and between proton abstraction and anion at-
tachment for negative species. Instead a second mass
spectrum can be obtained from a similar solution in which
an alternative electrolyte with different cation and/or
anion has been substituted; the mass-to-charge ratios of
any quasimolecular ions resulting from cation and /or anion
attachment will be altered, whereas those resulting from
proton attachment. or abstraction will not change. In order
to establish the number of solvent molecules incorporated
in a quasimolecular ion, it will generally he necessary to
use two solvents of different molecular weight, either as
a mixture ot in two separate solutions; solvation behavior
will be unchanged if isotopically labeled and unlabeled
versions of the same solvent are used.

Often different combinations of solvent, electrolyte, and
sample molecules will give rise to more than one passible
ion species at a specific nominal value of mass-to-charge
ratio.’® Although the interference can usually be resolved
by the use of high mass resolution, the resulting loss in
Lransmission may not be acceptable. For any given sample,
however, the interference can nearly always be eliminated
by an appropriate change in either salvent or electrolyte.

Incorporation of a multiply charged cation or anion
within a cluster ion can be employed as a means of ex-
tending the effective mass range of a mass spectrometer
for any given ion accelerating voltage. Multiple attachment
of singly charged ions to large molecules has heen
observed!® and can be used similarly to analyze species
whose mass exceeds the normal upper limit of the mass
spectrometer. An additional problem is that the gain of
electron multipliers can be impractically low for such heavy
ions; however multiply charged quasimolecular ions will
undergo a more efficient ion-to-electron conversion at the
first dynode than singly charged ions of the same mass.

This discussion demonstrates that an understanding of
electrohydrodynamie ionization and the associated solution
chemistry is not only of fundamental interest. The same
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knowledge will also be needed to develop and apply this
new technique for the mass spectrometric analysis of
dissolved sample materials.
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lonization Constants and Heats of lonization

of the Bisulfate lon from 5 to 55 °C1
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By the use of a novel precision indicator method the ionization constants of the HS04 ion have been determined
at 10 °C intervals from 5 to 55 °C with an error that is probably less than 2%. Because of specific salt effects,
these constants may be in error by as much as 6%, but any larger value seerms highly improbable. The value
obtained fromthese data for the heat of ionization at 25 °C is in good agreenrent with calorinetric measurenernts.
Both the ionization constants and the related heats of ionization reported here are in sharp disagreement with
those dbtained from electronotive foroe measurements.  For each of the temperatures studied, the thenmodynamic
quantities AG°, AH°, and AS°® have been calculated from the change of the ionization constant with tenperature.
At 25 °C they have the folloning values: K = 0.01015, AH® = -5188 cal/mol, AG® = 2721 cal/mol, and AS®

= -26.52 cal/mol/deg.

When this investigation wes started, there existed a
substantial discrepancy between calorimetric values for the
heat of ionization of the HS04' ion and that derived from
electromotive force measurements. From the early
measurements and calculations of Noyes et al.3to the then
contemporary direct calorimetric experiments of Pitzers
it was apparent that AH® of ionization of the bisulfate ion
is near -5 kcal mol'l In contrast electromotive force
measurements of cells containing bisulfate-sulfate
solutionss led to a value near - 2.2 kcal mol-1

An experimental resolution of this conflict should be
based on a method which is different in principle from
previous calorimetric or electrical techniques. If direct
calorimetric methods are disalloned, the enthalpy change
must be obtained from the temperature dependence of the
ionization constant, Khso4- Determination of an ionization
constant of the order of 10+2 is generally difficult, honever,
because in solutions dilute enough to allow precise esti-
mates of activity coefficients the extent of dissociation of
the acid is very high.

The novel method devised is based on some observations
made previously by Mullanes on the effects of neutral salts
on indicators in dilute unbuffered solutions. The essential
principle of the procedure is to determine the relative effect
on the absorption of an acid-base indicator of (1) a set of
neutral salts, and (2) the monobasic salt of the acid under
consideration. From the first set of measurements it is
possible to correct for salt effects, the apparent changes
in hydrogen ion concentration observed in the second set.
In contrast to other indicator methods, this one dispenses
completely with any necessity of knowing the ionization
constant of the indicator, and uses the actual hydrogen ion
concentration only as a second-order correction in the
calculations.

The thermodynamic constants for the ionization of
HS04' measured by this novel technique are probably still
the most precise ones available, and they have been cited,
without documentation, in several authoritative mono-
graphs.78 However, there is no published description of
the methods used to obtain the original data or of the
treatments that extracted the thermodynamic quantities.
These details need to be made available so that the re-
liability of our procedures and accuracy of our results can
be judged independently. Despite the long lapse of time
since the conclusion of this study, the subject of the
ionization of HS04" is still dranming attention.o

Principle of the Method

For an indicator of the type used, methyl orange, the
equilibrium may be represented by the equation

HI- = H+ + |- )

The corresponding equilibrium constant, K, expressed in
logarithmic form, is related to concentrations and activity
coefficients, 7, by the equation

-log (H+) = -log K + log [(r)/(+HI-)] +

For a given reference solution we may write a similar
equation

-log (H+)o=-log K + log [(r)/(+HI-)]0 +

log [(7H7r)/(7+HI-)]o 3)
Subtracting eq 2 from 3, we obtain
log [(H+)/(H+)0] + log (fifo) =

[log (r)/(+HI1-)]0- log [(r)/(+HT)] 4)
where
[7TH7r/7-Hr]s (%)

The effect of the addition of neutral salts is merely to
change the activity coefficients of the indicator and of the
hydrogen ion. Any change in hydrogen ion concentration
due to increased dissociation of the indicator is negligible,
since the original acid concentration is made about 102
times the indicator concentration. Therefore, for the
addition of neutral salts

log (flfo) =log [(I-)/(+HTr)]0- log [(n/fH-)] (6)

When the salt of a “weak" acid and strong base (such as
Na2S04) is added, however, the removal of hydrogen ion
has a pronounced effect on log (H+) so that we must retain
the full equation (primes used to distinguish the equation
from that given for neutral salts)

log [(H7/(H*)Q] + log (flfo) =
log [(1-)/(+H r)]0- log [(r)/(+HI-)]' (@)

It is necessary, then to obtain log [(1')/(+HI1-)] for the
indicator solution containing no salt, and containing

0022-3654/78/2082-0671$01.00/0 © 1978 American Chemical Socety
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various amounts and kinds of salts, respectively. To do
this we make use of Beer's law. When we have the in-
dicator of total concentration, ¢, in basic solution

log (/0/) =k cd (€))

where 10is the intensity of incident light, 1 the intensity
of transmitted light, k the extinction coefficient of the
absorbing substance, ¢ the concentration of the absorbing
substance, and d the optical path length of the absorption
cell. In strong acid solution in which the indicator is
completely in the acid form

log (10/1) , =k cd ©))

In any solution of intermediate acidity where the degree
of dissociation of the indicator is a

log (IO,'I)X =ackbd +(1- a)ckad (10)

Since (1 )/(+HI-) isequal toa/(1 - a)
(H log (Ip/l)x - log (Jol/),

(11)
(+HF) log (J0//)x- log (J0/)b

Since we use a reference indicator solution instead of pure
solvent

1) log (1J)X- log Ur/)a =n
CHI-) log (It/1)x - log (/,//),,

Substituting into eq 6 and 7, we obtain for the addition
of neutral salt

log (flfo) =log RO- log R (13)
and for the salt of a weak acid and a strong base
log (tT)7(H+)o + log (f'/fo) =logRO- logR" (14)

Three experimental quantities, (7v/)x (I7D)h and (7v/) a
are necessary for the evaluation of R. No difficulties are
encountered in the determination of the first two, but
because the indicator, methyl orange, has a relatively large
ionization constant (4 X KT4, an extrapolation procedure
was used to evaluate (7r7)a Small quantities of con-
centrated HC1 were added successively to the working cell
and the respective transmissions measured. These, after
conversion to absorbancies and correction for dilution of
the solution by added acid, were plotted against the re-
ciprocal of the acid concentration and extrapolated to
infinite H+ concentration. The intercept wes taken as log

We have to calculate yet the ionization constant of the
weak acid HA from the change in H+ concentration due
to the addition of the salt NaA or KA to the indicator
solution. In actual practice it has proved to be convenient
to distinguish between the following two situations: A +
H+= HA, and A2+ H+= HA". The folloning equations
which are developed for the specific case of SO02"* are also
valid for an ion of the charge type A"

If we subtract eq 13 from 14 we obtain

log [(H+¥)7(H+0] + log (f'/f0) - log (f/fo) =

logi? - log-R’ (15)
We shall assume that
log (f'/fo) =log (fifo) (16)

for a given ionic strength. This is certainly not true for
any finite concentration. However, as we go to more and
more dilute solutions, eq 16 becomes a better and better
approximation, and for various chlorides is valid within
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experimental error for concentrations below 0.01 M.
Equations 15 and 16 reduce to

log [(H+)'/(H+)o]=logR - logR" = log S a7)

(H+) = (HH0B (18)

The equilibrium constant for the bisulfate ionization is

(h +)'(so042~) so.
=K (19)

(HSCV) HSO.

Conservation of mass requires that the follonming relations
also be true:

(HSCV) = (HH)0- (H4)' = (HH(I - S) (20)
(S042) = mN204- mHo4 = m- (HHO(I - S) (21)

where mNa"Of refers to the total of this salt added to the
solution. Substituting eq 18, 20, and 21 into eq 19 we
obtain
S[m - (HHXI - S)] th+Tsg.»-

(1

(22)
S) 7 hso4d_

Thus we see that our final expression does not contain
the indicator constant, and contains (H+)Oonly as part of
a small correction in the sulfate ion concentration. Test
calculations show that the error in K will not, even in the
most unfavorable case, exceed 0.3% for an error of 0.1 unit
in the pH of the stock solution. To obtain K, we compute
values for T h+7 soar tnso4 by means of the conpleted form
of the Debye-Hiickel equation

7h+7s0,2- ~-4Ap1l/2
log (23)
7hsoé4 1+ apl/2

where A is a constant for a given temperature and solvent
and a is a parameter which is a function of the respective
distances of closest approach of the ions. For this work
awas determined ermpirically by successive substitutions
until a straight, practically horizontal line was obtained
in a plot of K against p. (A similar procedure has been
used by Naidich and Ricci.1) This line is then extrap-
olatedto =0

Experimental Methods and Materials

A photoelectric spectrophotometer was constructedl
capable of measuring absorbances with a precision better
than 0.001 unit. A Steinheil spectrograph wes used for
rmonochromation.  Since conmrercial instruments currently
available are equivalent in capabilities, the actual in-
strument used will not be described.

The absorption cells were 5 cm in optical path. The
sample cell had a 200 cm3flask, connected to a port near
the midpoint of the long axis of the optical cell, to provide
a large volume to which salts could be added.

Successive portions of the pure salt to be studied were
added to the indicator solution in the reference cell. The
indicator solutions used in this study contained approx-
imately 4 X 106 mol of methyl orange and 3-6 X 104 nol
of hydrochloric acid per liter. All of the observations were
made with light of about 520 nm wavelength. At each
temperature, a separate series of measurements wes mede
of the effects of NaCl, BaCl2 and NaZ504 upon the relative
absorption of this light by the indicator solution. At 25
°C similar measurements were also made with KC1, KZS04
KNO03 and NaN03

NaCl (Baker's Analyzed, Fused) wes recrystallized once
from a clear, distilled water solution by addition of 95%
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Figure 1. log RO/R vs. square root of ionic strength, |'12 for sodium
sulfate and sodium chloride with methyi orange: (O ¢) sodium sulfate
(two observers); (0) sodium chloride at 54.6 °C; (O) sodium chloride
at 4.7 °C.

alcohol, and was then dried in an oven at 120 °C. KC1
(Mallinckrodt's Analytical Reagent) wes recrystallized once
from distilled water and dried at 120 °C. BaCl22H2D
(Mallinckrodt's Analytical Reagent) wes recrystallized once
from distilled water, and was dehydrated and dried at 120
°C. Naz04 (Kahlbaum's, Fused) wes recrystallized twice
from distilled water as the decahydrate and alloned to
remain in a desiccator until needed. Several months later
the white crystalline powder was heated in an oven at 120
°C. KZ04 (De Haen's) wes recrystallized once from
distilled water and dried at 120 °C.

HC1 was prepared by distillation of a mixture of com-
mercial HC1 and water in an all glass still. Commercial
HC1 wes used in the early part of the work (some of the
measurements at 15 and 25 °C) but was found to cause
destruction of the indicator at higher temperatures.

Methyl orange (Grubler and Co.) wes recrystallized once
from water and dried over CaCl2 Stock solutions were
made by the addition of approximately 5 mg of indicator
to 4 L of distilled water. The solution wes acidified with
5 or 6 drops of distilled HCL

Results

The ionization constant of the bisulfate ion wes de-
termined at intervals of approximately 10 °C from 5 to 55
°C. Both barium chloride and sodium chloride were used
as standards to correct for the neutral salt effect. At each
temperature, two series of measurements of the effect of
sodium sulfate on the relative light absorption of the
indicator solution were made by different obseners. Some
of the data are presented graphically in Figure 1L In
Figure 1, log (T/+HT)0- log (I / +HT) for the sodium
sulfate series is plotted against the square root of the ionic
strength. The quantities plotted have been corrected by
extrapolation so that log (T/+HT)0 refers to a common
ionic strength, n1/2 = 0.0150, for all the measurements.
(The quantity to be added to log (T/+HT)0- log (T/+HI )
for a particular series wes obtained by graphical extrap-
olation of the neutral salt curve through the original
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TABLE I: lonization Constants of the
HS(V lon at 5-55 °C
Temp, A(obsd) If(obsd) K (obsd)

°C series 1 series 2 average A(calcd)

NaCl as Reference Salt; k Calculated from Eq 25

4.7 0.01800 0.0lg 25 O.0lsgl3 0.0181s
14.95 0.01345 0.01370 0.0135s 0.0135¢g
24.9 0.0101s 0.0101S 0.0101S 0.0101S
34.9 0.00756 0.00783 0.00770 0.00757
44.45 0.00570 0.00566 0.00568 0.0056s
54.6 0.0041s 0.00416 OO 17 0.00417

Bad, as Reference Salt; kK Calculated from Eq 26

4.7 0.01905 0.01945 0.01925 0.01909
14.95 0.0l3ss5 0.01425 0.01405 0.01433
24.9 0.0107s 0.0107s 0.0107s 0O.0OlOs9
34.9 0.00777 0.0 Or 0.00792 o0.00787
44.45 0.0058s 00585 00087 0.00582
54.6 (eleo'R N 0.00413 0.00414 0.00419

Figure 2. log KHO< (average) vs. 11T with sodium chloride as the
reference salt.

reference point to p¥2= 0.0150. The corresponding in-
crement in log (r/+HDo - log (T/+HT) was the appro-
priate correction.) The corresponding values for the
measurements with sodium chloride at 5 and 55 °C appear
for purposes of comparison. Complete tables of data for
neutral salt effects of NaCl, KC1, KN03 and BaCl2are
available in the original theses,1as are data comparing the
effects of KIS 04with Na2504

The values of KHxy™ computed by the methods de-
scribed above are listed in Table | and summarized in
Figure 2

Discussion

The largest source of uncertainty affecting the values
of the K's reported is that there are specific salt effects
upon the indicator equilibrium at the lowest concentrations
for which reliable values of K can be calculated. We have
so far no way of determining which neutral salt most nearly
duplicates the effect of sulfate ions (and of the minute
amounts of hydrogen and of bisulfate ions present) upon
the methyl orange equilibrium Experiments at 25 °C
showedlthat the use of NaCl, BaCl2 and KC1 as reference
neutral salts for the calculation of K from experiments
made with NaZ504 led to different values of K. The K
from BaCl2 with its doubly charged positive ion, exceeded
that obtained with NaCl by 6%, whereas the constant from
KC1 wes only 3.5% larger than that from NaCl.

On the other hand, K's calculated from the salt pairs
Na2S04NaCl, Na2S04NaN03 and KS04KC1 agree
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within the experimental uncertainty of about 1%; this
suggests that specific effects on the indicator equilibrium
may be less pronounced from negative than from paositive
ions. It is still possible that the sulfate ion, with its double
negative charge, may have an effect on the indicator
equilibrium different from that of the anions of uni-
univalent neutral salts. However, we would expect for
theoretical reasons that the large negative indicator ion
would be more susceptible than the hydrogen or the
zwitterion to specific salt effects, so that the change from
chloride ion to sulfate ion should produce less uncertainty
inK than the change from sodium to barium ion described
above. At present we conclude that while the error inthe
K's calculated from Na2504NacCl is probably less than
2%, it is not impossible that the values of K tabulated for
25 °C and below are in error by as much as 6%. The
uncertainty should become less as we go to higher tem-
peratures. Such asystermatic error in K need not introduce
a correspondingly large error in AH®, which depends only
upon the differences inK at different temperatures. AH®
would be affected only 3% by a uniform trend from a
correct K at one end of the temperature range to one in
error by 6% at the other end. The heats of ionization
calculated from the two series of constants agree within
100 cal at 25 °C; they show their largest difference, 464
cal, at 55 °C.

The uncertainty resulting from specific salt effects is
large enough, when compared with the precision of the
experimental procedure, that we may reasonably hope that
the reliability of the constants could be improved by
measurements with some other indicator which shows
smaller specific salt effects than methyl orange. Methyl
orange was chaosen fcr this work because of its stability,
and because its behavior in neutral salt solutions had
already been investigated by several workers.

Measurements are not reported for higher temperatures
because a test at 65 °C revealed a small but definite fading
of the indicator solution during a period of 1 h. Further
work is needed to determine whether suitable procedures,
or possibly another indicator, will permit measurements
at 65 °C or higher.

The values of K obtained from the extrapolations de-
scribed appear in Table I. It was found that the exper-
imental results could be clasely represented by empirical
equations of the form

\ogK=A-B/T-ClogT (24)
Such an equation, which implies a constant ACpfor the
ionization process, is thermodynamically plausible; it is also
convenient in that AH° and ACF may be obtained simply
from the constants B and C. The equation adopted for

the ionization constants derived from investigation of
sodium chloride and sodium sulfate wes

logk =61.378 - 1857.1/T - 23.093 log T  (25)

That for the series employing barium chloride as a
standard neutral salt wes

logk = 77.5486 - 2551.8/T7- 28.6778 log T (26)
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TABLE IlI: Thermodynamic Properties of the
Reaction HSO,," = H++ S042-

Temp, All°, AG", AS°,
°C .Kfcalcd) cal/mol cal/mol cal/mol/deg

NaCl as Reference Salt

5 0.01797 -4270 2222 -23.34
15 0.01357 -4729 2463 -24.96
25 0.0I0Is -5188 2721 -26.52
35 0.00755 -5647 2993 -28.03
45 0.0055s -6106 3281 -29.50
55 0.00412 -6565 3583 -30.92

BaCl2 as Reference Salt

5 0.01894 -4179 2193 -22.90
15 0.01432 -4749 2432 -24.92
25 0.010s5 -5319 2692 -26.86
35 0.00785 -5889 2969 -28.74
45 0.0057 2 -6459 3266 -30.56
55 0.00413 -7029 3581 -32.32

The coefficients of log T given above correspond to AC[F
= -45.9 cal for the NaCl series, and ACP = -57 cal for the
BaCl2 standard. Values of K computed from these
equations appear in Table 1, which presents the separate
values of K obtained by extrapolation from measurements
by two observers, and the mean of the individual values.
The NaCl data are presented graphically in Figure 2, in
which the plotted points represent averaged experimental
values, and the smooth curve eq 25.

In Table Il are presented the values calculated from
these equations at rounded 10 °C intervals for K, AH®,
AG°, and AS°® of the reaction

hso4 ™ H++ so042-

The value obtained from these data for the AH® of
ionization at 25 °C, -5188 cal mol-1, is in good agreement
with earlier calorimetric measurements.14 Furthermore,
the ionization constants over the temperature range of 5-55
°C are in excellent accord with those determined by other
methods1l during the 3 decades since the completion of
this study. Thus this particular spectrophotometric
method is still an appropriate precise technique for de-
termining ionization constants in the range of 10-1 to 10-3.
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A recently developed calorinetric technique is enployed to directly determine the enthal py change acconmpanying
the transfer of phenol and aniline from nonpolar to agueous environments. 1N conjunction with equilibrium
studies, complete thermodynamic profiles are obtained for the transfer of phenol from octane, toluene, and
octanol to water and for the transfer of aniline from toluene to water. The data are interpreted in terms of
solute-organic solvent and solute-water interactions. These results are discussed inthe light of currently accepted
views conceming the nature of hydrophobic and hydrophilic forces.

Introduction

Several years ago we described the development of a new
calorinetric technique that allows the direct determination
of the enthalpy change accompanying the transfer of a
molecule from a nonpolar to an agueous environment.1

Our work in this area wes stimulated by the fact that
many investigators were reporting thermochemical data
on complex biochemical systems that they were unable to
explain in terms of currently recognized molecular in-
teractions. At the same time, several laboratories were
suggesting that important contributions to the energetics
of many biochemical processes arose from the transfer of
groups from nonpolar to aqueous environments, or the
reverse.24 For example, in the denaturation of a globular
protein those amino acid side chains originally embedded
in the relatively nonpolar interior of the macromolecule,
upon unfolding, become exposed to the highly polar,
aqueous environment of the solvent. In contrast, the
binding of an inhibitor or substrate to a macromolecule
was frequently envisioned as involving a change in the
environment of the binding species from a purely polar,
aqueous environment to the relatively nonpolar sur-
roundings of the binding site.5

In general, it was becoming clear that if one wes to
explain the molecular origins of the thermochemical data
obtained on complex biochemical systens, one had to be
able to define the thermodynamic contribution arising
from such polar-nonpolar environmental changes. Un-
fortunately, these data are quite difficult to obtain by
studying the biological systems thenselves since these
environmental changes invariably occur concurrently with
charge-charge interactions as well as conformational
changes.

In order to isolate the thermodynamic changes asso-
ciated purely with the transfer of a macromolecular
component from one environment to another, one can
study the thermodynamics accompanying environmental
changes for small molecules that can serve as models for
the individual groups that make up these biopolymers. In
this connection, the free energy change associated with the
transfer of a small nolecule from a nonpolar to an aqueous
medium would be of interest. Such determinations can
and have been carried out by studying the equilibrium
distribution of various compounds between water and some

fThis work was supported by grants from the Rutgers Research
Council, the Charles and Johanna Busch Memorial Fund, and the
Research Corporation.
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relatively nonpolar organic solvent.6 Alternatively, some
workers have used solubility measurements to calculate
partition coefficients.4 The results of such experiments
have been used to construct free energy tables (hydro-
phobicity scales) which reflect the relative affinity of
various compounds and molecular groups for the organic
and the aqueous phases.

However, to begin to understand on a microscopic level
what constitutes a hydrophobic or hydrophilic interaction
as well as to explain much of the accumulated thermo-
chemical data, one must dissect the free energy term into
its constituent parts. That is to say, one must expand the
model to include the determination of values for the
enthalpy, entropy, and heat capacity changes accompa-
nying these distribution experiments. Unfortunately, very
few data exist for the enthalpy change accompanying the
transfer of a molecule from a nonpolar to an aqueous
environment. This probably has been due to the fact that
no accurate and convenient method for measuring this
parameter has in the past been available.

In an attempt to alleviate this situation, we initiated a
program that has resulted in the development of a direct
and accurate calorimetric technique for measuring the
enthalpy change accompanying the transfer of a nolecule
from a nonpolar to an aqueous medium. In this paper we
present the results obtained by application of this tech-
nique to several molecules of general and biological in-
terest.

Experimental Section

Chemicals. Phenol and Aniline were obtained from
Fisher Scientific Co., Fair Lawn, N.J. and were used
without further purification.

Chromatoquality toluene and octane were purchased
from Matheson Coleman and Bell. Grade 1 99% pure
octanol wes obtained from Sigma Chemical Co., St. Louis,
Mo.

Method

The Calorimeter. The experimental technique makes
use of an extremely sensitive flow microcalorimeter de-
veloped by Sturtevant in collaboration with Beckman
Instruments, Palo Alto, Calif.7 The main components of
the instrument are a precision fluid delivery system and
a 10000 junction thermopile which is enclosed within a
massive aluminum heat sink. The fluid delivery system
consists of two glass syringes equipped with gas-tight
Teflon-tipped plungers which are independently driven by
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Scheme I: Determination of Enthalpies of Transfer
R-OH(org) + OH'(aq) -» R-O'(aq) + HD AH |
R-O'(aq) + HHaq) *R-OH(aq) AH 2
H2 - H+aq) + OH-(aq) AH 3

R-OH(org) -+ R-OH(aq) Amirans

Afftrans = AHI + AH2+ AH3

Scheme Il: Determination of Enthalpies of Transfer

R-NHZorg) + HHaq) > R-NH3aq) AH 2
R-NH3(aq)-> R-NH2(aq) + HHaq) aH2

R-NH2org) - R-NH2@aq) AH A

Afftrans —AHI + AH2

two variable speed 10 rpm synchronous motors.

The two fluids are separately delivered to the calo-
rimeter system by passage through Teflon tubes. At the
entrance to the heat sink, the Teflon tubing is changed to
platinum tubing (1.0 mm i.d.) which is in good thermal
contact with the heat sink.  This ensures proper equili-
bration of the liquids prior to their entering the thermopile.
Upon reaching the thermopile the two platinum tubes are
brought together by means of a'Y junction which serves
to initiate the mixing process. The mixed liquids then pass
through the platinum tubing which is pressed tightly
against the inside surface of a 10000 junction thermopile.
Thus, any heat evolved or absorbed upon mixing the two
solutions is quantitatively conducted through the ther-
mopile to the massive aluminum heat sink. The resulting
electrical output (which is proportional to the heat evolved
or absorbed) is amplified and recorded.

Enthalpies of Transfer. The technique employed in-
volves the extraction of a compound of interest from an
organic to an aqueous phase in the flow calorimeter de-
scribed above. To avoid excessive heats of solvent mixing
it is essential to use immiscible phases. The extraction is
readily accormplished by floning a dilute alkaline (or acidic)
aqueous solution against an organic solution of the
compound to be transferred. Obviously, such a compound
must passess a site for facile protonation or deprotonation
so that either an acidic or alkaline aqueous solution can
be used to ensure complete extraction during the calori-
metric residence time. Previous work has shown that the
extraction is in fact conplete before the solution exits from
the calorimeter.1

The overall extraction process results in an enthalpy
change which not only includes the heat associated with
the transfer of the molecule between the two phases, but
also the heat of ionization (or protonation) of the com-
pound transferred. In addition, one must correct for the
heat of formation of water whenever an alkaline extracting
solution is used. This latter enthalpy is well known and

Thus can be subtracted from the overall heat of the process.
On the other hand, a separate experiment must be per-
formed in order to determine the heat of protonation (or
deprotonation) for each compound transferred.

For the case of a molecule possessing an “active” hy-
drogen, the overall transfer process can be summarized as
outlined in Scheme I.  On the other hand, when dealing
with compounds such as amines that are transferred
(extracted) by means of aqueous acid, the overall set of
reactions reduces to those shown in Scheme Il.  Thus,
simply by adding the three processes illustrated in Scherme
I or the two processes illustrated in Scheme 11 one obtains
a value for the enthalpy change associated with trans-
ferring the uncharged molecule from a nonpolar to an
agueous environment.

K. J. Breslauer, L. Witkowski, and K. Bulas

TABLE I: Enthalpy of Transfer of Phenol and Aniline
from Toluene to Water at 25 °C°’b

Compd Aif,, AH 2, aH?2,

trans- kcal kcal kcal Alitrans>

ferred mol'l mol'l mol'l kcal mol'l
Phenol -9.19 -5.65 +13.34 -1.50+£0.13
Aniline -8.48 -7.28 -1.20 +0.15

0 See Schemes | and Il for meaning of symbols. b All
enthalpies are averages of at least four determinations.
The mean calculated enthalpies of transfer are listed in
the last column along with the standard errors of the
mean.

Scheme I1l: Enthalpy of Transfer of Phenol (PhOH)
between Two Organic Solvents

PhOH(octane) -> PhOH(H2) AH = - 3.9 kcal mol'l
PhOH(H2)-> PhOH(toluene) AH = +1.5 kcal mol'l

PhOH(octane) -+ PhOH(toluene) AH =- 2.4 kcal mol"l

Results and Discussion

Table I summarizes the enthalpy data obtained for the
transfer of phenol and aniline from toluene to water. As
described below, these data can be used to test the new
calorimetric technique employed in this work.

The enthalpy of transfer of phenol from toluene to water
is exothermic by 1.5 kcal mol 1(note: 1 calTh= 4.184 J).
This value should be compared with the corresponding
enthalpy of transfer that can he derived from previously
published heats of solution. Parsons and coworkers found
the heat of solution (25 °C) of solid phenol inwater to be
+3.04 kcal mol“18 Arnett and coworkers determined the
heat of solution (at 25 °C) of solid phenol in toluene to be
+4.51 kcal mol'19 From these data, one can derive a value
for the enthalpy of transfer of phenol from toluene to water
as shown in L

phenol (solid)

phenol (H20)<
AHt = -

phenol (toluene)
1.47 kcal mol'l m

The derived value of -1.47 kcal mol'1for the toluene to
water transfer is in very good agreement with the 1.5 kcal
mol“1 determined by means of our direct calorimetric
technique. This exothermicity probably reflects favorable
hydrogen bonding between the phenolic hydroxyl group
and water.

The enthalpy of transfer of aniline from toluene to water
was found to be -1.2 kcal mol“lat 25 °C (see Table I).
Whetsel and Lady determined the enthalpy of complex
formation between aniline and benzene to be -1.64 kcal
mol“110 By combining these two sets of data, one can
derive a lower limit of -2.84 kcal mol“1for the enthalpy
of formation of a hydrogen bond between water and the
aromatic amino group of aniline.

Influence of the Organic Solvent. Clearly, different
organic solvents will provide different “nonpolar
environments” so that the enthalpy data reported above
should not be interpreted exclusively in terns of solute-
water interactions. To determine the degree to which
solute-organic solvent interactions contribute to the ob-
served enthalpies of transfer, phenol wes transferred to
water from several different organic solverits. The results
of these studies are summarized in Table II.

These data clearly indicate that the AH®° values are
strongly dependent upon the specific organic solvent
selected. Furthermore, by combining the data of Table
11 one can derive enthalpy values for the transfer of phenol



Thermodynamics of Transfer

TABLE Il: Enthalpies of Transfer of Phenol from
Various Organic Solvents to Water at 25 °C+'b
aHnN aH2, aH3
Transfer kcal kcal kcal A#trans>

process mol'l mol"l mol"l kcalmol"l
Octane -* HD -11.60 -5.65 +13.34 -3.91+0.11
Toluene-» HO -9.19 -5.65 +13.34 -1.50+0.13
Octanol -» HjO -5.04 -5.65 +13.34 +2.65+0.18

a See Schemes | and Il for meaning of symbols. b All
enthalpies are averages of at least four determinations.
The mean calculated enthalpies of transfer are listed in
the last column along with the standard errors of the
mean.

TABLE IllI: Enthalpies of Transfer of Phenol between
Two Organic Solvents at 25 °C

AUtrans»

Transfer process kcal mol'l
Octane -* toluene -2.4
Octane -» octanol -6.5
Toluene -» octanol -4.1

between two organic solvents as illustrated in Scheme 111.
These data, which are summarized in Table 111, provide
considerable, new insights into the nature of solute-organic
solvent interactions and deserve further comment.

We have suggested earlier that the 1.5 kcal mol"lexo-
thermicity observed for the transfer of phenol from toluene
to water reflects favorable hydrogen bonding between the
phenolic hydroxyl group and water. We now see that for
the octane-water solvent system phenol has a heat of
transfer of -3.9 kcal mol"1(see Table I1). By combining
these data we can conclude that phenol has an energet-
ically favorable interaction with toluene (relative to octane)
of 2.4 kcal mol"1 (see Table III).

This result is in excellent agreenment with a spectroscopic
study carried out by Pimentel and coworkers.1l These
investigators found a favorable interaction of some -2.3
keal mol'1between phenol and benzere. Thus the derived
value of -2.4 kcal mol'1for the transfer of phenol from
octane to toluene (see Table I111) is in very good agreement
with their findings. In connection with these studies, it
is interesting to note that Arnett and co-workers9found
no free hydroxyl frequency in the infrared spectrum of
phenol in a base as weak as benzene.

It should be emphasized that compilations such as Table
111 are useful in that they clearly demonstrate that the
enthalpy changes determined for these transfer processes
are not all simply a result of interactions with water. In
addition, as illustrated above for phenol, we are able to
glean further useful information conceming molecular
interactions by looking at the derived enthalpies of transfer
between two organic solvents.

The data in Table 1l also indicate that the transfer of
phenol from octanol to water is accompanied by an en-
thalpy change of +2.65 kcal mol"1 This endothermicity
is probably due to the formation of a hydrogen bond
between the hydroxyl group of the solute and that of the
organic solvent. Such a value for this sort of interaction
can be compared with that derived from heats of solution
reported in the literature. Parsons and coworkers found
the heats of solution for phenol in methanol and water to
be +0.88 and +3.04 kcal mol'l, respectively. From these
data one can derive a value of +2.16 kcal mol"1 for the
enthalpy of transfer of phenol from methanol to water.
Considering the differences in the solvent systems, this
number agrees rather well with the +2.65 kcal mol"1de-
termined for the octanol to water transfer.

By combining this result with the data from the oc-
tane-water system, one can derive the AHt for the transfer
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TABLE 1V: Thermodynamics of Transfer of Phenol
and Aniline between Various Organic Solvents
and Water at 25 °C

Ast,
AGt°, AH t°, cal
kcal kecal deg'l
Transfer process mol'l mol'l mol'l
Phenol
Octane -» HXO -1.14 -3.9 -9.2
Toluene -> HO +0.27 -1.5 -5.9
Octanol -» HjO +1.80 +2.6 +2.8
Aniline
Toluene -+ HOD +1.32 -1.2 -8.7

of phenol from octane to octanol. As seen in Table 111, a
value of -6.5 kcal mol"lis obtained for the hydrogen bond
assumed to be formed between phenol and octanol. Such
a result is not unreasonable in light of the work of
Nagakural?2 and Arnett.9 These investigators studied
hydrogen bond formations between phenol and a number
of different proton acceptors (ether, dioxane, ethyl acetate,
Af-methylformamide, NV-dimethylformamide) and found
AH values ranging from -4 to -6.8 kcal mol“l

Free Energies of Transfer. Free energies of transfer
were calculated as previously described by determining
partition coefficients of the compounds between water and
various organic solvents.1 These partition coefficients were
found to be independent of solute concentration over the
range of 10“1to 10"4 M. This allows us to conclude that
our data are not influenced by aggregation of the solute
molecules.

The free energies of transfer, along with the calori-
metrically determined enthalpies of transfer, allow the
calculation of the entropy of transfer. As discussed below,
knowledge of the sign and magnitude of this entropy
change leads to further insights into the nature of the
rmolecular interactions involved in a given transfer process.

Table IV provides complete thermodynamic profiles for
the transfer of phenol from several organic solvents to
water and for the transfer of aniline from toluene to water.
Significantly, the transfer of phenol from either octane or
toluene to water is strongly entropy inhibited as is the
transfer of aniline from toluene to water.

Frank and Evans3 and Kauzmann2 have described
models in which the transfer of nonpolar groups from
organic to agueous medium should result in a decrease in
entropy due to the ordering of water molecules around the
hydrophobic groups. The observed entropic inhibition to
the transfer of phenol and aniline to water is consistent
with their predictions.

In contrast, the transfer of phenol from octanol to water
is accompanied by an increase in entropy. This may well
reflect a high degree of order required for the formation
of a phenol-octanol hydrogen bond. Clearly, in this solvent
system octanol does not provide an “inert” nonpolar
environment.

Conclusion

We believe that we have demonstrated that a great deal
of new;, fundamentally important information conceming
the nature of solute-solvent interactions can be obtained
by investigating the thermodynamic changes accompa-
nying the transfer of molecules between organic solvents
and water.

In the past, such studies were limited to the calculation
of free energies of transfer from partition coefficients. The
calorimetric technique described here provides a con-
venient method for determining enthalpies of transfer
which in tum allows the calculation of entropies of transfer.
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We strongly believe that further application of this
general technique to additional compounds will lead to the
recognition of the molecular forces responsible for the
thermodynamic changes observed in many biochemical
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The hydrogenation reactions of conjugated and nonconjugated dienes on MoS2catalyst are brought about by
the 1,2 addition of hydrogen, and the reaction with a mixture of H2and D2yields selectively dnand d2 adducts.
It has been found that the hydrogenation of isoprene on heterogeneous catalysts such as MoS2 ZnO, Cr 3
Pt black, Pd black, and Raney Ni yields more 2-methyl-I-butene than 3-methyl-I-butene, while homogeneous
catalysts give the opposite selectivity. Upon deuteration of isoprene on MoS2 the deuterium molecular identity
is maintained more strictly in 3-methyl-I-butene than in 2-methyl-I-butene, which may suggest a repulsive
effect of the methyl group of isoprene on its adsorption. An extended Hiickel MO calculation for the Mo atom
or its ions as well as for a cluster of the Mo ions surrounded by four sulfur ions supports the repulsive effect

of the methyl group on adsorption.

Introduction

The hydrogenation of conjugated dienes on a hetero-
geneous catalyst may be brought about by either 1,2
additionll4or 1,4 addition.2 In a previous paper,3it has
been shown that the hydrogenation of butadiene on a M0S2
catalyst occurs only through the sec-butenyl intermediate
(rt-allylic species) and that the <7-allylic intermediate does
not bring about interconversion to the zr-allylic species. In
the case of the hydrogenation of butadiene on ZnO cat-
alyst, both 1,2 addition and 1,4 addition occur simulta-
neously through different intermediates,4 and the two
intermediates do not undergo mutual interconversion on
ZnO during the hydrogenation reaction.

In contrast to the hydrogenation of butadiene on Mo0S2
and ZnO, it is well known that the u-allylic complex
converts easily to the ir-allylic form in Co(CN)53- and
PdCI(2-methylallyl)PPh3as a function of the concentration
of ligands, CN"“ and PPh35610and the prevalence of the
tr-allylic form yields 1,2 addition while the zr-allylic form
prefers 1,4 addition. In conformity with these facts, the
hydrogenation of a series of dienes on MoS2catalyst has
been performed, and the selectivity for the hydrogenation
of dienes by 1,2 addition will be discussed.

Experimental Section

A commercial MoS2powder (Kanto Chemicals Co.) was
purified by boiling in a HC1 solution for several hours and
also in an NaOH solution for several hours, followed by
washing with distilled water as well as with hot distilled
water as described in the previous paper.7 The impurity
metals analyzed by atomic absorption were as follows (in

0022-3654/78/2082-0678$01.00/0

percentage): Fe, 0.02; Mg, 0.0015; Ca, 0.0077; Na, 0.012;
Mn, 0.0003; Cr < 0.0001; K < 0.1. Auger spectroscopic
analysis of the evacuated MoS2at 450 °C for 4 h is shown
in Figure 1, which indicates no appreciable segregation of
impurity metals.

X-ray diffraction of the MoS2powder showed that M0oS2
has a typical 2-H (hexagonal) layer structure, and the
surface area of the sample evacuated at ca. 450 °C for
several hours was 15 m2/g by the BET method with ni-
trogen adsorbent. The reaction was carried out in a closed
circulating system with a total volume of about 300 mL.
Analysis of dienes and/or olefins was carried out by on-line
gas chromatography. The deuterioolefins were prelimi-
narily separated by gas chromatography and were sub-
jected to mass spectrometric analysis with 11 eV ionization
voltage to obtain parent ions, from which the deuterium
distribution was computed. The purification of dienes was
performed by passing over a trap containing molecular
sieve at room temperature. Hydrogen was purified by
diffusing through a silver-palladium thimble, and deu-
terium from a commercial cylinder was used after passage
through a liquid nitrogen temperature trap. Pretreatment
of the catalyst consisted of evacuation at about 450 °C for
4-5 h, and the reactions were run at room temperature.

Results and Discussion

The hydrogenation of butadiene on MoS2catalyst occurs
through the sec-butenyl intermediate (cr-allylic form),
which does not bring about interconversion to the x-allylic
intermediate (reaction 1).3 As a result, the deuteration
of butadiene on Mo0S2 catalyst gives I-butene-3,4-d2 se-
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Hydrogenation of Dienes on MoS, Catalyst
C|H2‘C\H‘CH=CH2
_APD-Mo D
CHz =CH-CH=CH»
(/:H;-(IZH-CH=CH2 g 9HQ_C\H'CH=CH2

D Mo-D p D
) (1)
CHa~cp.ChHxch,
0 Mo-D

lectively. In fact, it was found that hydrogenation of
butadiene with a mixture of H, and D, gives only 1-
butene-3,4-d, and 1-butene-d,,? and the reaction with HD
gives 1-butene-3-d; and 1-butene-4-d; in the ratio of 3-
di/4-d; = 1.45.1° The deuteration of butadiene and olefins
on MoS, catalyst is divided into three groups by the
fraction of dy adducts: butadiene (100%), olefins (85%),
and ethylene (55%), where the values in parentheses are
the percent of d, adducts extrapolated to zero conversion.
In contrast with the butadiene molecule, the conjugated
double bonds in the isoprene molecule are not equivalent,
consequently, the selectivity for the hydrogenation of the
two double bonds and the conservation of the deuterium
molecular identity in the deuteration of the two double
bonds should be interesting. A typical time course for the
hydrogenation of isoprene on MoS, catalyst is shown in
Figure 2, where 2-methyl-1-butene formation occurs about
a factor of 4 faster than 3-methyl-1-butene formation.
When isoprene is almost consumed, the isomerization of
2-methyl-1-butene to 2-methyl-2-butene occurs but that
of 3-methyl-1-butene does not take place appreciably.
Recently, we have confirmed that the isomerization of
2-methyl-1-butene occurs via the carbonium ion mecha-
nism on the basal plane of a MoS; crystal constructed with
a sulfur layer.2 That is, the sulfur layer of the MoS, crystal
has sufficient proton activity to make carbonium ions from
2-methyl-1-butene but the proton activity is not sufficient
for 3-methyl-1-butene, so that the selective isomerization
of 2-methyl-1-butene can proceed without hydrogen on the
MoS, catalyst via the carbonium ion mechanism as de-
scribed in reaction 2.

¢ ¢
C=C-C-C —> pL-g-c-C
BEEEE  ha T
c-C=C-C (2)
g i
c-C-C=C —#> C-C-€-C,, ~
e H
-8-5-§-5-

Reference data for the selectivity for the hydrogenation
of isoprene by various catalysts are summarized in Table
I.  From this table, it may be recognized that 2-
methyl-1-butene formation is preferred over 3-methyl-
1-butene formation on either heterogeneous catalysts,
metals, oxides, or MoS,, however, the trend is completely
opposite for the hydrogenation by homogeneous catalysts.
Such contrast of heterogeneous and homogeneous catalysts
in the hydrogenation of isoprene may be caused by the
steric effect of the methyl group on the adsorption of the
isoprene molecule on the heterogeneous catalysts. This
supposition is also inferred from the difference in the
conservation of the deuterium molecular identity in the
addition to the two nonequivalent double bonds.

If the deuteration of isoprene is performed on MoS,
catalyst, 2-methyl-1-butene-d, and 3-methyl-1-butene-d,
are selectively formed as shown in Table II and in Figure
3. From these results, it may be concluded that the
deuterium molecular conservation in 2-methyl-1-butene
is undoubtedly different from that in 3-methyl-1-butene,

The Journal of Physical Chemistry, Vol. 82, No. 6, 1978 679

152(s)

270(C) 0)

(arbitrary unit)

dN(E)
dE

i
20.2 304(Mo)

Energy (eV)

Figure 1. Auger spectroscopic analysis of a MoS, catalyst evacuated
at 450 °C for 4 h.
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Figure 2. Hydrogenation of isoprene on MoS, at room temperature.
The initial pressures were as follows: isoprene, 16 mmHg; hydrogen,
32 mmHg; (O) isoprene; (@) 2-methyl-1-butene; (+) 3-methyl-1-butene;
(®) 2-methyl-2-butene.
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Figure 3. d, adduct formation in the deuteration of isoprene, 1,3-
pentadiene, and 1,4-pentadiene on MoS, at room temperature. The
upper line shows the formation of 1-butene-d, from butadiene and lower
line alkane-d, from olefins: (O) 3-methyl-1-butene; (®) 2-methyl-
1-butene; (A) 2-methyl-2-butene; (A) 2-pentene from cis-1,3-pentadiene;
(O) 1-pentene from cis-1,3-pentadiene; (@) 1-pentene from 1,4-
pentadiene.

that is, the values for 3-methyl-1-butene-d, are on the same
line with 1-butene-d, from butadiene, while those of 2-
methyl-1-butene are compatible with the conservation in
the deuteration of olefins. Furthermore, it is known that
2-methyl-1-butene formed by the deuteration of isoprene
contains a rather large amounts of the d; and d, species
in comparison with the d; species, while the amounts of
these multiply exchanged species are not as large in 3-
methyl-1-butene. These facts lead us to the conclusion
that the adsorption of isoprene molecules with the double
bond adjacent to the methyl group may be loose compared
with the adsorption to the other side of the double bond.
That is, if K; > K|, in reaction Scheme I the lifetime of
adsorbed isoprene-d; (III) may be longer than that of
adsorbed isoprene-d; (IV). As a result, adsorbed isopr-
ene-d; (III) has more chance for multiple exchange with
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TABLE I: Selectivity (%) in the Hydrogenation of Isoprene by Various Catalysts
g ; P
Catalysts o= -0 C-C-C=C C-C=cC-C Ref
MoS?2 77.0 20.6 2.4 This work
ZnO 68 18 14 15
Cr20 3 86.6 8.7 4.8 15
Pt black 54 15 31 13
Pd black 32 25 43 13
Raney Ni 42 16 42 13
HCo(CN)s3 a 23 64 12 10
BrCo(PPh3)3b 4.5 86 9.1 11
+ bf3
PyCo(dmg)3b 23.4 67.8 8.8 12
Equilibrium 10.7 0.2 89.1
(25 °C)
° In solution of CN'/Co(ll) = 6. b dmg, dimethyl glyoxime; py, pyridine; PPh3, triphenyl phosphine.
TABLE Il: Deuteration of Isoprene on a MoS2 Catalyst
(3 o C
1 ' s A
Conversion, ®@=0-0-C OO~co=C c-C=C-C
% do g, d2 d4  do d, d2 ds da d, d, d2 ds da
4.3a 1.1 95.0 3.9 1.0 84.0 9.1 5.8
5.8a 1.9 95.2 2.8 2.0 81.0 9.9 7.1
6,2° 2.0 934 3.4 1.3 2.0 79.8 11.3 7.0
11.2 1.7 91.6 5.3 1.3 2.4 82.2 8.6 6.7 4.5 84.2 8.3 3.0
22.7 4.7 86.4 7.6 1.2 3.7 75.8 12.6 7.9 7.9 73.9 10.0 3.7
30.3 5.0 84.8 8.6 1.5 4.4 74.1 13.6 7.8 15.9 65.5 14.5 4.0
o Different experimental runs.
TABLE IlI: Deuteration of cis-1,3-Pentadiene and 1,4-Pentadiene on a MoS2 Catalyst at Room Temperature
Compn,
Reactant Products % do d, d2 ds d,
cis-1,3-Penta- 77.4 96.6 34 0 0 0
diene
1-Pentene 1.3 0 1.5 93.6 4.6 0
2-Pentene 2.5 ) 2.3 94.2 3.5 0
trans-1,3- 18.8 94.4 5.6 0 0 0
Pentadiene
1,4-Pentadiene 88.9 95.2 4.8 0 0 0
1-Pentene 2.6 2.0 9.0 80.6 8.1 0.3
2-Pentene 0.2
frans-1,3- 8.3 83.0 17.0 0 0 0
Pentadiene
Scheme I:
c=c-c-c + SiD
[Isoprene—|| [Isoprene-d||
t /A3 ~ t o)
c ;0 5
c-c-cjc (IT) c+c-c-C cC-CHe (V) =
h M<® &
hd* * 02 D
r 1 ~  ft Haye® )
c-cgc c-c-c-c (I) m c-c-c-Cyy C'C'C[C.'O
Mo: , Mo Mo'
I u | |

’
12-methyl-I -butenc-dgj|2~methyl-I-butene~d2]

|3-methyl-I-buTene-d2] |3—mcm‘]

D 2before desorption compared with adsorbed isoprene-"!
(1V). This expectation is quite well established in the
deuteration of isoprene on MoS2catalyst as shown in Table
Il. Furthermore, provided that K3is larger than Klt
predominant 2-methyl-lI-butene formation in the hy-
drogenation of isoprene on heterogeneous catalysts is quite
comprehensible. In conformity with the strict 1,2 addition
oi hydrogen in the hydrogenation of olefins as well as of
dienes on MoS2catalyst, the selectivity for hydrogenation
of the inner double bond relative to the outer double bond
of polyolefins should be an interesting problem. In this
sense, the hydrogenation of pentadiene was carried out on

Figure 4. Hydrogenation of the equilibrated 1,3-pentadiene on MoS2
at room temperature. The initial pressures were as follows: 1,3-
pentadiene, 20 mmHg; hydrogen, 40 mmHg; (O) frarts-1,3-pentadiene;
(¢) c/s-1,3-pentadiene; (*) 1l-pentene; (A) frans-2-pentene; (©)
c/s-2-pentene.

M oSz catalysts at room temperature. The selectivity for
the hydrogenation of the outer double bond given by the
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TABLE IV: Parameters Used for EHMO Calculation of
the Mo(d”) (S*"), Cluster®

Orbitals VSIP, eV ¢
Mo 4d 8.56 2.85
5s 7.10 1.22
5p 3.92 1.10
S 3s 20.7 2.122
3p 11.6 1.827

9 Reference 16.

ratio of 2-pentene/1-pentene was about 2.3, and the se-
lectivity was independent of the hydrogenation conversion
as shown in Figure 4.

The conservation of the deuterium molecular identity
in the deuteration of pentadiene was found to be identical
for both inner and outer double bond deuteration as shown
in Table III, and the percentage of 1-pentene-d, and/or
2-pentene-d, is in quite close agreement with that of 1-
butene-d, from the deuteration of butadiene on MoS, as
shown in Figure 3.

Accordingly, it may be concluded that the alkyl branch,
such as methyl in isoprene, being adjacent to the double
bond might weaken the adsorption by that double bond,
and that the selectivity for the hydrogenation of isoprene
on heterogeneous catalysts may be caused by the steric
effects of the methyl group on adsorption. Similar steric
effects dominating the reaction intermediates have been
observed in the hydrogenation of allene and methyl-
acetylene on MoS, catalyst.!

In order to estimate the steric effect of the methyl group
on the adsorption of the isoprene molecule, an extended
Hiickel molecular orbital calculation (EHMO) was per-
formed for a cluster model. A MoS, crystal is constructed
from the trigonal prismatic coordination units such as
shown in Figure 5b, and half-hydrogenated species are
formed on the surface of the side of the layered crystal on
which molybdenum ions are exposed.’®® The cluster
model used for the calculation is shown in Figure 5¢, and
may correspond to a section of the layered crystal cut along
the dotted line in Figure 5a, in which the lattice parameters
are written.

The parameters of the molybdenum atom and sulfur
used for the EHMO calculation of the cluster described
in Figure 5¢ are listed in Table IV, where VSIP is the
valence state ionization potential and { is the orbital
exponent for Slater type orbitals.'® The calculated energy
levels for a cluster, Mo(d?)(S%),, are shown in Figure 6, in
which the x-ray photoelectron spectra of 2H-MoS, ob-
tained by Wertheim et al.!” is compared with the calculated
result. For a comparison of the calculated energy levels
with the photoelectron spectra, the peak corresponding to
sulfur s band matches the calculated energy levels. The
surprisingly good agreement of the calculated energy levels
with the observed spectra may imply that the simple
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® Mo

Figure 5. Crystallographic structure of MoS,. (a) Top view of MoS,
crystal. (b) Trigonal prismatic coordination unit. (c) Mo(d”XS%), cluster
formed by removing two sulfur atoms from the trigonal prismatic unit
(b).
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Figure 6. (a) Calculated energy levels of the Mo(d?{S?°), cluster. (b)
X-ray photoelectron spectra of 2H-MoS, obtained by Wertheim et al.'’

cluster model shown in Figure 5c seems to characterize the
side surface of the layered crystal of MoS,.

As has been discussed in this paper, the prevalent 2-
methyl-1-butene formation in the hydrogenation of

TABLE V: Total Energy Calculation for Isoprene-Mo(d" ) and Isoprene-[Mo(d" }(S*"), ]*

Total energy, eV

Mo
dn valence I II II1 v A%
(a) Isoprene-Mo(d")
0 +6 -495.799 —-495.153 —495.291 —494.775 —493.948
2 +4 -516.349 —515.285 -514.431 -514.643 -514.123
4 +2 -533.916 -533.115 -531.908 -531.750 -531.221
6 0 -550.824 -550.209 -549.000 —548.836 ~548.305
(b) Isoprene-{Mo(d"™)(S8*),]

2 +4 -954.240 -956.884 —-956.049 —-954.754 -957.403
4 +2 -970.688 -973.878 -972.915 -971.853 -974.173
6 0 - 986.707 -990.641 —-989.346 —-988.934 -990.432

@ The underline indicates the lowest total energy.
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Figure 7. Arrangements of the isoprene molecule for the total energy
calculation. The distance between Isoprene and molybdenum ion is
fixed at 2 A

isoprene on MoS2and the different conservation of the
deuterium molecular identity in 2-methyl-l1-butene and
3-methyl-lI-butene from the deuteration of isoprene seem
to be dominated by the steric effect of the methyl group
in the isoprene molecule on adsorption.

Assuming that the catalytic reaction takes place on the
side surface of the MoS2crystal, a total energy calculation
has been attempted for the models arranged as described
in Figure 7, where the molybdenum atom is arranged 2 A
below the molecular plane of isoprene for both the Mo(cT)
and Mo(dn)(S2)4cluster, and the molybdenum atom in
conformation | is arranged to be equal distance from the
four carbon atoms. The calculations have been done by
assuming the double bond length interacting with the
molybdenum ion or atom is 1.337 or 1.47 A, where the
value of 1.47 was postulated to be equal to the bond length
of ethylene coordinated to the platinum complex. The
total energy calculation for each conformation is sum-
marized in Table V, where the d electrons are changed
from d6to d2depending on the valence state of molyb-
denum, Mo atom to Mo4+ion. From this calculation, it
may be concluded that conformation 1 is the most prof-
itable arrangement for an isoprene molecule interacting
with a single molybdenum atom or ion. In contrast with
this, the arrangement of the cluster alienated from the
methyl group, conformation V, becomes the most stable
conformation as has been infered above. The calculation
on the transoid form of the isoprene molecule (the two
double bonds in a trans conformation) gives quite similar
results, that is, an arrangement like conformation 11 gives

Tanaka et al.

the lowest total energy for the interaction with the Mo
atom or its ions, while the arrangement corresponding to
conformation V is the most profitable coordination for the
cluster. The results of these calculations, accordingly, seem
to support the postulate that the steric effect of the methyl
group may dominate the selectivity for the hydrogenation
of isoprene on heterogeneous catalysts, and may reveal the
possibility for selective hydrogenation of the inner double
bond by sheltering the outer double bond with steric
effects from attached groups. The opposite selectivity for
the hydrogenation of isoprene by homogeneous catalysts
giving 3-methyl-l-butene predominantly might be caused
by the different electrophilic reactivity of the two unequal
double bonds with the hydrogen coordinated to the
complex.
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The Influence of Cupric Ions on the Infrared Spectrum of Water
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We have measured the spectral reflectance of aqueous solutions of several cupric salts under conditions of
near-normal incidence. Values of the refractive index n{r) and absorption index £(»} have been determined
from measured spectral reflectance by Kramers—Kronig phase-shift analysis. The influence of the Cu?* ions
on the water spectrum is markedly different from the influences of other monovalent and divalent metallic
ions studied earlier. In addition to the familiar liquid water bands, we have evidence for additional bands near
3080, 1660, and 930 cm™!, which we tentatively attribute to water molecules in quasi-stable association with

the Cu®* ions.

Introduction

In an earlier study! of cupric sulfate we found that
certain bands associated with the water of crystallization
in a single CuSO5H,0 crystal also appeared in the spectra
of aqueous solutions of cupric sulfate. In another study?
we investigated the influence of dissolved divalent ions on
the gross features of the water spectrum; the results in-
dicated that the influence of CuCl; on the water spectrum
was markedly different from the influence of MgCl,, al-
though the sizes of the Cu®** and Mg®* ions are nearly the
same. Although the early theoretical work of Bernal and
Fowler® as well as subsequent theoretical work had in-
dicated that the influence of dissclved ions on the liquid
water structure depends chiefly on the ratio of charge to
jonic radius, we have found? that in the case of the alkali
and alkaline-earth halides the influence of negative ions
is considerably greater than that of positive ions. Thus,
the marked differences in the water spectrum produced
by Cu?* and Mg?* constitutes something of an anomaly,
which is the subject of the present study.

Experimental Section

The method involved in the present work makes use of
quantitative measurement of spectral reflectance R(») at
near-normal incidence. The spectral reflectance R{»); of
sclutions of cupric salts was determined by direct com-
parison with the spectral reflectance R(»),, of water at 27
°C. With r as the measured reflectance of the ratio of
solution reflectance to water reflectance, the absolute value
of R(v), = rR{r),. The values of R{»),, are based on the
values of R(v), obtained from tabulated values of the
refractive index n(y) and the absorption index k(v) for
water given in the recent summary article by Downing and
Williams.® The tabulated values of these optical constants
of water are based on extensive measurements of absolute
spectral reflectance along with independent quantitative
measurements of spectral absorption.

Data Analysis

Kramers-Kronig (KK) phase-shift analysis can be
employed to obtain values of the refractive index n(») and
the ahsorption index k(») in terms of the phase shift

v, 1 %
ploy=22py el ) Av (1)
T 1 ay

where p(v) = [R(¥}]"/2. The resulting values of k(») for
a 4.3 M solution of CuCl,2H,0 are plotted as a function

t Present address: Lockheed Space and Missiles Co., Huntsville,
Ala.
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of wavenumber v in Figure I. The maximum value of k(»)
in the vicinity of the »;, v; water band is smaller than for
the corresponding band in pure water; the absorption peak
occurs at a lower wavenumber than in pure water and the
shape of the low-frequency wing of the band is different
from that of the water band. Less obvious differences
hetween the solution spectrum and the water spectrum
occur near the #; band near 1650 ¢m™ and in the high-
wavenumber wing of the librational band v near 500 em™.
In the present study, we used a somewhat different
procedure for comparing the solution spectra with that of
water.

The KK relationship expressed in eq 1 is based on quite
general relationships and there is no reason to doubt its
validity. However, the limits of the integral include at!
frequencies and experimental investigations cover finite
frequency ranges; in our case, the range covered is from
6800 to 350 cm™, Qutside the range in which we have
actually made measurements (M), it is necessary to make
a high-frequency extrapolation (HFE) and a low frequency
extrapolation (LFE). Thus, for any solution the value of
the phase shift ¢{v), in eq 1 can be written

$(v)s = ¢ (#)sre + O} + 0¥ )sure (2)

where the subscripts indicate the contribution te ¢{v), from
the LFE, the HFE, and the actual range of measurement
M for the solutions.

Similarly, for water we may write the corresponding
phase shift ¢(v}y in the form

#(r)w = ¢(Wlwere + 2(V)wm T ¢(¥)wure (3)

By working with relatively dilute solutions, it is pessible
in good approximation to set ¢(v)grr = d{¥hyrrg and
d(e).ure = @(v)wyrr. Under these conditions, we can
substract eq 3 from eq 2 and write

AE)=¢(»)s —elww = ¢()m ~ 2(¥)wm (4)
or
¢lw) = o(r)w + AY)

In this expression ¢(v)y, at 27 °C is well known from
measurements of both reflection and absorption and A{v)
is simply the difference between ¢(v), and @{v)y as de-
termined by eq 1 with identical LFE and HFE and
therefore involves only the differences between ¢(v)yy and
&)y based on the spectral range in which measurements
were made.

In terms of ¢(v), the optical constants are obtained by
the familiar relations niv), = [1 - R(»)]/[1 + R(») - 2R'%(y)
cos ¢(¥)] and k(»), = [-2RY2(3) sin ¢(n)]/[1 + R(») - 2RY*v)

€ 1978 American Chemical Society
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Figure 1. The spectral absorption index of a 4.3 M solution of cupric
chloride as determined from a Kramers-Kronig phase-shift analysis of
measured spectral reflectance.

Figure 2. The spectral absorption index of cupric chloride solutions
as compared with the spectral absorption index of water.

cos (V). The value of k(v) for any absorber is directly
proportional to the number of absorbers per unit volume
and thus to the molar concentration of the absorber.

In the present study we have determined k{v)sfor 0.5
and 1.0 M solutions of CuCl2 and CuBr2 In order to
determine the effects of these solutes on the water
spectrum, we can take the difference between k(v)sfor the
solution and afe(i/)w where a is the ratio of the molar
concentration of water in the solution to the molar con-
centration of water in normal liquid water; thus, a is simply
the ratio of the number density of water molecules in the
solution to the number density of water molecules in
normal water. In order to summarize our work, we have
computed the ratio of the difference k(v)s- ak(v)y/ to the
molar concentration M of the solute. Plots of this quantity
[k(v)s- ak{v)wN\/M are given in Figures 2 and 3 for CuCI2
and CuBr2 respectively.

In the plots in these figures the ordinate values are
negative in regions where the solution is more transparent
than water and positive in regions where the solution is
more absorbing than water. The regions in which the
solutions are more transparent usually involve shifts in the
major bands of bulk water caused by the solute. The
curves in the figures represent the mean values of the
curves obtained with 0.5 and 1.0 M solutions of the salts.
Throughout most of the spectrum the ordinates of the
curves have an estimated uncertainty of approximately
+0.003.

Results
In the relative absorption curve shown in Figure 2 for
the CuCl2solutions we note a small negative excursion near

P. P. Sethna, L. W. Pinkley and D. Williams

Figure 3. The spectral absorption index of cupric bromide solutions
as compared with the spectral absorption index of water.

3600 cm"1followed by a positive excursion near 3300 cm"1
which we tentatively attribute to a shift of the vh i3
fundamental band of bulk water. Similarly, there is a
larger negative excursion near 700 cm"1followed by a large
rise near 450 cm"1, which we similarly attribute to a shift
of the librational band of bulk water. In addition to these
excursions, there are three fairly well-defined absorption
maxima in the curves. These maxima occur at 3080,1680,
and 930 cm"3; the relative strength / k(v)sdi>of these bands
are proportional to the CuCl2concentration in the 0.5-1.0
M range.

Similar well-defined maxima appear in the curves shown
in Figure 3 for the CuBr2solutions at 3080,1635, and 940
cm"1l In the relative absorption curve in Figure 3, there
is a large negative excursion near 600 cm"lalong with a
large positive excursion near 450 cm*“1, which we tentatively
attribute to a shift of the librational band of bulk water
in the solution. There are no clearly defined excursions
in the vicinity of the vwx V3band appearing near 3400 cm"1
in the spectrum of pure water.

Smaller absorption maxima appear in the curves of
Figures 2 and 3 between 3600 and 3200 cm"1 Other peaks
appearing in the curves are so small that they fall within
the +£0.003 uncertainty mentioned earlier.

Discussion of Results

In our earlier studies of acids6we found that well-defined
positive peaks in a relative absorption curve similar to the
ones in Figures 2 and 3 could be attributed to the H3 +
ion, which is a well-defined entity in acid solutions. It is
well known that the cupric compounds of present interest
are regarded as hydrolyzing salts. In agueous solution
reactions of the type

Cu2r + 4H20 Ti Cu(OH), + 2H30 +

are to be expected. However, the absorption bands in
Figures 2 and 3 differ in both frequency and general
contour from bands that have been attributed to the H3 +
ion. On the basis of the known dissociation constants and
measured pH values for the solutions, we find that only
one out of every 200 Cu2+ions is in the form Cu(OH)+ or
Cu(OH)2 In view of this extremely low concentration, it
is not surprising that the H3 + bands are not observable
in Figures 2 and 3.

We suggest that the strong absorption peaks in the
curves in Figures 2 and 3 can be attributed to water
molecules associated with the Cu2+ ions in quasi-stable
groups. In certain crystals the Cu2+ ion is connected by
ligands to neighboring oxygen atoms7including those in
the water of crystallization. In a study of the nuclear



Energy Surfaces of Hydrogen Bond Systems

TABLE I: Band Frequencies (cm 1) of H20 Molecules
ns "2
Bulk water at 27 °C 3390 1640 570
Iceat- 7°C 3260 1640 810
CuClj solution 3080 1680 930
CuBr, solution 3080 1635 940
CuS04 solution 3090 -1680 910°
-1600
CuS04-5H20 crystal 3160 -1650 910°

° Overlapped by the sl fundamental of SO,,2' at 870
cm"l

magnetic resonance of 10, Swift and Connick8 have
suggested that the ion Cu(H20 )62+ exists in aqueous so-
lutions of cupric salts and has a lifetime of the order of
10“8to 10“9s. In analogy to ligand bonds between Cu2+
and neighboring 0 atoms in crystals, the bonded 0 atoms
form a distorted octahedron with four 0 atoms in the
equatorial plane at a distance of approximately 2 A from
the Cu2+ ion and with two axial 0 atoms at a greater
distance.

We suggest that the peaks in Figures 2 and 3 are as-
sociated with water molecules bound to Cu2+ ions in
quasi-stable groups. The broad bands near 3080 cm-1 can
be attributed to the overlapping vu and V3fundamentals
of bound water molecules and the narrower bands near
1650 cm-1 can be attributed to the V2Zfundamental of such
molecules. The V2band in bulk water is itself quite narrow
as compared with the other water bands. Athough there
is clear evidence for the presence of the V2bands in Figures
2 and 3, the exact frequencies of the V2bands may be
somewhat in error as a result of the subtraction process
involving two narrow bands. Similarly, we propose that
the bands near 930 cm"1can be attributed to the librational
motion vLof bound water molecules in the local lattice.

In Table I, we list the frequencies of these bands as they
appear in water, in ice, and in solutions containing cupric
ions. We also include the frequencies of the bands ob-
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served in a CuS045H20 crystal. The vit V3 and V_bands
of H2D molecules associated with Cu2+ ions are signifi-
cantly shifted from their positions in the bulk water and
ice spectra. The frequencies of the weaker \2band of H2D
in various materials do not differ greatly from one another;
further careful study of this band by transmission methods
might be useful.

It is tempting to suggest that the small absorption
maxima in the 3600-3200-cm"1regions in Figures 2 and
3 and in the spectrum of CuS04 solutionsl may be at-
tributed to H2 molecules at the axial positions in the
Cu(H20 )&+ octahedron. However, because the observed
absorption maxima are scarcely greater than our estimated
uncertainty of £0.003, such a suggestion is probably not
justified.

If our suggestions regarding the bands in cupric solutions
are correct, it is probably possible to subject the Cu-
(H2)62+ ion or other complex to a normal coordinate
analysis. Other modes of vibration of the groups involved
would probably result in absorption bands in the far in-
frared. If our suggestions are correct, it is to be expected
that ions of the other transition elements form similar
types of association with water in aqueous solutions.
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Polarizability, Proton Transfer, and Symmetry of Energy Surfaces

of Phenol-n-Propylamine Hydrogen Bonds.
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Chlorophenol + n-propylamine systems (ratio 1:1) are studied in deuterioacetonitrile, pure and with the addition
of water. The proton transfer equilibria in the OH-N — 0”-H +N hydrogen bonds are determined from bands
of chlorophenol and n-propylamine molecules. Furthermore, an IR continuum indicates when these hydrogen
bonds are easily polarizable. 50% proton transfer is observed with the water-free systems for ApKa= 3.25,
i.e., when the pKaof the phenol is 3.25 values smaller than that of n-propylamine. Hence for ApKa= 3.25
the OH—N — O“—H+N hydrogen bonds are largely symmetrical. An IR continuum indicates that these hydrogen
bonds are easily polarizable in a relatively large ApK&region around ApKa= 3.25. In these polarizable hydrogen
bonds double minimum energy surfaces are present. Water molecules shift the proton transfer equilibrium
in favor of the polar O"—H+N proton boundary structure.

. Introduction

Transfer of the proton in BiH—B2 — B f—H+B2hy-
drogen bonds has been studied earlier with various
methods.X'28 Dielectric studies have shown72that sigmoid

1 Present address: Department de Chimie, Université de Montréal,
Montréal, Québec, Canada.
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curves are found when the dipole moment change Ap is
plotted vs. ApKa i.e., pAadBH+- P-K~h- With phenol-
triethylamine systems the dipole moment changes are very
large with complete transfer. Ratajczak and Sobcyzk,7for
instance, observed nearly 10 D. Similar sigmoid curves are
observed when the absorbance of UV3or IR bands of the
acceptor or donor groups are plotted vs. ApK&i.e., the
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TABLE I: Results with Phenol-n-Propylamine Systems

Letters in
Substance Figure 3 pAa
Pure n-propylamine 10.708 (33)
in methanol
n-Propylamine with the
following hydrogen
bond donor:
Phenol a 9.89 (33)
4-Chlorophenol b 9.18 (33)
3-Chlorophenol c 8.85 (33)
2-Chlorophenol d 8.49 (33)
3,5-Dichlorophenol e 7.92 (34)
2,4-Dichlorophenol f 7.75 (34)
2,3-Dichlorophenol 9] 7.44(33)
2,4,5-Trichlorophenol 6.00(33)
Pentachlorophenol i 5.26 (33)

proton transfer equilibria can be determined from these
bands.6142-% The position of the proton transfer equilibria
depends not only on the nature of acceptors B, but also
on the environment in which the BIH—B2— Bj—H+B2
bonds are present, as was shown by Jadzin and Mateki.13
Especially water molecules in the neighborhood of these
hydrogen bonds shift these equilibria in favor of the polar
proton boundary structure.2 A quantitative formulation
regarding these equilibria was already given in 1964 by
Huyskens and Zeegers-Huyskens:4

log.KpT = ?ApXa + C"

whereby the solvation influence is taken into account by
C' and the interdependence of the two proton boundary
structures by £.

When Bx= B2in hydrogen bonds of the types (BiH-
*B2+~ (BEHB2+ double minimum energy surfaces or
very broad flat wells are present, and the polarizability of
these bonds is 1-2 orders of magnitude larger than usual
polarizabilities of electron systems. This polarizability
decreases with increasing splitting of the two lowest levels,
i.e., with decreasing barrier in the energy surface.27-3L As
a result of this polarizability, various strong interactions
of these hydrogen bonds with their environment occur, by
which the energy surfaces become strongly deformed and
the energy levels shifted. In the IR spectra, continua are
observed, when, as in the case for solutions, the strength
of these interaction effects shows a broad distribution.
These continua indicate the presence of such easily po-
larizable hydrogen bonds.27-322

The question was whether B)Xd -B 2— B f—H+B2bonds
may also be easily polarizable when Bx ~ B2and how
sensitively polarizability and the occurrence of IR continua
depend on the degree of asymmetry of the energy surfaces.
Various authors have already studied these problems with
H2 04N base systems,23 with carboxylic acid-N base
systems,2with polyhistidine-carboxylic acid systems,2and
with phosphinoxide-HCI systems.28 The investigations
have shown that these proton transfer hydrogen bonds are
easily polarizable over a relatively large Apifa region
around the symmetrical system. This paper studies
whether and under what conditions hydrogen bonds be-
tween chlorophenols and n-propylamine become easily
polarizable proton transfer hydrogen bonds.

Il. Results and Discussion

Trideuterioacetonitrile solutions of chlorophenols and
n-propylamine (ratio 1:1) are studied. Typical IR spectra
are shown in Figure 1. Furthermore, 2-chlorophenol-
n-propylamine, 3-chlorophenol-n-propylamine, and 3,5-
dichlorophenol-n-propylamine systems are investigated
in trideuterioacetonitrile solutions as a function of the
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Proton

Apifa transfer, % Kt log K'p
0.82 0 0 —®
1.53 1 0.01 -2.0
1.86 3 0.031 -1.5
2.22 6 0.064 -1.2
2.79 15 0.176 -0.75
2.96 23 0.30 -0.53
3.27 84 5.25 +0.72
4.71 99 99 +2.0
5.45 100 ® @®

Figure 1. IR spectra of trideuterioacetonitrile solutions of 1:1 phenol
+ n-propylamine mixtures, layer thickness 19.18 |0, temperature 25.0
+ 0.3 °C: (—) phenol + n-propylamine; (------ ) 2.3-dichlorophenol +
n-propylamine.

wove number cm: 1

Figure 2. IR spectra of solutions in methanol (a) and trideuterio-
acetonitrile (b) layer thickness 24.16 ¢tm, temperature 25.0 £+ 0.3 °C.
(a) Solutions in methanol: (—) n-propylamine 0.83 M, (- ) n-
propylamine chloride 0.76 M. Solutions in trideuterioacetonitrile: (b,
(—) phenol + n-propylamine, (....... ) 2-chlorophenol + n-propylamine,
(------ ) pentachlorophenol + n-propylamine; (c) (—) phenol + n-
propylamine, (......... ) 3-chlorophenol + n-propylamine, (------) 2,4-di-
chlorophenol + n-propylamine; (d) (— ) phenol + n-propylamine, (------ )
3,5-dichlorophenol + n-propylamine.

addition of water molecules.

1.1 1:1 Systems without Water. In Table I, all results
with water-free 1:1 systems are summarized.

Degree of Proton Transfer. To find out which bands
can be used to determine the position of the proton
transfer equilibria, we first plotted spectra of n-propyl-
amine and n-propylamine chloride in methanol (n-
propylamine chloride is not soluble in deuterioacetonitrile).
The characteristic change of an amine band with addition
of the proton is shown in Figure 2a. The -NH 2bending
vibration at 1596 cm-1 vanishes and the antisymmetrical
bending vibration of the -N H 3+ groups arises at 1631 cm-1.
Another amine band vanishes with proton addition at 1376
cm-1. Similar changes are observed with phenol bands, as
shown in Figure 4. In the series n-propylamine with
various phenols, the n-propylamine chloride band at 1631
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F|gure 3. Phenol + n-propylamine, ratio 1:1, in water-free tri-
deuterioacetonitrile:  (a) phenol +, (b) 4-chlorophenol +, (c) 3-
chlorophenol +, (d) 2-chlorophenol +, (e) 3,5-dichlorophenol +, (f)
2,4-dichlorophenol +, (g) 2,3-dichlorophenol +, (h) 2,3,5-trichlorophenol
+, and (i) pentachlorophenol + n-propylamine system. (—) Percent
proton transfer; (----- ) absorbance of the continuum at about 1750 cm"1
dependent on ApKa.

cm”lis used to determine the proton transfer equilibria,
since different phenol or phenolate bands are present in
the various systems.

In Figure 2b-d selected examples show how the band
of the -N H 3+ bending vibration increases in the series
phenol- to pentachlorophenol-n-propvliamine systems.
The percentage of proton transfer is obtained by com-
paring the integral absorbance of this band in the various
systems with the same band in the pentachlorophenol
system, in which the transfer of the proton to the amine
molecules is complete. The latter is demonstrated by the
fact that no bands of nonprotonated n-propylamine are
present. This is especially true with regard to the n-
propylamine band at 1376 cm"1

The degree of proton transfer dependent on the ApKa
value of the various systems (ApKa= pK~u* - pKalH is
plotted in Figure 3 as solid line. The KTand log KTvalues
calculated from the percent proton transfer are given in
Table I.

Proton Transfer Dependent on ApK& The degree of
proton transfer, solid line in Figure 3, demonstrates the
following: In the case of the water-free trideuterio-
acetonitrile solutions of chlorophenols and n-propylamine
in the ratio 1:1, 50% proton transfer occurs at ApKa= 3.25,
i.e., when the pKaof the phenols is 3.25 values smaller than
that of the protonated n-propylamine.

Recently Beier and SchusterX1determined the position
of the proton transfer equilibrium in the case of the 4-
nitrophenol-piperidine system in acetonitrile by UV
spectroscopy. They found 91% proton transfer. The ApKa
of this system amounts to 3.95. Hence, this value fits very
well in our proton transfer curve.

Studying substituted phenol-n-propylamine systems in
benzene, Zeegers-Huyskens6found 50% proton transfer
at ApK&= 1.5. Studying substituted phenol-triethylamine
systems in nonpolar solvents, Ratajczak and Sobczyk?7
found 50% proton transfer at ApKa= 5.0. The comparison
of all these results shows that the proton transfer equilibria
in the OH—N 0~—H+N bonds strongly depend on the
solvent, i.e., the environment in which these bonds are
present.
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Polarizability and Symmetry of Energy Surfaces. Are
these OH—N ~ O“—H+N bonds easily polarizable? In
Figure 1 the spectra of the phenol + n-propylamine system
and the 2,3-dichlorophenol + n-propylamine system are
plotted. With the 2,3-dichlorophenol + n-propylamine
system, a background absorbance, i.e., a continuous ab-
sorbance, is observed which begins at about 3000 cm*“land
extends toward smaller wave numbers. The proton
transfer curve in Figure 3 shows that the phenol system
is largely asymmetrical, whereas the 2,3-dichlorophenol +
n-propylamine system is present in the region in which
both proton boundary structures of the OH-N *=*0'-H +N
bonds are of considerable weight, i.e., where these hydrogen
bonds are more or less symmetrical. When both proton
boundary structures have the same weight, both structures
have the same free energy. Thus the continuum dem-
onstrates that, as expected, the OH—N ~ 0"-H +N bonds
with the largely symmetrical 2,3-chlorophenol + n-
propylamine system are easily polarizable.

The absorbance of these continua evaluated as described
in the Experimental Section is plotted as a dashed line in
Figure 3. Consideration of this absorbance and of the
proton transfer curve (solid line in this figure) indicates
that the absorbance of the continuum (at about 1750 cm*®1)
shows a plateau in a relatively large ApKaregion in which
both proton boundary structures of the OH-N — O'—H+N
bonds have appreciable weight. This demonstrates that
these bonds are easily polarizable in a relatively large ApK &
region.

Hydrogen bonds with double minima or a very broad
flat well are easily polarizable. This polarizability is larger
the smaller the distance of the two lowest levels, i.e., the
higher the barrier in the energy surface is.27'3L With
carboxylic acid + N base systems it was already shown that
double minima are present in the hydrogen bonds when
these bonds are easily polarizable.2 The same is true for
the phenol + n-propylamine systems. When instead of
double minima broad flat wells were present, bands of
acceptors should be in a position in between the positions
in which these bands are observed with protonated and
nonprotonated species. With carboxylic acid-carboxylate
hydrogen bonds this was demonstrated by Hadzi and
Nowak.3 Thus, if broad flat single minima were present
in the OH—N *=*0O“—H+N bonds in the transition region,
a band in a position between the NH3and NH2bending
vibrations should be observed instead of the NH3bending
vibration. This is not the case. Thus double minima are
present in the OH—N *=*O“—H+N bonds in the transition
region.

Comparison of proton transfer curve and absorbance of
the continuum in Figure 3 shows the following: When the
proton is already largely located on one side of the hy-
drogen bond, the absorbance of the continuum is weaker,
but does not completely vanish. This demonstrates, in
good agreement with theory,3'3 that the increase in
residence time in the lower well is much more rapid than
is the decrease in the fluctuation frequency of the proton,
i.e., even if the residence time of the proton in the higher
well is short, the polarizability is smaller, but still ap-
preciable.

11.2. Influence of Water on the Proton Transfer
Equilibrium. In the series of measurements in which the
influence of water on the proton transfer equilibria is
studied, phenol and phenolate bands as well as the n-
propylamine band at 1376 cm"lare evaluated to determine
the degree of proton transfer. To find out which bands
can be used, we first plotted spectra of the phenols and
phenolates. Figure 4 shows bands which appear or dis-



688  The Journal of Physical Chemistry, Vol. 82, No. 6, 1978

wave number cm*

Figure 4. IR bands of phenol and phenolate solutions in trideuterio-
acetonitrile, layer thickness 19.18 ¢im, temperature 25 + 0.3 °C, (—)
phenol. (----- ) phenolate: (a, b) 3-chlorophenol and sodium 3-
chiorophenolate; (c, d) 2-chlorophenol and sodium 2-chlorophenolate;
(e, f) 3,5-dichlorophenol and sodium 3,5-dichlorophenolate.

appear with proton removal from the phenol molecules.

The absorbance of some bands of these substances
already changes, however, when water is added to solutions
of the pure substances. Therefore, we studied first the
influence of water on the bands in the deuterioacetonitrile
solutions of the pure substances. To determine the degree
of proton transfer only those bands are used which do not
show any changes dependent on water addition under
these conditions. All bands shown in Figure 4 are within
experimental error completely independent of the addition
of water to the solutions of pure substances. Therefore
these bands were used to determine the degree of proton
transfer.

The percentage of proton transfer is obtained by
comparing the integral absorbance of these bands with the
phenol + n-propylamine systems with the corresponding
bands in the spectra of the deuterioacetonitrile solutions
of the pure phenols, phenolates, and pure n-propylamine
solutions.

In Figure 5 the degree of proton transfer is plotted vs.
the addition of water molecules for the systems 3-
chlorophenol + n-propylamine, 2-chlorophenol + n-
propylamine, and 3,5-dichlorophenol + n-propylamine. It
is shown that with all three systems the percent proton
transfer obtained from the phenol, phenolate, and n-
propylamine bands agree within experimental and eval-
uation errors.

With all systems the percent proton transfer increases
with the addition of water molecules. Hence, as with
carboxylic acid + N base2and polyhistidine + carboxylic
acid systems2 water molecules shift the proton transfer
equilibria OH-N — 0 —H+N in favor of the polar proton
boundary structure. Increasing weight of the polar
structure favors dissociation of the hydrogen bonds in
aqueous solutions, as earlier demonstrated with electro-
chemical methods by Vinogradov et al.3®

The shift of the proton transfer equilibria toward the
polar structure due to addition of water molecules increases
from the 3-chlorophenol + n-propylamine system to the
3,5-dichlorophenol + n-propylamine system. This can
easily be understood, since in this series the degree of
asymmetry of the OH—N — 0 —H+N bonds decreases, i.e.,
the polarizability of the hydrogen bonds increases. When
the polarizability is larger the induced dipole interaction
of the hydrogen bonds with the water molecules is stronger
and therefore a larger shift in the proton transfer equilibria
is observed.

I11. Conclusions

Hydrogen bonds of the types (BH-B)+” (B-HB)+or
(BH-B)“~ (B—HB)", i.e., bonds having the same donor
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Figure 5. Proton transfer in percent as function of the number of water
molecules per phenol + amine pair, (a) 3-Chlorophenol + I+
propylamine: (— ¢) from the chlorophenolate band at 1539 cm'lL
(- A) from the chlorophenol band at 1155 cm'L (e*¢¢+) from the
n-propylamine band at 1376 cm'1, (b) 2-Chlorophenol + n-propylamine:
(— ¢) from the chlorophenolate band at 1572 cm"'L; (------ A) from the
chlorophenol band at 1246 cm'1; (¢+*<+) from the n-propylamine band
at 1376 cm"1 (c) 3,5-Dichlorophenol + n-propylamine: (— ¢) from
the chlorophenolate band at 1533 cm"1, (------ A) from the chloro-
phenolate band at 970 cm'l; (es++) from the n-propylamine band at
1376 cm'l

and acceptor groups, are easily polarizable. This was
demonstrated earlier by IR continua found with a large
number of systems (Table I in ref 31). The reasons for
these polarizabilities are double minimum energy surfaces
or energy surfaces with a very broad flat well.27*3L

In ref 31 p 740//, it has been discussed whether BjH—B2
N B1I'—H+B2bonds may be easily polarizable, too, when
Bj ~ B2 This question could not be answered, since the
experimental evidence available at that time was not
sufficient.

In the meantime investigations of phosphinoxide-HCI,8®
carboxylic acid-N base,2 HZP 04N base,23 and poly-
histidine-carboxylic acid2 systems have shown that
BjH—B2 5* Bj —H+B bonds have largely symmetrical
energy surfaces over a considerable region of ApATavalues.
These ApKa values, at which the systems are largely
symmetrical, are different for the various types of systems.
With all types of systems, however, IR continua indicate
that the BjH—B2— B f—H+B2bonds are easily polarizable
with systems over a relatively large ApKaregion around
the ApKafor 50% proton transfer.

This result is confirmed by the investigations of the
chlorophenol + n-propylamine systems presented here.
The OH-N ~ 0"-H +N bonds formed between phenol and
n-propylamine molecules are easily polarizable in relatively
large ApKaregions around ApKa= 3.25. Double minimum
energy surfaces are present in these hydrogen bonds.

1V. Experimental Section

Material. The substances, purity, and sources were as
follows: phenol, purissimum, Merck-Schuchardt AG;
2-chlorophenol and 3-chlorophenol, purum, Fluka AG,
Buchs; 4-chlorophenol, purissimum, Fluka AG, Buchs;
2.3- dichlorophenol, 98%, EGA Chemie KG, Steinheim;
2.4- dichlorophenol and 3,5-dichlorophenol, purum,
Merck-Schuchardt AG; 2,4,5-trichlorophenol and penta-
chlorophenol, purissimum, Fluka AG, Buchs; n-propyl-
amine for synthesis, Merck-Schuchardt AG; trideuterio-
acetonitrile for spectroscopy, E. Merck, Darmstadt. The
phenolates were prepared from the phenols.
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With the IR investigations, cells with Ge windows were
used. Because of the high reflectivity of these windows,
considerable interferences superpose the spectrum when
these windows are arranged parallel, therefore, wedge-
shaped layers were used.®® The mean layer thicknesses
were determined as described in ref 22. The reproduc-
ibility of this medn-layer thickness was £0.1 um.

The spectra were plotted with a spectrophotometer
Model 325, supplied by Bodenseewerk Perkin-Elmer,
Uberlingen, West Germany. Registration data were as
follows: slit program 6.5; gain 1.2-1.9; time constant 2;
recording speed 0.5-1.5 wavenumbers/s. The spectro-
photometer was flushed with dry and COj; free air. All
spectra were taken at 25 = 0.3 °C.

The absorbance taken from the spectra had to be
corrected taking into account the following: First, in the
case of a wedge-shaped layer the Lambert-Beer law is no
longer valid. The necessary corrections were made as
described in ref 22a. Secondly, the absorbance must be
related to the same number of phenol + r-propylamine
pairs in the beam. This was performed as described in ref
14.

The percent proton transfer was determined from the
integral absorbance of the bands given above. The integral
ahsorbance was related either to that of the same band in
a system with no or with complete proton transfer, re-
spectively. The absorbance of the continuum was eval-
vated at about 1750 em™. With this, from the background
absorbance of the phenol + amine solutions, the back-
ground absorbance of the solutions containing only the
phenel is subtracted and the difference related to the same
number of phenol amine pairs in the beam, as described
in ref 14.
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The polarized infrared spectra of oriented polycrystalline films of one polymorph of bromoacetic acid have
been recorded. The observed factor group splittings are consistent with a hydrogen-bonded polymeric structure.
The enhanced resolution afforded by the infrared polarization studies along with appropriate factor group analyses
has allowed approximation of both site and factor group symmetries. These are discussed in relation to recent

x-ray crystallographic data.

Introduction

It is firmly established that carboxylic acids in the solid
state may form more than one hydrogen-bonded structure,
since a number of crystalline acids have been studied by
x-ray diffraction. These compounds often exist in poly-
morphic modifications, however, many of which have not
been studied structurally.

Recent studies on a variety of compounds have shown
that structures may be predicted through the polarized
infrared spectra of oriented polycrystalline films.1'4
Single-crystal and oriented polycrystal polarized mid-
infrared spectra for a-chloroacetic acid5are consistent with
a hydrogen-bonded polymer structure or the hydrogen-
bonded tetramer structure more recently found by x-ray
diffraction studies.6 Polarized mid-infrared spectra of
oriented polycrystalline films of y-chloroacetic acid7 are
consistent with a polymer structure, while /3-chloroacetic
acid single-crystal polarized infrared spectra are consistent
with a hydrogen-bonded dimer7in agreement with recent
x-ray studies.8 Vibrational analyses on polycrystalline but
nonoriented samples of both bromoacetic9and iodoaceticl0
acids have supported dimeric structures.

The vibrational spectra of dimeric carboxylic acids are
complicated by the fact that the fundamental modes occur
as phase-related pairs. The monomeric units are weakly
coupled and the selection rules derived from group-the-
oretical arguments are not rigorous. In an attempt to
solidly establish the solid-state structure of bromoacetic
acid via vibrational spectroscopy, the infrared spectrum
of crystalline bromoacetic acid has been reinvestigated
using the polarized infrared technique. As the room-
temperature and low-temperature spectra of solid but
nonoriented bromoacetic acid are similar to the melt, the
structure of the polymorph of bromoacetic acid under
investigation was thought to remain unchanged. For this
reason, the dimeric structure was chosen as a starting point
for the analysis of the polarized infrared data.

Three polymorphs of bromoacetic acid have been
reportedll of which two are stable only at elevated
pressures. However, a recent x-ray diffraction studyl2
reported crystal-structure data for two polymorphs of
bromoacetic acid. These were prepared by evaporation
from different solvents. The results of the vibrational
study of crystalline bromoacetic acid presented in this

fSupported in part by the U. S. Air Force under contract No.
F33615-77-C-5013.
*Present Address: Olin Corporation, Lake Charles, La. 70605.

0022-3654/78/2082-0690$01.00/0

study will be discussed in relationship to the x-ray dif-
fraction results. Since the crystal structures of two po-
lymorphs are known, this investigation further serves to
indicate the usefulness of recording polarized infrared
spectra of polycrystalline compounds in terms of the
structural arguments that can be forwarded.

Experimental Section

Reagent grade bromoacetic acid purchased from
Matheson Coleman and Bell was purified by vacuum
distillation. The fraction used in all experiments was
collected at 74 °C under a vacuum of less than 1 Torr. The
samples were stored in vacuo and redistilled frequently.

Oriented polycrystals of organic liquids have been grown
by simply cooling the sample between alkali halide
plates.1314 In the present cases, oriented polycrystalline
films of bromoacetic acid were prepared by warming the
sample to just above its melting point (48 °C) and then
pressing the sample between KBr windows. The sample
was then placed in a desiccator where crystallization was
allowed to occur. A qualitative indication as to the degree
of orientation was provided by observing the degree of light
extinction produced by the sample between crossed Po-
laroids. If the sample was sufficiently oriented, the cell
was transferred to a conventional liquid-nitrogen Dewar
or to the sample compartment of a Cryogenic Technology,
Inc., Model 20 Cryostat. The sample was allowed to cool
to the desired temperature before recording of the spectra.

Spectra were recorded on a Perkin-Elmer Model 180
infrared spectrophotometer. The estimated accuracy of
the frequencies is at worst +1 cm*“1for measurements on
different samples. For different polarizer settings for a
particular sample, the precision, which is more significant
than the accuracy, is estimated to be at least +0.2 cm*“1

Results

Typical mid-infrared spectra of oriented polycrystalline
bromoacetic acid at 77 K are shown in the two traces in
Figure 1. The differences between the top and bottom
spectra me due to a 90° rotation of the wire-grid polarizer.
The sample chosen shows excellent orientation and no
vibrational modes yielded maximum or minimum inten-
sities at polarizer settings other than 90° apart. The
corresponding infrared data are given in Table I
Comparison of spectra at temperatures as low as 20 K with
room-temperature spectra show little variation. Changes
in the spectra that were observed are those due to typical
band sharpening upon cooling and also the observation of
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Figure 1. Polarized infrared spectrum of crystalline bromoacetic acid. Top trace:

Table ).

a few additional bands at lower temperatures. These new
bands were observed only when the polarized infrared
technique was utilized and are readily attributed to res-
olution of factor group components. It is important to note
that the spectra recorded at a given temperature for all
crystal films was independent of sample preparation. This
indicates that the same polymorph is being investigated
in all cases. Except for frequency shifts with the OH
vibrational modes as the temperature was lowered, the
experimentally observed frequencies were also essentially
temperature independent.

Three crystallographic modifications of bromoacetic acid
were proposed in 196111 with no information reported
concerning their molecular or crystallographic symmetry.
Leiserowitz and vor der Brick12have recently reported two
crystallographic forms of bromoacetic acid as indicated by
x-ray diffraction studies. Form | was grown by slow
evaporation from carbon tetrachloride while form Il was
prepared by slow evaporation from methylcyclohexane.
The x-ray diffraction results are summarized in Table II.

It is of real interest to determine whether our crystal-film
structure is the same as one of those reported. Crystals
of bromoacetic acid were grown from both carbon tetra-
chloride and methylcyclohexane and mid-infrared survey
spectra (Nujol mulls) of these samples were compared with
mid-infrared survey spectra of crystal films of bromoacetic
acid. Differences are noted in the spectra of the samples
recrystallized from the two different solvents but they are
fairly minor; striking differences are observed between
these spectra and spectra obtained from crystal films.
Figure 2 shows a portion of the mid-infrared spectrum
(1400-600 cm-1) comparing bromoacetic acid recrystallized
from carbon tetrachloride (upper trace) with a nonpo-
larized crystal-film spectrum of bromoacetic acid (lower
trace). Both spectra were recorded at room temperature.
The two spectra show many differences. Three of these
differences are as follows: (1) A very strong band at about
1200 cm'lexists in the crystal-film spectrum, which has
been assigned to the CH2wag. This mode is apparently
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6 + 90° spectrum. Bottom trace: 6 spectrum (see text and

Figure 2. Upper trace: Nujol-mull infrared spectrum (1400-600 cm™J)
of bromoacetic acid recrystallized from CCI* recorded at room tem-
perature. Lower trace: mid-infrared spectrum (1400-600 cm']) of
a crystal film of bromoacetic acid recorded at room temperature.

greatly shifted in the Nujol-mull spectrum of bromoacetic
acid recrystallized from CC14 since it is not clearly visible.
(2) The OH out-of-plane deformation at about 900 cm'1
in the Nujol-mull spectrum is shifted to about 870 cm'1
in the crystal-film spectrum. (3) The CBr stretching mode
shows a shift from about 630 cm-1 in the Nujol-mull
spectrum to 729 cm'lin the crystal-film spectrum. These
observations are certainly convincing evidence that the
oriented polycrystals grown from the melt between alkali
halide windows are of a different structural modification
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TABLE I: Infrared Spectral Data0O for Crystalline
Bromoacetic Acid

Oriented crystal
Nonoriented crystal 77 K

298 Kb 77 Kc ecd €+ 90cd Assign
3213.4
2900-3200 3223.8
3212.8
3141.9 a o,
-3153
3132.7
301891
3009 3009.4 >vs(CH 2)
3018.0
2962.6 1
2954 2955 >/(CH2)
2960.6
2594.0 )
2580 2594 .4
2591.9
2487.7 1
2481 2490.7
2486.7 !
2269.2 1
2282.9
2268.5
1814 1892.6 1823.9 1824.1
1720 1720
1703.4 ~(C=0)
1700.2
1446.0
1445.6 ~ (OH)
-1433
1397.4
1392.8
1385 1385.7 6 (CH2) (scissors)
1380.6
1380.3
1316.0
1315.1
1296 1313.1 v(C-0)
1296.5
1294.4
1197.3
1197 1200.3 >S(CH2) (wag)
1193.3
1150.8
1150.3
1151 1153.3 FS(CH2) (twist)
1141.1 1141.2
930.0
926.9 8 (OH)
871 886.2
915.3
913.2
900 902.3 5(CH2) (rock)
895.7
895.1
887.4
g74.8 [(CO)
731.3
730.8 Uc-Br)
729 730.1
670.3
669.1 « (CO02) (scissors)
656 668.4
539 5419 538.7 538.5 6(C02 (wag)
420.5
418.9 ~8(CO02) (rock)
410

° All frequencies incm"l b Reference 8. c¢ This work.
d Relative polarizer angle.

than the polymorphs reported by Leiserowitz and vor der
Bruck.12 This apparent third modification will be indi-
cated as form Ill. The relatively high frequency (729 cm4)
for the carbon-bromine stretching vibration is consistent
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TABLE II: X-Ray Diffraction Results for Two
Polymorphs of Bromoacetic Acid*

Il (Dimer) (from

I (Dimer) (from CC14) methylcyclohexane)

Monoclinic Orthorhombic
T2,/c (C2hs) Pccn (£>,m°)
z=4 Z= 8

Monomer site C, Monomer site Ci
Dimer site C; Dimer site Cj

Conformation angle 9° Conformation angle 22°

o L. Leiserowitz and D. vor der Brick, Cryst. Struct.
Commun., 4, 647 (1975).

with a conformational angle of about 0° in other carbonyl
compounds.’5 This can be compared with the confor-
mational angles of 9° for form | and 22° for form Il. The
form 111 polymorph can be obtained from the bromoacetic
acid recrystallized from CC14by simply melting the sample,
pressing the melt between alkali halide windows, and
allowing the sample to cool. The conclusion that we are
studying a third crystalline modification, whose structure
is unknown, makes the analysis of the polarized spectra
somewhat more complex and speculative.

It should be noted that form 11l has been prepared by
cooling a liquid film between two alkali halide windows
under pressure. This polymorph is presumably metastable
at ambient conditions and if disturbed by scratching or
scraping will convert to one of the more stable polymorphs.
Such behavior has been noticed previously with chloro-
acetic acid. The y polymorph is formed when liquid
chloroacetic acid is cooled between alkali halide windows
and is readily converted to the a polymorph upon me-
chanical disturbance.7 It cannot, therefore, be removed
from the windows and studied in other ways.

Discussion

The analysis of the polarized infrared spectra of bro-
moacetic acid begins with the following pertinent obser-
vations. (1) For any molecular vibrational mode of the
cyclic dimer, only two bands are observed in the crystal.
It appears that there are two components for all bands.
(2) There are a number of relatively strong infrared bands
observed in the polarized spectra that appear at frequency
separations greater than one would expect for factor group
components but which are not resolved in the nonpolarized
spectra. The C-0 stretching region illustrates this be-
havior (see Table I). The single medium-strong band at
1296 cm"1in the crystal-film spectrum of a nonoriented
sample of bromoacetic acid yields bands at 1316.0 cm"1
(strong) and 1296.5 cm"lat one polarizer setting in the
polarized spectra. With a 90° rotation of the polarizer,
bands at 1315.1 cm"land 1294.4 cm"1(strong) are observed.
The bottom trace of Figure 3 illustrates the former be-
havior while the top trace shows the latter.

The CH2 scissoring mode (1385.7 cm"1lin the nonpo-
larized spectrum) also illustrates this behavior. At the
setting of the polarizer shown in the top trace of Figure
3, two bands at 1397.4 cm“land 1380.6 cm"lare observed.
With a 90° rotation of the polarizer (bottom trace) two
other bands with frequencies 1392.8 cm"land 1380.3 cm"1
are observed.

A previous analysis of polycrystalline, nonoriented
bromoacetic acid9indicated that there were bands at 1385
and 1296 cm"lin the infrared (non-Raman observable) and
bands at 1395 and 1306 cm"lin the Raman spectrum
(non-infrared observable). This indicates the presence of
a center of symmetry and, by implication, a hydrogen-
bonded dimer structure. The very large splittings observed
in the polarized spectra, 20 cm"1for the C-0 stretch and
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Figure 3. A portion (1400-1000 cm™") of the polarized infrared spectrum
of crystalline bromoacetic acid at 77 K. The upper trace is of the §
+ 90° spectrum while the bottom trace is of the § spectrum.

12 cm™ for the CH, scissors, suggest that the bands at 1392
and 1306 cm™! correspond to the Raman bands observed
in the dimer structure. This indicates that the polymorph
under investigation does not have a center of symmetry
and is, therefore, a hydrogen-bonded polymer.

Other portions of the polarized spectra show similar
behavior, notably the OH stretching region. In the infrared
spectrum of a nonoriented sample of crystalline bromo-
acetic acid, a strong, broad, unresolved band (3200-2900
cm™!) was observed at room temperature. Nonoriented
sample spectra have clearly indicated two bands at 3223.8
and ~3153 ecm™ at 77 K, however. The enhanced reso-
lution afforded by the polarized infrared technique yields
further splittings; 3212.8 and 3132.7 cm™ at one polarizer
setting and 3213.4 and 3141.9 cm™ at a polarizer setting
rotated by 90°. The most plausible explanation follows
the same reasoning as employed above; that is, the bands
at 3213 and 3135 cm™! are assigned to the infrared-active
and Raman-active “dimeric” OH stretching modes which
are now both infrared active because of the structural
change, while the smaller splittings observed are due to
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Figure 4. Correlations between possible site and factor groups for
bromoacetic acid.

the resolution of two factor group components for each
band.

In terms of gross structural features of the particular
polymorph investigated, the data seem most consistent
with monomer molecules which are hydrogen-bonded in
a polymeric or tetrameric framework. Analogous structures
to these have been reported for chloroacetic acid (y and
a, respectively).5” Some aspects of the crystal structure
can be derived from the polarized infrared results and
relationships with the molecular structure of this particular
polymorph can be postulated. As stated above, each
fundamental vibrational mode apparently splits into four
infrared-active factor group components. These occur in
pairs. One pair corresponds to the Raman-active modes
of the cyclic dimer and the other pair corresponds to the
infrared-active modes of the cyclic dimer. Clearly, the
polymer structure still shows the strong coupling of ad-
jacent molecules through tte hydrogen bonding since these
pairs are split by a fairly large amount (10-20 cm™). The
two components of each pair are split by much smaller
amounts (<5 cm™). These splittings must reflect inter-
chain interactions while the former reflect intrachain
interactions. Each component of every pair behaves
differently upon rotation of the polarizer. As one com-
ponent maximizes the otker component minimizes, and
all maxima and minima occur at the same polarizer
settings—90° apart.

The observed results are consistent with either ortho-
rhombic or monoclinic crystal systems but, in each case,
are consistent only with certain orientations. If the crystal
is orthorhombic, the factcr group symmetry for this po-
lymorph must be Dy, C,,, or Dy,. Correlation diagrams
between C, and C, site groups with C,, and D, factor
groups are shown in Figure 4. If C, were the appropriate
site symmetry, C,, or Dy, factor groups would be the only
choices for the unit-cell svmmetry since C, is not a sub-
group of D,. However, the predictions concerning po-
larization properties and splittings for factor group
components for a C, site symmetry are not consistent with
the experimental observations. From the top diagram in
Figure 4 one sees that the out-of-plane modes (A”) yield
only a single factor group component in both the Cy, and
Dy, factor group symmetr:es. (Only the ungerade modes
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(1)) @
Figure 5. Upper traces: A portion of the polarized infrared spectra
of an oriented sample of crystalline bromoacetic acid at 77 K. Lower
trace: A portion of the nonpolarized infrared spectrum of a nonoriented
sample of polycrystalline bromoacetic acid at 77 K.

are shown for D). The observation of two such com-
ponents for all bands restricts the bromoacetic acid site
symmetry to C1 which is the only other possible symmetry
for the bromoacetic acid monomer. Hence, the confor-
mational angle cannot be 0° (see above).

The bottom diagram of Figure 4 shows the correlation
between a C: site and C», and factor groups. A similar
correlation exists between C, and D2 Note that three
infrared-active factor group components are predicted for
each molecular mode. This is the prediction for a general
crystal orientation. We have found that carboxylic acids,
which crystallize in the orthorhombic system, crystallize
with one of the crystallographic axes perpendicular to the
alkali halide windows under these conditions.1314 When
this occurs, only two factor group components are ob-
served. These predictions lead us to the conclusion that
the proper crystal system could be orthorhombic if there
were eight molecules per unit cell. In such a crystal system
we would expect, if our experimental observations were
made parallel to one crystal axis, four factor group
components for each fundamental. Two of the four should
be polarized in one way while the other two should be
polarized in the opposite way. It should be noted that
eight molecules per unit cell requires, in the case of a Cd
factor group, that two different sets of Ci sites be occupied.
For the DZhfactor group only one set of sites is required
for the eight molecules.

A tetrameric structure similar to that of a-chloroacetic
acid6is possible for a D~ factor group, but seems unlikely.
Such a structure would require a C, site symmetry for the
tetramer which implies a Bravais cell containing 16 mo-
nomer units—an unusually large Bravais cell.

If the crystal is monoclinic the factor group symmetry
must be C2 Cs, or C2h The observed number of factor
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group components (four) are inconsistent with a Cssite in
any of these factor groups. Hence, we again reach the
conclusion that the conformational angle cannot be 0°.

If we consider the situation in which the crystal face
which is being observed is one containing the unique b axis
of a monoclinic crystal, however, we find the observed
results are consistent with the following possibilities: a
C2or Csfactor group containing four molecules per Bravais
cell and occupying two sets of Cxsites; a C2hfactor group
containing eight molecules per unit cell and occupying two
sets of Cj sites. Finally, the monoclinic system does
provide a more likely possibility for a hydrogen-bonded
tetramer structure. The space groups C22 C2¥ and CZ6
all have C, sites with two molecules per site. This would
lead to eight monomer units per Bravais cell, again with
predicted factor group splittings and polarizations con-
sistent with observations.

We may conclude from our experimental results that
form 111 is either a hydrogen-bonded polymer or tetramer
and that the conformation angle is not 0°. The number
of possible space groups is rather large, however, since the
crystal may be either orthorhombic or monoclinic.

The importance of obtaining as complete a spectrum as
possible is indicated in Figure 5. The traces at the top
show the 1000-750 cm*“1region of the polarized infrared
spectrum of an oriented sample of crystalline bromoacetic
acid at 77 K. The bottom trace shows the same region at
the same temperature but the sample is nonoriented and
obviously the spectrum is a nonpolarized one. The upper
traces differ by a 90° rotation of the polarizer. In this
region, three fundamentals should be observed—an OH
deformation, a CH2rock, and a carbon-carbon stretching
mode. As can be seen from the nonoriented sample
spectrum, only two bands are observed and it would be
difficult to draw structural conclusions. In the polarized
spectrum eight bands are observed and, even making
allowance for factor group splittings, twice as many bands
are observed in the polarized spectrum. The new as-
signments are included in Table I. We feel this is striking
evidence for the advantage of using polarized spectra with
oriented samples.
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Electronic Absorption Specira of Some Cation Radicals
as Compared with Ultraviolet Photoelectron Spectra
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Cation radicals of scme aromatic hydrocarbons, aliphatic amines, and aromatic amines are produced by ¥
irradiation of frozen glassy solutions using organic halides as the solvent. The electronic absorption spectra
of the cation radicals are compared with the photoelectron spectra of the parent molecules in order to find
correlations between the two spectra. Complementary aspects of the two types of spectroscopy are discussed.

Introduction

Alkyl halides such as sec-butyl chloride and a Freon
mixture have been shown to produce cation radicals of
solutes dissolved in the halides when the solution is frozen
and v irradiated.!? The assignment of cation radicals is,
in most cases, made on the basis of systematic consistency
among the observed spectra and of the agreement with
appropriate MO calculations for the cations. However, it
is desirable to ascertain the assignment by a comparison
with an independent experiment. The purpose of the
present. paper is twofold; the confirmation of the reliability
of the irradiation method by comparison with available
photoelectron spectra and the presentation of new ab-
sorption spectra for some cation radicals. Consistent
agreements between the two kinds of spectrum for all the
cases studied are taken as additional evidence for the
credibility of the irradiation method.

Experimental Section

All the compounds studied were obtained commercially
and were dissolved to a concentration of 20-30 mM in
deaerated sec-butyl chloride or a Freon mixture (CC1,F +
CF,BrCF,Br, equivolume mixture). The solutions were
frozen to a glassy solid at. 77 K and v irradiated whereupon
the solute molecules were oxidized by migrating positive
holes generated in the matrix molecules. Optical and ESR
spectra of the cations were measured as described before,'?

Perhaps a few explanations for the use of the rather
unusual Freon mixture® solvent may be appropriate. The
mixture forms transparent glasses at 77 K, scavenges
electrons produced on irradiation very efficiently, and both
components possess relatively high ionization potentials
(IP,.(CCLF) = 11,78 eV and IP(CF,BrCF,Br) = 11.40
eV as measured by Dr. T. Kobayashi, The Institute of
Physical and Chemical Research, Wako. The authors
acknowledge Dr. Kobayashi}. All these properties are
prerequisite for a matrix yielding solute cations.l:2

Results and Discussion

An obvious relation holds between the UV photoelectron
spectra (PES) of molecules and the electronic absorption
spectra of cation radicals; the energy difference of the nth
peak of PES relative to the first peak corresponds to a
transition energy of a cation radical from its ground
doublet state to the {n — I)th excited doublet state pro-
vided that the nuclear arrangements at equilibrium do not
change appreciably upon ionization.®* Therefore, the
newly observed spectra that are to be assigned to cation
radicals can be checked by the comparison with PES of
the parent molecules. It will be shown that the comparison

of the two types of spectroscopy is useful in the identi-
fication of the spectrum and that the limitations and
virtues of the two are complementary in some respects.

(i) Benzofc]|phenanthrene. As representative of aro-
matic hydrocarbons the spectrum of the cation radical of
benzo[c]phenanthrene which has not been reported is
shown in Figure 1b. The PES of the hydrocarbon is
reproduced from the literature in Figure 1a together with
the stick diagram derived rom the PES.* The diagram
gives the difference of vertical ionization potentials as well
as the transition symmetry expected for the cation. The
symmetry assignment is based on the HMO calculation
performed by Schmidt.?

The stick spectrum below the optical spectrum (Figure
1c) was drawn after a Longuet-Higgins—Pople type cal-
culation of the cation taking into account 40
configurations® and referring to the known nonplanar
structure of the molecule.® The intercombination between
the ground state 2B [0.991 X (-¢;%pg%dq') + -] with the
excited states yields the symmetry of transition moments
as denoted in the spectrum. The major configurations in
the first six excited states along with the transition energies
and oscillator strengths are as follows: (1) %A [0.979 X (¢
— o}], 0.381 eV, 0.0051; (2) ?A [0.962 X (¢ — ¢g)], 1.233
eV, 0.1850; (3) B [0.973 X (g — ¢9)], 1.402 &V, 0.0073;
{(4) 2B [0.960 X (5 — ¢g)], 2.350 eV, 0.0515; (5) %A [0.929
X (0, — ¢g)], 2424 eV, 0.0238; (6) B [0.614 X (g — ¢b10)
—0.651 X {¢y — ¢y)], 3.074 eV, 0.0155. 1t is only in the sixth
state that configuration mixing becomes appreciable.

The correspondence between Figure 1a and 1b is ob-
vious. Similarly, all the hydrocarbon spectra assigned in
a previous paper®’ were analyzed in reference to the
abundant PES data.’™® The HMO assignment by
Schmidt was consulted first and optically allowed tran-
sitions of cation radicals were derived therefrom. The
observed optical spectra were then compared with the
derived transitions referring also to the result of SCF-MO
calculations for the cations.

The correlation between the difference in ionization
potentials derived from PES and the optical transition
energies of the cation radicals is shown in Figure 2. The
least-squares fit of the data vielded the following regression
equation with 95% confidence limits and 46 degrees of
freedom: E,pg = (0.952 + 0.047) AIP + (0.036 % 0.091)

Eopea = (0.952 £ 0.047)AIP + (0.036 + 0.091)

The less-than-unity slope may be grossly paraphrased by
saying that the optical spectra are slightly red shifted
owing to the matrix effect. However, such a red shift may
not be general in other types of cation radicals discussed
below.

0022-3654/76/2082-0695%01.00/0 © 1978 American Chemical Society
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Figure 1. Photoelectron spectrum of benzo[c]phenanthrene and
electronic absorption spectrum of its cation radical, (a) Photoelectron
spectrum and AIP diagram, (b) Electronic spectrum, (c) Calculated
spectrum for the cation.

Figure 2. Correlation between the difference in ionization potentials
(AIP) and the transition energy estimated from the optical spectra:2
(1) naphthalene, (2) anthracene, (3) tetracene, (4) phenanthrene, (5)
1,2-benzanthracene, (6) chrysene, (7) picene, (8) triphenylene, (9)
1,2;3,4-dibenzanthracene, (10) 1,2;7,8-dibenzochrysene, (11) 3,4-
benzophenanthrene, (12) pyrene, (13) 1,2-benzopyrene, (14) perylene,
(15) 1,12-benzperylene, (16) coronene, (17) biphenylene, (18) azulene,
(19) acenaphthylene, (20) fluoranthene.

The fair correlation in Figure 2 indicates that the
molecular structure changes little upon ionization which
is already apparent by the sharp line profile of PES with
most intensities concentrated on the 0-0 bands.579

(ii)) Triethylenediamine and Triethylamine. Tri-
ethylenediamine (TED) is an interesting aliphatic amine
giving rise to two bands in the photoelectron spectrum at
7.52 and 9.65 eV which are ascribed to the ionization of
electrons in the a/(n+) and a2'(n_) orbitals, respectively.1011
Vibrational analysis of the bands led to the conclusion that
the first and the second ionic states were dominantly
excited in the C-C stretching (c4 and the N-C-C bending

T. Shida, Y. Nosaka, and T. Kato

Figure 3. Electronic absorption and ESR spectra of TED and TEA cation
radical. The fine curve in the optical spectrum represents the absorption
of triethylamine cation radical. The inset shows schematic diagram
of photoelectron spectrum of TED. The shaded area in the ESR spectra
represents the accompanying unwanted signal due to the concomitantly
produced matrix radicals. The sharp doublet at the extremities in the
ESR spectrum is the signal due to hydrogen atoms concomitantly
produced in the sample cell upon irradiation.

(r6) modes as schematically shown in the insert of Figure
3.1 These PES data immediately predict that the cation
radical of TED should absorb fairly strongly at about 2
eV (= 9.65-7.52 eV).

The optical and ESR spectra of TED in the Freon
mixture after y irradiation are shown in Figure 3. The
ESR spectrum agrees with the known spectrum of the
cation in fluids12and in viscous solutionsi3except for the
accompanying unwanted signal due to the concomitantly
produced matrix radicals which are shaded in Figure 3.
Since the optical band with Xmg at 470 nm behaved in
parallel with the ESR signal, it is most assuredly corre-
sponding to the predicted transition at about 2 eV. A
CNDO/S calculation for the TED cation also predicts the
transition of a/(n+) -* a2'(nj at about 1.4 eV with an
oscillator strength of 0.08. The latter compares favorably
with the experimentally determined / = 0.106 (see e of
Figure 3).

In contrast to the diamine triethylamine (TEA) yielded
an undeterminate absorption extending over the whole
visible region with the intensity one order of magnitude
smaller than that of the band at \max470 nm of the TED
cation (see Figure 3). The assignment of the diffuse
absorption is not immediately known (probably it is related
to various <r-n excitations as judged from PES of TEA14),
but the accompanying triplet ESR spectrum shown in
Figure 3 clearly indicates that the monoamine also has
become its cation radical in the irradiated Freon mixture
solution. The splitting constant of about 25 G of the triplet
is fairly close to aN 21 G calculated for the planar NH3+
cation radical.’5

(iii) Aniline and Its N-Methyl Derivatives. The pho-
toelectron spectra of anilines have been studied by a
number of workers.1416 The first three bands appearing
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Figure 4. Electronic absorption spectra of cation radicals of anilines.
The stick spectrum is for the cation radical of aniline. Numbers denote
the transition energy (in eV) and the oscillator strength. The small
horizontal bars in the spectra indicate the transition energies expected
from PES. The molecular orbital pattems represent major half-occupied
orbitals.

in 7-11-eV region are assigned to ionization of 7 electrons
in by, a,, and b, orbitals in the order of increasing ionization
potential. The first ionization potential is suppressed as
the amino hydrogen atoms are replaced by the methyl
group while the second ionization potential remains nearly
constant. As a result the energy separation between the
first and second ionization potentials becomes larger upon
methylation. Similarly, a systematic trend in the third
ionization potential is clearly seen. Such changes in the
ionization potential have been thoroughly discussed in
terms of the character of the = orbitals involved.!"18

The AIP PES spectra are shown as small horizontal bars
in Figure 4 (the width of the bars indicates the variance
of PES data from several sources). The spectra in Figure
4 show the absorption due to vy-irradiated anilines in the
Freon mixture matrices. Although part of the spectrum
was reported previously,!® the weak absorption band in the
region of 450-1000 nm was missing and the intensities of
the absorption were not given. In this respect the spectra
in Figure 4 may be regarded as the first complete spectra
of the cations in the visible region. Use of sec-butyl
chloride instead of the freon mixture caused a slight shift
of some Ap,;, €.8., for aniline 430 and 413 nm in the freon
whereas 436 and 415 nm in sec-butyl chloride. The blue
shift of the first absorption and the red shift of the second
absorption band agree well with the AIP spectra. Here,
the agreement of an SCF-MO calculation for the = electron
system of the aniline cation with the observed optical
spectrum is remarkably good (see Figure 4).

(iv) Diphenylamine and Its Related Compounds. Haink
et al. reported PES of diphenylamine, acridan, and car-
bazole among others.? For the first two they observed four
distinguishable PES bands in the 7-11-eV region and
attributed them to w(b,), m¢(b;), mi(ay), and =;(b;), the
missing m5(ay) being obscured by the close-lying bands of
74 and mg. The energy separations between the first and
the subsequent ionization potentials are 1.60, 1.81, and 3.20
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Figure 5. Electronic absorption spectra of cation radicals of di-

phenylamine, acridan, and carbazole. See the caption for Figure 4.

eV for diphenylamine and 1.50, 1.80, and 3.53 eV for
acridan. For carbazole near degenerate ¢, 75, and =, are
widely split and all five = bands are identified as 7, (7.68
eV), g (8.08 eV), 75 (9.09 eV), 7, (9.78 eV), and 7, (10.82
eV).

The optical spectra of cation radicals and the calculated
results are shown in Figure 5 which are again consistent
with the transition energies deduced from PES data. The
failure of optical detection of the first absorption band of
the carbazole cation may be excused because it lies in the
infrared region with an extremely weak intensity.

General Discussion

It may be worthwhile to compare the strong and weak
aspects of the two kinds of spectroscopy under consid-
eration. In photoelectron spectroscopy definite assignment
of such processes as ionization accompanying simultaneous
excitation of another eleczron to a bound excited orbital
is difficult because of its diminished intensity and of
overlapping transitions due to ionization of ¢ electrons.?!
However, optical excitation corresponding to such a
two-electron process may be strongly allowed depending
on the symmetry of molecule. For example, the absorption
band at 3.2 eV in Figure 1b, which is probably associated
with the excitation with configuration of (¢3 — ¢o) plus
(¢g — #)0), may correspond to the weak but fairly sharp
peak at 10.75 eV in PES (AIP = 10.75-7.60 eV, see Figure
1a). The peak has not been assigned in Schmidt’s paper
but the proximity of the difference in ionization potentials
to the observed optical transition at 3.2 eV suggests the
correspondence.

If the transition energy of the first excited state of cation
radicals is so small that the absorption band appears in
the infrared region, it may elude detection in the optical
measurement. However, in photoelectron spectroscopy it
is much easier to identify the first excited state of the
cations. For example, it is by referring to PES that the
weak IR band in Figure 1b was revealed. Likewise,
photoelectron spectroscopy is capable of detecting optically
forbidden transitions as clearly as allowed ones provided
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that the ionization is a one-electron process.

In summary, all the optical spectra obtained by the
irradiation method are endorsed by PES which guarantees
the assignment of the spectra to the cation radicals of
solute molecules. Since there seems to be no other sys-
tematic method of producing cation radicals, the method
described above should be exploited to accumulate optical
data of cation radicals to remedy the paucity of infor-
mation on the electronic states of this important group of
molecules.
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The Kerr Effect of Carbon Disulfide and Other Organic Liquids in the Ultravioletl 3

James W. Lewis4 and William H. Orttung™*

Department of Chemistry, University of California, Riverside, California 92521 (Received September 20, 1977)

A short-path Kerr cell of novel design was used to measure Kerr constant ratios, B(\)/B(400 nm), for liquid
carbon disulfide, benzene, and five substituted benzenes in the ultraviolet. For carbon disulfide, the ratio was
+3.59 + 0.05 at 272 nm, the sign being determined by two methods. Earlier workers reported negative ratios
in this wavelength region. The dispersion of the molecular optical anisotropy of carbon disulfide was estimated
by the Bom-Langevin theory, which proved inadequate, and by an extension of the Scholte theory for nonspherical
molecules. The latter theory gave results in agreement with estimates from light scattering depolarization data
on the vapor. Hyperpolarizability contributions to the optical anisotropy were not observed in the dispersion

data.

Introduction

The wavelength dependence of the Kerr effect provides
information about dispersion of the molecular polariza-
bility anisotropy. This information in turn can be related
to the absorption spectrum and, in favorable cases, can be
used to determine the polarization of transitions and other
molecular properties.56 The Kerr constant is also sensitive
to the optical local field. Since the local field function
should change with the wavelength of the light, the dis-
persion of the Kerr effect can be used to test local field
models.

Previous experimental work had been done primarily
in the visible part of the spectrum.79 For the study of
electronic transitions and for the purpose of analyzing local
field effects over the largest range it was important that
measurements be made in the ultraviolet. Only two such
studies had been made in the past.1011 For carbon di-
sulfide, it was reported that in the transmitting region
between the weak absorption at 323 nm and the strong
absorption centered at 210 nm, the Kerr constant was
negative and had a magnitude 8-10 times larger than that
of the positive Kerr constant at 400 nm.1l This is a
surprising result since in the vapor the first allowed
transition is known to be polarized parallel to the long
molecular axis.1213

0022-3654/78/2082-0698%$01.00/0

Data on carbon disulfide are also of interest from the
standpoint of local field theories since the molecule has
a large polarizability anisotropy and is poorly represented
by a spherical shape. These characteristics are often
neglected in the application of local field theories. In this
work, however, a theory of the Kerr effect of nonpolar
liquids is derived which uses the Scholtel4local field. T his
theory is appropriate for spheroidal molecules with large
anisotropies.

The Kerr constant of carbon disulfide between the two
absorbing regions was measured in the present work by
two different methods and the sign was found to be
positive. The magnitude was analyzed using both the
Bom-Langevin theory and the theory based on the Scholte
local field. The latter theory did not need to assume that
the relative importance of hyperpolarizability greatly
increases in the ultraviolet. Measurements are also re-
ported for several liquids not previously studied outside
the visible part of the spectrum.

Experimental Section

Method. The light incident on the Kerr cell was linearly
polarized at an angle of 45° to the field in the cell. (All
angles are measured counterclockwise looking toward the
light source.) The optical electric field can be decomposed

© 1978 American Chemical Society



Wavelength Dependence of the Kerr Effect

- —)K— 150W Xenon Lamp
©
-3
sl = Lens
o
o
o
3
L Bausch and Lomb
Monochromator
= Lens

Hilger-Watts
Monochromator

|

U .
i

Iris

Lens
Iris (Aperture Stopl
Glan Prism

Cell Compartment

Accessory Holder
Glan Prism

Lens

— Aperture

& Photomultiplier

Figure 1. The optical arrangement of the Kerr effect apparatus. Two
monochromators were required for measurements in absorbing regions.

into components polarized parallel and perpendicular to
the static field in the cell. The total retardation, é, is the
additional phase angle executed by the component po-
larized parallel to the static field relative to the perpen-
dicular component. The total retardation is the sum of
b0, a field independent part due primarily to the cell
windows, and §,, the usual field dependent part given by,

81 = 2ml(n; — ny)/A (1)

Here [ is the effective length of the sample in a uniform
field, nj and n are the refractive indices of the sample
parallel and perpendicular to the applied field, and A is
the vacuum wavelength of the light. The Kerr constant
used for pure liquids is defined by

B=(n”—nl)/7\E2=8,/2nlE2 (2)

Here E is the static electric field strength in the cell.

The light intensity, I,, transmitted by the analyzer when
6 = 0is Iy sin?r + I..;, where r is the angle by which the
analyzer deviates from being crossed with respect to the
polarizer, and I, is the change in transmitted intensity
when r goes from 0 to =/2 radians. By measuring the
transmitted intensity with the analyzer rotated by a known
angle, I can be determined. When retardation 6 is added
between crossed polarizer and analyzer the transmitted
intensity, I;, is given by

Is = Io(1 - cos 6)/2 = I,5%/4 (3)

with the last equality true for small é’s.

A quarter wave plate between the cell and analyzer with
its fast axis along the original polarization direction can
be used to determine the sign of 6. If 0 < & < =, the axis
of the linearly polarized light reaching the analyzer from
the quarter wave plate will be rotated counterclockwise
from the original polarization axis. For ~r < 6 <0 a
clockwise rotation will result.

Apparatus. The apparatus is shown in Figure 1. The
optical components were mounted on two CENCO optical
rails. The first rail was 66 cm long and carried the lamp
housing, a lens, and the first monochromator. The second
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rail, clamped to the end of the first, was 132 ¢cm long and
carried the rest of the optical components.

The light source was a 150-W xenon short arc lamp
mounted in a Schoeffel LH 151 N lamp housing. The
condenser lens in the housing was used to focus the image
of the arc on the entrance slit of the Bausch & Lomb
33-86-01 grating monochromator. The image of the first
monochromator’s exit slit was focused on the entrance slit
of a Hilger-Watts D292 grating monochromator using a
5-cm focal length lens. TkLis lens, like all others used in
the optical system, was made of fused silica. An iris
diaphram following the mcnochromator served as a field
stop (diameter 0.5 cm). The image of the exit slit was
focused beyond the electrodes in the Kerr cell using a 9.8
cm focal length lens. An iris diaphram following this lens
served as an aperture stop (diameter 0.85 cm). The po-
larizer mounted at the front of the cell compartment
polarized the light reaching the Kerr cell at an angle of 45°
from the horizontal plane. The Kerr cell was held in a pair
of “V” shaped cradles and was positioned so that for green
light the image of the second monochromator’s exit slit was
focused 2.5 cm beyond the ends of the electrodes. The
electric field in the Kerr cell was horizontal. An accessory
holder and the analyzer were mounted at the back of the
cell compartment. The accessory holder could be used for
either the quarter wave plate or the strain compensator.
The analyzer could be rotated around the optical axis by
means of a micrometer drive. This drive allowed the
transmission axis of the analyzer to be adjusted over a 13°
range accurate to 0.01°. At approximately the center of
this range the analyzer was crossed with respect to the
polarizer. Both polarizer and analyzer were Karl Lam-
brecht 20-mm Glan prisms. The extinction ratio, I,-o/
I, 2, obtained with cell removed was 2 X 107 at 546 nm
and 5 X 10 at 272 nm. After passing through the analyzer
the light was focused by a 4.4 cm focal length lens through
a 0.25 cm circular aperture and then diverged to create a
diffuse spot on the photocathode of the EMI 9558QB
photomultiplier. A 10%-0hm anode resistor was used, and
the photomultiplier dynode string was powered by a Fluke
412 B dc power supply set at -1.5 kV. The voltage across
the anode resistor was measured using a Leeds and
Northrop K-3 potentiometer and electronic null detector.
Saturation was never observed for signals below 0.5 V and
all Kerr measurements involved signals considerably
smaller.

Originally the apparatus was used with only the Hil-
ger-Watts monochromator. This proved satisfactory for
Kerr measurements outside absorbing regions. The second
monochromator was added so that accurate measurements
could be made in absorbing regions where stray light was
a source of error. The Hilger-Watts monochromator
covered the range 200-1000 nm, but the later measure-
ments were further limited by the long wavelength limit
(400 nm) of the Bausch & Lomb monochromator. The slit
widths used were 3 mm on the Bausch & Lomb and 0.5
mm on the Hilger-Watts, The monochromators were
calibrated using an Orion Optics low pressure mercury
lamp.

The Kerr cell is shown in Figure 2. The body of the
cell was borosilicate glass with two female, standard taper
29/26 ground glass joints for window inserts. The window
inserts were made by fusing a 7/, in. diameter, !/, in. thick
window to the end of a male, standard taper 29/42 ground
joint. Both window and joint were fused silica requiring
a final annealing step in an oven at 1050 °C. The top for
the cell was a borosilicate glass flange made by grinding
away the grooved portion of an O-ring joint. It rested on
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Figure 2. The Kerr cell. (A) Side section through the cell with slit
assembly removed. The overall length of the cell was 10 cm. (B) End
section through the electrodes.

a similar flange on the cell body. Glass tubes fused to the
top of the cell carried the copper supports for the elec-
trodes. Soft copper bushings and a chemically resistant,
heat cure epoxy (Shell Epon 828, Curing Agent CL) were
used to fasten the supports inside the glass tubes. Wires
soldered to the supports passed through the tubes to glass
to metal seals used for electrical connection to the elec-
trodes. The nickel electrodes soldered to the supports were
trapezoidal in cross section and were 1.05 mm thick. Their
separation was 1.0 mm. The top was attached to the cell
body using quartz type sticky wax around the outside edges
of the flange joint. A slit assembly 0.5 mm by 5 mm was
positioned approximately 1 mm from the front window of
the cell. This assembly was friction fitted inside the front
window insert. The small tubes on the cell body were for
filling. The liquid level remained below the vent tube when
the cell was full. The path length of the cell depended on
the inserts used and was approximately 2.5 mm.

The dc high voltage for the cell was provided by a
Condenser Products Co. PST10-1M60 high voltage
module. The output was continuously variable from 0 to
10 kV by means of a variable transformer connected to the
input of the module. A meter gave an approximate
measure of the output voltage. Accurate measurement of
the output was made using a 10000:1 voltage divider
constructed by placing a 1.1 X 10° ohm resistor across the
output of a Tektronix P6013 high voltage probe. The K-3
potentiometer was used to measure the output of the
divider.

The quartz quarter wave retarder zero order, at 272 nm,
was provided by Optics for Research.'® It was important
that the manufacturer align the two plates of the retarder
while viewing it between crossed polarizers. The plates
were aligned so that best minimum in the transmitted
intensity was obtained when the axes of the retarder were
aligned with the axes of the polarizers. The strain com-
pensator, shown in Figure 3, was a 1 in. square piece of
fused silica microscope slide held in a disk of phenolic
composite material. The edges of the slide were protected
by strips cut from Tygon tubing. Pressure was applied to
the edge of the slide by means of an aluminum bar which
rested against two set screws used to adjust the retardation
of the compensator. The retardation used in these ex-
periments was approximately 1° at 400 nm. The fact that
the strain was uniform was verified by measuring the
retardation of the compensator with the strain axis aligned
with the axis of incident polarized light. The retardation
obtained was less than 5% of the value obtained with the
strain axis at 45° to the incident polarized light. All
measurements were made at room temperature, which was
23+ 1 °C.
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Figure 3. The strain compensator. (A) Front view. Pressure applied
by the screws provided a uniform optical retardation of approximately
1° over the 15 mm aperture of the device. (B) Side view. Height 6
cm.

Magnitude of the Kerr Constant. After filling the Kerr
cell the photomultiplier signal was measured with the
analyzer in the crossed position. The reading on the K-3
was R,. The analyzer was then rotated away from the
crossed position by an angle, r, between 1 and 5°. The
photomultiplier signal was measured and the reading was
R,. The analyzer was returned to the crossed position and
the electric field was turned on in the cell. The photo-
multiplier signal was measured and the K-3 reading was
R;. The output of the high voltage divider was measured
on the K-3 and the reading was R;. The field in the cell
was then set to a new value and the last two measurements
were repeated. On the average, measurements were made
at eight field points between 3 and 8 kV. Often, in between
field points, R, was remeasured. This was especially
important for systems with small Kerr constants.

Sign of the Kerr Constant. For the first method the
quarter wave plate was placed in the holder between the
cell and analyzer with its fast axis along the original
polarization direction. The crossed position of the analyzer
was then determined by adjusting the analyzer until a
minimum in the photomultiplier signal was obtained. The
analyzer was rotated 5° from the new crossed position.
The photomultiplier signal, R,’, was measured on the K-3.
The field in the cell was then turned on and the photo-
multiplier signal, R,”, and the output of the voltage divider,
Ry, were measured using the K-3.

For the second method of determining the sign of the
Kerr constant, the strain compensator was placed in the
holder between the cell and the analyzer with its strain axis
perpendicular to the field in the cell. Measurements then
proceeded as for the magnitude of the Kerr constant.

Treatment of Data. The photomultiplier signal minus
the dark signal was proportional to the transmitted light
intensity, since saturation was avoided. The hypothetical
photomultiplier signal, R, corresponding to I, was cal-
culated, Ry = (R, — R.)/r? where r is in radians and the
approximation sin? r = r2 has been made. The difference
R; - R, was related to the retardations, using eq 3 for small
6 and 6

4(Rs —R)/Ro = (50 + 8,)* - 8,° (4)
Combining eq 2 and eq 4
(Rs — R,)/RonlE? = B*qlE? + §,B (5)

A plot of the left-hand side of this equation against wlE?
should be a straight line with slope B? and intercept 4,B.

A typical plot of eq 5 is shown in Figure 4. The electric
field strength was calculated by multiplying R; by the
voltage divider ratio and dividing by the electrode spacing.
The value of [ used in these calculations was 0.13 em. This
value was only approximate since it was not possible to
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Flgure 4. Plot of the experimental data for one run on carbon disulfide
at 272 nm.9 The axes are in cgs units. The yintercept for this run was
1.5 X 107°.

quantitatively correct for field spreading at the electrode
ends. Quadrupole orientation by the small transverse field
gradients within the light beam at the electrode ends is
not likely to be of importance. In order to minimize end
effects, the reported results are ratios of the Kerr constant
to that of carbon disulfide at 400 nm. The absolute Kerr
constant of carbon disulfide at 400 nm was determined by
measuring the ratio of the Kerr constant at 400 and 546
nm. Using Otterbein’s'® result for the Kerr constant at
546 nm, 3.55 X 1077 (in electrostatic cgs units), this gave,
for th;a Kerr constant of carbon disulfide at 400 nm, 6.13
X 107",

The average of the 8,’s obtained for all the runs was 1.6
X 107% at 400 nm and 3.2 X 102 at 272 nm. The origin of
8, seemed to be primarily the cell windows since I_/];
increased from 5 X 107 at 400 nm with the cell com-
partment empty, to 1 X 10 when the cell with the
electrodes removed was placed in the optical path. No
noticeable further deterioration in I/ I, was observed when
the electrodes were added.

Materials. The carbon disulfide, toluene, and benzene
were spectroscopic grade and were used without further
purification. Identical results were obtained using carbon
disulfide from three different manufacturers. The mes-
itylene was 99+ % pure. The other liquids were reagent
grade from new bottles. To determine the effects of
particles in the liquids, several runs were made using
samples from a syringe with a 0.22-um Millipore filter.
Identical results were obtained using filtered and unfiltered
samples.

Results

The Magnitude of the Kerr Constant. The Kerr
constant ratios that were measured are given in Table 1.
The reported values are the ratio of the Kerr constant of
the substance to that of carbon disulfide at 400 nm. The
slope and intercept of eq 5 were determined by the
least-squares method. The number of runs and the
variance is given where appropriate. For all liquids,
measurements were made at the shortest wavelength
permitted by the absorption of the sample. The data for
carbon disulfide, shown in Figure 5, are in agreement with
the results of Blackwell!” and McComb? over the wave-
length range where comparison is possible. Similar
agreement was obtained with the results of Szivessy and
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TABLE I: Kerr Constant Ratios

No.
of B/BCS s
Sample A,nm runs (400 nm) Variance
CS, 268 1 3.90
272 8 3.59 0.05
276 1 3.20
366 1 1.19
400 6 1.00 0.015
450 1 0.791
550 2 0.556 0.025
Benzene 280 3 0.239 0.009
300 3 0.187 0.007
400 5 0.116 0.002
Toluene 285 1 0.431
400 1 0.210
o-Xylene 285 1 0.690
340 1 0.462
400 1 0.356
m-Xylene 300 1 0.347
400 1 0.191
p-Xylene 300 2 0.357 0.007
400 1 0.195
Mesitylene 320 3 0.284 0.016
400 3 0.180 0.002

ABx 10"

[}

500 00 300 Alnm]
Figure 5. Plot of ABvs. wavelength for carbon disulfide. Points denote
Blackwell's'” data (W), McComb’s’ data (A), and present results (@).

The break in the curve is due to the absorption at 323 nm. The product
ABis in cgs units.

Dierkesmann!® for toluene and m-xylene. One run was
made for hexane to assure that the close proximity of the
cell windows to the electrodes did not lead to field de-
pendent birefringence in the windows. The result was that
no observable increase in signal was detected when a
voltage of 5 kV was applied to the cell. This was as ex-
pected since hexane’s Kerr constant is too small to be
measured with this apparatus.

The Sign of the Kerr Constant. For all of the liquids
except carbon disulfide, measurement of the Kerr constant
can be made continuously from the visible region of the
spectrum to the shortest wavelengths measured here.
Based on the known sign of B in the visible, extrapolation
to the present measurements in the ultraviolet indicates
that for these liquids the Kerr constant remains positive
well into the edge of the first absorption. For carbon
disulfide, however, such continuous measurements are
made impossible by the absorption in the liquid centered
at 323 nm. The sign of the Kerr constant on the other side
of this absorption had to be measured independently.

The experiments using the quarter wave plate gave clear
evidence that the sign of B for carbon disulfide was positive
at the center of the transmitting region, 272 nm. With the
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fast axis of the plate parallel to the original polarization
direction and the analyzer rotated 5° from the crossed
position, R" became noticably larger than R/ for cell
voltages as small as 2 kV. Progressively larger differences
were obtained for larger voltages. For a cell voltage of 6
kV, R" - R/ was approximately equal to R/ - Rc. This
gave clear evidence that B was positive at 272 nm. A
similar run at 364 nm also found R" - Rt increasing as
the field in the cell increased, consistent with the known
positive sign of B at the wavelength. Since previous
workersIlusing a similar method had reached the opposite
conclusion about the sign of B at 272 nm, the measure-
ments with the strain compensator were made.

Keeping the orientation of the strain compensator fixed,
runs were made at 400 and 272 nm. The presence of the
compensator made S0 approximately 20 times larger than
that found with the cell alone. The increase in SOmade
it possible to determine the sign of B from the intercept
of eq 5. The intercept of both the 400- and 272-nm runs
was positive. A series of measurements of RJRqgfor the
compensator alone at 30-nm intervals between 400 and 270
nm showed that Rc- Rnwas a smoothly increasing function
over this range. These measurements confirmed that B
was positive for carbon disulfide at 272 nm.

Theoretical Development

The earliest theory of the Kerr constant, which used the
ScholteMlocal field, was that of Klages.18 Approximations
in the theory, however, make it unsuitable for strongly
anisotropic molecules such as CS2 The extension of the
theory given here corrects the deficiencies for spheroidal
nonpolar molecules.

In the following derivations, Greek subscript will be used
to denote vectors and tensors. Thus Xarepresents the three
components of a vector. If a Greek subscript appears twice
in the same symbol or in a product of symbols, summation
over that index is implied. The initial subscript 1or 0 will
be used to denote optical or static frequency, respectively.

The electric field E]g displacement D]a and polarization
P\a, due to a light wave propagating through a continuous
medium, are related by

-Dia = eia3®j3 = E\u + 47rPto (6)

where eidBis the dielectric tensor at the optical frequency.
For the Kerr effect, the medium is axially symmetric
around the static electric field E{oand cldf is diagonal. Let
in represent the ith principal value of In particular,
let i = p or s refer to the values parallel or perpendicular
to So«- The two independent components of eq 6 may then
be written

ap- + =4iRe/ep @)
eis- 1= "PJEU (8)

If €Jis replaced by rz2 the square of the refractive index,
and if P\is replaced by N{m[eeig), where N is the number
of molecules per cm3 miais the induced moment, and efa

is a unit vector for i = p or s; then eq 7 and 8 may be
written:

np2- 1= ATiN(mlaepa)/Elp (9)
ns2 ~ 1 = 4TTN(mlaeaa)/Els (10)

Our objective is to express the Kerr constant B, as
defined in eq 2, in terms of the molecular averages ap-
pearing on the right of eq 9 and 10. Thus, ifi = pors

f(mjaeia)e U(T'E®)/feTdr

(mlaeia) = fe-~U(T.E0)/kT dT (H)
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where r specifies the orientation of the molecule, and v (..
EOQ is its field-dependent potential energy. Equation 11
assumes that classical statistical mechanics is valid, and
treats the molecule as though it is in a cavity in a con-
tinuous dielectric medium.

The moment may be expressed in terms of an optical
polarizability TleBand an optical local field Fiaas follows:

= Via3Fits (12)

where maBis a property of the molecule in vacuo. It may
include hyperpolarizability effects due to the large static
local field FCa

NMaR — «lak 4 1/ 27laRy 6P OyP (b (13)

where is the polarizability tensor in small fields and
a nonpolar molecule is assumed. Note that is defined
in terms of both optical and static fields.

Consider the static or optical local field Fato be the sum
of a cavity field Ga, and a reaction field Ra, and express
the linear relationship of these vectors to Eathe average
field in the medium, or to maas follows:

Pa ~ laRPR >(*a ~ SaBPR >Pa ~ faR~R (14)

Then, from eq 12 and 13 (neglecting hyperpolarizabilities)
and the above definition of Fa, in cases where ad} 1a g,,13
and rarr are diagonal with principal values am, im, ¢ m, and
fm(m = 1, 2, 3or X, y, zwill be used for the coordinate
component subscript), we have:

Im=gmI(l-«mfm) (15)

for nonpolar molecules.

For the model of an ellipsoidal cavity with semi-axes a,
b, and ¢ in a medium of dielectric constant e, the cavity
field factors arel4

e
Mmooy (1- e)Am (16)
where the Amis are the so-called demagnetizing factors.2
If the molecule is considered to be a dielectric ellipsoid
which exactly fills the cavity, and has principal dielectric
constants em along the ellipsoid axes, then the polariza-
bility components are¥4

_ ghe em'- 1
(17)
“m' T 1 + (em ~1)Am
and the reaction field factors arel4
3 Am(@ - Am)(e - 1)
( ) (18)

m abc e+ (1- e)Am

For optical fields, eand the tm values are replaced by n2
and nm2

The potential energy of the ellipsoid in the static field
(required for eq 11) isi182l

U =-"12mO0ci*EQa (19)
where mQOa* is the external moment with componentsi8

*
m = 2
om em - 17OmlomPom (20)

At this point it is convenient to introduce two auxiliary
symbols:

em ~ £

kOm '«Or (21)
6m'- 1

and an “external polarizability”

«Om * —«OnY™Om (22)
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TABLE II: Summary of Estimates of the Optical Parameters of C§,
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Theory

A, hIn Miq <3} Aay @)1 ajo
Born-Langevin and Lorentz- Lorenz 546 1.656° 8.8°¢ 10.19.b 15.59 5.44
272 2.033° 12.2¢ 23.3°¢ 27.74 4,49
Extended Klages and Scholte 546 1.678¢ 8.9¢ 10,1¢:b 15.6% 5.5°
272 1.989¢ 11.44 17.8°¢ 23.3¢ 5.5%

272 2.033° 6,14

% Data, or closely related to data. ¥ Invokes an assumption. € Caleulated. € Deduced from calculated results.

that interacts with the average field in the medium.
Analogous definitions will be used for the optical pa-
rameters, with n,”? and r? replacing ¢,’ and ¢. The po-
tential energy in the static field may then be concisely
written as

3
U=~ £ &om*Eom’ (23)

The moment of eq 11 can then be written as
Mye = taphigeBre + Y 2Y10+6 hpeEre FoyFos (24)

Assuming that I7 << kT, the exponentials in eq 11 can be
expanded in powers of E, about E, = } to give fori = p
or s.

(M1a€ia) = higeEri{ainplEiaeiedo +
mao'yﬁ *Eoz((ei&eieep‘reﬂﬁ)n o
(eiaeie)o(epyepa )0)] 2
lv"‘lecrﬁ'yﬁ107KID‘S{EDZ(eiﬂeieenxep{)O} (25)

where Ey, E,, and F;, are vector magnitudes; the subscript
i on the local field factor ly, indicates that n; (i = p or s)
is used to evalvate the factor; and the notation {}q means
an average carried out in the absence of the external field.
The term containing the product of two averages is from
the denominator of eq 11. The averages may be evaluated
by the method of Buckingham and Pople? to give

{Miaeie) = la* + (0% +

1

SoRT Tlawss *)E o] Ey; (26)
where

— 3 3
a*="fa mE: 1airn[lim - ]-/3],.,.,E=1":"tli:'ﬂ"jc (27)
Yagys ¥ = Yioexthealo cylops (28)

and, for spheroidal molecules

6* (a“*—an*)(&'m*—a'm*) (29)

" 45kT

From eq 27 and the [, given by eq 15-18, we see that
o* # ay*. This lack of equality also occurs in the
Born-Langevin theory, in which Lorentz local field factors
are used, and in the Onsager spherical model. However,
in both of these cases, l,, (and ;) are independent of m
and may be factored from the right-hand sides of eq 27
and 26. For the ellipsoidal model, we cannot factor the
local field quantities, and must proceed with the remainder

of the derivation in the following manner.
If eq 27 is evaluated by substituting eq 15-18, we obtain

ap* - ay® = (1% - 1, ?)C (30)
where
c- lfam'él foym Amll + (3, /ab®)(1 -
Ap)1/n® + (1 - nMA4,, - (30, /ab®)A (1 -
An)n? - 1)1} (31)

Now, if eq 26 is substituted into eq 9 and 10, and if eq
10 is subtracted from eq 2, we abtain

2rNE? 1
ng—-n?:—_.—__—.g-_"jﬂ*-f— *
» T T T ganc ! 15 Yeass™  (32)
Using the approximation, n,* - n,? &~ 2n(n, - n,), and
substituting eq 32 in eq 2, we obtain

(o * = ey, ¥) (@ * -

B= nN [__
15(1 - 42NC)an L kT

aon )+ ’Yhasﬁ*j‘ (33)

Calculations

Born—Langevin Theory. It is interesting to compare the
result of analyzing the data for carbon disulfide using the
Born-Langevin™? theory with the result obtained using
the extended version of Klages' theory derived in the
preceding section. The results of the following calculations
are summarized in Table [I. The Born-Langevin theory
of the Kerr effect uses the Lorentz local field for both
optical and static fields. For a nonpolar molecule with
cylindrical symmetry, this leads to the result

27N(n? + 2)%e + 2)°
1215mkT

B= {c, —aya)ag — @oz)

(34)

A value of Aoy = ayy — ap for the liquid at 272 nm can he
calculated from the following data: (1) the ratio of Kerr
constants at 272 and 546 nm (6.29); (2) the values of n of
the liquid at these wavelengths (2.033 and 1.656,
respectively®); (3) the vapor value of Ag; at 546 nm (10.1
A%, determined by interpolating the resuits of Alms et al.;®
and (4) the assumption that A is the same for the liquid
and the vapor. The calculated value of Aq, from eq 34 is
then 23.3 A? at 272 nm.

The consistency of this result can be checked by using
the Lorenz-Lorentz equazion

e 3 nt-1
oy = ——

' 4aNn®* + 2
in combination with the relations, ay; = & + %/34q, and

ap = & — /340, to caleulate the individual values, o) and
a9, The results using the Lorentz local field are that ay

(35)
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goes from 15.5 A at 546 nm to 27.7 A3at 272 nm. Over
the same range aX2goes from 5.4 to 4.4 A3 The decrease
in a2 found using this theory is unexpected since the
polarizability would be expected to increase as the strong
absorptions in the ultraviolet are approached. The ab-
sorption at 323 nm is too weak to have a noticeable effect.

Extended Klages Theory. To use eq 33 to calculate A,
at 272 nm, separate values of «u and aRat 546 nm were
taken from an analysis of vapor phase refractive index and
light scattering measurements.® By interpolation of the
results of Alms et al., anis 15.6 A3and tg2is 5.5 A3% The
static polarizabilities were estimated using Gans2/ method,
that is, by adding 5% to the values of the optical polar-
izabilities extrapolated to infinite wavelength.® This gives
ali = 147 A3and a® = 5.58 A3

The value chosen for ab2was 18.0 A3 This value was
obtained by assuming the molecular volume to be the same
as that of two sulfur atoms of van der Waals radius 1.85
A. The mean radius, r, of such a molecule is 2.32 A. The
value of ab2chosen was equal to (2.32 + 0.3)3 The addition
of 0.3 A to the radius determined from molecular di-
mensions has been shown to be reasonable for amino
acids.B For carbon disulfide this method gives for the
cavity used in the model a volume midway between that
determined from van der Waals radii and that determined
from assuming that the molecules occupy the entire liquid
volume. The demagnetizing factor d, was determined by
calculating B at 546 nm for various values of dj using eq
33 and neglecting hyperpolarizability.2 Agreement with
the experimental value of B at this wavelength was ob-
tained for d x= 0.19. Only Alis independent since dj +
2d2= 1 This value corresponds to a spheroid with axial
ratio 1.82:1,Dwhich is close to the geometric expectation.

Using these values of ab2and Ah and assuming that the
dispersion of a®2may be neglected, the Kerr constant at
272 nm can be calculated for a range of values of au using
eq 33. Agreement is obtained with the experimental value,
B = 2.20 X 106, for au = 23.3 A3. The change in Ag, in
going from 546 to 272 nm is 7.65 A3 This may be con-
trasted to the change in Acqof 13.2 A3over the same range
calculated using the Born-Langevin equation.

A check on the consistency of this result is obtained by
calculating the refractive index using the Scholte theory.
The expression for refractive index is

n2 - 1= 4irNa™* (36)

Using this equation N may be calculated at 546 and 272
nm for the values of  used above for the Kerr constant.
This gives n = 1.678 at 546 nm and n = 1.989 at 272 nm.
Since the calculated value at 546 nm is slightly larger than
the observed value, the values of the cqfs used above are
sufficiently large. The fact that a smaller value is cal-
culated at 272 nm than is observed indicates that al
increased over the wavelength range studied. In order to
account for the observed index of refraction, cg2 must
increase by at least 0.6 A3over the range 546-272 nm. This
increase is in better agreement with the expected behavior
of cg2than is the 1 A3decrease calculated using eq 34 and
35.

The values of Acgq at 272 nm calculated using eq 33 and
34 can be compared to the value of Acq obtained by ex-
trapolation of the results of depolarized Rayleigh
scatteringXto 272 nm, which gives Acq = 14.5 A3, Use of
the nonlinear curve2 would produce a somewhat larger
value of Acq in better agreement with the value, 17.8 A3,
determined using eq 33 and neglecting hyperpolarizability.
It is reasonable to conclude, therefore, that the light
scattering data support the use of the extended Klages
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theory over the Born-Langevin theory for liquid Ken data.

Discussion

The positive sign of the Ken constant of carbon disulfide
at 272 nm reported here is in agreement with the as-
signment of the first fully allowed absorption in the
spectrum of the liquid to a transition polarized parallel to
the long axis of the molecule. The rapid increase in B
around 272 nm indicates that the allowed perpendicular
transition on the long wavelength side of the first allowed
parallel transition found recently in solid samplesis not
in that position in the liquid. As a perpendicular transition
is approached the Kerr constant would be expected to
decrease.

Bogaard et al.3l measured the temperature dependence
of the Kerr constant of carbon disulfide vapor, at 632.8 nm,
and found that the hyperpolarizability term accounted for
approximately 10% of the Kerr effect at room tempera-
ture. The agreement obtained in the present work between
Aogat 272 nm calculated neglecting hyperpolarizability and
the A« estimated by extrapolating light scattering data
indicates that the relative importance of the hyperpo-
larizability term to B does not greatly increase in going
from 546 to 272 nm. Further separation of polarizability
anisotropy and hyperpolarizability contributions requires
the measurement of the oscillator strengths of the nearby
absorptions in the liquid. This would allow the dispersion
of Aoqto be calculated independently.

The cause of the larger optical anisotropy, Acgat 272
nm calculated with the Born-Langevin theory, is the
Lorentz optical local field used in that theory. Even the
Onsager-Bottcher local field (which is more suitable for
spherical molecules with small polarizability anisotropies
than the Lorentz local field) is not appropriate for liquid
carbon disulfide.® The Scholte local field used in the
extended version of Klages' theory increases more rapidly
with decreasing wavelength and thus requires a smaller
increase in Aoqto explain the wavelength dependence of
the Kerr effect.
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We report a refinement of the thermal blooming method which makes possible simple and precise measurements
of absolute luminescence quantum yields for dilute liquid solutions. Our technique, which compares an unknown
to a nonluminescent reference, offers advantages over conventional photometric measurements by requiring
a minimum of calibration and being immune to most systematic errors. It appears to be much simpler and
more versatile than other calorimetric schemes. We measured the absolute quantum yield of the fluorescence
standard sodium fluorescein in 0.1 N aqueous sodium hydroxide at concentrations below 10" mol dm™. The
vield was 0.95 £ 0.03. Thermal blooming seems to be a powerful and widely applicable technique well suited
to the determination of new luminescence standards.

1. Introduction

A thermal blooming measurement is, in essence, a
calorimetric determination of the very small temperature
gradients induced by the absorption of light energy. The
technigue can be extremely sensitive and allows one to
measure exceptionally weak absorption,!

Hu and Whinnery,! in their landmark contribution,
pointed out a second application. They suggested that
when combined with conventional transmission data, a
thermal blooming measurement permits calculation of a
luminescence quantum yield. They reported success in
demonstrating the method, but presented no details. Nor
has any quantitative test appeared since. We will argue
here that the thermal blooming method is not merely an
alternative approach for measuring luminescence quantum
yields, but rather one which offers very significant ad-
vantages.

Conventional luminescence vield measurements involve
iwo steps.* First, a luminescence standard must be
measured. This is so difficult*? that it has been attempted
only a few times, Values from different laboratories have
not infrequently disagreed. At present, only quinine
sulfate and, perhaps, fluorescein, at specified standard
conditions, have been characterized to a precision of 5%.
Second, a particular measurement requires comparison of
an unknown with a standard. Careful attention must be
given to corrections for differences in solvent, temperature,
wavelength response of monochromators and detectors,
polarization effects, and so on. Such a comparison should
be possible to within 5% precision. Random scatter in the
data is the least of the problems; what is more serious is
the uncertainty of systematic effects when the sample
differs considerably from the standard.

We believe that the thermal blooming technique can
significantly reduce the uncertainties in both parts of the
quantum yield “preblem”. We have found, in addition,
that it is simple to carry out and, in some cases, inex-
pensive as well,

As a demonstration of the thermal blooming approach,
we report here our measurement of the absolute

fluorescence yield of the present standard sodium fluor-
escein. At concentrations below 107® mol dm™, in the usual
buffer, 0.1 N sodium hydroxide, we find ¢; = 0.95 + 0.03.

We discuss briefly the features of the thermal blooming
method which make it an attractive choice for absolute
luminescence yield determinations and suggest that it
would be particularly useful in generating a new standard
in the red portion of the spectrum.

1I. Principle of the Measurement

The essential idea is very simple. The energy {(power)
conservation involved is illustrated in Figure 1. The laser
power incident on any sample P; must be equal to the sum
of the power transmitted P, plus the power emitted as
luminescence P¢ plus the power degraded to heat Py,

PL:Pt+Pf+Pth (1)

We assume that reflection and acattering losses are cor-
rectly accounted for as usual

An ordinary transmission measurement determines the
ratio

T=P, P (2a)

We define the fractional absorption

A=1-T (2b)

Then, we may write

Py = AP, — Py, {2c)
The emission quantum yield is by definition

¥g = ﬂ‘ (3)

(P — Pivy,

Here, vy, is the laser frequency and ()} is the mean lu-
minescence emission frequency, evaluated as

Wiy = Jvg dnlvg/fdn{vy (4)

0022-3654/768/2082-0705%01.00/0 © 1978 American Chemical Society
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\ /

Figure 1. Power conservation for Iﬁminescence: PL incident excitation
laser power; Pp transmitted power, bfluorescence or phosphorescence
emission power; Pm thermal power deposited as heat.

The quantity dn7f) in photons s'lis the number of
photons emitted in an incremental bandwidth centered at
Vi we may rewrite (3) in the form

The ratio vhs {vf) takes account of the Stokes shift, which
entails some deposition of heat in the sample even for a
100% luminescence quantum yield. The absorption A may
be measured with an ordinary spectrophotometer. The
thermal blooming techniquel offers a novel means of
measuring P/,

One arrangement for the thermal blooming measure-
ments is shown in Figure 2. A laser beam of appropriate
frequency to excite the luminescence is brought to a focus
with a lens and then allowed to expand. The sample is
located one Rayleigh length past the focal plane. Recall
that the Rayleigh length ZRis a measure of the depth of
focus. It is given by ZR=- o2/ where XLis the laser
wavelength and W0 is the characteristic parameter of the
intensity distribution in the focal plane, which for a TEM,
Gaussian beam is proportional to exp[-2r2/tc(2], where r
is the radial distance from the axis of the beam.

Heat generated in the region of the absorption increases
the local temperature, modifies the refractive index, and
induces what is, in fact, an optical lens. For most liquids
it is a negative lens. A measurement is performed by
opening rapidly a shutter located at the focal plane. The
thermal lens develops over a period of a few tenths of
second. During that time, the laser beam may be observed
as a spot on a plane located a few meters past the sample.
The spot “blooms” or increases in size. It is not actually
necessary to measure the size of the spot; a tiny photodiode
detector positioned carefully at the center of the spot
produces a photocurrent which is proportional to the laser
intensity on axis and thus inversely proportional to the
beam area. As the area blooms, the photocurrent di-
minishes according to the expressionl

70 =70[1- O(1 + tal2tT1 + 7 01 + fd2E)-2r
(6)

Here 9Qis directly proportional to Pth

6 = Pth(dn/dT)/XLfc (7)

where (dn/dT) is the temperature dependence of the
refractive index and K is the thermal conductivity. The
parameter icis a characteristic time for thermal diffusion.

This time dependent photosignal (6) may be displayed
on an oscilloscope. A typical example is shown in Figure
3. The important parameter 9can be obtained by detailed
curve fitting, by examining the initial slope, or by
measuring the initial photocurrent before the lens develops
70 and the final photocurrent at long times The last
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Figure 2. Experimental configuration for a therma bloomdn? experiment:
L, lens; S, shutter; SC, sample cell; PD, photodiode eector, OSC,
oscilloscope; D,, focal length; D2, Rayleigh length; D3 arbitrary but large.

Figure 3. Typical photocurrent signal for thermal blooming. The
continuous line is experimental. At L= 0, a shutter is opened and the
photocurrent increases instantly to a maximum and then falls. The filled
circles are individual points on a theoretical curve which obeys (6) with
parameter valuesald): 121.8; fc= 56.8 ms; 9= -0.337.

method is most practical for manual computation. One
calculates

7 = (70- 700)/7, (8a)
and obtains 9as
d=1- (1 + 27)12 (8b)

Note that according to (7), 9will be negative for most
liquids.

Almost as convenient is an examination of the initial
slope of 7(i). For small t, we expand (6) to generate

7(f) = 70[1 + 26f/fc + (202- 46)(t/te)3+ 0(£4)] (9)
The initial slope M is
m = 26110tc (10)

For the dilute solutions used in quantum yield deter-
minations, one assumes that the thermooptic properties
are solely determined by the solvent, while the optical
properties are dominated by the solute. Consequently, one
might measure 9 as just described and evaluate Pth ac-
cording to (7) using tabulated data for the solvent. Then
Pth may be used in (5) to obtain the quantum yield. This
apparently was the approach chosen by Hu and Whin-
nery.1 We verified that such a procedure “works” for the
present study. However, the precision with which we know
thermooptic coefficients is inadequate for careful mea-
surements. Furthermore, the direct approach places a very
strong burden on the experiment to match the many
assumptions involved in deriving (6), (7), and (8). Con-
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sequently, we have developed a comparison method.

In addition to measuring the sample, now designated by
a superscript s, we measure in the same solvent a non-
luminescent reference compound, denoted r. It is not
necessary for the reference to be strictly nonfluorescent.
A quantum yield below, e.g., 0.5% is adequate. This can
be verified a posteriori. For the reference, we have
therefore

AP ¥ = Byr (11)
We multiply by unity in (5) to obtain
v [ ABrPBys”
fr=rl1- o (12)
) | ARS Ry

Since the same solvent is used for sample and reference,
as well as the same excitation wavelength, we can express
P,, in terms of 4 to obtain

d vy, 1 AIDPLr 0s 13
U= op |l aRs o (=)

Now we require only that the experiment be able to
measure the ratio 6°/6".

If only the initial slope m is measured, § will be inac-
cessible because t, remains unknown. Even so, if the
geometry is identical for sample and reference ¢ will be
the same for sample and reference and an alternate ex-
pression for ¢; is convenient:

) AP ms
d¢ Lﬁ— “—J (14)

g ) AP m*

One important precaution is required. Although the
solute will usually dominate, dilute solutions in some
solvents may require a blank correction. Since Py, is
additive, we have for both sample and reference

6 = 6 (solution) — @ (solvent) (15)

The thermal blooming measurement in the configuration
just described presupposes! that five conditions are sat-
isfied: (1) The excitation beam must have a TEMy,
Gaussian profile for its transverse mode structure. (2) The
absorbed power must be low enough to avoid spherical
aberrations and convection currents. The upper limit to
avoid aberrations is!

P, < 2.2\ k/(dn/dT)or6 < 2.2 (16)

where I have retained a factor of 2!/2 which was dropped
previously.! The upper limit to avoid convection has an
inverse cubic dependence on the vertical dimension of the
heated region. For focused beams, with submillimeter
dimensions, convection will not be a problem if (16) is
satisfied. For larger beams it would have to be considered.
(3) The cell should be accurately positioned at one
Rayleigh length past the focal plane and be short enough
8o that the beam has a constant area throughout the cell.
(4) The cell must be long compared to the beam radius so
that end effects on thermal diffusion may be neglected.®
(5) The detector must be small, far from the sample, and
accurately centered so that it measures the intensity at the
center of the expanding laser beam in the far field limit.

These conditions are easily met. The comparison
method introduced here is less sensitive to the assumptions
than are direct calculations which use (7). In a variety of
preliminary tests, we found it difficult to violate these
conditions sufficiently to introduce bias into the mea-
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surements. However, we suspect that if the present ~5%
precision is to be reduced to <1%, these conditions will
require additional scrutiny.

III. Experimental Section

Sodium fluorescein was obtained from Aldrich Chemical
Co. and purified by the method of Orndorff and Hemmer’
as recommended by Demas and Crosby.? Its peak ab-
sorptivity, absorption spectrum, and emission spectrum
were similar to those reported recently by Heller and
co-workers.® From the latter’s spectrum, we calculate a
mean emission frequency (») = 18.83 kKayser = (531.3
nm) Y. (In more detail, our corrected emission spectrum
peaked closer to that of Crosby as quoted by Heller,® but
is shaped more like that of Heller,® with somewhat less
intensity in the red tail than either. These minor dif-
ferences do not affect our final result here. What is most
significant is the close agreement of all three independent
results.) The solvent was 0.1 N sodium hydroxide. So-
lutions were freshly prepared and were not degassed. The
temperature was 22 °C.,

The reference absorber was the dye basic fuchsin used
as received from Eastman. The solvent was deionized
water. - i

The laser was a Spectra Physics Model 166 argon ion
laser operating at 496.5 nm attenuated to about 100 mW.
We verified that the profile was predominately TEMy,.
The lens had a focal length of 500 mm. The sample cell
was located about 600 mm from the lens. The exact
position was optimized by seeking the location which
maximized the thermal blooming effect. This has been
shown! to occur at the Rayleigh distance past the focus.
The detector was a silicon photodiode (RCA C30808)
located 2.5 m past the sample, at which distance the laser
beam had expanded to a diameter of several centimeters.
The output current was dropped across a load resistor of
10 kQ and dc coupled to a Biomation 805 transient re-
corder. The output of this digital recorder was displayed
on a Houston Ommiscribe chart recorder. Both instru-
ments have a linearity of 0.25%.

The photometric absorption measurements were made
with a Beckman ACTA spectrophotometer. Solutions were
contained in 1-cm fused silica cells and the same cells were
used for both photometric and thermal blooming mea-
surements.

We have carried out a large variety of tests on these
solutions as well as on other fluorescent molecules, other
nonluminescent references, and other solvents than water.
We have used lenses with focal lengths from 150 to 1000
mm, sample cell lengths varying from 1 to 50 mm, con-
centrations varying by a factor of 200 for a given absorber,
and a wide range of laser power levels. Systematic effects
have remained elusive. Consequently, we conclude that
by choosing conditions conservatively consistent with the
general assumptions of the method, as outlined briefly
above and detailed more fully elsewhere,! and by utilizing
our comparison method, systematic errors should be
smaller than random errors. Random errors stem from
several sources. The total laser output may fluctuate over
periods of milliseconds by a fraction of a percent. The
direction of the laser beam propagation may be unstable
so that the beam shifts relative to the detector. Defects
in cell windows may lead to incorrect I, values or may
modulate I(t) if vibration is present. And so on. If I(¢)
is uncertain by even 1%, then 6 will be uncertain by
typically several percent (proportional to 67! for small 6),
whether 6 is determined from (8) or from the initial slope
of I(t). This implies that fewer than a dozen repetitions
may suffice to reach a 5~10% precision with 95% confi-
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TABLE I: Thermal Blooming Data for Fluorescein
Concn, Absorption, Slope, m
Molecule mol dm'3 A (arbitrary)
Fluorescein 5.34 X 10'6 0.63 49 +1
Fluorescein 2.60 X 10'6 0.38 5.0 £0.5
Basic fuchsin 0.25 43.6 =5
Basic fuchsin 0.102 46.5 + 3

dence, but that improvement to the 1-2% level would
benefit from automated signal averaging.

Water, because of its large thermal conductivity and
small dn/dT, is among the “least sensitive” solvents for
thermal blooming. In fact, Pthmust be from 10 to 30 times
larger than in typical organic solvents to induce the same
d  Using values from the International Critical Tables,8
(dn/dT) = 53 X KT6K 1, k = 5.9 X 10'3W cm'lK 1 in
(7), we find 6= ISP~ where Pthis in watts. Similarly, the
aberration limit in (15) becomes Pth< 0.12 W. While d
need not be as large as unity, measurement precision
improves if it can be kept larger than, e.g., one-tenth. At
such high power levels, we observed a dark photode-
composition product for the sodium fluorescein solutions
after irradiation of several tens of seconds. We chose,
therefore, to employ an initial slope analysis and opened
the shutter only for 1-2 s at intervals of about 4 min. Since
the initial change should also be free from optical aber-
ration effects which accumulate only as the phase retar-
dation becomes too large, we concentrated on rather
strongly absorbing solutions, for which A could be mea-
sured directly and precisely and for which a large change
in /(f) occurs during the initial linear period.

I1V. Results

In Table | are the data for the thermal blooming
measurements on fluorescein and the reference at two
different concentrations each. Error estimates are 95%
confidence limits assuming Student’s t distribution for four
to six recorded traces for each condition. The laser was
operated with feedback control to keep the output con-
stant, so we have PLr= Pa-

using these data in (14), together with the Stokes factor
1.07 calculated from parameters discussed above, we find
4f=0.95 + 0.03.

Finally, we measured the relative yield for the reference
absorber, fuchsin, using the currently preferred4“optically
dilute” method with fluorescein as the standard. We found
that the quantum yield was safely below 1%. Since the
basic fuchsin was of indeterminate purity, no quantitative
value was assigned.

V. Discussion

Sodium fluorescein is probably the second best char-
acterized luminescence standard after quinine sulfate.
Methods for purification and conditions for reproducibility
of the yield have been documented45and were employed
in the present study. When the procedures are followed,
the yield is not very sensitive to small variations in such
parameters as temperature, concentration, or oxygen
tension. Significant overlap of the absorption and emission
spectra which can lead to reabsorption-reemission
problems is the major concern. It is considered45 good
practice, when using standard methods, to keep the
concentration below 10“6 mol dm,'3even though the in-
trinsic yield does not vary until much higher concentra-
tions are reached.9 Thermal blooming is much less re-
stricted in this regard, since it is only necessary that lu-
minescence escape from a region of submillimeter di-
mension. No harm occurs if absorption takes place
elsewhere in the solutions. Even so, our thermal blooming
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data refer to concentrations only a few times 10"6mol dm'3
Our result, therefore, is to be compared directly with
conventional values for $f.

Demas and Crosby4critically reviewed the literature and
suggested that f = 0.90 for fluorescein should be adopted
as a compromise interim value, which should be “accurate
within 10% and probably within 5%”. Our result agrees
with this. It agrees even better with those values they
regarded as most reliable, which were near 0.92 and 0.93.
More recently, Heller and co-workers5found values ranging
from 0.91 to 0.94, under various conditions of purification
and excitation, relative to the standard quinine sulfate
taken to have 4{=0.55 in 1 N H2S 04 This latter number,
in turn, is considered4 secure to within +0.03. However
two recent redeterminations suggest that this number
might, in fact, be about 2% low. Adams and co-workers1
used a photoacoustic method. (Their values are for 0.1 N
H2504 as solvent and must be corrected45 before com-
parison with 1 N data.) Gelernt and co-workers1l used
refined conventional calorimetry. This small change would
bring Heller’s relative value into coincidence with our
absolute determination. This entire discussion involves
refinements within the claimed error limits of each in-
dividual measurement, which have never been less than
5% of absolute value. For a primary standard no one has
really improved on Melhuish’s now classic contribution.12
It is necessary to add, furthermore, that Ware and
Rothmani3 recently carried our precision relative mea-
surements, which on the internal evidence appear as re-
liable as any, which lead to a quantum yield greater than
unity for diphenylanthracene in cyclohexane unless the
value for the quinine standard is reduced slightly below
0.55. (Again the discrepancy does not exceed expected
errors.) On the present balance of evidence, however, it
appears that the quantum yield for purified fluorescein
at standard conditions is more likely to lie between 0.90
and 0.95 than in the range 0.90-0.85.

This review of the fluorescein question reveals that what
slow progress is being made in refining luminescence yield
standards comes from statistical averaging over inde-
pendent determinations. There has been little progress
in basic methodology in two decades, although now correct
procedure is better documented and instruments are more
convenient and widespread. We believe that the thermal
blooming offers excellent prospects for significant re-
duction in the experimental uncertainty with which se-
lected standards are measured.

The conventional approach for absolute yield deter-
minations, which we take to be the substitution method
using some well characterized scatterer, is most susceptible
to the criticism that it has a long history and new
breakthroughs are unlikely. It is not only tedious to carry
out fully all the calibrations, but just as important it is
difficult and tedious to document. Even if exceptionally
accurate measurements were made, they might prove
difficult to recognize.

Calorimetric methods have always been popular in
principle,1416 but have not produced superior precision in
practice. Perhaps few photophysical laboratories have
wished to face also the challenges of precision calorimetry
by conventional methods. It is premature to speculate on
the ultimate prospects for photoacoustic methods.

An approach16 grounded in chemical actinometry ap-
pears capable of high precision, but has not yet been fully
implemented. It does require assumptions about the
actinometer, for example with regard to its constancy over
wavelength, which are plausible but perhaps hard to prove
to accuracies approaching or below 1%.
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In contrast, we see no reason why the thermal blooming
approach should not be capable of refinement to better
than the 1% level for highly luminescent molecules. The
preferred procedure, we suggest, will be to use the thermal
bloeming in a comparison mode and adjust concentrations
so that P;* = P,". This reduces the importance of sys-
tematic errors and makes the measurement less dependent
on assumptions in the theory of lens formation. The laser
may be siabilized to keep Pi* = P;". The method lends
itself to statistical averaging with each repetition taking
about 1 min. The absorption measurements A* and A? can
be made to better than 1% with care. Ultimately, the
limiting factor should be Stokes™ correction. This makes
the absolute determination at least as accurate as the best
relative determinations.

All calorimetric methods become useless at low yields.
Even at ¢; = 0.25, a good relative or substitution mea-
surement will be preferred. Relative methods, however,
are most accurate when the solvent, wavelength, tem-
perature, and so on of unknown and standard are similar.
It may be reasonable to generate standards “to order”, to
measure a highly luminescent sample by the thermal
blooming method and then to make an immediate com-
parison with the unknown of current interest. In any case,
it would 2e most desirable to enlarge the present catalog
of standards. Thermal blooming would be particularly
useful in generating a red or near-infrared standard.
Several candidates exist which have molar absorptivities
exceeding 10* at helium, neon, or krypton wavelengths.
Methylene blue has been proposed more than once.*'” We
have corfirmed Oster’s!® measurement of a low yield,
~1%, which renders it unsuitable for checking by any
calorimetric method. We think it is a poor candidate.
Chloroaluminum phthalocyanine has a very high yield,
comparable to fluorescein, and is quite stable, but has
solubility problems. An oxazine dye, such as cresyl violet
or nile bl-ae, will have a yield greater than 50% (Drexhage'®
gives 70% without detail) and has only the drawbacks
characteristic of all dyes, spectral overlap and pessible
purification troubles. Inorganic complexes of ruthenium,
osmium, and iridium have been warmly endorsed* but no
gpecies has yet emerged which is sufficiently luminescent
in the red for calorimetric calibration.?

If less than optimal precision will suffice, thermal
blooming is inexpensive to implement, as long as an ap-
propriate laser is available. An ordinary oscilloscope, a
spectacle lens, and a simple silicon photodiode are all that
is needed. The need for an appropriate laser wavelength
for excitation is restrictive. However in the visible region

The Journal of Physical Chemistry, Vol. 82, No. 6, 1978 708

there are enough common lines to match the broadband
ahsorhers considered here, Except for the “difficult”
solvent water, only about 1 mW of power is needed.

VI. Conelusion

We have described the procedure for a new approach
to the determination of absolute luminescence quantum
yields. We have measured ¢; = 0.95 £ 0.03 for sodium
fluorescein. This is an absolute measurement, independent
of any previous quantum yield determination. We believe
that the method will permit precision measurement of
select standards and the generation of new standards which
are more accurate and, equally important, more reliably
documented. The result for fluorescein given here com-
pares already with the present state of the art and does
not reflect fully the best reproducibility we have achieved.

Efforts to generate a red standard are in progress. The
fluorescein value can be improved further. However also
desirable will be tests on some other of the current primary
ot secondary standards,
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The phosphate radicals were produced by the reaction of eaq' with peroxodiphosphate ions and their spectra

and acid-base equilibria were determined: HZP 04 (Amax 520 nm, emax 1850 M"1cm-1)
PO4 (\nsi 530 nm, enax 2150 M '1lcm'). The reaction of OH with phosphate ions

emex 1550 M '1cm'])

HPO4 (Amsi 510 nm,

was also examined and discrepancies in the literature are discussed. The rate constants for the reactions of
the acid-base forms of the phosphate radical, as well as those of the sulfate radical, with several inorganic
compounds were determined. These reactions involve either hydrogen abstraction or one-electron oxidation.
The radicals formed by H abstraction from HD 2 HP02-, and HZ 02 can reduce peroxodisulfate and per-
oxodiphosphate efficiently and thus propagate a chain reaction. The rate constants for the abstraction reactions
are similar for S04’ and HZ2° 04 but slower for HP04 and P042. The rate constants for oxidation differ
considerably for the different radicals and substrates. From these rates it is concluded that the oxidation
capabilities decrease in the order S04 > HZ 04> HP04' > P042.

Introduction

The reactions of sulfate (S04~ and phosphate (H2P 04,
H P04 P04 radicals with organic compounds in aqueous
solutions have been recently studied by various techniques.
Spectrophotometric pulse radiolysis experiments were used
to measure the rate constants for these reactions2 2while
ESR spectroscopy was used to identify many of the
radicals produced by these reactions.1016 Differences
between the reactivities of the various radicals were noticed
and were found to cause changes in the mode of reactions
with certain compounds, for example, when hydrogen
abstraction and one-electron oxidation are competing
processes (compare, e.g., ref 12 and 16). =In the present
study the reactions of sulfate and phosphate radicals with
inorganic compounds were examined in order to compare
their relative oxidizing capabilities. In general, two types
of reaction were found to take place, i.e., hydrogen ab-
straction and electron transfer. The differences observed
among the electron transfer rate constants suggest that the
oxidizing capabilities decrease in the order S04, HZ2P 04,
HPO04- P042. A comparison of these radicals with OH
led to reexamination of the reaction of OH with phosphate
ions and of the spectra and dissociation constants of the
phosphate radical.

Experimental Section

The formation of the sulfate and phosphate radicals
from the corresponding peroxo dianions in irradiated
aqueous solutions and the determination of their rate
constants by spectrophotometric pulse radiolysis were
described previously.9

Peroxodiphosphate was prepared electrochemically and
purified by the method described previously.17 Peroxo-
disulfate was obtained from Sigma Chemical Co. as a
sodium salt. Most inorganic compounds used were Baker
Analyzed Reagents, except hydrazine and hydroxylamine
which were from Fisher and sodium hypophosphite from
Heico.

All details of the experiments were similar to those used
in our previous work.9

Results and Discussion

Hydrogen Abstraction by Sulfate and Phosphate
Radicals. The sulfate and phosphate radicals can react

0022-3654/78/2082-0710$01.00/0

with inorganic compounds either by an electron transfer
oxidation or by hydrogen abstraction. Abstraction can
occur from N-H or P-H bonds as observed, for example,
with NH20H, N2H4, H2P 02, and HPO&. The reaction
can be described, e.g., by

S04- + HP032- - SO,2 + H++ P032 ®

The radicals resulting from the above mentioned and
several other compounds were directly observed by
ESR.1216 Some of these radicals may reduce peroxodi-
sulfate and peroxodiphosphate ions, e.g.

PO + SO & + H2 - H2PO04- + S042- - S04- )

and thus propagate a chain reaction, similar to that ob-
served with certain alcohols.918 This mechanism was tested
for several inorganic compounds by measuring the G values
for decomposition of peroxodisulfate and peroxodi-
phosphate. The results are summarized in Table I.

It is seen from Table | that both peroxo dianions studied
develop chain reaction with HP03, H2P02', and H2 2,
but not with NH2H or S03®. Apparently NHD and S03
radicals do not reduce the peroxo dianions efficiently. The
length of the chain is influenced more strongly by the
concentration of the peroxo dianion than by that of the
other solute. This finding indicates that the reduction of
the peroxo dianion such as reaction 2 has a lower rate
constant than the other step involved in the propagation.
A similar conclusion was previously drawn from experi-
ments with organic substrates.9

The length of the chain reaction involving peroxodi-
phosphate is strongly dependent upon the pH of the
solution. When the pH increases HP 2D & dissociates into
HP2 & and then P20 8. Reduction of these anions
becomes more difficult as the charge increasesi8 and,
therefore, propagation step 2 becomes less efficient and
the G value decreases sharply. Another effect of pH on
reaction 2 can be caused by acid-base equilibria of the
reducing radical, such as PO3H"' * P03 for which pK =
5.9 was determined.12 This equilibrium must be the main
cause of the decrease in the chain reaction with peroxo-
disulfate. This decrease, however, is found to be much less
pronounced than that observed in the peroxodiphosphate
system. The reaction of S04' with OH" at high pH712
should not affect the chain length because the OH radical
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Reactions of Phosphate Radicals

TABLE I: Radiolytic Decomposition of Peroxodisulfaie
and Peroxodiphosphate in the Presence of
Inorganic Additives

[Additive], [PDP or

Additive M PDSLM pH G(-PDS) G(-PDP)
H,PO,-  0.005 0.01 30 33 74
0.01 0.01 30 55 87
0.03 0.01 30 55 87
0.10 0.01 3.0 63 90
0.30 001 3.0 110 210
0.01 0.015 3.0 69 115
0.01 002 3.0 80
HPO,  0.01 0.01 65 44 25
0.01 0.01 9.0 36 8.1
0.01 0.01 106 37 7.3
0.01 0.01 11.3 5.4
H,PO,-  0.005 001 30 T4 52
0.01 0.01 30 110 71
0.03 0.01 30 110 75
0.15 0.01 30 129 93
0.3 001 30 159 189
0.005 0.015 3.0 91
0.005 0.02 3.0 132
0.01 0.015 3.0 210
0.01 001 65 82 8.0
0.01 0.00 9.0 71 3.0
0.01 0.0l 106 69 2.9
H,0, 0.001 0.02 30 38 44
0.002 0.02 3.0 41 50
0.003 0.02 30 47 56
0.001 0.02 65 33 18
0.003 0.02 65 46 21
0.001 0.02 9.0 30 12
0.001 0.02 10.4 29 12
*NH,0H 0.02 0.0l 30 31 4.4
NH,OH  0.02 001 7.1 3.0 5.1
SO, 0.0005 0015 3.0 4.3 3.1
0.0005 0015 6.5 4.2 3.0
0.0005  0.015 9.0 4.2 3.4

produced will react with the inorganic compound in the
same manner as SO,

The rate constants for the reactions of sulfate and
phosphate radicals with various inorganic compounds are
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summarized in Table II along with the rates determined
previously for OH radical reactions. For compounds which
may undergo hydrogen abstraction (top portion of Table
IT} the rate constants of SO, and H;PQ, are found to be
somewhat similar while those of HPO,” and PO,* are
lower. The same trend was noted for abstraction from
organic compounds.® A logarithmic plot of the rate
constants of 80, vs. those of HPO, gives a reasonably
straight line with a slope that indicates a slightly higher
selectivity in the reactions of HPO, as compared with
those of S8Q,". Rate constants for the ions that undergo
oxidation do not fit on the same line, apparently because
they are governed by different factors. For hydrazine and
hydroxylamine the rate constants are found to be higher
for the neutral than for the protonated forms, similar to
the previous findings for reactions of OH radicals.”?

Oxidation by Sulfate and Phosphate Radicals. The
lower part of Table II lists the rate constants for oxidation
of various anions. The values in these cases strongly
depend on the redox potentials of both the radicals and
the substrates. The strongly reducing anions, such as
sulfite, azide, and iodide, react rapidly with all the radicals
under study. However, the weaker reductants reveal the
differences in the potentials between the various radicals.
While SO, can oxidize CI” and Br readily, H,PO, oxidizes
Br rapidly but Cl- very slowly, and HPO, oxidizes Br
very slowly while no reaction could be detected with CI-.
The results suggest that the oxzidation potentials of the
radigals decrease in the order 8O, > H,PO, > HPO, >
PO~

To further confirm this order, oxidation of phosphate
ions by sulfate radicals was examined. The observations
were made at 560 nm where the phosphate radical has
more intense absorption than 8OQ,”. The buildup of ab-
sorption by the reactiocn

80," + HPO," -+ 80, + HPO," (3)

was monitored using solutions of $,0,> and HPO,? and
a rate constant of (1.2 £ 0.3) X 105 M 7! was determined.

TABLE II: Rate Constants for Reaction of Sulfate and Phosphate Radicals with Inorganic Compounds

Rate constants, M~ s~

Compd QH® S0, (pHT7)? H,PO,(pH 4)° HPQ, (pH 7} PO, (pH 12)®
*NH,C0H <5% 10° 1.5 x 107 (4.1) 1.2 x 107

H,PO,- 1.6 x 107 {4) 4 x 107

HPO,* 3.5 x 10° 6.2% 107 (8.3) 5.9 x 10°(9) 5.5 % 10*
H,0, 1.2 x 10° 5.5 x 107¢ 2.7% 10" (9)°¢

H,PO," 1.7 X 10° 1.8 % 10° 3.9 x 10 5.9x 107 7.9 % 107
*N.H, 1x% 10° 2.1 x 10° (4) 1.9 x 10° 1.4 X 10°

N,H, 1.4 x 10 8.1 x 10°(9.5) 4.9 % 10° (9.4) d
NH,OH 9.5x%x 10° 8.5 x 10*(8.2) 4.9 % 10°(9) d

H,PO," ~2x% 102 <7 % 10°

HPO, - (1.5 = 0.3) x 10°° (1.2 + 0.3) X 105 (9)

HCO," 9x 1057

OH- 8 x 107 (> 10¥-" (5+1)x 10°
cl- 3x 10%h 2.2 10° <10 <104

Br- ~1x% 10° a.5x 10°¢ 8x 10% 6.5 x 104 (9) i

NO,” 8% 10° 8.8 x 10" 1.4% 10°

50,* 5.5 x 10° 25 % 108/ 2.7 107 (9) 4.1 % 10°
HSO," 9.5 x 10° »1x 10% 27X 10®

5,0, 8 x 10° 1.0 x 10*

N,- 1.1 x 10'® ~3 % 10° 1.1 x 10* d

8,0,* 1.9 x 10*

I- 2x 10'° d d 3x 10°

4 Taken from the literature as summarized in ref 19, except as noted. b Measured at this pH unless different value is
given in parentheses next to the rate constant. Measurements at pH 9 actually represent a mixture of HPQ,  and PO *-.
Accurate to +15% unless otherwise indicated. ¢ From ref 6. ¢ Thermal reaction was sufficiently fast to prevent accurate

measurement. © Determined in the present work, [ From ref 3. £ From ref 7.

From ref 12. ¢ Results complicated

probably by production of BrQ- from decay of Br,~ at this pH. J From E. Hayon, A. Treinin, and J. Wilf, J. Am. Chem.

Soc., 94, 47 (1972).
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However, in these solutions the reaction
OH + HP042 -» OH" - Hp64 4)

may also contribute to the buildup of absorption. We
measured the rate constant for the latter reaction in N2

saturated solutions of NaZH P04 by monitoring the buildup
of absorption at 560 nm and found a value of 1.5 X 1056M 1
s'L This value is lower than that (7.9 x 105 reported

previously.2 The difference may result from the fact that
with our computer controlled apparatus we were able to

use very low doses and average over 50 pulses to obtain

a good signal-to-noise ratio, while minimizing the effect
of the second-order reactions such as OH + OH. With k4
being only 1.5 x 105M '1s'1the value of (1.2 = 0.3) x 106
M*“ls'lmeasured in the S20 & system can be assigned to
k3without any correction.

The reaction of S04 with H2 04" was found to be
immeasurably slow (<7 X 104 M'1s"]) and so was the
opposite reaction of H2P 04with S042. Apparently the
redox potentials of these two radicals are somewhat similar.
The reaction of OH with H2P 04" was also examined and
found to be slower than reported previously (see below).

Spectra and Dissociation Constants of the Phosphate
Radical. The results presented above indicate that OH'
can be oxidized by all the acid-base forms of the phosphate
radical. Oxidation by P042 was measured to have a rate
constant of 5 x 105M*“1s“1(Table I1). Oxidation by HP04
and HZ2 04 cannot be experimentally measured because
these species exist only in neutral or acidic solutions.
However, based on their behavior in oxidizing other anions,
it can be concluded that they should oxidize OH" more
rapidly than P04 does. These arguments can be reversed
to suggest that oxidation of the phosphate anions by OH
radicals should become more rapid in going from H2° 04,
to HPO042-, to P043. Previous measurements indicated
a higher rate constant for H2 04 than for HP042, con-
trary to this suggestion. However, since our measurement
of the rate constant for OH + HP 04 showed a lower value
than that previously reported,Dwe decided to reexamine
the OH + HZ2 04 reaction as well.

Using 1 M solutions of NaHZ2? 04 and observing the
transient absorption of the phosphate radical in the
500-550-nm region, it was found that the absorption
produced in this system is very much lower than that
observed from the reaction of eag with peroxodiphosphate
at the same pH. A discrepancy also exists when the results
of Black and Hayon2l are compared with those of Levey
and Hart.18 The former authors oxidized phosphate ions
and found an increasing absorption as the pH increased,
while the latter reduced peroxodiphosphate ions and
observed decreasing absorption as the pH increased. This
apparent disagreement can be explained if the reaction of
H2 04 with OH is very slow and does not take place
efficiently even at 1 M phosphate. The small absorption
produced in 1 M H2P04 solutions, as observed
previouslyQ2l and in the present work, can be rationalized
by a direct effect of radiation on the solute to produce a
small yield of phosphate radicals.

In our experiments with N20 saturated 1M HZ 04 we
observe an absorption immediately after the pulse which
corresponds to a phosphate radical yield of G = 0.4. This
was followed by an increase of absorption with time up to
a level approximately twice as high, i.e.,, only a small
portion of the OH radicals oxidize HZ04. The rate
constant derived from the buildup of adsorption is ~ (3
+ 1) X 104 M'1s'], which, because of incomplete sca-
venging, suggests a rate constant for OH + H2P 04 lower
than this value. Furthermore, the addition of methanol
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Figure 1. Absorption spectra and dissociation constants of the
phosphate radicals, (a) Spectra of the three acid-base forms of the
phosphate radical. Recorded using aqueous solutions of 2.5 X 10“2
M peroxodiphosphate ions at pH 4 (V), pH 7 (O), and pH 11 (A). The
transient absorption was monitored 2-10 /is after the pulse, after the
formation was complete, and in the case of pH 4 it was extrapolated
to time zero because some decay was observable, (b) Effect of pH
on the absorbance at 540 nm. The curve was calculated from the
plateau values using pK-, = 5.7 and pK2 = 8.9.

(1 x 10“5to 1 x 10'4M) did not affect the initial “direct
action” portion of the absorbance but decreased that
portion which is formed more slowly, because of compe-
tition for OH radicals. The decrease indicates a value for
fe(OH + HZ04) of only ~1-2 X 104 M'1s'l These
measurements are not very accurate, but nevertheless they
show that OH reacts with HZ2? 0 4~-much more slowly than
with HP 042 and than reported previously.2

The increased absorbance with pH, observed in the pulse
radiolysis of phosphate ions,2021 may result from the in-
creased reactivity of OH with phosphate and not neces-
sarily represent the dissociation of the phosphate radical.
It is, therefore, necessary to determine the pK values using
the peroxodiphosphate system. Experiments were carried
out with 2.5 x 10'2M solutions of peroxodiphosphate and
the results presented in Figure la show that the absorption
maximum of the phosphate radical clearly shifts with pH.
Although the peaks are broad, detailed monitoring of the
absorption shows shifts from 520 nm at pH 4 to 510 nm
at pH 7 and up to 530 nm at pH 11. The extinction
coefficients, however, differ by less than 40%, contrary to
the large differences reported previously.182021 The error
in the experiments22l using phosphate ion oxidation by
OH radicals results, as mentioned above, from the very
limited extent of scavenging of OH by the phosphate,
especially at low pH. The low value observedi8at high pH
using peroxodisphosphate may also result from incomplete
scavenging of the ead since the rate constant decreases by
over an order of magnitude upon dissociation of the
peroxodiphosphate into P20 &.

The shifts in the spectra shown in Figure la allow the
determination of the pK values as shown in Figure Ib. The
calculated best-fit curve gives pKx= 5.7 + 0.2 and pK2=
3.9 + 0.1. The first pK happens to be very similar to that
reported previously, while the second pK is lower than the
previous values (10.1, 10.7)202L measured using solutions
of phosphate ions. Those higher values were probably
affected by the acid-base equilibria of the parent phos-
phate ions which change the extent of OH scavenging by
the phosphate.

Comparison with Reactions of Hydroxyl Radicals. In
comparing the reactions of OH with those of S04' and
HZ2P 04it can be seen that in hydrogen abstraction reactions
OH radicals exhibit a higher reactivity. Their rate con-
stants are about an order of magnitude higher than those
of S04 and HZ2P 04, whether H abstraction from inorganic
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(Table II} or organic® compounds is considered. This
difference may reflect a stronger HO-H bond compared
with 80-H and PO-H., However, when electron transfer
reactions are considered the OH radical is a weaker oxidant
than SO, and H,PO,. The OH" can be, in fact, oxidized
by the latter radicals while oxidatien of sulfate and
phosphate ions by OH radicals is very slow,

The conclusion that OH is a weaker oxidant can be alse
drawn from a comparison of the reactions of these various
radicals with carboxylic acids. The reaction of SO, leads
predominantly to decarboxylation!®15%2 and that of H,PO,
leads to partial decarbexylation,'®?? while only <10% of
the OH react by this mechanism.?® The overall rate
constants of OH are higher than those of SO, and H,PO,
because the reaction of OH takes place mainly via addition
or hydrogen abstraction which are more rapid with OH
than with SO, or H2P04 If the contribution of the
different mechanisms is taken into account the partial rate
constant for decarboxylation by OH can be estimated. The
estimates for malonic and benzoic acids show that de-
carboxylation by OH is slower than that hy SO,

If OH is indeed a weaker oxidant than SO, it may be
further suggested that the oxidation of inorganic anions,
such as NO,” and 80,% (Table II), usually formulated as
an electron transfer process, actually involves addition of
OH. This mechanism would explain why the rate con-
stants of OH with such anions are higher than those of
80, despite the fact that SO, is the stronger oxidant. The
initial addition of OH can be, of course, followed by a rapid
loss of OH™. In fact, this mechanism was shown to operate
in the reactions of OH with halides and pseudchalides?
and may be operative in many other reactions as well.

Summary and Conclusions

The reaction of hydrated electrons with peroxodi-
phosphate ions was used to produce the phosphate radical
in order to examine its properties. The absorption
spectrum of this radical was found to change with pH.
Changes in extinction coefficient amount to ~40% and
are easily observed. However, because the spectrum is very
broad and the changes in A, are relatively small, these
changes become observable only after extensive monitoring
of the absorption in the 400-600-nm region. The peak was
found to shift from 520 nm in acid solution to 510 am in
neutral and 530 nm in alkaline solutions. The dissociation
constants of the phosphate radical, determined from the
effect of pH on the absorption, are 5.7 and 8.9:

. pK,BT . PK,8% .
H,PO, =——= HPO PO,*"
Amax 520 510 530 nm
emax 1850 1550 2150 M~ em™*

These radicals may be also produced by the reaction of OH
with phosphate ions. This latter reaction was reexamined
and found to be slower than reported previously. In fact,
the reaction with H,PO, has a rate constant of only ~10*
M1 s that under the pulse radiolysis conditions it takes
place only to a very limited extent even in 1 M H,PO, .
The previous report on the pK of the phosphate radical
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produced by this reaction has to be reinterpreted in terms
of direct action of radiation on the phosphate and changes
with pH in the extent of OH scavenging. Disagreements
in the literature concerning the spectra of the acid-base
forms of the phosphate radical were thus explained (see
text).

The rate constants for the reactions of the acid-base
forms of the phosphate radical, as well as those of the
sulfate radical, with inorganic compounds were determined
and intercompared. The rate constants for reaction with
H,0,, HPO,*, H,PO,, N,H,, and NH,0H in their various
acid-base forms are generally similar for SO, and H,PO,
but somewhat slower for HPO, and PO2. Since this
behavior parallels that observed for reactions with alcohols
it is suggested that the mechanism in these cases involves
hydrogen abstraction.

The rate constants for the oxidation of QH-, C!", Br,
NO;, and several other anions show large differences in
the reactivity of the various radicals which suggest that
the oxidation capabilities decrease in the order SO,

H,PO,, HPO4 , PO

A comparison of the rate constants of these radicals with
those of OH indicates that the OH radical is more reactive
in hydrogen abstraction reactions. It is also suggested that
OH is a weaker oxidant which may react with many in-
organic ions by addition rather than by direct electron
transfer,
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A CNDO type semiempirical molecular orbital method has been applied to the prediction of intermolecular
geometries and relative binding energies of some small hydrogen-bonded dimers containing nitrogen and fluoride
intermolecular hydrogen bonds, and the molecule malonaldehyde which exhibits an intramolecular O-H bond.
The predominant part of the attraction of these complexes comes from the electrostatic interaction energy.
The calculation of good monomer ionization potentials is suggested to be an important part of the ability of
a semiempirical MO method to predict dimerization energies. The molecule malonaldehyde is shown to slightly
favor Cs symmetry with a hydrogen bond distance in good agreement with experiment and the results of

nonempirical calculations.

Introduction

The prediction of the geometries of hydrogen-bonded
molecular complexes is an area that lends itself to
treatment by theoretical methods. These interactions
between molecules play a decisive role in biological pro-
cesses. The most satisfactory procedures whereby such
calculations are attempted are those using a nonempirical
or ab initio formalism. Despite the number of quantum
mechanical calculations of a semiempirical or approximate
nature, relatively few have dealt with predicting the
orientation of molecules in dimers or molecular complexes.
Foretelling an energy minimum is a demanding under-
taking basically due to the kinds of contributions present.
There are electrostatic contributions which may range from
simple dipole-dipole to H bonding. There also may be
polarization, charge transfer, exchange repulsion, and
dispersion terms.

The Hartree-Fock SCF-MO or “supermolecule” ap-
proach normally does not treat dispersion forces.1 Most
approximate MO methods would neglect exchange as well.
Perturbation theory calculations using multipole expan-
sions of the interaction operator as suggested by London23
are useful but do not account for intermolecular exchange.
At long range these forces are mostly attractive; the ex-
change repulsion needs to be included to obtain a mini-
mum. However, recent work on polar and nonpolar
complexes has shown that the predominant term re-
sponsible for distinguishing the most stable orientation of
a complex is the difference in the electrostatic interac-
tions.46 It may then be worthwhile to consider approx-
imate MO methods which neglect exchange repulsion and
dispersion but give fairly good estimates of electrostatic
interaction energies. In this way, a general picture of the
most stable geometry of the complex may be produced.
We report here the use of such an approach to investigate
hydrogen bonding interactions in several molecules.

In this work we have applied a modified CNDO method
developed recently by Hojer and Meza.7 This method has
previously been applied to water dimers and trimers.8 The
binding energies of these complexes were found to be in
good agreement with ab initio calculations. The method
had been parametrized to yield good ionization potentials,
heats of atomization, and dipole moments for molecules.
The stabilization energy of a donor-acceptor complex has
been shown to be proportional to the ionization potential
of the donor.910 Although charge transfer could be thought
to be responsible for this effect, the main contributions
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to the van der Waals interactions for such complexes are
not from charge-transfer forces.1l

The purpose of this work is to study the results of
applying this approximate MO method which gives good
ionization potentials on molecules, to some small H-bonded
dimers and ions, and an intramolecular H-bonded molecule
which might form a symmetric structure. The systems
were chosen because there were ab initio calculations and
experimental data available for them. Our goal is to show
that the method has promise of being applicable to the
calculation of intermolecular interactions on much larger
H-bonded systems. Ab initio methods are, of course, the
preferred ones for such small systems as they are more
reliable. However, we wish to establish that this par-
ametrized method will be viable on small H-bonded
molecules and could then be extended to treat larger
systems on which ab initio calculations are impractical. It
is especially important to develop a method which can
treat biomolecular H bonding.

Method

The CNDO-structured equations of Hojer and Meza7
were used along with their suggested parameters and
orbital exponents by rewriting a CNDO program and
inserting the new equations. The main features such as
the ZDO approximation and the calculations of the
Coulomb integrals over 2s functions are retained by the
method. Optimized orbital exponents from minimal basis
set ab initio atomic calculations are used.12 The number
of one- and two-center repulsion integrals calculated is
increased because different radial exponents are employed
for each type of orbital. Thus, the repulsion integral
between an s electron in orbital p on A and a p electron
in orbital y on B is given by

1% = Tab = <2si(1)2s](2)11/r1112si(1)2sS(2)>

In this way, the proper radial dependence of the orbital
is retained as well as rotational invariance through the use
of s orbitals.

The one-center core integrals, U”, are calculated from
the ionization potential of an orbital with s radial de-

pendence by
Ip=~U,i - Z (n{ - 5s,)tsa

where nAis the occupation number of orbital | on atom
A in the ground state electronic configuration. The
ionization potential used for the first and second row atoms
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were those of Pople and Segal.’® Third row atom icnization
potential were calculated empirically by fitting the results
to observed data.

The two-center core terms V.5 are evaluated by

Var = L npvin
ieB

The off-diagonal core integrals are calculated as in the
CNDO/2 approximation

HE = 1/283(8a + Ba)

The bonding parameter 8, however, is chosen as that which
gives the optimum reproduction of binding energies,
ionization potentials, and dipole mements on small
molecules. The problems associated with the adjustment
of 3s are explained in detail by Wadt and Geddard.™

The closed shell Hartree—Fock matrix elements are then,
for orbital u with radial dependence s

Fgo=-I5+ (1= 2P, vha - Izﬁn;v’:i,« =
E

S Zngyig+ Z Pha¥a+
g2 4 £BYAR T (& Laa Taa

I sl
A:@BP;\.\ YAR
F?.l‘;) = IJ'QS;I!J(IBA + BB) - lfﬁ-ppv’Y?\!B

A subroutine to perform a geometry optimizaticn was
added to provide intermolecular angle and distance
minimization of the total energy. SCF convergence was
met when the energy was consistent to four decimal eV's.

Results and Discussion

Recent ab initio multistructure valence bond (VB)
calculations on r systems by Wormer and van der Avoird*
investigated two relative orientations of the ethylene dimer:
the stacked or parallel dimer which is prototype of charge
transfer complexes of the »—n* type, and the perpendicular
dimer which has a quadrupole-quadrupole interaction.
The latter was found to possess an energy minimum at 4.7
A. The stacked dimer was found to have no van der Waals
attraction, a result consistent with orbital symmetry rules.”
The most important contribution to the energetics was the
electrostatic interaction. Calculations using an ab initio
MO approach yielded the same results as the valence bond.
Both CNDO/2 and MINDO/3 calculations differed from
the ab initio results. Application of the CNDO/2 method
to the two geometries resulted in minima for both ori-
entations, stacked and perpendicular. The MINDO/3
calculations performed by us yielded a repulsive ground
state for both structures.

When our modified CNDO procedure was used on the
ethylene dimers, the perpendicular geometry waz predicted
by the more stable arrangement. The parallel dimer
exhibited an entirely repulsive ground state in agreement
with ab initio VB and MO calcutations? and the results of
extended Huckel procedures.’®” This encouraged us to
extend the application of this methed to cases of hy-
drogen-bonded molecular systems. The specific kinds of
H bonds to be tested were selected to be those involving
N-H, halogen-H, and intramolecular O-H.

The HCN Dimer. The hydrogen cyanide dimer in the
gas phase has been reported as linear and to have a di-
merization enthalpy of —3.28 kcal.®® Two geometric isomers
considered previously for the structure of the dimer were
the cyclic and linear orieniations. Rae® has computed the

linear H-C=N---H-C=N
eyelic fH-C=N\
N=C-H
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TABLE I: Intermolecular Distances and Energies for
the HCN Linear Dimer
H| 'C‘z ENJ"'Hn '"CsENe

Amount
af
N,---C, Dimetiza- charge
distance, tion energy, trans-
Method A keal ferred
Rae? 3.3 4.7
5TO-3G* 3.2 3.7 0.015 e
This work 2.9 4.5 0.02e
Experiment'* 3.3 3.28

minimum energy geometry of (HCN), using polarizabilities
and perturbation theory. Johansson and co-workers,?!
using an ab initio STQ-3G procedure, found the linear
dimer to be more stable than the cyelic by about 2 kcal.
The latter was very little stabilized compared to the
menomers. The monomer geometry used in the calcu-
lations was the experimental one. Table I lists the dis-
tances and dimerization energies of the linear structure
that have been calculated.

Previous CNDO/2 caleulations on (HCN), had predicted
the cyclie structure by a large amount over the linear.!®
We performed CNDQ/2 calculations on the two structures
using the optimized monomer geometry, (C-H) 1.09 A and
(C=N) 1.18 A, and found the difference in the stabilization
energies of the cyclic and linear forms to be 48 keal.
However, our method yields much better ionization po-
tentials than CNDQO/2. The ionization potential of the
molecule may play an important role in determining the
stability of dimers,* 1'% This method predicts 13.66 eV
for HCN; the ab initio value is 13.91 eV, Therefore, we
might fare better than the CNDQ/2 results. The di-
merization energies of the cyclic and linear forms were 8
and 4.5 kcal, respectively. The difference in stability
between these two structures is much smaller than that
predicted by CNDO/2. However, we are still neglecting
certain terms which may be reversing the order of stability.
Examining the experimental results, we find that four
HCN infrared bending modes were reported in N, and CO
matrices.'® This was attributed to site symmetry lowering
and not to a cyclic structure. A linear structure should
exhibit ne such vibrations.

In Table I are the results of our calculations on linear
(HCN), along with the ab initio results. The linear dimer
had a AE,,,,, of 4.5 keal. This is rather close to Rae's value
but 36% greater than the experimental value. Since Rae’s
calculation includes dispersion forces and ours does not,
it might be concluded that dispersion plays a minor role
in the stabilization of this structure and that the elec-
trostatic energy is the predeminant controlling factor. The
phenomena was proposed by Hanna®? several vears ago
for benzene and halogen complexes and by Kalos? for
interactions between polar substances.

The intermolecular distance is somewhat shorter but not
too far from the ab initio results. The amount of charge
transferred, 0.02 &7, is in good agreement with Johannson's
estimate 0.015 ™. The dimer was calculated in both eyclic
and linear arrangements using the optimized monomer
geometry. In the linear case, the N--H distance was varied
as well as the H-C bond. The latter did not show a great
cAhange from the optimized monomer value (ahout +0.01

).

The HE Dimer and the Bifluoride fon, HF,". Since
much work, both experimental and theoretical, has been
done on the (HF), dimer, we decided to investigate its
structure using this approximate technigue. The results
of the caleulations are given in Table IL
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TABLE 1I: Electronic and Molecular Structure of (HF),
from Nonempirical and Semiempirical Methods

¢ _HXN
F,-40F,
4
H, 6
F-F H-F
distance, distance,
Method A A
STO-4G?*¢ 2.55 0.92
This work 2.50 1.02
Experiment?’ 2.79 0.92
Dimerization
Method 0, deg ¢, deg energy, kcal
STO-4G* 111 4 5.2
This work 137 1.6 8.3
Experiment? 110-120 ~0 4.8
Atomic charges
This work ab initio
H, +0.23 +0.26
F, -0.19 -0.21
H, +0.23 +0.24
F, -0.27 -0.28

Pople and del Bene? used a STO-4G basis set for their
ab initio calculations on this system and found a 2.55-A
F-F distance. The experimental work was done by Dyke,
Howard, and Klemperer?” who found a 2.79-A distance
between fluorine atoms. After a complete geometry op-
timization, the dimer is here predicted to have a 2.50-A
F-F distance which is again smaller than the experimental
value but as good as the ab initio results. The H;F.F, angle
of 137° is predicted to be greater than both the reported
values of 111% and 110-120°.2 We do predict an almost
linear structure whose dimerization energy is in fair
agreement with experiment. The intramolecular bond
distances are overestimated but this is a typical feature
of CNDO-type methods. The atomic charges are essen-
tially the same as the ab initio values, therefore, the
amount of charge transferred is consistent between these
two methods. This should result in approximately the
same electrostatic energy and, if this energy is the main
“steering” factor, then roughly the same binding energy
of the complex. This apparently is the case. Our value
is 8.3 kcal compared to the ab initio value of 5.2 keal for
the binding energy.

In this hydrogen-bonded complex we find the hydrogen
distinctly belongs to one monomer. However, there are
examples in which such favoritism does not occur and the
hydrogen is located midway between the two electro-
negative atoms. In these cases the bond distance between
the two atoms is quite short, less than 2.5 A, and the
species is charged.

An example of a charged, symmetric H-bonded system
is the bifluoride ion HF, . It has a F-F distance of 2.27
A with the hydrogen located halfway between the two
fluorines.?® In hydrogen bonding between two identical
halogen atoms, canonical structures I-III can contribute

X-H-X “X:H-X* «—*X-H:X" X-H---X
I II I

to the stability.®® For bonding of the anion X~ to H-X,
the charge delocalization presented by structure II would
confer added stability, becoming important in the reso-
nance hybrid and resulting in a symmetrical geometry.
Structure I has high energy requirements. When X-H-X
is neutral, resonance delocalization would not be significant
(about 4%) and only structure III need be considered.®®
The manner in which the halogen atom approaches H-X
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Figure 1. Potential energy of HF,” as function of F-F distance from
this work.

should then influence the outcome of the symmetry. If
the proton views the X atom as an atomic dipole with
charge concentrated along the direction of newly forming
atomic hybrid orbitals then asymmetrical bonds might
result. This is apparently the case with the neutral radical
HX, since it shows asymmetry.?!* The hydrogen bond,
then, arises from dipole-type electrostatic contributions
to the resonance hybrid due to the polarizability of the
approaching atom.

Figure 1 gives the result of applying our CNDO method
to the potential energy curve of HF,. We optimized the
position of the hydrogen at every point. The minimum
is found at a F-F distance of 2.28 A, in excellent agreement
with the experimental value of 2.27 A. The H-F distance
is 1.14 A or midway between the fluorines. We found this
to be the case at every F-F distance smaller than 2.6 A.
For larger distances than this, the hydrogen is asym-
metrically located, favoring one fluorine atom. Kollman
and Allen®"® found a double well potential for F-F dis-
tances larger than 2.4 A from these ab initio calculations.
Previous ab initio calculations have reported F-F distances
of 2.25,312 2,283 and 2.46 A (corrected to 2.28 A upon
considering vibrational stretching states in a Boltzmann
distribution).’’ The ion was found to be symmetrical. The
experimental hydrogen bond energy has been given as 58
% 5% and 37 £ 2 kecal/mol.? Nonempirical calculations
found 513" and 40 kcal/mol,?® in agreement with either
experimental result. This work gives a bonding energy of
94 kcal which is greatly overestimated. However, the linear
geometry is well-predicted within the approximate
framework of this method.

The Malonaldehyde Controversy. We shall now turn
attention to an intramolecular hydrogen bond which has
been in the limelight lately, namely, that present in the
enol tautomer of the molecule malonaldehyde (MA). This
tautomer is sketched in Figure 2. Two recent ab initio
calculations have predicted C; symmetry with an asym-
metrical H bond.?>3 A third ab initio calculation®* found
C,, symmetry in which the hydrogen is located equidistant
from the two oxygens with a single minimum potential
curve. Del Bene and Kochenour® and Isaacson and
Morokuma® in their calculations on malonaldehyde
employed the same basis set (STO-3G) and scaling factors.
The first group® allowed all degrees of freedom to change,
whereas the other® constrained the C-C and C-0 bond
lengths to fixed values which were the average of a single



Geometries of H-Bonded Molecular Complexes

The Journal of Physical Chemistry, Vol. 82, No. 6, 1978 717

TABLE III: Comparison of Symmetries and the O-O Distances Predicted for Malonaldehyde

0-0 distance, A

Symmetry Barrier,
Method C; form C,, form predicted kcal Ref
ab initio 2.63 2.29 C, 11.5 32
ab initio 2.56 2.29 Cs 6.6 33
ab initio (2.38)° (2.28)° Ciy 1.1 34
CNDO/2 2.38 2.32 Cs 1.9 32
(2.416)° (2.28)* Cu 2.5 34
INDO 2.28 C.v 34
This work 2.50 2.41 Cy 1.4
Microwave spectrum 2.55 Cs 36

% Values in parentheses are from an incomplete geometry optimization of CC and CO bonds, see ref 34,

o™

AE
kcal

il
E 1
5 c.0 0.5 1.0
k

|
1
5

Figure 2. Potential energy curve for malonaldehyde as function of
geometry coordinate k. The equation r = krg, + (1 - k)r¢, at each
k vaiue is used to find the intermediate geometry between the C, and
C,, forms; ris either a bond distance or angle: (a) ab initio calculation,
ref 32; (b) ab initio calculation, ref 33; (c) this method.

and double bond and varied on.y the interior angles in a
C,, framework. If the molecule has C;, symmetry, then
it is unique since it has no charge and would be expected
to exhibit asymmetrical H bonding. In the study which
predicted C,, symmetry,3* the O-O distance was singled
out as being crucial to the predicted O-H distance.

We decided to test the ability of the present method to
predict the symmetry of the mo_ecule and the consequent
0-0 distance since electrostatic interactions presumably
play an important role in both. We found that the hy-
drogen prefers to be equidistant from each oxygen if the
rest of the molecule is constrained to C,, symmetry.
However, we did not pursue the cutoff O-O distance for
this symmetry as was done in ref 34.

To obtain the C, energy, we varied all the bond lengths
and angles subject to only two restraints: the C-H bonds
were fixed at 1.1 A and were assumed to bisect the CCC
and CCO angles of their respective carbons. Next we
performed another geometry optimization on the molecule
subject to C,y, symmetry and the previous two restraints
and obtained the C,, lowest energy structure. The C-C
and C-0O bond lengths were found to be single and double
bond averages. The initial geometries were taken from the
ab initio results.’

Table III compares the resulss of our calculations with
those of the ab initio methods, CNDO/2 and INDO. The
0-0 distance predicted for the C; form, 2.50 A, is in good
agreement with the experimental value of 2.55 A. The 0-O
distance found for the C,, symmetry is much larger than
those of other calculations 2.41 A, but compares favorably
with systems which are known to exhibit equidistant
hydrogen bond structures: for example, the hydrogen
maleate anion and H;O,* have O-O distances of 2.44 and

2.45 A, respectively.®® The rest of the optimized geometry
is presented in Table IV along with some comparisons from
nonempirical procedures.

In Figure 2, some simple potential curves from ab initio
results are compared to this work. Double minima were
obtained with a C,, maximum at 1.4 kcal above the C,
form. The C, form is predicted to be slightly more stable
than the C,, in agreement with the microwave results by
Rowe, Duerst, and Wilson® and an x-ray diffraction
study® on a similar system. The present method predicts
a smaller energy difference between C,, and C, geometries
than the ab initio.

Conclusions

The application of this semiempirical procedure to the
systems discussed indicates that this method, which yields
good ionization energies for the monomers, has a real
potential for producing fair estimates of the geometries of
H-bonded molecular systems. In applications to other
molecules, parameters may have to be adjusted to give
correct ionization energies for monomers. The electrostatic
energy influences the geometric orientation of these
complexes and much of the depth of the potential energy
well. A qualitative picture of the arrangement of some
large biological complexes might well be achieved by such
methods.
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Electron Paramagnetic Resonance Spectra of the Group 4 Hexafluoride Anion Radicalsl
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Anisotropic EPR spectra detected at 30 K in y-irradiated powdered BaGeF6 K25nF6, and BaPbF6have been
assigned to the hexafluoride anion radicals GeF63- SnF63- and PbF63~ respectively. These species are members
of a series of paramagnetic hexafluorides of the elements of groups 4-7 which constitutes one of the largest
known groups of isoelectronic free radicals. The nature of the semioccupied orbital in this type of radical is
discussed in the light of unpaired electron spin densities computed from the measured hyperfine interactions

for the hexafluorides.

Introduction

We have, in recent years, studied the EPR spectra of
various hexafluoride radicals. These have included the
neutral halogen hexafluorides,3 and the anionic hexa-
fluorides of the group 64 and group 5 elements.56 The
purpose of the present article is to report and discuss data
for the analogous radical anions of the group 4 elements:
GeF63', SnF&3, and PbFE3. In addition we shall try to
correlate the data for this group of radicals with those for
the other hexafluorides discovered earlier.

Experimental Section

The radicals GeF&3‘, SnF63- and PbF6&3‘ were prepared
by y irradiation at 77 K of powdered BaGeF6, K"SnFg, and
BaPbFg, respectively. Barium hexafluorogermanate was
prepared by dissolving Ge02 in HF and adding BaCl2
upon which BaGeF6 was precipitated.7 Potassium hex-
afluorostannate was prepared by the action of SF4on Sn02
in the presence of KC1 in a Monel vessel.8 Barium hex-
afluoroplumbate was prepared from Pb02 and BaC03
heated to 600 °C in a stream of N2to yield9BaPb03 The
latter was fluorinated with elementary fluorine in a Monel
vessel at 500 °C, yielding BaPbFg.10

EPR spectra of the irradiated compounds were exam-
ined with a Varian E12 spectrometer previously described.3
The spectrometer was equipped with an Oxford Instru-
ments liquid helium cryostat (ESR 9).

Results

The most abundant isotopes of all three elements
germanium, tin, and lead have zero spin. Since an im-
portant feature of the EPR spectra of the hexafluoride

0022-3654/78/2082-0718%$01.00/0

radicals is the central-atom hyperfine interaction it was
necessary to obtain the satellite spectra of the magnetic
isotopes 7Ge, 119Sn, and 2/Pb. In the latter case, the
spectrum of 2/PbF63 was detected in natural abundance;
the spectra of 73GeF63~and 119SnF63° were detected in
isotopically enriched samples. The spectra of 2/PbF63-and
73GeF63° possessed the characteristic anisotropic 19 hy-
perfine structure of the halogen hexafluorides,3indicative
of an Ohground-state symmetry. A successful analysis of
the anisotropic 1 hyperfine structure of 118nF63-has not
yet been achieved because of considerable deviation from
Ohsymmetry.

The 73Ge nucleus has spin 9 2 and a negative magnetic
moment. The 73Ge hyperfine interaction in GeF63' is
approximately -1780 MHz, a magnitude so large that only
transitions having positive values of m, were available. 1l
In the case of 1195n and 20/Pb (both of which have spin |
= V 2 the hyperfine interactions exceeded the microwave
frequency, so that only one “normal” EPR transition was
detectable, although a “forbidden” transition at higher
field enabled the magnetic parameters to be determined.ll
The strong central features in the observed transitions of
119SnFg3 and 20/PbF63 were analyzed for 1195n and 20/Pb
hyperfine interactions with a computerized solution of the
Breit-Rabil2 and Nafe-Nelson13 equations.

The IF hyperfine interactions in 7GeF63~and 2P bF 63~
were analyzed by the same methods which we employed
for the halogen hexafluorides.3 Although having con-
siderably larger line widths than C1F6, the 19 manifolds
of the spectra of GeF63' and 2/PbF63 were characteristic
of an octahedral arrangement of six 19 nuclei about the
central atom. In the case of SnF63 in K2SnF6 the 19
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TABLE I: Spectral Parameters for the Group 4 Hexafluoride Anion Radicals at 30 K

Magn field, G
{microwave A (central), "*F hfsc,
Radical Transition freq, MHz) 4 MH=z MHz=
*GeF, " my=0,5° 828.28
(8969.91)
my=1.5 2031.30
(8969.59) 950 + 20
m;= 3.5 4519.48 2.0038 - 1779 620
(8970.81) + 0,0010° + 50 620
mp= 4.5 5799.44
(8970.36)
1%8nF, %" 11,1y «— 11,;0° 5201.18
(8973.75) 2,0011 ~ 29745 Not resolved
n,0;~ n,-1; 11241.25 + 0.0005 + 50
(8973.78)
"PhE, > 1,05 < 1,1 5527.56
(8965.61) 2.0023 47868 700 £ 20
1,1« 11,00 8321.42 + 0.0005 + 50 310
(8965.60) 310

9 High-field designation nuclear magnetic quantum number. ® Al errors are one standard error. ¢ Low-field IF, mg}

designation of quantum states.

TABLE II: Central-Atom Hyperfine Interactions® and
ns Spin Densities for Various Hexafluoride Radicals

MF,*- MF;- MF,” MF,  MF,
M 21Al 2PSi 31P SSS SSC‘i
an 1807 2211
M{(3s) 0.52 0.39
F(2p) 0.055% 0.16
M “Ga 3Ge TAs  "Se " Br
oy -1779 9403 10222 11773
M(4s) 0.75 0.64 051 0.37
F(2p) 0.063  0.091 0.14 0.17
M IIEIn II?Sn l?lsh lisTe I??]
ay -29745 21390 -28318 17550
M(5s) 0.68 0.61  0.51 0.42
F(2p) 0.088  0.11 0.16
M zaagy wph  MBj  Po At
oy 125010 47868 36020
M(6s) 0.68 0.59 0.48

F(2p) 0.050 0.074 0.094

¢ Hyperfine interactions in MHz. P Reference 21,

manifolds were asymmetric, and the individual compo-
nents poorly resolved. We conclude that SnF¢* in this
matrix is not octahedral, and offer no analysis of the °F
hyperfine structure.

In Table I we collect the experimental data, together
with the derived values of the g factor and hyperfine
interactions.

Discussion

In Table I1 we collect together the central-atom hy-
perfine interactions of all known hexafluoride radicals.
These hyperfine interactions tend to be rather large, which
reflects the dominant contribution of the valence s atomic
arbital to the semioccupied orbital of the free radical. The
semioceupied melecular orbital (SOMO) is doubtless of a
totally symmetric representation, in most cases of the point
group O, (octahedral). This is confirmed by the equiv-
alence of the six fluorine nuclei, whose hyperfine inter-
actions have azial symmetry (except SnF¢®") with the
principal directions pointing toward the central atom.

We have estimated the central atom (M) valence s and
the F(2p) contributions to the SOMO with the atomic
parameters recently obtained’® from Herman and Skill-
man’s!® Hartree-Fock-Slater wavefunction. The pa-
rameters incorporate a relativistic correction of the

Mackey-Wood!® type. After much deliberation, we have
come to the conclusion that Mackey-Wood corrected
Herman-8killman (MWHS) parameters are the most
useful for the interpretation of EPR data.

We will discuss the matrix of radicals in Table IT ac-
cording to the horizontal grouping. Conclusions drawn
from a comparison of spin densities for radicals within a
given row (e.g., GeF*, AsF %, SeFy, and BrF,) are more
likely to be valid than those deduced from a vertical
comparison. This is because radicals in a row are genuinely
isoelectronic; columns, on the other hand contain radicals
which are only “pseudo” isoelectronic.

In each row of Table II we note (a) the M{(ns) character
of the SOMO decreases left to right, and (b) the F(2p)
character increases concomitantly. Since electronegativity
in M also increases left to right, we can legitimately assume
a relationship between M(ns) character and the electro-
negativity of M. The “inverse” nature of this relaticnship
arises from the antibonding nature of the SOMOQ, which
is composed primarily of an antibonding combination of
M(ns) and the six F(2p) atomic orbitals (we neglect here
the very small F(2s) contribution). As electronegativity
in M increases, M character in the bonding orbitals in-
creases, whereas M character in the SOMQ and other
antibonding orbitals decreases. Of course, this is not a new
effect;'? but it is gratifying to see it in such a large array
of radicals, and its observation lends credence to the
MWHS parameters on which it is based.

Table II also demonstrates a discrepancy in the total
spin count, which is everywhere in excess of unity. The
excess varies from 0.02 for BiFg2 to 0.39 for BrF,. In fact
it is 0.35 or more for all three halogen hexafluorides.
Rather than associate this discrepancy with errors in the
MWHS parameters, we have suggested elsewhere? that it
is due to negative spin density in M(np) atomic orbitals.
INDO calculations which we carried out for SFe~ and CIFg
vielded? estimates of 0.077 and 0.092 for the negative spin
density in each 3p,, 3p,, and 3p, atomic orbital of sulfur
and chlorine, respectively. These values are of the correct
order of magnitude to account for the excess positive spin
density in CIF;, and also suggest lower negative spin
densities in M(np) orbitals on the left-hand side of Table
II. This would explain (positive) spin counts closer to unity
on that side of the table.

Elsewhere,'® we have drawn a comparison between
TIFs*, PbF¢* and the impurity centers TI**, Pb* in alkali
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halide crystals.1920 The comparison shows that, from the
point of view of their central-atom hyperfine interactions,
which are isotropic and of magnitudes comparable to those
of TLF6&4 and PbF63-, a molecular description is entirely
appropriate. The anisotropy in the “ligand” hyperfine
interaction also favors a molecular description. For this
reason we have included in Table Il data for Si3+in LiF.2L
Its 19F hyperfine anisotropy is quite compatible with the
other data when converted to a F(2p) contribution to the
SOMO, although it is regrettable that no 26i hyperfine
satellites could be detected for this species. A prediction
of the 29Si hyperfine interaction can be made from Table
Il and the MWHS atomic parameters:14 -3700 + 300 MHz.
The failure2l to detect 2Si signals in samples where the
signal/noise ratio for the main spectrum was ~100:1 casts
doubt on the identification of silicon as the impurity el-
ement.
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Electron Paramagnetic Resonance Parameters of Copper(ll) Y Zeolites
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The number of electron paramagnetic resonance (EPR) parameters for copper(ll) ions held in lattice positions
in dehydrated low exchanged sodium Y zeolites, as well as the relative intensity of each set of g values observed
in the spectrum, was found to vary as a function of evacuation time at ambient temperature prior to activation.
The usual procedure of evacuating the sample for 15-60 min before beginning the thermal treatment in hourly
increments resulted in the following parameters for low Cu(ll) exchanged Y zeolites: gjl1= 2.38(110), gx’ =
2.06(20), gl2= 2.30(175), g+2= 2.03, and in some cases g|3= 2.36(125), where the numbers in parentheses are
the observed hyperfine splittings (in Gauss). Prolonged evacuation of the low Cu(ll) ion exchanged Y zeolites
yielded gj]l = 2.37(125), g+l = 2.06(20), giji2 = 2.32(160), and g+2= 2.03 following dehydration to 400-500 °C.
Parameters similar to the latter values were obtained for highly ion exchanged Cu-Y zeolites following partial
reduction with hydrogen or carbon monoxide, as well as upon partial reoxidation of the latter samples with
oxygen or nitric oxide. The second set of EPR parameters is attributed to copper(ll) ions located in sites in
the small cages, while the gland g2subsets of the first group are due to copper(ll) ions localized in the zeolite
supercages. Most of these sites provide a distorted trigonal environment for the divalent copper ions. By
correlating the zeolite treatments reported in the literature to the present results, the disparity among previously

given EPR parameters for Cu(l1)-Y zeolites can be explained in most cases.

Introduction

Metal cation exchanged zeolites are successful catalysts
for a wide range of chemical reactions. The metal atoms
or ions are the active sites, and many of those having
unpaired electrons have been characterized by electron
paramagnetic resonance (EPR). The resultant spectra
have been used to interpret the oxidation states of the
lattice-held ions and the degree of complexation by various
ligands. Of current interest are the transition metal ion
exchanged zeolites, and the systems consisting of the first
row transition metal ions in Y zeolite, viz., chromium,2
manganese,34 iron,56 cobalt,79 nickel,210 and copper,10-2
have been the most intensively studied by EPR. Because
of the numerous lattice sites that these ions can occupy,
speculation as to the location of these cations in the

0022-3654/78/2082-0720S01.00/0
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dehydrated Y zeolites, with the exception of Mn(l1),34is
not usually made. It is generally accepted that the cations
in the hydrated zeolites exist as rather free aquo complexes
located mainly in the supercages of the zeolite structure.

Unfortunately, little EPR data have been obtained for
transition metal containing A zeolites. Due to the sim-
plicity of the A zeolite structure, there are only three
nonequivalent sites occupied by monovalent cations, but
only one of these general sites (in or near the six rings)
usually stabilizes divalent cations.23 By using diffuse
reflectance spectroscopic methods or single crystal x-ray
structure determination techniques, the location of Cr(ll),24
Mn(11),5Co(11),827 and Ni(l1)28in dehydrated A zeolites
has been asserted. The bare cations are found to be lo-
cated near the center of the six-ring windows and to be
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EPR Parameters of Cu(ll)-Y Zeolites

TABLE I:
% Cu(ll)
exchanged £111 8i
1 2.377(129) 2.062(20.5)
2
4 2.35(120) 2.058
4 2.38(108) c
5 2.386(130) 2.084(16)
7 2.37(120) 2.07(22)
10 2.38(107) 2.06
11 2.26(130) 2.062(20)
14 2.38(130) 2.06(13)
14
14 2.382(137)d 2.077(15)d
14 2.38(126) 2.08
17 2.38(108) c

° The dehydration procedures used are as follows in order of reference numbers:
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Experimental EPR Parameters Reported for Copper(ll) in Dehydrated Low lon Exchanged Y Zeolites“’'6

8IR 812 Ref
2.325(160) 11
2.33(170)d 2.06 12
2.31(175) 2.058 13
2.30(175) 14
2.323(176) 2.048(24) 15
2.32(160) 2.06 16
2.30(175) 17
2.32(154) 18
2.31(153) 19
2.346(160)d 2.071(16.4)d,e 20
2.328(171)d 2.06(26)d 21
2.32(162) 2.05(22) 22
2.30(175) c 14

(11) heat at 383 K in air for 8 h,

increase temperature to 473 K for 8 h, and then heat in 0 2 at 673 K for 72 h; (12) heat at 673 K; (13) heat at 423 K; (14)
evacuate and then heat to 673 K stepwise under a dynamic vacuum; (15) evacuate at 343 K; (16) evacuate overnight and
then heat to 773 K; (17) evacuate 1 h and then heat to 773 K stepwise under a dynamic vacuum; (18) evacuate at 373 K,
add 0 2, and then evacuate stepwise to 773 K; (19) not given; (20) evacuate and then activate stepwise to 673 K under a
dynamic vacuum; (21) heat to 623 K and evacuate 2 h; and (22) evacuate and heat to 472 K in 4-5-h under a dynamic
vacuum. 6 Numbers in parentheses are the observed hyperfine splittings (in Gauss unless stated otherwise, 1 G = 1.070 X

104 (ge/g) cm”1). c Observed, but the g value was not given.
strong line at g « 2.05 was also observed.

d Hyperfine splitting is given in units of 104cm-1. e A

TABLE II: Chemical Composition (mequiv g”1) of the Hydrated CuY Zeolites
Cu(ll)
Sample Found Calcd“
CuY-0 0.000 0.000
CuY-1 0.033 0.032
CuY-2 0.068 0.070
CuY-4 0.136
CuY-10 0.316 0.314
CuY-17 0.555
CuY-32 1.028
CuY-60 1.932
CuY-68 2.167 2.170

Na+

Found Calcd“ % Cu(ll) per unit i
3.21 3.21 0.0 0.0
3.16 3.18 1.0 0.3
3.07 3.13 2.2 0.6
4.3 1.2

2.90 2.89 9.8 2.7
17.4 4.9

32.0 9.0

60.2 16.9

1.03 1.03 67.8 19.0

° The values were calculated from the chemical composition of the parent NaY zeolite and the percent copper(ll) (column
6). The degree of hydration was found to be approximately the same for all of the samples (» 260 H2Q/unit cell).

coordinated to three oxygens in the ring. This results in
the approximate D3 ligand field symmetry around the
cations.

This symmetry, as well as others, is also possible to
attain in the Y zeolites. X-ray structure determinations
have been carried out for a dehydrated Cu(ll) Y zeolite
(from powder photographs)® and for hydrated and
dehydrated Cu(ll)-faujasite.3 In both studies, it was
found that the copper(ll) ions strongly preferred site I' (site
FA in the latter work), which has approximately D&
symmetry. No attempt has been made to correlate the
structural data with EPR results. This might be due to
the great variance (shown in Table I) between EPR pa-
rameters obtained by different research groups working
with similar Cu(l1)-Y zeolites. It should be noted that the
structural studies made use of highly exchanged zeolites,
while most EPR investigations used low exchange levels
so that the paramagnetic ions were distributed widely
enough to prevent the pairing of copper spins.

The present study was undertaken to correlate sample
treatment with the resultant EPR parameters, to clarify
the assignment of the parameters to the spectra, and to
extend our knowledge of actual copper(ll) ion locations
in low exchanged Y zeolites.

Experimental Section

Materials. CuNa-Y samples with various Cu(ll) con-
tents were prepared from a Linde Na-Y zeolite (lot no.
13544-76). This zeolite was ion exchanged with Cu(N-
0 323H solutions of different concentrations in order

to obtain samples with different Cu(ll) contents. The
general procedure was to add the zeolite to the Cu(ll)
solution such that the ratio of solution to solid was 20
cm3g, stir continuously for 4 h at ambient temperature,
and then filter the solution and wash the collected zeolite
10 times using a total of 20 cm3 of H2D /g of solid. The
zeolite was subsequently dried at ambient temperature in
an open vessel placed in a fume hood. The Cu(N032
content of the solution determined the final solution pH,
as well as the amount of Cu(ll) ion exchanged into the
zeolite, e.g.,, 0.01 M Cu(ll): pH 7.1 and CuY-10. The
samples are denoted as CuY followed by a figure showing
the exchange level of Cu(ll) in percent of the total cation
exchange capacity. The CuY-2 sample was prepared from
a zeolite-0.01 M Cu(ll) solution that was made alkaline
by the addition of 0.1 M NaOH (final pH 9.0). CuY-68
was obtained by equilibrating the zeolite consecutively with
two portions of 0.10 M Cu(ll). The composition of the
samples is given in Table Il. The copper(ll) concen-
trations were determined by atomic absorption mea-
surements following back-exchange of the zeolites by Ag(l).

The sources and purification of the gases used have been
previously reported.I7

Sample Treatments. In the usual activation procedure,
the zeolites were degassed to either 400 or 500 °C under
vacuum (ICT* Torr) in a conventional EPR batch cell (cell
volume to zeolite mass ratio «200 cm3/g). The temper-
ature was raised hourly in 100 °C increments after first
evacuating the cell for 0.5-1 h at room temperature.
Following this, oxidation was usually carried out at the
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maximum dehydration temperature with 50-400 Torr of
0 2for a short period of time. This treatment was usually
applied to samples prepared as thin platelets,14 but
identical EPR parameters were obtained when the treated
zeolites were in powder form.

Three of the Cu-Y zeolites were subjected to prolonged
dynamic evacuation (10-4 Torr) at ambient temperature
before being thermally dehydrated using the temperature
programming given above. Following various periods of
the initial evacuation, the samples were cooled to 77 K and
EPR spectra were obtained. After warming to room
temperature, the evacuation was continued. Water vapor
was added to the samples in 20-Torr portions following the
thermal activation. In this series of experiments, powdered
zeolites were used.

In another set of experiments, the samples were sub-
jected to various reduction and reoxidation treatments
after dehydration. In the Results section, reference will
be made to the following reduction procedures: (l) activate
to 500 °C and reduce with 50 Torr of H2at 500 °C for 3
h; (I1) reduce with 300 Torr of H2at 500 °C for 18 h; (I111)
dehydrate to 400 °C, oxidize with 50 Torr of 0 2for 0.25
h at 400 °C, and reduce three times with 300 Torr of H2
for 1 h at 200 °C; (1V) dehydrate to 200 °C and reduce at
200 °C with 300 Torr of H2for 2 h; (V) activate to 400 °C
and reduce with 400 Torr of H2at 200 °C for 0.25 h; (VI)
dehydration to 500 °C, equilibration with 300 Torr of CO
at 500 °C for 3 h, evacuate 2 h and equilibrate with 23 Torr
of NO for 2 h, evacuate and add 265 Torr of CO at 500 °C,
equilibrate for 2 h and then evacuate 0.5 h; (VII) dehy-
dration at 400 °C and reduction by six treatments at 400
°C with 400 Torr of CO (total reduction time 66 h); and
(V1) oxidize with 500 Torr of 02 evacuate, and then
reduce with 300 Torr of CO at 500 °C for 3 h. The re-
oxidation treatments used were the following: (I1X) heat
for 3 h at 500 °C in the presence of 50 Torr of 02 (X)
oxidize with 300 Torr of 02 at 500 °C for 18 h; (XI)
equilibration with 20-22 Torr of NO at ambient tem-
perature; (XI1) add 43 Torr of NO and equilibrate at
ambient temperature for 14 h; and (XII1) equilibration
with 30 Torr of NO at 25 °C for 0.5 h.

EPR Spectroscopy. The EPR spectra were obtained at
77 K with a Varian E-6S spectrometer equipped with a
TE I®mode cavity as described previously.17 The g values
are reported relative to a 2,2-diphenyl-I-picrylhydrazil
(DPPH) or phosphorus-doped silicon standard or to a
sample of pitch in KC1. Usually the estimated error in the
g values is £0.005 and in the hyperfine splittings is +2 G.
However, the estimated errors in the parameters for CuY-1
and CuY-2 are approximately double these figures. Spin
concentrations were determined by numerical double
integration of the spectra and comparison to a reference
spectrum obtained with a single crystal of copper(ll)
sulfate.

Results

The preparation of Cu-Y zeolites by ion exchange in
agueous media is a rather straightforward procedure, but
a diverse range of treatments can be used to prepare the
materials for subsequent chemical, spectroscopic, and
catalytic studies. In the present work, the influence on
the resultant EPR parameters of CuO in or on a Cu-Y
zeolite will be described. The changes in the EPR pa-
rameters, especially the parallel hyperfine splittings,
obtained for activated Cu(ll) ion exchanged Y zeolites for
which the duration of evacuation at ambient temperature
prior to dehydration was varied will be presented. These
parameters will be compared with those obtained by
partial reduction of the copper ions with hydrogen or
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Figure 1. The variation of magnetic field position of the g + hyperfine
ines of CuY-10 as a function of sample treatment. The final treatment
consisted of equilibration with water vapor for 1 h followed by evacuation
at 295 K for 46 h. Y is the maximum estimated error (see the Ex-
perimental Section) in the g values, several of which are designated
by arrows.

carbon monoxide and with those observed after partial
reoxidation of the zeolites by oxygen or nitric oxide.

Cu-2 Containing CuO. The air-dried Cu-Y zeolites,
except CuY-2, were all light blue with a gradation from
nearly white (CuY-1) to a definite blue (CuY-68). CuY-2
was a light brown or tan in color. This sample had been
prepared in a solution where the pH had been artificially
adjusted to a value of 9, and this resulted in the precip-
itation of the copper that remained in solution following
partial exchange of the zeolite. The initial color of the
precipitate was light blue, but the color turned to light
brown upon air drying at slightly higher than ambient
temperature. The zeolite did not change color upon
back-exchange overnight in the dark at approximately 70
°C with silver ions.

The tan color is assumed to be due to CuO, probably
in a hydrated state, formed in or on the zeolite. The
guantity of this oxide was calculated to be about 0.012 g/g
of anhydrous zeolite, but an x-ray powder diffraction
pattern of the hydrated sample failed to demonstrate the
presence of any crystalline CuO. A portion of anhydrous
Na-Y mixed with black 100% CuO (Baker Analyzed) in
the proportions given above gave a diffraction pattern of
CuO that could be seen only very faintly above the
background. The appearance of the mixed sample was an
off-white light grayish color. Upon activation of the ion
exchanged zeolite sample, a dark grayish color resulted and
a set of weak lines corresponding to CuO was detected in
the x-ray diffraction pattern of the sample. The presence
of CuO in or on the CuY-2 zeolite did not interfere with
the EPR analysis of the lattice-held divalent copper ions.

Evacuation and Thermal Treatments. A wide variety
of activation (dehydration) procedures had been previously
employed for Cu-Y zeolites, as is evident from Table I.
Some of those involved long periods of evacuation prior
to heat treatment, while others used short evacuation or
even no evacuation at all. Therefore, the effect of varying
the duration of evacuation previous to the activation was
studied. The air-dried low exchanged Cu-Y zeolites ex-
hibited one set of g values with no hyperfine splitting
(designated as |A]) observed in the gXx region. Upon
evacuation at ambient temperature, a second set of EPR
parameters arose, and following prolonged evacuation this
became the dominant set. As indicated in Table IlI, g2
consisted of a single strong line. This line became more
intense than the signal by 6 h of evacuation for CuY-1
and by 18 h of evacuation for CuY-10. Figure lindicates
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TABLE III: Experimental EPR Parameters® Obtained for Cu(II)-Y Zeolites upon Prolonged Evacuation
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Treatment® g1’ g’ g’ g’ g.°¢
A. CuY-1
1 min 2.371(120) 2.042¢
2h 2.373(122) 2.057(14) 2.029
27h 2.364(120) 2.057(16) 2.332(150) 2.025
92 h 2.057(18) 2.324(150) 2.025
100°C,1h 2.059(17) 2.320(150) 2.023
Activated 2.342(138) 2.059(16) 2.021
+ H,0°¢ 2.377(122) 2.060(18) 2.022
18 h 2.055 (18) 2.336(150) 2.024
B. CuY-2
1 min 2.360(136) 2.051¢
0.75 h 2.369(122) 2.063(18) 2.033
15h 2.372(120) 2.065(18) 2.318(160) 2.030
40 h 2.372(120) 2.067(19) 2.314(162) 2.030
65h 2.369(120) 2.064(19) 2.306(165) 2.028
184 h 2.361(123) 2.060(19) 2.305(166) 2.025
Activate! 2.065(16) 2.311(155) 2.025
+ H,0¢ 2.36(135) 2.05¢
16 h 2.364(120) 2.062(17) 2.314(160) 2.028
40 h 2.363(123) 2.061(17) 2.307(168) 2.026
C. CuY-10
1 min 2.393(121) 2.0653¢
1.5h 2.370(124) 2.055¢
18 h 2.365(121) 2.063(18) 2.313(162) 2.026
103 h 2.367(120) 2.064(20) 2.316(160) 2.026 2.011
219 h 2.369(121) 2.069(21) 2.320(159) 2.031 2.017
306 h 2.377(120) 2.074(23) 2.328(158) 2.034 2.013
465 h 2.376(118) 2.074(23) 2.325(158) 2.034 2.013
100°C, 1 h 2.377(122) 2.061(20) 2.326(161) 2.028
Activate/# 2.378(124) 2.060(20) 2.325(164) 2.025
+ H,0° 2.392(130) 2.056°
46 h 2.372(119) 2.056(20) 2.320(161) 2.027

2 Numbers in parentheses are the hyperfine splittings (given in Gauss). ? Time listed is the total duration of evacuation

at ambient temperature. € The given g value indicates the center of the perpendicular signal.

d Heated to 673 K stepwise

under a dynamic vacuum, oxidized at 673 K for 5 min with 400 Torr of O,, and then evacuated for 1 h at the same
temperature. € Equilibrium water vapor pressure = 20-22 Torr; equilibrate for 1 h. [ Heated to 773 K stepwise under a
dynamic vacuum. £ Oxidized for 2 h at 773 K with 50 Torr of O, and then evacuated for 68 h.

200 G

Figure 2. The EPR spectra obtained at 77 K for CuY-10 after being
evacuated at ambient temperature for 465 h (A) and then subsequently
being activated at 773 K (B) using the stepwise dehydration procedure.
The sharp line at high field is due to the phosphorus-doped silicon that
was used as a g value marker.

that for CuY-10 the g, ? signal appeared (as a shoulder)
before the g, ' line was split by hyperfine interactions,
which occurred after 18 h of evacuation.

From Table III, it is evident that the value of g, ? de-
creased slightly for CuY-1 and CuY-2 as evacuation
proceeded. However, it increased for CuY-10, and this
increase was accompanied by the appearance of an ad-
ditional line in the g, region. This latter signal (g, 2
appeared after about 48 h of evacuation and grew from a
shoulder to the most intense line within 15 h. After 200
h of evacuation, g, * was a weak signal that almost dis-
appeared as is shown in Figure 2A.

In general, only a slight shifting of the EPR parameters
occurred during the evacuation at 25 °C, but definite
changes were noticed in the spectra upon activating the
samples to 400-500 °C. The spectrum obtained upon
activation of CuY-10 is given in Figure 2B, and the EPR
parameters are listed in Table IIIC. Upon rehydration,
the sets of g values collapsed into one set and the spectra
resembled those of the starting hydrated zeolites. For
CuY-1 and CuY-2, the Mn(II) that was present in the
samples as an ion exchanged impurity produced a spec-
trum (in particular, the first line of the six-line spectrum)
which was observable after the rehydration, while for the
initial samples it was observable only with CuY-1.

The EPR parameters of the three activated samples (see
Table III) were quite different. In contrast, Table IV
shows that activation of low exchanged Cu-Y zeolites at
400-500 °C after a brief evacuation yielded g and JA] values
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TABLE 1V: g Values and Hyperfine Splittings“ (in G) for Cu-Y Zeolites Dehydrated at 400-500 °C Following a

Brief Period of Evacuation (<1 h)
Sample gl all2 giB gi' gl2b
Cuy-1 2.378(108) 2.044(21) 2.055(17) 2.027
CuY-2 2.380(110) 2.039(18) 2.051(15) 2.022
CuY-4 2.380(110) 2.300(175) 2.049(21) 2.060(18) 2.030
CuY-10 2.383(108) 2.308(174) 2.36(123) 2.060(20) 2.073(19) 2.040
CuY-17 2.386(108) 2.300(175) 2.36(125) 2.058(20) 2.059(20) 2.037

“ The numbers in parentheses are hyperfine splitting values.

that were nearly identical. In addition, the parallel hy-
perfine splittings belonging to the most intense lines (gnl
and g2 were entirely different from the splittings listed
in Table I1l. Magnifying the spectra by increasing the
receiver gain of the spectrometer resulted in the detection
of a third set of hyperfine splittings (A{@. The evacuation
technique used was particularly important in determining
the EPR parameters. For example, following the evac-
uation of CuY-10 for only 2 min and then allowing the
sample to stand at ambient temperature for 23 h, EPR
analysis yielded 0\= 2.379(131) and gx = 2.056, where the
number in parentheses is the hyperfine splitting in units
of Gauss. After activation to 500 °C, the spectral parallel
components were gjl= 2.371(121) and gj2 = 2.304(158),
which are approximately the same parameters as those
obtained following prolonged evacuation and subsequent
activation.

Reductions with Hydrogen. The above zeolite sample
was reduced using reduction procedure I, and the resulting
spectrum is shown in Figure 3A. The Cu(ll) concentration
was calculated from the spectrum to be approximately 0.15
Cu(I)/unit cell (corresponding to CuY-0.5), and the EPR
parameters were observed to be gj1= 2.364(121), g™1=
2.060(20), g«2= 2.324(160), and gx2= 2.025. The low-field
{ml = -3/2) components of the two g values appeared to
be resolved, and this agreed with the hyperfine splittings
indicated. However, the resolution might be due to or
enhanced by resolved hyperfine splittings for the 6Cu
isotope (31% abundance) that are approximately 7%
larger than the splittings due to 63Cu, although such
resolution is not noted for the high-field parallel com-
ponents. From the g% lines, it is apparent that the glsignal
was more intense than the g2line. Upon evacuation for
26 h at ambinet temperature, the entire spectrum de-
creased in intensity. In addition, the g+2line decreased
greatly in intensity while a signal (g+3 atg = 2.017 grew
to be about as strong as g+l. No particular change in the
AN\ region of the spectrum was evident. Reoxidation using
procedure IX led to complete restoration of the activated
Cu(l1)-Y spectrum with EPR spectral components in the
parallel region of Ajl= 120 G and Af = 160 G.

A fresh portion of CuY-10 was evacuated briefly and
then activated at 500 °C, and the resultant spectrum
yielded the EPR parameters given in Table IV. The
sample was then reduced using reduction procedure Il and
reoxidized after evacuating for 0.25 h at the elevated
temperature by using reoxidation procedure X. The re-
duced sample was bright reddish-pink (x-ray powder
diffraction demonstrated the presence of metallic copper
crystallites having diameters of at least 30 nm when an-
other portion of CuY-10 was activated and reduced using
the same procedure) and did not exhibit an EPR signal.
The reoxidation converted 74% of the copper to divalent
copper held in lattice sites, as determined from the in-
tensity of the EPR spectrum, and the EPR parallel pa-
rameters of the reoxidized zeolite were gj1= 2.380(109) and
g = 2.302(172). After subjecting the sample to reoxi-
dation procedure X for a second time, an EPR spectrum

b The g value is obtained from the center of the line.

Figure 3. The EPR spectra of hydrogen reduced samples of (A) CuY-10
and (B) CuY-68 that were treated as follows: (A) reduction procedure
| after equilibrating in vacuo for 23 h and (B) reduction procedure I11.

with unchanged parameters was obtained with an intensity
equivalent to 92% of that obtained with the initial acti-
vated sample. Although the sample appeared light gray,
x-ray diffraction analysis failed to show the presence of
CuO.

After evacuating for 1 h at room temperature, a sample
of CuY-68 was reduced using reduction procedure 111, and
the H2was then evacuated at 200 °C for 0.25 h. The EPR
spectrum shown in Figure 3B was obtained, where the
calculated Cu(ll) concentration was 0.4 Cu(ll)/unit cell
(equivalent to CuY-1.4), and the experimental parameters
were g,,1= 2.361(126), g+l = 2.059(20), g,,2 = 2.315(155),
and g+2= 2.023. The latter set of g values was the more
intense set and no evidence of gx3 = 2.017 was found.
After recording the above spectrum, the sample was
completely reduced at 400 °C with hydrogen and then
reoxidized for 5 days according to procedure XI. The
subsequent EPR spectrum indicated the Cu(ll) content
at lattice sites to be equivalent to CuY-1.5; the observed
parameters were g»1= 2.371(125), g+*= 2.066(19),gf =
2.322(156), and gx = 2.033. The same parameters were
obtained by reduction of CuY-68 according to procedure
1V following a 1-h evacuation.

A sample of CuY-60 was activated to 500 °C, completely
reduced using reduction procedure Il, and evacuated for
1 h at the elevated temperature. After adding oxygen at
approximately 450 °C, reoxidation procedure IX was
carried out. At the given pressure of oxidant, less than
50% of the copper was reoxidized to Cu(ll). The resultant
EPR spectrum indicated that approximately 50% of the



EPR Parameters of Cu(ll)-Y Zeolites

The Journal of Physical Chemistry, Vol. 82, No. 6, 1978 725

TABLE V: EPR Parameters” for the Spectra of CuY-10 Shown in Figure 4

Spectrum «l1 «i
A 2.374(126) 2.0836
B 2.385(109) 2.054(13)
C 2.385(109) 2.051(13)
D 2.380(110) 2.052(13)

1 «i
2.305(172) 2.0256
2.304(170) 2.0256 2.367(122)

“ The numbers in parentheses are the hyperfine splittings (in Gauss). b The g value indicates the center of the

perpendicular line.

9h,)

Figure 4. The EPR spectra of CuY-10 observed after the following
consecutive treatments: (A) evacuation at 298 K for 0.5 h; (B) reduction
procedure VI and reoxidation procedure Xll; (C) heating at 473 K for
0.5 h; (D) evacuation for 0.5 h at 473 K and then 0.5 h at 573 K; (E)
evacuation at 773 K for 16.5 h; and (F) reoxidation procedure XIII.

reoxidized copper existed as spin-paired copper ions with

= 2.16 and with the remaining copper ions having
spectral parallel components of 128 G (Ajl) and 159 G
(All12. For comparison, CuY-32 was reduced to CuY-17
using reduction procedure V. The EPR parameters were
g»1= 2.359(124), gLl = 2.059(20), {|2= 2.306(157), and gL2
= 2.022, where the glset was more intense than the g2set.
The «av values corresponding to the g1 and g2 sets of
parameters for the three partially hydrogen-reduced
samples were 2.160 + 0.001 and 2.121 + 0.004, respectively,
where «av = @\ + 2g+)/3.

Reductions with Carbon Monoxide. The partial re-
ductions described above were carried out using hydrogen
gas as the reducing agent, while the following reductions
were carried out using carbon monoxide so that water
could not be formed. After evacuating for 0.5 h, CuY-10
was reduced using procedure VI and reoxidized by pro-
cedure XII. The spectra obtained for the QN\region are
shown in Figure 4. No Cu(ll) signal was observed after
the reduction and, although the sample was white, the
distinctive EPR spectrum of the Cu+~NO complex3l was
not apparent upon the addition of NO as the oxidant. The
reasons for this have been discussed elsewhere.l7 The
signal marked by the light vertical line in Figure 4 is the
first line of the Mn(Il) spectrum. The amplifications of
spectra B and C and of spectra D, E, and F are approx-
imately 64 and 51 times, respectively, that of spectrum A.
The set of splittings corresponding to «|]3disappeared upon
addition of NO but reappeared upon equilibration for 3

Figure 5. The EPR spectra of CuY-60 following stepwise activation
to 773 K (A), oxidation with 02, and subsequent reduction with CO at
773 K for 3 h (B).

days. Following a 0.5-h heat treatment at 200 °C, mass
spectrometric analysis showed that part of the NO had
been converted into N2 (along with a small quantity of
N20). After evacuation of these gases, gf was quite
pronounced. The EPR parameters of the spectra in Figure
4 are listed in Table V, and it can be noted that two g+
values were observed, but a third could not be discerned.
Reducing a CuY-60 sample using reduction procedure
VII, a sample corresponding to CuY-2.4 was obtained that
exhibited the following EPR parameters: «jl= 2.378(123),
g+l = 2.073(20), |2 = 2.325(159), and g j = 2.035. The
intensities of the two sets of « values were approximately
equal, and the spectrum indicated that no spin-paired
copper was present. This sample was then completely
reduced with CO at 500 °C and subsequently reoxidized
using procedure XI. After 20 h, a Cu(ll) EPR signal was
barely visible above the very strong Cu+-NO spectrum.
After standing for 68 h, an evacuation was carried out for
2 h, which destroyed the Cu+NO complex and yielded a
Cu(ll) signal proportional to that of CuY-3. The two sets
of parameters of similar intensity were «j1= 2.378(123),
« | = 2.071(19), «],2= 2.320(155), and «+2 = 2.038.
Beginning with a fresh sample of CuY-60, activation was
carried out to 500 °C after a 1-h evacuation period. The
resultant EPR spectrum was typical of Y zeolites highly
exchanged with Cu(ll) (@t= 2.16) and is shown in Figure
5A. Reduction procedure VIII was then carried out, and
spectrum exhibited in Figure 5B was subsequently ob-
tained. The indicated hyperfine splitting values were Ajl
= 128 G and Aj2 = 154 G, while the isotropic line dem-
onstrated that spin-paired copper ions were still present.
Analysis of the gas phase over the reduced zeolite by mass
spectrometry showed that C02had been formed during
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the reduction. The remaining Cu(ll) ions were reduced
by two more CO treatments and then reoxidation pro-
cedure 1X was applied. The intensity of the EPR spectrum
that resulted was intermediate between those of the
spectra in Figure 5, while the A values observed after the
first CO reduction were regenerated. Spectrum 5B ap-
proximates those obtained by partial reduction and partial
reoxidation of CuY-60 using hydrogen.

Discussion

Evacuation of Cu-Y Zeolites. Upon evacuation of the
low exchanged zeolites, e.g., CuY-1, CuY-4, and CuY-10,
for 1 min to remove oxygen from the sample cell, a rather
uniform set of EPR parameters were usually obtained, viz.,
gy = 2.38 + 0.01, gx = 2.05 + 0.001, and Ay = 122 + 3 G.
However, as observed in Table 111, a hyperfine splitting
of 136 G was found for CuY-2, but upon further evacuation
the value decreased to approximately 120 G. Upon re-
peating the experiment with a fresh portion of CuY-2,
identical results were obtained. Similar high initial
splittings for CuY-10 and CuY-32 were obtained (135 G
in each case) by evacuating the sample cell for only 0.25
min instead of 1 min. The latter hyperfine splitting value
was also observed for these materials when the evacuation
step was eliminated. Therefore, the presence of CuO in
or on CuY-2 seemed to influence the hyperfine splitting
value observed in the EPR spectrum after a brief evac-
uation, perhaps by hindering and delaying the removal of
water from the supercages of the zeolite.

The set of parameters with values of gy « 2.38(135), g+
« 2.05, and gav« 2.16 is assigned to the hexaaquocopper(l1)
complex. For comparison, Cu(H2)62+ in a 60% glyce-
rine-40% water mixture at 253 K was found to have gav
= 2.199 withgy = 2.400(~137) andgx = 2.099(~13).2 It
is evident that the present experimental gavvalue is lower
than the frozen solution value,and it is also lower than
the gav values of 2.192 and of 2.194 attributed to the
hexaaquo complex exchanged into Dowex 50W.33%4
Evacuation of the zeolites for 1-2 h resulted in the an-
isotropic spectrum with the approximate EPR parameters
of N\ = 2.37(122), gx = 2.06(18), and gav = 2.16. This
spectrum might be due to Cu(ll) ions in a more-or-less
square based penta-coordinated environment. Upon
prolonged evacuation, a third set of parameters arose (see
Table I11) with gav = 2.12-2.13. This set is attributed to
the tetraaquocopper(ll) complex, and the gavvalue can be
compared with that of gav = 2.135 for the square-planar
Cu(NH342+complex in Y zeolites.14 The aquo complexes
were not observed to be in a solution-like environment in
these zeolites insofar as dynamic Jahn-Teller distortions®
and rapid tumbling3 did not average the anisotropy nor
appreciably broaden the spectra even at room temperature.
It should be pointed out that gavis the pseudoisotropic
value of g[ that would be found at ambient temperature
in solution when the viscosity is such as to allow the
molecules to tumble freely. This assumes that no change
in structure or bond lengths occurs upon freezing.

Addition of axial ligands to a square-planar copper (Il)
complex leads to an increase in the value of g and a de-
crease in A J(when the magnitude of A] is negative, as it
is for most copper(ll) complexes). Considering the pa-
rameters observed for the hexaaquo and tetraaquo com-
plexes, values of \= 2.35-2.38 and Ay < 160 G would be
expected for a square-pyramidal-type of pentaaquo-
copper(H) complex. Considerable error might be involved
in these estimates because the fifth ligand would tend to
pull the copper ion out of the plane of the four equatorial
ligands, and this should result in a decrease in the in-plane
bonding strength, which would lead to an increase in the
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g values. The effect on the hyperfine splittings is less
certain. Analogous to this treatment would be the situation
where one of the weak axially coordinated water ligands
would be replaced by a stronger ligand. This might be the
case if the pentaaquo complex were attracted to the zeolite
skeletal wall in the sixth coordination site, such as might
occur when much of the zeolitic water is removed by
evacuation at ambient temperature for a short time. Thus,
in fact, the Cu(ll) ion is probably still six coordinate, but
the interaction with the zeolite results in nonequivalent
axial ligand fields and produces a pseudo-five-coordinate
environment around the copper ions.

In addition to the EPR parameters attributed to the
agquo complexes, a symmetric line at g = 2.27 with a
peak-to-peak width of «<100 G appeared after evacuating
CuY-2 for about 15 h. This line grew in intensity for the
next 50 h, after which the intensity became constant. This
g value is the same as that reported for CuO.37 Upon
activating the zeolite to 500 °C for 3 h under a dynamic
vacuum, the signal disappeared but reappeared after
rehydration of the sample with water vapor. These ob-
servations indicate that the symmetric line should probably
be attributed to a disordered surface species such as
[Cu(OH),]2n or [Cu(HD),]2+ rather than to CuO. A
symmetric line such as this was not evident with CuY-1
nor with CuY-10.

Activated and Reduced Cu-Y Zeolites. Figures 1 and
2A indicate that upon prolonged evacuation of CuY-10,
three gx values were observed. Subsequent activation
resulted in spectrum B of Figure 2, where the gx portion
of this spectrum is identical with the spectrum obtained
by dehydration following a brief evacuation period (values
given in Table 1V), and an illustration of the latter
spectrum is given elsewhere.17 The gx value is usually
guoted to be «2.06 (see Table I), but in reference to Figure
1 and the spectra in Figure 2 it seems evident that two gx
values should be assigned instead, and these would cor-
respond to the gx values of the two strongest signals
observed for the thermally activated samples. This would
result in the gx value given in Table IV to be converted
from gx = 2.05 + 0.01 to gxx= 2.06 £+ 0.01 and gx = 2.03
+ 0.01. The two weak high field lines in Figure 2, as well
as a line near the third gylline {ml = +1/2) result from
a monoaquo- or diaquocopper(ll) complex that will not be
discussed here.

A strong gx3line is evident in Figure 2A, although a set
of corresponding gy3lines differing from g 1and gy2was
not observed. Considering the data in Table 111, gy3and
Ay3must approximate the gy2parameters, e.g., gy3= 2.32
and Ay3 = 155 G. Upon activation, the gy parameters
changed very little but gx3disappeared and gx2showed
a growth in intensity. In addition, there is a diminution
in the overall EPR intensity. Since gyl gy2 Ayl and Ay2
change very little in magnitude, especially for CuY-10,
similar symmetries surrounding the Cu(ll) ions are in-
dicated for the evacuated and the activated zeolites. Upon
rehydration, the copper(ll)-hexaaguo complex was easily
re-formed, and the loss in EPR intensity was regained.

Activation following a brief evacuation resulted in
different EPR parameters, which were given in Table IV.
Under these conditions, the zeolites proceed from a hy-
drated state to a dehydrated state rather quickly, and it
might be expected that most of the Cu(ll) ions would be
rapidly stripped of their waters. The parameters of gyl=
2.38(110) and gxl = 2.06(18) for the resultant zeolites
demonstrate that the Cu(ll) geometry is axial and is either
(a) of atype between square-coplanar and tetrahedral, (b)
a square-pyramidal configuration, or (c) a rhombically or



EPR Parameters of Cu(ll)-Y Zeolites

tetragonally elongated octahedral configuration with the
complex having rather strong covalent bonding.38 A Cu(ll)
ion in a square-coplanar environment would be expected
to have a much greater WI| value. In case (a), |JA would
indicate the symmetry to be analogous to compressed
tetrahedral, such as that observed for copper-doped di-
chloro(l,10-phenanthroline)zinc® and dichloro(spar-
teine)zinc(l1),40 for which O\ = gz = 2.297(123) and
2.299(90.4), respectively, where the lower g values result
from coordination through nitrogen rather than oxygen
and where the unpaired electron is assigned to the diy
orbital. Case (b) would not occur in a dehydrated cop-
per(l1)-Y zeolite, and case (c) would not be expected to
make much of a contribution with copper(ll) ion ex-
changed zeolites although site I in the hexagonal prism4l
could supply an octahedral environment. It is well known
that divalent copper does not show an affinity for site 1.293
Most of the cation sites in Y zeolite have trigonal C3, or
Dm symmetry. It is pertinent to note that Klier et al. have
presented calculations£which indicate that the Cu(ll) ions
in these locations may lie off of the trigonal axis such that
two 0(3) (or 0(2)) lattice atoms are closer to the cation
than the third 0(3) (or 0(2)) atom. This would correspond
to a distorted trigonal symmetry (possibly noncoplanar)
with the unpaired electron in the d™Ay* or diy orbital.
Although gxxand g>yshould then be different, it is expected
that the difference would be too small to detect using
powdered samples. It is of interest to note thatg] = g2=
2.252(181) for copper-doped tetrapyridinezinc(ll) per-
oxydisulfate,43 where the distortion is from a square
configuration (d*2/ orbital) rather than a tetrahedral one.

Partial reduction of highly exchanged Cu(ll)-Y zeolites
which had been quickly dehydrated yielded the same EPR
parameters as those observed for activated samples of low
Cu(ll) content that had been subjected to a prolonged
evacuation treatment (hyperfine splittings of about 125
and 160 G, see Figures 2A and 3B). Since this is true when
using either H2or CO as the reducing agent, it appears that
the EPR parameters derived from the extensively evac-
uated samples were not due to Cu(OH),, species. Partial
reoxidation of the reduced materials at either ambient
temperature or at elevated temperatures using 0 2or NO
regenerated the same spectra, the EPR parameters of
which are now attributed to divalent copper ions located
in the small cages since these ions are the last ones to
undergo reduction. However, the behavior of the lower
Cu(ll)-containing Y zeolites was somewhat different.
Although the exhibited A\values for the latter samples
that had been subjected to prolonged evacuation followed
by activation, partial reduction, and reoxidation fit the
pattern described above, e.g., see Figure 3A, the CuY <
17 samples that were quickly dehydrated did not. These
samples yielded hyperfine splittings of approximately 110
and 175 G as reported in Table 1V. Upon reoxidation with
NO (Figure 4) or 0 2at ambient or elevated temperature,
the latter A[ values were regenerated. This suggests that
the location of copper ions in Y zeolites is dependent upon
the exchange level (that is, upon the number of sodium
ions, which can block the 6-ring windows between the
supercage and sodalite units, that remain in the unit cell),
as well as the sample treatment.

Consideration of the Redox Cycle and Cation Locations.
The above discussion demonstrates that the activation
technique employed determines the location of the re-
maining copper(l1) ions in partially reduced Cu-Y zeolites,
where all of the zeolites under consideration were ex-
changed with the divalent cation from aqueous solutions
using short equilibration times. Following complete re-
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duction at high temperatures, reoxidation resulted in the
observation that the first reoxidized copper(ll) ions were
located in the same type of sites as those occupied by the
last Cu(ll) ions to undergo reduction. This was demon-
strated by the following events:

(a) prolonged evacuation of CuY-10 prior to thermal
treatment resulted in the same EPR parameters

= [g,1= 2.37(125), g+' = 2.06(20), g f = 2.32(160), and
g+2= 2.03] after activation, after partial reduction
by hydrogen, as well as after reoxidation by oxygen
following complete reduction;

(b) “fast” evacuation of CuY-10 for 1h prior to thermal
treatment resulted in a different but constant set
of EPR parameters g]| = 2.38(110), gx4= 2.06(20),
dl2= 2.30(175), and g 2= 2.03] following the same
three treatments as in case (a);

(c) “fast” evacuation of CuY-10 prior to thermal
treatment resulted in the same EPR parameters as
those for case (b) when carbon monoxide rather
than hydrogen was used as the reductant and nitric
oxide was used as the oxidant instead of oxygen;

(d) “fast” evacuation of highly exchanged samples, e.g.,
CuY-32,60, and 68, resulted in the EPR parameters
given in case (a) upon partial reduction with hy-
drogen and after partial reoxidation by oxygen
following complete reduction of Cu(ll) ions;

(e) “fast” evacuation of CuY-60 resulted in the same
EPR parameters as cases (a) and (d) following
partial reduction by carbon monoxide and after
partial reoxidation with nitric oxide at ambient
temperature following complete reduction of the
copper(ll) ions.

Thus, these examples show that the zeolites exhibit a
memory effect or that some of the copper ions were re-
duced in place and did not undergo migration even at 773
K during the reduction.

The possible mechanisms for the hydrogen reduction of
Cu-Y zeolites have been previously discussed.174446 The
guantity of hydrogen consumed during a mild reduction
is approximately stoichiometrically equivalent to the
number of copper ions reduced to the univalent state,1746
and the rate-limiting step has been suggested to be the
migration of Cu(ll) ions from the small cages to the su-
percages where reduction occurs.44 This is expected to be
true also when the larger CO molecule is used as the re-
ductant. Support for this is provided by the general
observations that the presence of water increases the rate
of hydrogen reduction and the presence of ammonia in-
creases the rate of carbon monoxide reduction of divalent
copper. However, it would appear that the Cu(l) ions can
easily migrate back into the small cages since the rate-
determining step for further reduction and for reoxidation
has been proposed to be the migration of the univalent
cation from the small cages back into the supercages.44
This might again suggest a memory effect of the Y zeolite
lattice.

Hydrogen reduction of Cu-Y zeolites under more severe
conditions results in a hydrogen consumption that can
approach the quantity required for complete reduction of
Cu(ll) to Cu(O).4 It has been shown for highly exchanged
Cu-Y zeolites that at 673 K the reduction to metallic
copper is incompletel74 and some of the consumed hy-
drogen is held in a copper hydride moiety,4Halthough large
(on the order of 30 nm) copper crystallites are found. It
has now been demonstrated that the reoxidation of Cu(0),
as well as of the copper hydride species, resulted in the
regeneration of the EPR spectra obtained after the initial
activations. In the cases where a quantity of CuO was
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formed upon reoxidation, an additional prolonged or more
severe reoxidation converted at least part of the CuO into
the desired lattice-held copper(ll) ions. The memory effect
might, at first thought, simply depend upon the localized
formation of hydroxyl groups or oxygen vacancies created
during the reduction process. Although hydroxyl groups
and water have been shown by infrared and volumetric
techniques to be qualitatively presence after reduction of
Cu-Y zeolites, 17 a study utilizing diffuse reflectance
spectroscopy has failed to detect these moieties following
prolonged reduction, where the method is estimated to be
able to detect 0.01 water molecule and 0.1 hydroxyl group
per copper atom.45 In addition, it might be expected that
simple oxidation of the Y zeolite by oxygen should destroy
any hydroxyls or lattice oxygen vacancies present. Thus,
the possible memory effect requires further investigation.
Figure 4 and Table V demonstrate that, upon reoxi-
dation of a reduced CuY-10 sample that had been quickly
evacuated initially, the first hyperfine splitting value
observed was A«l = 109 G. This was followed by the
appearance of Af = 172 G and then by Ay3= 122 G. This
was the same order observed for quickly evacuated acti-
vated samples as the copper (11) content was sequentially
increased (Table 1V). Upon prolonged evacuation of
CuY-10, A]2~ 160 G was observed to be more intense than
Anl~ 120 G (Figure 2A), which was the same ordering as
those observed for partially reduced highly exchanged
Cu-Y zeolites (Figures 3B and 5B). These observations
show that a certain site in each case is energetically
preferred over other sites. However, upon nearly complete
reduction of divalent copper ions in these Y zeolites, the
intensities of the two sets of lines become approximately
equal, refer to Figure 3A. This might indicate that the
copper(ll) ions yielding A]2 = 160 G are slightly more
exposed than are those that produce A.;1= 120 G. This
is in contrast to the expectation when considering the
sequential appearance of lines for quickly evacuated
samples (Table 1V) and for the slowly reoxidized samples
(Table V and Figure 4), if the assumption is made that the
A J«= 120 G hyperfine splitting is due in each case to Cu(ll)
ions in the same lattice site. Therefore, an unambiguous
assignment of EPR parameters to copper(ll) ions in
specific lattice exchange sites cannot yet be made.

Correlation with Other Studies. A structure deter-
mination has been completed for dehydrated CuY-57 using
powder diffraction data,Qand the EPR spectrum of such
a sample would consist of a single symmetric line, such as
the one shown in Figure 5A, narrowed by spin exchange
interactions between Cu(ll) ions. A low ion exchanged
Cu-Y sample dehydrated according to the procedure used
for CuY-57 (heated in oxygen before evacuation) would
exhibit g, 1= 2.37(125), = 2.06(20), £]2= 2.32(160), and
g+2= 2.03, e.g., see the first entry in Table I. This is also
true of the activation treatment reported for the fully
exchanged faujasite, for which the locations of the copper
ions have been reported.3 Even though the Si/Al ratios
are the same within experimental error for the materials
used in the structural studies, the distribution of aluminum
atoms might not be the same in the synthetic Y zeolite as
in the natural faujasite. However, the reported locations
of the Cu(ll) ions in the two structures are in good
agreement, e.g., 11.1 Cu2+in site I'Qvs. 11.4 and 2.8 Cu2+
ions in I'A and I'B, respectively,®dwhere I'A corresponds
closely to site F. This agreement shows that the distri-
butions of aluminum atoms in the natural faujasite and
synthetic Y zeolite samples must be very similar.

The structure determination of the highly exchanged
hydrated Cu(ll)-faujasite, prepared by equilibration in a
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divalent copper solution for 3 weeks at ambient tem-
perature, indicated the presence of 6.3 Cu(ll) ion/unit cell
in the sodalite cage in site F, while the remaining metal
ions were not located.3 From consideration of ion ex-
change data, it has been proposed that in low Cu(ll)
exchanged Y zeolite samples prepared by using equili-
bration times of 2 weeks, the aquocopper(ll) complexes
are preferentially held in the sodalite cages.47 In contrast,
an equilibration time of 16 h yielded Cu-Y samples in
which the supercages contained all of the aquocopper(ll)
species.48 Following activation, most of the divalent ions
were located in the small cages.3048 This agrees with a
recent study of the conductivity and dielectric dispersions
of a few zeolites in which relaxation measurements on a
dehydrated Cu(ll)-Y zeolite indicated copper migration
within the sodalite unit.4 Since the Cu-Y zeolites in the
present study were prepared by equilibration in the ex-
changing solutions for only 4 h, the proposal that the
Cu(ll)-aquo complexes are in the supercages is in
agreement with the sitings previously reported. The
copper(ll) ion exchange process in Y zeolites appears to
be analogous to the two steps (fast and slow) observed for
the exchange of Ca2+into Na-X zeolite,805Lwhere the slow
step is the migration of Ca2+ into the small cages.

Conclusions

When the ion exchange of Na-Y zeolites with low
concentrations of copper(ll) is carried out at ambient
temperature with short equilibration times, e.g., 4 h, the
exchanged hydrated copper(ll) ions are located in the
supercages. The free rotation of these complexes is
hindered, probably by orientation through hydrogen
bonding between the coordinated water and the negatively
charged zeolite lattice. It appears that rapid dehydration
tends to leave the divalent cations in the supercages, where
the cations exhibit distinctive EPR parameters, but slow
dehydration by prolonged evacuation allows the Cu(ll) ions
to migrate into the small cages. Following activation,
cations in the latter positions exhibit a different distinctive
set of EPR parameters and are the last divalent ions to
undergo high temperature reduction. As the Cu(ll)
content of the zeolite increases and the Na+ content de-
creases, rapid dehydration tends to yield copper(ll) ions
located in both supercage and small cage sites. The EPR
parameters obtained upon partial reduction and reoxi-
dation are the same as those exhibited by the particular
sample following one of the dehydration procedures prior
to reduction. Thus, the number of Na+ ions remaining in
the zeolite, the time of equilibration used for the Cu(ll)
ion exchange, and the dehydration procedure can influence
the location of copper(ll) ions in Y zeolites, and the diverse
hyperfine splitting values exhibited in Table I are now
understandable.
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10. Electron Spin Resonance. A Blue Solid Containing a

Welch Chemical Laboratory, The University of Texas, Austin, Texas 78712 (Received October 27. 1977)

The results of ESR measurements on liquid and frozen solutions of potassium and 18-crown-6 in ammonia
are reported. The results for the liquid state are similar to those previously reported for solutions without
18-crown-6. Three features are observed for frozen solutions which can be explained in terms of two different
types of potassium metal species and an ion pair consisting of a “solvated” electron and the potassium cation
complexed by the crown moiety. The implications of these results for liquid solution ESR spectra of met-

al-ammonia solutions are discussed.

Introduction

During the course of extensive studies of metal-
ammonia solutionsla number of unusual properties have
been discovered. Among the more interesting magnetic
properties of these solutions is the narrowness of the
electron resonance absorption line. In the most widely
accepted theory, the ESR results are explained in terms
of motional narrowing of the hyperfine interaction with
nitrogen nuclei.2

A better understanding of the solvated electron in liquid
ammonia could be obtained if a detailed analysis were
available on a similar species in the solid state. Many
attempts3 have been made to isolate the ammoniated
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electron in the solid state. Various paramagnetic species
can be isolated from ammonia and hexamethylphospho-
rous triamide as trapped paramagnetic centers, but the
large number of such species that have been isolated bear
little resemblance to those found in solution.

Dye and co-workers4 have been successful in isolating
the sodium anion, a species long presumed to exist in
metal-amine solutions, by the judicious use of crown ether
compiexing agents in ethylamine solutions. Amorphous
gold-colored and blue-colored solids have been obtained
from a variety of solvents.5

In experiments preliminary to the work reported here
we were able to obtain blue solids from liquid ammonia
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solutions of calcium, sodium, and potassium containing
crown ether by evaporating the solvent.6 These solids
behave both thermally and under partial ammonia
pressure similarly to those obtained by Dye et al.5 The
most stable blue solid was obtained from potassium-
ammonia solutions to which 18-crown-6 had been added.
At no time was a bronze phase observed in either po-
tassium- or sodium-ammonia solutions containing 18-
crown-6, in spite of the fact that such solutions without
18-crown-6 easily can be made to yield a bronze phase.7

Several attempts were made to establish the composition
of the blue solid by determining the ammonia-to-hydrogen
ratio released upon decomposition. These experiments
revealed no consistent composition as indicated by the
ratios NH3H2K or NH3H2crown. The available data
therefore suggests that this blue solid is not stoichiometric
but is probably an ill-defined amorphous solid or a mixture
of species.

The characterization of the blue solid by ESR spec-
troscopy was undertaken in an attempt to better under-
stand metal ammonia solutions. In our early experiments
we noticed that blue-colored ammonia matrices were
formed upon freezing potassium-ammonia solutions
containing 18-crown-6. The blue ammonia matrix was
more resistant to decomposition than the amorphous blue
solid obtained by evaporating ammonia from potassium,
18-crown-6 solutions as described above. Accordingly, we
are concerned here exclusively with the characterization
of the frozen 18-crown-6, potassium-ammonia solutions.

Experimental Section

18-Crown-6 (1,4,7,10,13,16-hexaoxocyclooctadecane)
either was obtained from PCR Inc. and used after sub-
limation, or made using published procedures. Both the
melting point and IR spectra of the ether used in these
experiments were identical with the reported data.8

Potassium was distilled once in vacuo and used without
further purification.

Ammonia was distilled into a steel container and stored
over sodium; then it was distilled from sodium prior to use.

The DPPH (2,2-diphenyl-I-picrylhydrazyl, Eastman
Kodak certified at 93.9%) standard was powdered and
mixed with KC1 dilutent.

After considerable experimentation the following pro-
cedure for determining the ESR spectrum of the blue solid
evolved. A weighed amount of 18-crown-6 was placed in
a 3-mm Pyrex tube which carried at stopcock and 12/5
glass socket joint. The tube was attached to a vacuum line,
and both the tube and 18-crown-6 were well rinsed with
anhydrous liquid ammonia. The tube was transferred to
a helium atmosphere drybox without exposing the contents
to the air. Witbin the drybox potassium was weighed and
inserted into the tube, which was reattached to the vacuum
line. Ammonia was condensed into the tube which was
then sealed off. After the ESR measurements had been
made, the tube was kept at room temperature until the
contents had completely decolorized.

The ESR spectra were recorded either directly on a
Varian E9 spectrometer using 100-kHz modulation and a
resonance frequency of about 9.56 GHz, or were collected
with a Nova computer. Spectra recorded with the com-
puter were simultaneous sweeps of both the sample and
reference cavities, each comprising 251 points which in turn
consisted of 100 averages of the raw data. These spectra
were then transfered to a CDC 6400-6600 computer for
data analysis as described later.

An ESR tube with potassium iodide and 18-crown-6
dissolved in ammonia gave only the weak Pyrex absorp-
tion, detectable only at much higher microwave power than
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Figure la. ESR powder pattern fit (line) to 251 data points (circles)
for a potassium, 1S-crown-6 ammonia solution at -130 °C. The sample
is 0.20 MPM in potassium and has a potassium/18-crown-6 ratio of
0.33.

that used with any of the other solutions.

The temperature in the ESR cavity was measured by
a copper-constantan thermocouple that had been cali-
brated with slush baths of water (0.0 °C). toluene (-95 °C),
and chloroform (-63.5 °C).

The estimated accuracy of the field measurements is
+0.05 G, but the precision is much better. As a result of
using a standard (DPPH) assumed to have the well-known
value of 2.00360,9the errors we report are relative errors,
and hence smaller than the actual accuracy of the g value
measurements.

Results and Analysis

Data analysis was conducted with a CDC 6400-6600
computer using the subroutines SIMPLEX and STEPIT.10
Also used were IMSL subroutines for differentiation and
integration, as needed.1ll Several of the spectra in which
the type | feature dominated (see Figures la-d) were fit
using these subroutines. These subroutines were also used
to fit the ligquid solution spectra to shapes12as described
in the supplementary material (see paragraph at end of
text regarding supplementary material). Goodness of fit
was estimated using the Hamilton R factor.13

18-Crown-6 is only sparingly soluble in ammonia, but
when 18-crown-6 is added to potassium-ammonia solu-
tions, it is soluble to a much greater extent than a one-
to-one K:18-crown-6 ratio. The solutions maintain their
dark blue color. On cooling the solutions slowly a white
precipitate forms; when the solutions are warmed to room
temperature, the white precipitate redissolves.

The observed ESR spectra in the liquid state of solutions
of 18-crown-6 and potassium in ammonia are narrow
signals that approximate a Lorentzian shape. Tables | and
11, which are available as supplementary material, contain
some examples of the width of these signals at various
concentrations.

Upon freezing these solutions, dramatic changes take
place in the ESR spectrum. Three different types of
features are observed, which for convenience here we
arbitrarily designate type I, type Il, and type III.

The type | feature dominates Figures la-d. The other
types of spectra obtained for frozen solutions are shown
in Figures 2a-3. The type Il feature has the shape usually
associated with conduction electron spin resonance (CESR)
signals, and the type 11l feature has the shape and width
that has been assigned4to a CESR signal in frozen po-
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Figure 2a. Spectrum of a solution of 0.19 MPM potassium, 18-crown-6
in frozen ammonia at -135 °C taken at 15 mW power. The center
portion (type I} is modulation broadened. The center portion is shown
more clearly in the supplementary Figure 2b.
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Flgure 3. Saturation behavior of the type I and type II features in a
slowly frozen potassium, 18-crown-6 solution at —140 °C. The sample
is 0.20 MPM in potassium and has a potassium/18-crown-6 ratio of
0.33.

tassium—ammonia solutions.

The total electron spin in the frozen solutions was of the
same order of magnitude as the number of spins in the
liquid solutions. Exact paramagnetic spin densities were
difficult to obtain because on freezing not all the sample
remained in the radiation field.

Liquid Solutions. The results for liquid ammonia so-
lutions containing 18-crown-6 and potassium show that the
ESR line shape, width, and position!®!6 are essentially the
same as measured for the solvated electron in ammonia
solutions.

It has been shown,? that the long relaxation times in
sodium—ammonia solutions can be explained in terms of
motional narrowing as described by eq 1. Ineq 1 r.is the

1/T, = (1.2 X 1073 (7, + 1. /(12w + 1))P?/N | (1)

electron—nitrogen correlation time, w is the angular fre-
quency at resonance, P? is the electron density at the
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nucleus, N is the average number of molecules associated
with the electron, and the constant is calculated from
gyromagnetic ratios and spins.

Type I Feature. Attempts were made to fit the type I
signal with (a) CESR shapes, (b) up to three separate
Gaussian-Lorentzian shapes, (c) a combination of the
CESR and up to two combination Gaussian-Lorentzian
shapes, and (d) the powder pattern shape. CESR shapes,
calculated using the derivative of eq 77 in ref 17 are totally
unsatisfactory as an acceptable fit of the shape primarily
because the ratio A/B (discribed previously'®!®) must have
a value in the range 2-19 except when the particle size is
approximately less than the skin depth, for which case the
shape becomes Lorentzian. The observed absorption signal
can be fit well however by the CESR signal when used in
conjunction with two combination Gaussian-Lorentzian
bands, but there is no consistency in the diffusion time,
relaxation time, or relative g values for the different signals
from one sample to another or on changing temperature.
The same problem occurs when the spectra are fit to three
or more Gaussian-Lorentzian bands.

A closed form expression has been derived for ESR
powder patterns, under the constraints that the intrinsic
linewidth is Lorentzian and orientation independent, and
that the g value symmetry must be axial.? The applicable
equation in ref 20 was numerically integrated to fit the
ESR spectra. The parameters involved were the Lor-
entzian half-width, the field at a perpendicular orientation
of a crystallite, the field at a parallel orientation of a
crystallite, and the intensity. This four-parameter
equation fits the spectra much better than any eight-
parameter equation (two Gaussian-Lorentzian or a CESR
and a Gaussian-Lorentzian shape). The fit obtained when
using 12-parameter equations (three Lorentzian—Gaussian
shapes or a CESR shape and two Lorentzian—Gaussian
shapes) was better than that obtained using the four-
parameter powder pattern shape. However, the three
parameters of half-width, position, and fraction Lorentzian
from which the Gaussian-Lorentzian shapes were formed
showed no regular variation with temperature, as explained
above. In contrast to this, the two parameters of per-
pendicular and parallel crystallite orientation remained
constant as a function of temperature in the powder
pattern fits. Type I signals are therefore attributed to a
single species that exhibit a powder pattern spectrum.
Figure 3 shows that the saturation behavior across the
entire part of the spectrum attributed to the powder
pattern is uniform, thus giving further support to the single
species hypothesis. Using the powder pattern shape, we
were able to calculate an average g value of 2.00141 (10),
a g, of 2.00168 (10), and a g; value of 2.00096 (10) for the
type I feature.

Figures 1a-d show examples of computer-collected data
and the fit using the shape function for the axially
symmetric powder pattern with Lorentzian broadening.
The fits are good, and all deviations can be ascribed to a
slight change of the intrinsic width as a function of the
crystallite g value. The data for the fit of the type I signal
are listed in Table III. There is no apparent temperature
dependence and no apparent concentration dependence
of the derived values of the spin—spin relaxation time. The
intrinsic width becomes much broader with decomposition,
i.e., T, becomes shorter, although the g values for both the
perpendicular and parallel orientation remain the same.

Type II Feature. The type II feature is dependent on
the rate of freezing of the sample. The variation of one
type II spectrum with different freezing rates is shown in
Figure 4. In all cases of rapid freezing only the type I
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TABLE IlI: Spin-Spin Relaxation Times Calculated
from the Type | Powder Pattern in Potassium,
18-Crown-6 Frozen Ammonia Solutions

Concentrations

K/NH,*“ K/18-C-66 Temp, °C TZ107),cs
2.46 0.45 -97d 4.2
2.46 0.45 -106 6.1
2.46 0.45 -125 4.6
2.46 0.45 -150 2.3
1.41 1.59 -97 5.3
1.41 1.59 -106 4.3
1.41 1.59 -106 5.7
1.41 1.59 -117 4.4
1.41 1.59 -125 4.2
1.41 1.59 -134 35
1.41 1.59 -142 3.2
1.41 1.59 -150 5.1
0.38 0.83 -112.08 5.7
0.38 0.83 -120.9 8.2
0.38 0.83 -131.3 6.4
0.38 0.83 -141.0 6.9
0.38 0.83 -148.6 7.7
0.38 0.83 -156.6 6.9
0.20 0.33 -120.7 5.3
0.20 0.33 -127.2 5.9
0.20 0.33 -130.3 5.0
0.20 0.33 -136.4 3.9
0.20 0.33 -139.1 35
0.20 0.33 -140.0 3.4
0.20 0.33 -149.5 4.7
0.20 0.33 -157.3 4.0
0.20 0.33 -166.9 34

a MPM (mole fraction potassium times 100) (10% error).
1Mole ratio potassium to 18-crown-6 (<10% error).

Calculated using T2= 21(yeb), b obtained from computer
fit using the equations developed by J. A. Ibers and J. D.
Swalen,Phys. Reu., 127, 1914 (1962). d +5.0. e +0.5.

Figure 4. Effect of freezing rate on frozen potassium, 18-crown-6
ammonia solutions. Spectrum taken at 0.10 mW on a sample consisting
of 0.38 MPM potassium and a potassium/18-crown-6 ratio of 0.83.

feature is observed. In all cases where a type Il feature
is observed a white precipitate appears in the frozen, sealed
ESR tube. This white precipitate can be redissolved at
room temperature, and then the tube quick frozen to give
only the type | feature. The saturation behavior of these
two types of signals, observed in the same sample, is shown
in Figure 3.
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The type Il feature is always obscured by the type |
feature. It does not appear practicable to attempt a fit of
this signal, because the fit of the type Il feature would be
dependent on the “background” fit of the type | feature.
Assignment of the type 11 feature as a CESR signal is based
on its unusual shape. The shape is approximately that
expected for a CESR signal in which the skin depth is less
than the relaxation rate for a thick metal plate or a large
sphere. The saturation behavior is reminiscent of the
results observed in frozen potassium-ammonia solutions
which were assigned to hyperfine coupling with the po-
tassium nuclei2l which lends credence to the assertion that
the type 1l feature is strongly metal related. The type Il
feature has a g value at the peak of 2.000 (1), which is close
to 1.9982 (6), the measured g value for potassium metal
at 170 K.22 If the type Il feature is indeed that of a CESR
signal, with Td/'T 2« 1.0, then the actual g value should
be somewhat less than the peak value.19 The half-width
would be given by

T2=1.33/(yeAHI/2) )

where Ye is the electron gyromagnetic ratio, AH12is the
width at half-height, and T2is the transverse relaxation
time.19

Since the width is approximately 1.0 G, T2becomes 7.6
X 10~8 For potassium in HMPA T2has been measured
at 1.3 X 10'9at 150 K,2and as long as 8. X 10-7 in the pure
metal.2Z3 The agreement is satisfactory and we may assign
the type Il absorption to a conduction electron where the
skin depth is less than the relaxation rate, but where the
size of the metal particles is greater than the skin depth.

Type 11l Feature. The type 11l feature as shown in
Figure 2a exhibits both the shape and the line width
observed in frozen potassium-ammonia solutions and this
feature has been attributed to CESR with a particle size
smaller than the skin depth.132 The relaxation times
calculated do not agree with values obtained for potassium
metal in other solvents and they may indicate that po-
tassium forms an ammoniate such as Li-4NH32 or Ba-
6NH32% No other evidence has been found to support this
suggestion. The g value is in the range 2.0012 (5) and is
significantly different than that for potassium (1.9982 (6))"
or that which has been observed previously in frozen
potassium-ammonia solutions.142

Discussion

The type | feature is due to a species which has magnetic
axial symmetry. Possible species are potassium metal, a
potassium atom, a potassium species of the type K(NH3J
an ammonia radical, or a frozen “solvated” electron. All
of the isolated potassium species would require hyperfine
coupling to the potassium nucleus, such as those species
that have been observed previously.2l6 A radical ammonia
species would require hyperfine coupling to the nitrogen
atom. The type Il and type Ill species described above
are of the CESR type and thus delocalized electrons are
already well represented in these solutions. Furthermore,
the powder pattern shape is a localized ESR signal, not
one due to an extended state, such as a metal. Thus, of
the possible species, only the “solvated” electron remains
as a reasonable contender.

Current theories2 of the structure of the solvated
electron do not predict an asymmetric structure, but we
can explain the observed asymmetry in the solid by
postulating a “loose” ion pair. A representation of the
proposed ion pair model is in Figure 5.

In Table 111 are listed values of T2obtained for the type
| feature. These relaxation times are of the same order
of magnitude as those obtained in the liquid state for this
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Figure 5. Representation of the proposed ion pair. The electron is
in a cavity surrounded by ammonia molecules. The potassium cation
is surrounded by an 18-crown-6 molecule.

system. Because these times are similar, we are tempted
to explain the spin-spin relaxation times in the solid in
the same manner as has been done? in the liquid. The
correlation time expected in the solid state can be esti-
mated using eq 1. The angular frequency of the Varian
E9 spectrometer at resonance is about 5.8 X 10, If we
use eq 1 with P? estimated® at 4.6 X 10*® and N taken to
be?? about 10 we can calculate the expected correlation
time 1. from the values of T, in Table III. Using T, = 4
X 1077 we obtain 2 X 1072 s for 7.. The self-diffusion in
solid ammonia is much too slow to explain this correlation
time, however, the molecular reorientation time of am-
monia in the glassy solid at 170 K is 1.2 X 10°s.3% On
first consideration then, 7., the correlation time, is nearly
the same as the reorientation time of ammonia in these
solutions, confirming the theory.?!

Since the line width in this simple model is controlled
by the reorientation of the ammonia molecules, and this
reorientation is known to increase from 1.2 X 10 s at 170
K to 1.4 X 108 s at 100 K,* the width of the ESR signal
would be expected to increase about two orders of mag-
nitude as the temperature is lowered. Upon inspection of
the data in Table III we are led to the conclusion that the
motional narrowing mechanism by the movement of
ammonia for an isolated species as determined by eq 1 does
not describe the spectra. The line width does not appear
to depend strongly on temperature. Further confirmation
that the above interpretation may be faulty is obtained
from the observed ESR line width of irradiated ammonia.
At -150 °C a singlet was observed which was about 40 G
wide.3? This would correspond with a relaxation time, T,
of 1.6 X 10° s, and a calculated 7, usingeq 1, of 6 X 10°°
s. This number is in better agreement with the reorien-
tation time of 1.2 X 10719 s%.3! than the correlation time
of 2 X 1012 s discussed above. Thus, a relaxation
mechanism that is relatively insensitive to both temper-
ature and metal concentration must be sought.

Previously, a mechanism of spin site exchange was
proposed for metal-ammonia solutions that have some ion
pairing present.® A splitting of the g value into per-
pendicular and parallel components gives a strong indi-
cation of asymmetry in the frozen electron cavity due to
a perturbation by the metal cation. The spin site exchange
model requires that some loose ion pairs must exist. In
a frozen species there may be a great deal of spin pairing
occurring, so that we postulate a species responsible for
the type I feature as shown in Figure 5.

In ref 33 £k was calculated to be on the order of 3.2 X
107, from which can be derived for room temperature and
0.05 M a value of 1.8 X 108 s for .., the exchange time.
The diffusion time of liquid ammonia under the same
conditions is 1.6 X 10712 5,3 which is much smaller than
the exchange time. When freezing the solutions, however,
the movement of the ammonia molecules slows drastically,
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while the exchange time should become much faster,
because all the cavities are “frozen” near cations in an ion
paired state. We propose that as the exchange time be-
comes shorter than the self-diffusion time of ammonia, that
the exchange time of the electron will dominate the
motional narrowing.

In ref 33 we developed eq 3 for dilute solutions, where

1/T2 = 1/T2c+ fM(AwO)zTex/(Zn) (3)

fum is the fraction of metal monomer and Aw, is the dif-
ference in the peak positions of the cavity species and the
metal monomer species; T is the contribution to T, by
the cavity species. For wyr, « 1.0T},, the spin-lattice
relaxation time for the cavity, and T,., the spin-spin
relaxation time for the cavity, are given by eq 4. Since

1/T.=1/T,.= (2.4 X 10737 PN (4)

the primary contribution to T, is always T,., T, will be
equal to T, when the second term of eq 3 is negligible
compared to the first term.3®* The correlation time for
motional narrowing, ., consists of both the movement of
ammonia molecules relative to the cavity, 74, and the
movement of the electron relative to the cavity, 7, as given
by eq 5.

Te = Tex + Tdq (5)

For the type I species 1/T5. with 1, > 74 dominates
1/T,. This predicts that T, and T, would be nearly equal
for the species responsible for the type I pattern. Since
T 18 expected to be a function of the distance between
the metal and the cavity, and not a function of temperature
or concentration, part of the variation encountered in
Table III is explained by slight variations in the frequency
of resonance, and the rest of the variation is explained by
the differences in distance between ion pairs expected as
different freezing rates are applied.

As decomposition of the sample proceeds the spectra get
broader. The currently prefered explanation for this
behavior is that the term P?/N becomes larger, due to both
the association of fewer ammonia molecules (N becomes
smaller) and to a larger density of the electron at the
remaining nuclei (P becomes larger). Eventually the
electron and ammonia react to give e + NH; — NH, +
'/:Ha.

The ESR results for a wider range of concentrations and
temperatures for metal-ammonia liquid solutions may be
understood by considering the arguements developed for
the frozen solutions. At very low concentrations of metal
the ESR spectrum in the liquid is dominated by the
motional narrowing of the electron hyperfine interaction
with the nitrogen atoms of the ammonia. This relative
motion is controlled by the diffusion of ammonia.2 At
higher, but still dilute concentrations, the spin site ex-
change process begins to operate as shown in eq 3. In this
intermediate range, the relaxation times T, and T}, are no
longer equal.®® At still higher concentrations the motional
narrowing of the electron hyperfine interaction with ni-
trogen atoms again becomes important, although the
relative motion is now 7., the exchange of the electron
between the cavity and the metal sites. Eventually T will
be equal to T, and be controlled by the same type of
motional narrowing found for the solid state “solvated”
electron as described by eq 4 with 7., » 743, The only
magnetic data that would require additional species is the
observed spin pairing.!®® As has been suggested else-
where,® two different situations could explain the spin
pairing, both of which would be expected to occur at higher
concentrations and temperatures. The first is formation
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of alkali metal anions. The second is spin-paired electrons
in two distinct cavities.

The spin site exchange mechanism explains why the
hyperfine coupling of the metal is not observed in most
metal ammonia solutions, although there is good reason
to believe some monomers must be present.28 The ex-
change of the electron from the cavity site to the metal site
is so facile the hyperfine coupling is averaged out, as has
been proposed elsewhere.3%

The explanation of the ESR observations proposed here
need not conflict with the corresponding explanations of
the near IR spectrum observed in liquid metal-ammonia
solutions. The value of rex is calculated from |K =
(AWOrex27r) in ref 33 to be 1.8 X 10“8s. Approximately
0.1% of the electrons in solution are associated with the
cation,Bso that the residence time of the electron on the
metal becomes 1.8 X 10 1Ls. This is probably long enough
for collapse of the cavity to occur. However, cavities are
formed at faster rates than 5 X 10-12 s in ammonia,3 so
that cavity collapse would not prevent formation of an
alternate cavity to which the electron on the metal could
move. Since the monomer is in very low concentration,
the spectrum will be essentially the same as if there is no
monomer. At concentrations where significant ion pairing
occurs as proposed for this solid blue species, we predict
an effect upon the near-IR spectrum which for -65 °C
sodium-ammonia solutions should begin at 10“3M.37

Conclusion

ESR signals have been observed for 18-crown-6, po-
tassium-ammonia solutions in both the liquid and solid
states. The ligquid state has a single absorption that is
nearly the same as that observed in potassium-ammonia
solutions, and can be explained in the same way. This
observation confirms the supposition that the potassium
cation does not significantly participate in the para-
magnetism exhibited by dilute solutions.

In the frozen state, three distinct features are observed.
Type | can be described as an ion pair of a “frozen” cavity
and a cation trapped by a crown complexing agent. The
intrinsic powder pattern width can be explained by hy-
perfine motional narrowing with the nitrogen nuclei. The
axially symmetric magnetic properties are explained by
assuming a perturbation of the cavity by the cation. Type
Il and type 11l are both explained in terms of CESR
absorptions of species previously observed.
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Supplementary Material Available: Type I signals and
fits are in Figures Ib-d. Figure 2b shows the modulation
broadened part of Figure 2a. Figure 6 shows a Lorentzian
fit to a liquid potassium, 18-crown-6 solution spectrum.
Figure 7 shows the saturation behavior of a typical sample
with type | and type Il features. Figure 8 shows a sodium,
18-crown-6 frozen solution signal with both type | and type
Il features. Details of the solution fits as well as an
attempt to find a type | feature in frozen sodium, 18-
crown-6 solutions are discussed (11 pages). Ordering
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New results on the thermal decomposition of barium azide are presented in this investigation. Thermal
decomposition of pure and doped anhydrous single crystals of barium azide has been studied in the temperature
range 120~190 °C. Diffusion of Ba®* interstitials is shown to be the rate-determining step in the thermal
decomposition of barium azide, rather than an electron transfer process.

Introduction

Thermal decomposition of barium azide has been ex-
tensively studied by many workers.”* The earlier work
was invariably carried out on dehydrated barium azide
monchydrate in the temperature range 100-140 °C. The
thermal decomposition studied in vacuo by manometric
techniques is characterized by an activation energy whose
value ranges from 21 to 29 keal /mol {shewn in Table I).
In 1967, Torkar and Spath®7!4 studied the thermal de-
composition of anhydrous barium azide single crystals.
They obtained an activation energy of 26 keal/mol. Based
on the noncoincidence of the activation energy for ionic
conductance'® and that for thermal decomposition, they
suggested an electron transfer mechanism for the thermal
decomposition of barium azide. Recent electrical con-
ductivity studies by Maycoeck!® on pure and doped an-
hydrous barium azide single crystals have clearly shown
that the region 100-140 °C in the log ¢ vs. 1/T plot
corresponds to extrinsic conduction with an activation
energy of 19.6 kcal/mol. Conductance measurements in
the temperature range above 140 °C could have gone a long
way in proving the existence of an intrinsic conductance
region in that temperature range. However, barium azide
decomposes rather fast above 140 °C and the cenductance
experiments become difficult to interpret. As Torkar and
Spath!* have observed correlation between their con-
ductance data and thermal decomposition results on NaN,,
it might be worthwhile to study the thermal decomposition
above 140 °C on pure and doped single crystals of an-
hydrous barium azide. Thermal decomposition of Ba(N3),
powder may not serve the ohjective since it contains large
concentrations of gross imperfections which may obscure
fine differences in the behavior pattern of thermal de-
composition below and above the knee temperature.

The present work, therefore, deals with the thermal
decomposition of pure and doped single crystals of an-
hydrous barium azide in the temperature range 120-190
°C. Some data on the effects of precompression on the
subsequent thermal decomposition of powdered anhydrous
barium azide are also reported.

Experimental Section

Materials. Barium azide was prepared from barium
carbonate (BDH, Analar grade) by reaction with hydrazoic
acid. An aqueous solution of hydrazoic acid was obtained
by passing a 10% solution of sodium azide through an
ion-exchange column made up of Dowex 50-x8(H*). A
water suspension of barium carbonate was slowly added
to the acid solution to obtain an aqueous solution of
barium azide. Care was taken to see that there was always
excess acid in the system (tested by means of litmus).
Barium azide was then precipitated from this aquecus
solution by diluting it with Analar acetone. The barium

azide powder thus obtained was redissolved in a minimum
amount of water and reprecipitated by adding acetone,
The powder thus obtained served as the stock sample,

Preparation of Single Crystals of Anhydrous Barium
Azide. A dilute aqueous solution of barium azide was
prepared using the above stock sample. The solution was
then allowed to evaporate slowly on a hot plate maintained
at a temperature of ca. 60 °C. Single crystals formed were
separated, dried in the folds of filter paper, and kept over
P,0; in a vacuum desiceator.

The anticipated anhydrous state of these crystals was
checked by gravimetric analysis which showed the crystals
to be water free.

Single crystals of doped anhydrous barium azide were
grown in a similar manner by slowly evaporating an
aqueous selution of barium azide containing the desired
concentration of the dopant, at a temperature of ca. 60 °C
on a hot plate. The dopant materials used were NaNj,
AlC);, BaCl,, and BaCQ, (Analar grade, BDH).

Anhydrous barium azide powder used in the present
study was prepared by grinding the single crystals to the
desired particle size (1560-180 um). All powder samples
used in the present study had a particle size of 150-180
um. The actual concentrations of the dopants present in
doped anhydrous barium azide single crystals were not
determined, and hence the concentrations referred to are
those in solution.

Method. The kinetics of the thermal decomposition of
barium azide {crystals and powder) were followed in a
conventional constant volume vacuum system. A crystal
weighing around 2 mg was used in each run. In the case
of the powder, the amount of sample used in each run was
2 mg. The initial pressure employed before starting each
run was 1 x 107 Torr.

Results and Discussion

Thermal Decompasition of Anhydrous Barium Azide
Single Crystals. Typical plots of a, the fraction of the salt
decomposed, vs. ¢, the time of heating single crystals of
barium azide, are shown in Figure 1. The data have been
fitted to the Avrami—Erofeyev equation

-n(l-a))!’'"=kt withn=3

{The best value of n was found to be 3 by least-squares
fit). This is shown in Figure 2. [t can be seen that the
data give a very good fit in the range of « = 0.06 to a =
0.90. The rate constants (k) were calculated from these
fits. Thermal decomposition of anhydrous barium azide
single crystals doped with 10 mol % Na*, 107! mol %
Na*, 1072 mol % Al**, 102 mol % CI-, and 1072 mol %
CO,* were also studied and the thermal decomposition
data could alse be fitted well to the Avrami-Erofeyev
equation {n = 3) in the range o« = 0.05 to « = 0.90.

0022-3654/78/2082-0735%01.00/0 © 1978 American Chemical Society
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TABLE I: Summary of the Thermal Decomposition Data of Barium Azide*

Exptl method6 and

Ref Material temp range, °C

1 Dehydrated P(in vacuo)
monohydrate 100-130

2 Dehydrated M
monohydrate 100-123.5

3 Dehydrated P(in vacuo)
monohydrate 102.2-123.4

4 Dehydrated M
monohydrate

5 Dehydrated P(in vacuo)
monohydrate 110-140

6, 7 Anhydrous P(in vacuo)
single M
crystals 120-145

Kinetic Activation energy,
analysis kcal/mol
Exponential 21.0
expression
r=kt 235
P- C(t—y)6 29.0
(slow growth)
23.0
AE, n=4 26.8
a = Kt* 26.0

“ A complete listing of the thermal decomposition data is available as supplementary material. See paragraph at end of
text regarding supplementary material. 6 P, pressure increase; M, microscopic study; r, radius; t, time;p, pressure of N2;y
slow growth correction: AE, Avrami-Erofeyev equation; a, fraction decomposition.

Figure 1. Plots of the fractional decomposition, a, vs. the time, f(in
min), of heating of anhydrous barium azide single crystals at various
temperatures.

Figure 2. Typical fits of the a-1 curves for the thermal decomposition
of anhydrous barium azide single crystals to the Avrami-Erofeyev
equation (n = 3).

Subsequently the rate constants for the thermal decom-
position of doped samples were calculated from these fits.
Figure 3 shows an Arrhenius plot in the temperature range
120-190 °C for the thermal decomposition of single crystals
of anhydrous barium azide, both pure and doped with
respective impurities. It can be seen that in every case a
break is apparent, and the activation energy in the low
temperature range is 23 £ 1 kcal/mol and in the high
temperature range the activation energy value is 36.8 *
1 kcal/mol. The break or knee temperature is further seen
to depend on the type of the dopant and its concentration
(presented in Table I1). Whereas CT ion impurity affects
neither the rate of decomposition of pure Ba(N32nor its
knee temperature, an Na+ ion or C0O3" ion impurity is seen
to shift the knee to higher temperature and sensitize the

Figure 3. Arrhenius plots for the thermal decomposition of pure and
doped anhydrous barium azide single crystals.

TABLE I1lI: Effect of the Dopant lon and Its
Concentration on the Knee Temperature in the Thermal
Decomposition of Barium Azide Crystals

Rate constant“k, min 1

Dopant
ion Knee Below knee Above knee

Dopant concn, temp, temp (at temp (at

ion mol % °C 1415 °C) 178.0 °C)
None None 162.0 0.01200 0.2188
cr 102 162.0 0.01200 0.2188
Na+ 104 169.0 0.01905 0.2188
Na+ 1041 175.5 0.02512 0.2188
COZ io-2 166.0  0.01660 0.2188
Al3+ io-2 156.0 0.01096 0.2188

“ In all cases the activation energy below the knee
temperature was 23+1 kcal/mol and above the knee
temperature the activation energy was 36.8 + 1 kcal/mol.

decomposition rate and an Al3+ ion impurity lowers the
knee temperature and desensitizes the decomposition rate.

The shift of knee temperature with the type of the
impurity and its concentration is a common phenomenon
in the usual conductance plot of log avs. 1/ T for well-
known solids showing ionic conductivity. In barium azide,
Maycock16has shown that an Na+ impurity increases the
conductance of barium azide. He explained his result
assuming that barium azide, in analogy with barium
chloride, is an anionic conductor. However the later work
of Pai Verneker et al.17 has shown that in barium azide the
current carrying species is the barium ion and not the azide
ion. The results of Maycock on Na+ doped Ba(N3)2l6are
equally well explained on the model that Ba(N32 has a
Frenkel defect structure and that the current carrying
species is the interstitial barium ion. Doping barium azide
with Na+ results in a decrease in the concentration of the
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cation vacancies according to the equation

(+)(-) = constant

where (+) and (-) represent the concentrations of the
cation and anion vacancies. Further, it is evident from the
expression

(+)(1+) = constant

where (I+) represents the concentration of positive ion
interstitials, that a decrease in the concentration of cation
vacancies in a crystal lattice should lead to an increase in
the concentration of the positive ion interstitials. In the
light of this, one can argue that the concentration of
barium ion interstitials increases when doped with Na+or
C03 ions, decreases when doped with Al3+ ions, and
remains unchanged when doped with CI" ions. Un-
doubtedly, conductance experiments on doped barium
azide crystals could prove this point unambigously. In the
absence of conductance data, one can speculate that the
sensitization of the thermal decomposition by impurities
such as Na+and C03* and desensitization by the Al3+ion
are related to the concentration of the barium ion in-
terstitials in the barium azide crystals. This speculation
derives weight from the fact that, in the high temperature
region, the intrinsic region where the barium ion in-
terstitials are self-generated due to the thermal effects, the
impurities do not affect the rate of thermal decomposition.
The present data on pure and doped barium azide,
therefore, suggest that the rate-determining step in the
thermal decomposition of barium azide is the diffusion of
the barium ion interstitials rather than an electron transfer
process as suggested by earlier workers.311,1418 Ba2+ ions
arriving at the metal-salt interface lower the Fermi level
of Ba and thus facilitate subsequent electron transfer to
the metal. N3 radicals formed simultaneously decompose
to form N2gas. Repetition of these processes represents
the nucleus growth, diffusion of Ba+ interstitials being the
rate-determining step. The mechanism of thermal de-
composition of barium azide can be schematically rep-
resented as follows:

N3 -» N3 + e" @)
Ba2+ + 2e" -* Ba (nucleus formation) 2)
Ba + Ba2+-* Ba2+ (diffusion of Ba2+ interstitials) 3)
Ba2* + 2e" -* Ba2 (nucleus growth) 4)
2N3 > 3N2 (5)

Reaction 3 is the slowest step. The activation energy in
the low-temperature region, viz. 23 kcal/mol, then cor-
responds to the energy of diffusion of Ba2+ interstitials.
It is worthwhile to mention here that, according to Thomas
and Tompkins,9the activation energy for the mobility of
barium ions in Ba(N3)2is expected to be similar to that
of lead ions in lead halides, which is ca. 20 kcal/mol.2

The diffusion-controlled mechanism proposed above for
the thermal decomposition of barium azide is supported
by the correlation found between the activation energy
value for extrinsic conduction in Ba(N32(19.6 kcal/mol)
obtained by Maycock16 and the activation energy we
obtained for the low temperature thermal decomposition
of barium azide (23 kcal/mol).

The high temperature region (activation energy 36.8 +
1 kcal/mol) probably corresponds to the intrinsic region
where the Ba2+ interstitials are self-generated due to
thermal effects. This conjecture derives weight from the
fact that dopants do not affect the rate of decomposition
in this temperature range. Conductance studies would
have helped in confirming this fact. Unfortunately, no
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Figure 4. Arrhenius plots for the thermal decomposition of anhydrous
barium azide crystals and uncompressed and precompressed powders
(particle size, 150-180 fim).

Figure 5. Effect of pelletting pressure on the rate of thermal de-
composition of anhydrous barium azide (powder size, 150-180 /xm)
at 136 °C.

conductance measurements have been, so far, carried out
in this high temperature range because of the relatively
faster decomposition of barium azide.

Thermal Decomposition of Anhydrous Barium Azide
Powder. The thermal decomposition of barium azide is
envisaged to occur by the diffusion of the barium ion
interstitials to selective sites where the decomposition is
favored. Hence a change in the concentration of the se-
lective sites should also alter the rate of thermal de-
composition of barium azide. With this view, therefore,
the thermal decomposition of barium azide powder (un-
compressed and precompressed) was investigated.

Anhydrous barium azide powder was prepared by
grinding anhydrous barium azide single crystals to the
desired particle size (150-180 ¢¢m). a-t plots and Avra-
mi-Erofeyev fits for the thermal decomposition of the
powder samples at all temperatures studied were similar
to those shown in Figures 1 and 2, respectively. Thermal
decomposition of powder precompressed to 100, 200, and
250 kg/cm2 was also studied. Following the precom-
pression, the pellet has been dismantled and ground to the
same particle size fraction (150-180 fim) in all cases, a-t
plots and the fits to the Avrami-Erofeyev equations were
used to calculate the rate constants for the thermal de-
composition of precompressed powder at various tem-
peratures. Figure 4 presents an Arrhenius plot for the
thermal decomposition of barium azide crystal and powder.
It is evident that the activation energy remains unchanged
but the rate of thermal decomposition is drastically en-
hanced by powdering the crystal. Figure 4 also shows the
effect of precompression on decomposition rate. It can be
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seen that the rate of thermal decomposition is a function
of the precompression pressure (shown in Figure 5).
Earlier works by Pai Verneker and Rajeshwar2L2 on
ammonium and potassium perchlorates and Pai Verneker
and NairZZon ammonium oxalate by x-ray diffraction and
IR techniques have revealed that (i) precompression in-
creases the concentration of gross imperfections such as
dislocations in these crystals, (ii) the concentration of these
defects is linearly proportional to the applied pressure, and
(iii) the thermal decomposition of these crystals is pro-
portional to the applied pelleting pressure. In light of this,
one can say that gross imperfections produced by pre-
compression enhance the thermal decomposition of barium
azide in a systematic manner. This is in accordance with
the fact that an increase in the concentration of the se-
lective sites where decomposition takes place should en-
hance the diffusion of barium ion interstitials.

Conclusions

The thermal decomposition of anhydrous barium azide
single crystals and powder has been studied in detail over
a wide temperature range. The results of the present
investigation reveal that (i) doping Ba(N32with impurity
ions such as Na+ and C03-results in a sensitization of the
thermal decomposition, whereas an Al3+ impurity slows
down the decomposition rate; (ii) precompression causes
a drastic increase in the decomposition rate. These effects
clearly exhibit the role of crystal imperfections in the
reactivity of solids. Whereas doping results in the creation
of point defects, precompression leads to the production
of gross imperfections such as dislocations.

The break (knee) observed in the Arrhenius plot for the
thermal decomposition of pure and doped barium azide
and the shift in the knee temperature depending upon the
type and concentration of the dopant, clearly speak in
favor of a diffusion-controlled mechanism, Ba2+ interstitials
being the diffusing species. A mechanism involving
electron transfer as the rate-determining step seems to be
very unlikely. Torkar et al.u have shown that it is the
diffusion of Na+ ions that controls the rate in the thermal
decomposition of NaN3 Recent investigations by

R. C. Baetzold

Maycockl6support a diffusion-controlled mechanism for
the thermal decomposition of KN3 the migrating species
being K+ ions. Our results combined with the results of
earlier workers1416 lead to the conclusion that, in the
thermal decomposition of metallic azides in general,
diffusion of metal ions does play an important role in
controlling their reactivity.

Supplementary Material Available: Thermal de-
composition data of doped, undoped, precompressed, and
uncompressed barium azide crystals (Figures 1-9 and
Tables 1-X) (14 pages). Ordering information is available
on any current masthead information.
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Size and Geometric Effects in Copper and Palladium Metal Clusters
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Self-consistent extended Huckel calculations for cluster and bulk Cu and Pd are reported. The density of states
function of clusters up to 40 atoms takes on the shape but not the width of the bulk function. Vacant d orbitals
are observed on Pd atoms which have coordination numbers 5-7 in irregularly shaped clusters. This effect
correlates with a greater projected density of states at the Fermi energy. This effect is not present in Cu clusters.
These effects and their implications for catalysis are discussed.

1. Introduction

Catalysis involving small metal particles is of great
commercial importance. While a vast background of
experimental work exists classifying catalytic properties
of small metal particles, little understanding of their
microscopic role in catalysis exists. Attempts1-3to correlate
catalytic activity with particular properties such as percent

0022-3654/78/2082-0738$01.00/0

and character of the metal bond, heats of adsorption or
sublimation, metallic radius, densities of states at the
Fermi level, or surface d electrons4are useful to provide
understanding within a particular class of reactions, but
often do not apply to more general reactions.
Outstanding questions include the matter of determining
catalyst electronic effects with size and its influence upon

© 1978 American Chemical Society
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catalytic reactions. Boudart5has classified reactions into
structure sensitive and insensitive based upon this size
effect. Some reactions show pronounced effects of catalyst
particle size while others are independent6 of the catalyst
size. A critical size exists for some reactions, where 8-20
atoms of Pd, Ag4, and Au2represent this size for metal
deposition from solution.7 Thus experimental evidence
suggests that important catalytic effects take place as metal
particle size changes. The role of the catalyst support in
influencing electronic properties of the catalyst may also
be important. The question of whether support effects are
dominant in determining catalytic properties of the small
particles depends in part upon how the electronic prop-
erties of the catalyst particle compare with those of the
bulk metal.

The role of catalyst structure involving special ar-
rangements of atoms remains open. Significant in this
regard have been the stepped surface studies which define
an active catalyst site for some reactions.8 These active
sites on metal crystals involving atoms with low coordi-
nation number are comparable to small metal particles in
catalytic activity for some reactions.8 The possible re-
lationship between electronic properties and structure of
these sites is now actively under investigation.910

Theoretical studies of small metal particles using
semiempirical molecular orbital theory have focused on
their electroniclland chemisorptive properties.1214 The
approach of binding energies, ionization potential, and
energy level spacing to bulk values has been deduced to
generally require particles larger than 10 A diameter for
close correspondence.ll Clusters of Ag having 55 atoms
were calculated to possess 1/3 to 1/2 of the bulk binding
energy per atom. lonization potentials of large clusters
of Cu, Ag, and Au containing up to 135 atoms have been
studied.1l5 Changes are found in this property upon
progressing from 79 to 135 atoms. In contrast to this
behavior, chemisorptive studies have generally shown that
a localized model is sufficient to describe the interaction
between absorbate and metal surface.121416 The primary
surfaces studied here have been Ni and W where 9- to
10-atom surface models have been employed.

The present work is aimed at principally studying the
valence density of states (DOS) for Cu and Pd clusters in
both highly symmetric and asymmetric geometries. These
two metals differ significantly in electronic and catalytic
properties. We wish to examine the behavior of the DOS
as particle size changes and make direct comparisons with
the calculated bulk value. In addition, some special sites,
analogous to steps in that they possess atoms with low
coordination, will be examined. These calculations have
been performed using extended Huckel theoryl6within the
framework of the self-consistent procedure for metal
complexes.l7 Thus, excessive charge buildups sometimes
observed in extended Huckel calculations are avoided.

2. Method

The extended Huckel procedure developed by Hoffmann
requires diagonalization of a secular determinant:
Iff-ESI =0 D

The overlap elements (Si;) are calculated using Slater
orbitals involving two functions for the d orbital and one
function for the s and p orbitals. Thus 4d, 5s, and 5p
orbitals for Pd and 3d, 4s, and 4p orbitals for Cu are
treated. The Hamiltonian matrix elements (ffiy) were
taken from the Wolfsberg-Helmholtz formulal9

A = K(Hit + Hjj)SijZ/2 K =1.75 2)

and the atomic ionization potential provided values for the
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TABLE I: Parameters of the Calculation

Cu
Slater exponents Pd
3d 5.950 (0.5933), 2.300 4d 5.983 (0.5264), 2.613
(0.5744) (0.6372)
4s 1.550 5s 1.568
4p 1.550 5p 2.190
Electron cu Pd
ionized Configuration6 A, eV B, eV A, eV B, eV
s d*s 772 991 743 865
s d~'v 9.17 10.63 8.28 8.65
s d67-1sp 10.86 10.90 11.21 8.65
p . 3.98 7.69 385 7.36
b dwg 528 791 7.73 7.36
p . S| 5.03 8.13 6.44 7.36
d v+ 250 17.87 851 11.82
d dNs 10.66 16.08 11.68 11.82
d dNp 12.86 15.47 12.97 11.82

° Two exponents with coefficients in parentheses. b N
= 10 for Cu, 9 for Pd. c Extrapolated for Cu.

Hu elements. The Huvalues were expressed in terms of
valence state ionization energy (Hu ) using the procedure
of Basch, Viste, and Grayl7

-ff;;' = A + BQ (3)

where Q is the charge on the atom and A and B are ob-
tained by fitting to average electron configuration energy
for the atom or ion. Nine configurations were employed
for Cu,17 while spectroscopic data were employed to
obtain average energies in order to determine the A and
B values of Pd. These values as well as other input data
are listed in Table I. The calculations went through 10-15
iterations generally, giving a Mulliken charge distribution
varying less than 0.01 on each atom between successive
cycles. Clusters larger than 19 atoms were calculated using
the self-consistent Hu values appropriate to the 19-atom
cluster in a noniterative manner. Some of the calculations
for Pd clusters in asymmetric geometries required 30
cycles.

The use of extended Huckel theory for bulk crystals is
very similar to that employed recently for Ni bulk and
surfaces.2l Slater orbitals representing valence d, s, and
p orbitals were employed with the exponents of Table |
and Huvalues appropriate to d’V for Cu and d94s06 for
Pd. Lattice constants were determined by bulk experi-
mental values. Bloch functions are the basis functions
which convert the secular equations to a function of k, the
reciprocal lattice vector. Overlap elements were deter-
mined from

shuk) = ~ S A I(k)eik-Ri (4)

where Rtis the translation vector, and the superscripts 0,/
define the unit cells where mand Vv have their origin. The
sum includes terms up to the fourth nearest neighbor.
Hamiltonian elements were constructed in a similar
fashion. The secular equation is solved at an equivalent
of 2048 points in k space. The resulting eigenvalues were
averaged over these points to obtain a DOS histogram.
The histogram was further smoothed by centering a
Gaussian function of 0.1 eV width upon each energy level.
This procedure employing Gaussian functions was also
used for the finite clusters and for preparing all of the
figures shown here. The smoothing procedure employing
Gaussian functions groups the discrete energy levels within
a small energy interval. This effect occurs in any ex-
perimental measurement of DOS due to finite instrumental
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19 ATOM FCC STRUCTURE

Figure 1. Fccub model for 19-atom cluster.

resolution. Gaussian functions are often employed to
express the instrumental line width.

The projection of the DOS upon particular atoms was
obtained from the coefficients Cir The relation

Pi = £(2C,,2+ 2 cjickisjk) (5)
i i*k

provides the projection of a given molecular orbital t upon
a particular atom when the sum over j only runs over
orbitals on the atom in question. Analysis of each mo-
lecular orbital provides the projection which is plotted vs.
energy. This value is multiplied by a Gaussian function
as described earlier to determine the projected DOS.

3. Results

3.1. Model. Calculations have been performed for
three-dimensional symmetric geometries up to 8 atoms
(triangles, tetrahedrons, bipyramids, bicapped pentagons,
cubes) and face-centered-cubic geometries (fccub) at larger
sizes. The model for a 19-atom fccub cluster depicts this
geometry in Figure 1. The center atom is surrounded by
shells of nearest neighbors containing 12, 6, and 24 atoms
successively in complete shells. We consider highly
symmetric clusters containing 13,19, and 43 atoms as well
as less symmetric clusters containing incomplete shells of
nearest neighbors. All nearest neighbor distances are equal
in these calculations and taken as 2.50 and 2.74 A for Cu
and Pd, respectively. These values correspond closely to
the experimental bulk distances. Calculated equilibrium
distances for the large clusters are 2.5 and 2.3 A, re-
spectively, for Cu and Pd for noniterative calculation. The
results of the non-self-consistent calculation for bond
length agrees better with bulk experiment for Cu than Pd.
This is due to the greater calculational difficulty in
properly describing the partially filled d band which exists
for Pd, but not for Cu.

3.2. Cu Cluster DOS. The bonding in Cu clusters is due
primarily to overlap of 4s orbitals. The density of states
function (DOS) for various sized clusters is shown in Figure
2. The DOS profiles were obtained using the Gaussian
procedure described earlier. The most intense peaks in
Figure 2 are due primarily to d molecular orbitals, with
less intense peaks due to s molecular orbitals appearing
on both sides of the d states. The filling of the s band with
size is particularly apparent in this figure. Multiple peak
structure appears in the DOS for small sizes, yet changes
are apparent in all clusters in this size range. In addition
to these effects the highest occupied molecular orbital
(HOMO) shifts toward the vacuum level by 2.66 eV from
Cu2to Cu43as seen in Table Il. The top of the d band
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16
39
13
31
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Energy, eV EF =0

Figure 2. Valence density of states for Cu clusters containing 8-43
atoms vs. energy measured relative to the Fermi energy, EF.

TABLE Il: Properties of the Clusters

Copper Palladium
No. of HOMO, Ab HOMO, A,
atoms eV eV eV eV
2 9.36 2.33
8 8.91 2.66 9.09 0.01
10 7.17 0.14 9.12 0.03
13 7.32 0.94 9.27 0.12
16 7.44 0.05 9.49 0.01
19 7.16 0.72 9.21 0.01
31 7.11 0.23 9.17 0.01
39 6.81 0.17 9.15 0.01
43 6.70 0.01
@ 6.01

Cubic geometry. b i3 is the energy gap between high-
est occupied and lowest unoccupied molecular orbitals.

is located closer to the HOMO for the small clusters. The
energy level spacing at HOMO decreases with increasing
size. The general features of ESCA spectra of the bulk can
be observed in the largest clusters where an intense peak
in the d band is found nearer the vacuum level and a less
intense shoulder appears at more negative energy. This
feature is less pronounced in the smaller clusters.

The calculated DOS may be compared for the finite
clusters and bulk solid. Figure 3 shows that the DOS is
different for the bulk than for the small clusters. The
comparison between symmetric clusters in the figure shows
a much larger bandwidth for the bulk and a different
shape. The calculated bulk d bandwidth of 2 eV is about
1/3 greater than observed for the finite clusters. While
a general convergence toward the bulk calculated structure
is occurring with cluster size, the transition is by no means
complete at 43 atoms.

3.3. Bulk Bands of Cu. The energy bands calculated
for Cu are shown in Figure 4. Only the five d and one s-p
band are shown. The shape of the bands in the Brillouin
zone is similar to that observed in augmented plane wave
calculations.2 The eg bands lie 0.47 eV closer to the
vacuum than the tZybands at k = (000). The d bands are
narrower in the present work and located further from the
Fermi energy than those calculated by the augmented
plane wave method. While a better choice of parameters
might be expected to remedy this discrepancy, the primary
purpose in the work is to make relative comparisons of
DOS vs. size using the same parameters. The present
calculation gives a d bandwidth of 1.63 eV and top d band
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Figure 3. Comparison of density of states calculated for Cul3and Cul9
clusters and Cu bulk using the parameters of Table I.

Figure 4. Display of the lowest energy bands calculated for Cu bulk
vs. the Brillouln zone value, k. The Fermi level is -6.01 eV.

edge below the Fermi energy of 3.87 eV.

3.4.  Projected DOS of Cu. The projection of the DOS

upon particular atoms in the Cu cluster shows the effect
of the self-consistent potential. This is illustrated in Figure
5 for the occupied energy levels in the 19-atom Cu model.
The molecular orbitals of the center atom are significantly
shifted to lower energy relative to the other orbitals. These
energy levels appear more pronounced near the bottom of
the DOS profile, while the energy levels associated with
atoms having fewer nearest neighbors appear near the top.
The charges of each atom in this model are shown in Table
11l and indicate only a minor degree of charge transfer.
The shifts in potential relative to the center atom are also
tabulated. These values indicate that the density of states
profile associated with a given atom is strongly dependent
upon the number of nearest neighbors of the atom.

The charge separation calculated in metal clusters is
greatly reduced by the self-consistent procedure. Data in
Table 111 refer to the 19-atom cluster of Figure 1 and the
16-atom cluster formed by removing two atoms along the
same axis. The d orbital occupation of Cu clusters is
unaffected by shape, position, or self-consistency and
remains essentially completely full.
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Self consistent

Outer
Aa A
Middle
Center
A1 A
-9
Energy, eV

Figure 5. A projection of the density of states upon center, middle,
and outer atoms in the 19-atom fccub Cu cluster.

Pd Clusters i, HOMO

11 HOMO

Energy, eV EF =0

Figure 6. The dependence of the Pd valence density of states is shown
for 2-13 atom clusters. The HOMO is indicated by the dashed line.

Energy,eV Ep =0

Figure 7. The dependence of the Pd valence density of states is shown
for 13-39 atom clusters. The HOMO is indicated by the dashed line.

3.5.  Pd Cluster DOS. Clusters of Pd have a high DOS
at the Fermi level, unlike the Cu clusters just discussed.
The changes in DOS from Pd2to Pd®are shown in Figures
6 and 7. It is clear that drastic changes take place in the
bandwidth, shape, and density of states at the Fermi level.
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TABLE I11l: Properties of Cu and Pd 16- and 19-Atom Clusters: Charges, d Occupation, and Self-Consistent Potential
Non-self-consistent Self-consistent )

Atom d d H nh potential, ev
type* Charge occupation Charge occupation S p d
M,

Cu center +0.48 9.9 +0.09 10.0 9.01 4,58 12.45
Cu middle -0.04 9.9 -0.01 9.9 8.14 3.80 11.67
Cu outer +0.003 10.0 +0.001 10.0 8.09 3.83 11.39
Pd center +2.11 8.1 -0.03 9.7 6.77 1.87 10.12
Pd middle -0.04 9.5 -0.11 (4)b 9.7 6.34 0.88 9.77

-0.28 (4)b

-0.23 (4)b
Pd outer -0.28 9.8 +0.48 (2)b 9.6 6.52 0.92 9.59

+0.01 (2)b

+0.14 (2)b

m 16

Cu center +0.50 9.9 +0.05 9.9 9.11 4.52 12.67
Cu middle -0.04 9.9 -0.02 9.9 8.06 3.75 11.51
Cu outer -0.14 9.9 -0.10 10.0 7.84 3.69 11.15
Pd center +1.58 8.2 +0.29 9.8 6.76 1.22 10.33
Pd middle +0.09 9.4 -0.05 9.5 6.48 1.02 9.85
Pd outer -0.45 9.8 -0.07 9.5 6.45 1.23 9.76

° Center atoms have 12 nearest neighbors, middle atoms have 7 nearest neighbors, and outer atoms have 4 nearest neigh-
bors. b Differing charges on atoms in single shell, number of atoms in parentheses.

Pd CLUSTERS

T

Energy (eV)

Figure 8. The valence densty of states is compared for Pd,3 and Pd19
clusters and bulk Pd.

There are particular effects due to irregularly shaped
structures. The band broadens and the density of states
at the Fermi level increases as the clusters increase in size.
Molecular orbitals composed of s orbitals overlap the d
band and are responsible for the less intense peaks ap-
pearing lower in energy than the d levels. The comparison
of these profiles with the calculated profile for bulk Pd in
Figure 8 shows that bulk behavior is not attained for these
cluster sizes even though there is a general similarity with
the bulk DOS. The d band calculated here is more narrow
for the bulk than is observed experimentally. Calculations
using the bond length of 2.5 A give a broader bulk d
bandwidth of 2.9 eV, but the main features of the DOS are
unchanged.

3.6. Projected DOS of Pd Clusters. The projected DOS

is strongly dependent upon the number of nearest

Ef =0 Ef=0
Energy, eV

Figure 9. Projected density of states for various atoms in Pd16 cluster
containing different numbers of nearest neighbors (NN).

neighbors an atom possesses. The behavior of this function
for Pd13and PdDis very similar to the results reported for
Culdin Figure 5 Outer atoms with the fewest nearest
neighbors possess the greatest component near the top of
the bands and also the greatest density of states at the
Fermi energy. In the case of Pd clusters with incomplete
shells of nearest neighbors, such as Pd16 shown in Figure
9, the largest density of states at the Fermi energy occurs
for atoms with five or seven nearest neighbors. In this
particular cluster there are three atoms in an incomplete
shell, two of which are located on the same axis. Similar
behavior is found for the PdDcluster in Figure 10. Here
the atom with five nearest neighbors has the largest
projected density of states at the Fermi energy. Appar-
ently, atoms with intermediate coordination numbers tend
to maximize this function on small clusters.

The average electron configuration of Pd clusters does
not vary strongly with size. It is, however, more dependent
upon the atom’s position. Data for the self-consistent
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Energy, eV

Figure 10. Projected density of states for various atoms in Pd” cluster
containing different numbers of nearest neighbors (NN).

calculation in Table 11l show that d orbital occupancy
differs for the outer atom in Pd16and Pd19clusters. This
type of effect is also observed for other irregularly shaped
clusters. The charge distribution in Pd clusters shows
minor charge buildups, although largest values usually
appear on atoms in incomplete shells.

The effects of the charge self-consistent calculations are
clearly shown for Pd clusters in Table I11. A large positive
charge with a depletion of d electrons is observed on the
center atom in the non-self-consistent calculation. This
is because this calculation predominately puts orbitals on
atoms with the largest number of nearest neighbors near
the top and bottom of bands. Thus, in Pd with an in-
completely filled d band, a positive charge results on the
center atom. Doing the self-consistent calculation lowers
these orbitals resulting in more complete electron filling
of the d levels associated with this atom. This results in
a depletion of electrons in d levels associated with atoms
on the surface and is responsible for the effects shown in
Table III.

4. Discussion

The extended Hiickel procedure employed here for
clusters and bulk crystals is very similar to the tight-
binding method of solid state physics. All overlap and
energy interactions between orbitals are retained per-
mitting hydridization effects. Inclusion of nondiagonal
terms between nonnearest neighbors results in greater
destabilization of antibonding orbitals than would be
obtained otherwise. The self-consistency procedure in-
cluded here also leads to a more realistic charge distri-
bution. Thus, the present procedure is thought to provide
a reasonably accurate description of the DOS of transition
metal clusters and bulk just as the tight-binding method
has provided.23

There are close parallels observed between the calculated
properties of thin films and clusters. Other calculations
treating a monolayer of copper using a Green'’s function
method have shown a more narrow d band for the mon-
olayer vs. bulk and a Fermi energy shifted closer to the
d band.24 Both of these effects are apparent in Figures 2
and 3. Of course the narrowing of the rms width of bands
near the surface has been observed in tight-binding cal-
culations. Other cluster calculations using multiple
scattering methods have reported narrowing of d bands
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for transition metal clustersl0which is consistent with the
behavior observed here. The DOS behavior of small metal
particles deviates significantly from the corresponding bulk
quantity as determined from our calculations. The
bandwidth and shape of the DOS change significantly up
to 40 atoms of Cu and Pd in various shaped fccub clusters.

There is an intermediate coordination number for Pd
atoms in the unsymmetrical clusters which facilitates the
greatest density of states at the Fermi energy and greatest
hole population in the d levels. In asymmetric clusters the
self-consistent calculation provides this result at coordi-
nation numbers of 5 or 7. These data are observed in
Figures 9 and 10 as well as Table Il1l. Included in this
behavior are 18- and 20-atom clusters related to the model
of Figure 1 by addition or removal of one atom. Atoms
in the copper clusters do not show this effect. The vacant
d levels in the Pd clusters would be suitable for accepting
electrons from a chemisorbing species. Such a partial or
complete electron transfer could have significant effect on
the bonding in the chemisorbed species and thus account
for the catalytic effect. In this proposed mechanism of
catalytic effect by very small metal particles, only some
clusters with particular shapes would be the active cat-
alysts. In larger particles several active sites could exist
on the same particle.

The larger projected density of states at the Fermi level
observed for Pd atoms of intermediate coordination is due
in part to the self-consistent potential. This potential
arises from the negative charges calculated for surface
atoms. The potential shifts d orbitals on atoms with
incomplete coordination toward the top of the d band
where the Fermi level is located. The molecular orbitals
are spread apart in energy to a degree which increases with
increasing number of nearest neighbors. These effects
position d orbitals on atoms with intermediate coordination
near the Fermi level. In this position, these orbitals can
interact with chemisorbed species through electron do-
nation and reception.

These results may be compared with recent SCF-Xa-SW
calculations for transition metal clusters.26 A similarity
exists in the ionization potential and its dependence upon
size. Values of the IP greater than for the bulk are ob-
served in both calculations and 13-atom clusters of Cu have
values of 1.3 eV larger than calculated bulk in this work
vs. the value 2 eV reported in the SCF-Xa-SW work.
Values of the electron affinity greater than the bulk work
function are not observed in this work. A significant
different also exists in the interpretation of DOS behavior.
The shape of the DOS deviates significantly from the bulk
for the asymmetric clusters considered in this work.
Symmetric 13- and 19-atom clusters have a d bandwidth
less than the bulk calculated value. This effect is true
apart from the choice of parameters which is the same for
bulk and cluster.

Single f Slater orbitals used in prior workl1lgenerate too
narrow d bands when exponents of ClementiZ’ are em-
ployed. However, as the prior work has shown, the more
diffuse matching overlap orbitals of Cusachs2give a much
wider d band for clusters such as Pd19 It should also be
pointed out that no experiments have been reported on
the DOS of monodisperse distributions of metal clusters.
This type of data would be required to determine when
the DOS of the cluster becomes bulklike.

We have observed significant effects on the d orbital
population of Pd but not Cu irregularly shaped clusters.
This effect is in accord with a model derived by using an
appropriate solution to the Schroedinger-Poisson-Hartree
calculation.® There it was concluded that on stepped



744  The Journal of Physical Chemistry, Vol. 82, No. 6, 1978

surfaces significant changes were expected in the popu-
lation of d orbitals when the density of states at the Fermi
energy is large, as in the case of Pd, but not for Cu.

We have employed a relatively simple method to ex-
amine properties of metal clusters. The thrust of this work
is to uncover the trends rather than absolute numbers.
The latter task is left to more exact procedures when they
become applicable to the shapes and sizes of clusters
examined here. The density of states at the Fermi level
for Pd clusters shows an interesting dependence on size.
This quantity may be obtained from the data plotted in
Figures 6 and 7. This property increases with size for more
than four atoms and may be important in explaining
critical catalytic size observed for Pd clusters.8
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Vortical Flow as a Source of Optical Activity in J Aggregates of Cyanine Dyes?

Bengt Norden

Department of Inorganic Chemistry 1, Chemical Center, University of Lund, S-220 07 Lund, Sweden (Received September 7, 1977)

An examination was made of the reported swirl-induced optical activity of J aggregates (Scheibe polymer) of
I, T-diethyl-2,2'-cyanine chloride. The vortex strain in a model swirl was found to be theoretically capable of
degrading this polymer. However, experiments did not lead to any significant intrinsic optical activity. Circular
dichroism deflections were due to macroscopic linear dichroism from accidentally oriented material.

A new mechanism for producing asymmetric species has
recently been suggested by Honda and Hada.l They
reported that opposite enantiomorphs of the optically
active Scheibe polymer (aggregated |I,I'-diethyl-2,2'-
cyanine chloride) could be preferentially formed during
synthesis by right- and left-handed swirling of the solution.

In earlier trials we did not succeed in reproducing their
results in the preparation of polymeric I,I'-diethyl-
2,2,-cyanine in a conical swirl and suggested that their
observation could have been an artifact due to linear
dichroism from accidentally oriented material.2 A recent
study by Saeva and Olin supported this concept.3
However, since neither the structure of the Scheibe
polymer nor the hydrodynamic conditions can be uniquely
defined very easily we cannot eliminate the possibility that
Honda and Hada really obtained optical activity by ap-
plication of dissymmetric flow, which they continue to
claim in repeated studies.4 In view of its general im-
portance we give the question some further consideratiin
here.

No example has previously been reported on specific
interactions between dissymmetric matter and dissym-
metric flow on the molecular level but this possibility has
been tentatively referred to in various macroscopic con-
nections (the relative proportions of right- and left-handed

0022-3654/78/2082-0744$01.00/0

shells on some ocean beaches have been ascribed to hy-
drodynamic effects;3a rotating drum apparatus has been
suggested for separation of enantiomeric crystals3. In
macroscopic systems gravitation usually provides a
physical reference axis with which even a two-dimensional
swirl defines a dissymmetric system. However, on a
molecular level it seems necessary to require intrinsic
(three-dimensional) dissymmetry. As a measure of the
“vortex strain” we may define

du dvx dvz
S = /<u>-curl Vdr Y

vy

dx

9z ’ dz dx ’
dr (1)

where curl u(X, y, z), the vorticity, is proportional to the
instantaneous angular momentum of a spherical particle
of fluid, centered in the point (X, Yy, z), and (V) is the
average flow vector of the system considered. The signs
of the terms in eq 1 take into account that a rotation about
the direction of (v) results in a positive S (right-handed
coordinate system) if it is in the direction of turning of a
right-handed screw moving along (v), and so on.
Diffusion differences in an asymmetric flow would in
principle provide a way to separate optical isomers.

© 1978 American Chemical Society
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TABLE I: Approximate Components of Shear Stress*

10%/m (A/rd/ms-1 E 1046/m 6/2
1 0.05 6.81 1 (-17)
0.10 1 6.45 1.04 (-16)
0.15 6.06 11 (-15)
11 0.80 211
0.82 0.1 1.98 23
0.84 1.85
111 0.985 0.533 -0.33
0.990 0.1 0.442 4.0
0.995 0.309

-0.023
-0.021
-0.020

-0.028
-0.019
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PzXIm_1kgs'2 Pzytm~1kg s'2

10-5m 1006m 6/2 10 5m 10-6m
(43) (65) (10) (18) (20)
(41) (62) (10) (18) (19)
(38) (58) 9 (16) (18)
0.092 0.092 0.043 0.086 0.086
0.086 0.086 0.043 0.086 0.086
0.065 0.065 0.043 0.086 0.086
0.12 0.13 0.25 0.48 0.48
0.10 0.11 0.25 0.48 0.48
0.07 0.08 0.25 0.48 0.48

“ (1) Close to orifice. (Il) Skin friction ca. 45° to the x axis, i.e.,pzx = pzy atz = 0. (Ill) Close to top (X « c).

Figure 1. Swirl with positive vortex strain. Configuration of flow cell
employed in the experiment is as follows: ¢ = 1cm, rtop= 0.75 cm,
"orifice = 0.015 cm, 2a = 90°; flow rate A/rtop= 10 cm s~1 De-
formation expected intuitively for a band-shaped object due to
asymmetric force fields.

Figure 2. Expected friction forces in a swirl with positive vortex strain.

Asymmetric strain (twisting in one direction) could the-
oretically perturb conformer equilibria asymmetrically to
give optical activity. Preferential degradation could also
theoretically give rise to optical activity. Figure 1 illus-

Figure 3. Observed CD at the J band (572 nm) for 19 solutions of 7.5
X 10~4 M 1,1’-diethyl-2,2'-cyanine iodide in 0.25 M NaCl after swirling.
Each solution was allowed to cool slowly from 70 °C (monomeric
solution) to 25 °C (Scheibe polymer) in a swirl cell of the geometry
given in Figure 1. Each sample (5 mL) was circulated for 4 min through
the cell. CD was measured in a rectangular cell (1 X2 cm; pathlength
0.2 cm) filled in vertical position (0 = 0, unfilled symbols) but also
measured in horizontal position (¢>= 90°, filled symbols). These positions
corresponded to extreme deflections of opposite directions, so the true
CD is approximately the mean value.10

trates a population of predominantly right-handed
band-shaped helices (Scheibe polymers with positive J-
band CD), possible in a right-handed (positive S) swirl.

A steady flow with swirl, of the geometry defined in
Figure 2, was applied to an aqueous solution of polym-
erizing 1,I'-diethyl-2,2,-cyanine iodide (Figure 3). Such
a swirl provides a rotationally symmetric boundary layer
(of thickness 5) for which the momentum equations have
been described.7 The tangential velocity components in
the layer are
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u*= (A/rO)E{r) - 2i?1 + n3)
W= (A/r0)@2i? ~ V2) (2)

where 7= 2/8 and A/rQis the flow rate (E according to
ref 7). The orientation and possible deformation and
degradation of the polymer is governed by the shear force
field. The shear stress can be approximated (neglecting
radial components) by

pzx = p{dux/bz),pzy = p(duy/dz) (3)

where p is the viscosity. Table I shows roughly how the
shear varies within a swirl of the geometry used. The shear
forces near the orifice are clearly large enough to disin-
tegrate polymer strands (cf. the observation2of a degra-
dation at velocity gradients less than 103s'], i.e.,, 1 nrlkg
s'd.

2'I)'he observed circular dichroism in a number of ex-
periments (Figure 3) does not suggest any correlation
between the sense of swirl and the optical activity. The
natural optical activity is in the present performance small
compared to linear dichroism arising from accidental
orientations of aggregates in the optical cell. An extensive
study of how linear and circular dichroism affect the signals

G. Laustriat and D. Gerard

in a circular dichroism spectrometer has been performed
in our laboratory89 (technique of measuring circular di-
chroism on oriented films;10general optical formalism11).
The present results are in accord with our previous
concept of macroscopic linear dichroism as the only sig-
nificant source of the observed “circular dichroism”.
However an explanation, which cannot definitely be
dismissed, of the difference between these results and those
of Honda and Hada, could be a greater turbulence in the
boundary layer and the present apparatus, designed to
promote laminar flow, may have suppressed some
“microvorticity” responsible of their observations.
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The thermal dependence of fluorescence quantum yield ¥and lifetime r is modified in the presence of dif-
fusion-controlled quenching because of temperature effects on the fluorophore lifetime and on molecular mobilities.
This phenomenon can be evaluated and studied by means of the temperature coefficient C (relative variation
of €and r per degree). Expressions of C in the absence and the presence of quencher show that C is temperature
dependent, may increase or decrease upon addition of quencher, and tends at high quencher concentration
to a limiting value which essentially depends on the activation energy for diffusion in the solvent. These properties
were experimentally studied on solutions of indole and phenol in water and dioxane that are model systems

of protein residues.

Introduction

It is well known that increased temperature reduces the
fluorescence quantum yield and lifetime of excited mol-
ecules by increasing the efficiency of radiationless deac-
tivation.1 In solution, the magnitude of this effect generally
depends on the solvent since solvent-solute interactions
may modify the thermal dependence of radiationless
transitions. For instance, the effect of temperature on
indole fluorescence has been shown to be much greater in
water than in nonpolar solvents.2 4

In the presence of an external “dynamic” quencher,
there is additional deactivation resulting from a diffu-
sion-controlled bimolecular reaction. How this process
influences the thermal dependence of fluorescence is not
obvious. As a matter 0: fact, an increase in temperature
induces opposite changes in two important parameters of
the quenching mechanism: the fluorophore lifetime de-
creases, thus reducing the probability of an encounter with
the quencher, but molecular mobilities increase, thus

0022-3654/78/2082-0746501.00/0

enhancing this probability. According to which effect is
prédominent, the quenching efficiency, and therefore the
fluorescence quantum yield, may be more temperature
dependent or less so in the presence than in the absence
of quencher.

To our knowledge, such a phenomenon has not yet been
analyzed. Besides its general interest for fluorescence
studies, it is particularly important in the case of complex
systems such as proteins, where it accounts for the variety
of thermal variations of fluorescence observed.5 We
therefore studied it in some detail in solutions that are
model systems for aromatic residues of proteins: phenol
and indole in water and dioxane.6 These solutions had the
additional advantage that the spectroscopic behaviors of
the solutes and the molecular properties of the solvents
were quite different.

In this study, the magnitude of the temperature effect
was evaluated by means of the “temperature coefficient”,
giving the relative change in quantum yield and lifetime
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per unit temperature increment. This parameter has the
double advantage of being a convenient index in com-
parative studies and, as we shall see, of being related to
molecular parameters, about which it may give interesting
information. In the following, we shall establish the ex-
pressions of this coefficient in the absence and the presence
of quencher, and show that its predicted properties are
experimentally verified, thus giving a consistent inter-
pretation of the observed phenomena.

Experimental Section

Solutions were prepared in twice-distilled water or
spectroquality dioxane. They were used in equilibrium
with air since fluorescence quenching by oxygen is nil in
water and very small (=5% at ambient temperature) in
dioxane.

Indole (Prolabo or Sigma) was twice recrystallized in
twice-distilled water. Phenol and carbon tetrachloride
(Merck) and L-histidine (Sigma, £ grade) were used
without further purification.

Absorption spectra were recorded with a Cary 15
spectrophotometer and fluorescence spectra with an
absolute spectrofluorimeter (Fica 55 M KII). Indole
derivatives were excited at 295 nm and phenol derivatives
at 275 nm (band width 2.5 nm). Relative fluorescence
quantum yields were determined from the areas under
corrected emission spectra of solutions of equal optical
densities; absolute yields were obtained using the reported
value of 0.14 for L-tryptophan in water at 25 °C.78

Lifetimes were measured by the single photoelectron
technique with a laboratory-built apparatus previously
described.?

Quartz cells (1 cm X 1 ¢m) containing solutions were
placed in a metal sample holder whose temperature was
regulated by circulation of liquid. The temperature of
solutions was measured by a thermocouple and maintained
within 0.5 °C during measurements. The ranges inves-
tigated were 10-75 °C in water, and 10-60 °C in dioxane.

The temperature coefficient ¢(T) at a given temperature
T (eq 1) was determined from plots of quantum yield ¢

L () o e
o(T) \dT/ r 1(M\AT/ ¢
or lifetime 7 vs. temperature. Such plots often being linear
or only slightly curved (Figure 1), we did not attempt to
draw the tangent to the curve; we evaluated ¢ from the

changes in ¢ (or 7) for a temperature increment of 15°
around T

1 ¢(T+1.5) - ¢(T—1.5)
15 ¢(T)

In most cases we used for convenience (ambient tem-
peratures) the value of ¢ corresponding to T = 30 °C.

e(T) = (1)

c(T) =

Results and Discussion

I. Temperature Coefficient in the Absence of Quencher.
(1) Expression. In a solution containing only one solute,
the fluorescence quantum yield and lifetime are given by

po = keTo (2)
To = (Ry + kyy)™! (3)

where k¢ and k,, are the rate constants of emission and of
nonradiative deactivation, respectively. Extensive studies,
recently reviewed by Birks,! have shown that temperature
has practically no influence on the emission rate but affects
the efficiencies of intersystem crossing to the triplet state
and/or internal conversion to the ground state. Since one
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Figure 1. Thermal dependence of the temperature coefficient (C,) of
fluorescence in the absence of dynamic quenching for (a) indole/water;
(b) phenol/water; (c) indole/dioxane; (d) phenol/dioxane.

of these thermal effects is generally predominant, the rate
constant of radiationless transitions may be expressed as!

knr(T) = knro + knr' exp(—wnr/kT)

where k. is a constant, k,," and W,, are respectively the
frequency factor and the activation energy of the main
temperature-dependent process, and k is the Boltzmann
constant.

Using this expression of k., in eq 3 and differentiating
the latter with respect to temperature leads to (see eq 1)

o - -[% exp(~Wos/kT) @

The temperature coefficient is negative; in the following
we shall consider its absolute (positive) value, which will
be denoted by C,,.

(2) Properties. Equation 4 shows that c; is temperature
dependent, but in a nonobvious manner as the terms
(roT?) and exp(-W,,/kT) display opposite thermal var-
iations. Differentiation of (4) shows that C, increases with
temperature (dc,/dT < 0, i.e., dCy/dT > 0) if

War > 2RT + CokT? (5)

Figure 1, where experimental values of C, for indole and
phenol in water and dioxane are plotted, shows that C,
does increase with temperature for both solutes in water
(curves a and b). This is in agreement with (5) since for
both systems reported values of W, are greater than values
w of the right-hand side of (5) in the temperature range
explored (20-60 °C): (indole/water) W,, = 0.52 eV,* 0.53
eV,120.12 < w < 0.48 eV; (phenol/water) W, = 0.27 eV,1
0.11 < w < 0.17 eV.

In dioxane, however, both coefficients are almost in-
variant (Figure 1, curves ¢ and d), indicating that dC,/dT
~ (0,ie., W, ~ w. Since W, is a constant, this condition
first implies that w varies only slightly, in the temperature
range considered, which is effectively the case, because of
the low values of Cy: 0.075 < w < 0.095 for indole; 0.08
< w < 0.11 for phenol. Furthermore, the predicted
proximity of W,, to w is verified for indole, whose the
activation energy in dioxane has been reported to be 0.065
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TABLE I: Absolute Values (X102) of Fluorescence
Temperature Coefficients (Relative Variation per Degree
of Quantum Yield at 30 °C)

Solute Water Dioxane
Indole 3.0%+0.2 0.45 £ 0.1
Phenol 0.85 £ 0.1 055 0.1

eV.4 For phenol the value of Wmis not known; our results
indicate that it should be about 0.09 eV.

The thermal dependence of the temperature coefficient
in the absence of quencher is thus consistently explained
and may be useful in fluorescence studies. However, when
this parameter is used in comparative studies of different
systems, this phenomenon requires that coefficients be
determined at the same temperature. As already men-
tioned, we choose 30 + 7.5 °C. Values of CO (30 °C) are
indicated in Table | for the four systems studied. For
indole they agree wbh those deduced from data in the
literature: 2.8 x 10-2and 3.2 x 10-2 in water,34and 0.45
x 10“2 in dioxane.4 For phenol in water our value is
somewhat higher than that calculated from Turoverov’s
results1l (0.7 x 10 2; no literature data are available for
this compound in dioxane.

Il.  Temperature Coefficient in the Presence of
Quencher. (1) Expression. A quencher Q at molar
concentration [Q] deactivates the excited fluorophore with
a probability &J[Q] per unit time. The rate constant kq
of the bimolecular reaction may be expressed as2

47rlv

kg = 1000 + + 41FQ)

where N is the Avogadro number, DF and Dq are the
diffusion constants of the two molecules, RFj is their
interaction distance, and p is the probability of deacti-
vation per encounter.

In the present study, the “transient term” AR =
RR[(DF+ Dg)tQ~1/2can be neglected; its value is small
(<0.15) and almost temperature independent because (DF
+ Dq) and rOhave opposite thermal dependences. One can
also neglect the very small changes in [Q] due to thermal
expansion of the solvent. The temperature effect on kg
is thus mainly attributable to variations in the diffusion
constants. Like changes in viscosity, these variations are
described by an Arrhenius law13

D =D’ exp{-WJKT)

where the activation energy Wdmay be considered to be
the energy required far the formation of a hole in the
solvent and for a solute molecule to jump into the hole. 4
Values of Wdthus depend on both solvent and solute, but
as fluorophores used in this work have similar sizes we shall
assume that thermal effects on (DF + Dq) essentially
depend on the solvent. The rate constant kqis therefore
written as

=V exp(-Wd/KT)

where kg is a temperature-independent constant.
The temperature coefficient in the presence of dynamic
quenching

1 d4xyg 1 drg
Cqg~<9q dT ~tq dT
where ¢ - Kk{rg
0g =V
79 = (k{ + knr + fcJQ1)'1

is then

G. Laustriat and D. Gerard

Q + MQ]

and may be rewritten as
CO + fegro[Q]

Noting that
TjTo = 1 + K[Q]

where K = fcgrOis the Stern Volmer constant, and using
absolute values C of temperature coefficients, one finally
obtains

1+ K[QI(Wd/COkT?2
Cg- C° 1+ (6)

2) Properties. Equation 6, which reduces to Cq= CO
if [Q] = O, shows that addition of a quencher to a fluor-
escent solution may increase or decrease the temperature
coefficient according to the respective values of COand Wd.
As a matter of fact, differentiation of (6) with respect to
[Q] at constant temperature leads to

(5cq\ = CgKk /_wd_ _ \
\8[Q])t (1 + K[Q])\COkT2 )

which indicates that Cqis an increasing function of the
qguencher concentration (i.e., Cq> CO if

WJIKT2 > Co (7)

and is a decreasing function of [Q] (Cq < CO) in the op-
posite case (WJIKT1< CO0.

Inequality 7 brings out the respective influences of the
two main thermal effects (on lifetime and quenching ef-
ficiency) involved in the phenomenon. Indeed a low value
of CO, satisfying (7), implies a small temperature depen-
dence of the fluorescent lifetime rQ, in which case the
predominant effect of temperature is to modify molecular
mobilities and therefore to increase the quenching effi-
ciency; the thermal dependence of the fluorescence yield
is then greater in the presence than in the absence of
guencher (i.e., Cq> C0. Conversely, a high value of CO,
such that WJKT < CO implies that an increase in
temperature greatly shortens the fluorophore lifetime and
therefore reduces the quenching efficiency; this thermal
reduction of quenching attenuates the decrease of the
fluorescence yield due to the fluorophore itself (i.e., Cq <
CO0). In the particular case where WJkT 1= CO0, the two
effects (lifetime decrease and quenching increase) cancel
each other, and Cq= CO.

Finally, eq 6 also shows that in every case Cqat high
guencher concentration tends toward a single limiting
value, which essentially depends on the solvent

lim (Cq)[Q] =M= (Cq),, = WJIkT?2

Determination of this value thus allows evaluation of the
activation energy for diffusion V.

(3) Experimental Verification, (a) Aqueous Solutions.
The influence of protonated histidine, an efficient
guencher of indolel5 and phenol,16 on the temperature
coefficient (at 30 °C) of these solutes in agueous solutions
was investigated at concentrations up to 1 M.

Two concordant estimations of Wdin water were pos-
sible a priori: (i) from the activation energy for viscosity,
Wd— Wv=0.165 eV;I7and (ii) from Eyring’s relation Wd
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Figure 2. Influence of the quencher concentration on the fluorescence
temperature coefficient (Cq) for (a) indole + histidine/water, pH 5; (b)
phenol + histidine/water, pH 5; (c) indole + CCl4/dioxane; (d) phenol
+ CCl4/dioxane.

a AHw/n,4 where AHv is the heat of vaporization (10
kcal/mol for water18 and n ~ 2.4 for associated liquids:
Wwd =* 0.17 eV.

At 30 °C (kT1= 8eV deg), one then has WJIkT2~ 2.1
x 10-2 deg-1 a value greater than that of COfor phenol (0.85
x 10-2) but smaller than that of COfor indole (3.0 x 10-2).
Addition of the quencher was therefore expected to in-
crease the temperature coefficient of the phenol solution
and to decrease that of the indole solution. Results
presented in Figure 2 (curves a and b) show that both
effects were observed, and that the two experimental
curves have the predicted common asymptote at high
guencher concentrations ([Q] > 0.4 M), whose ordinate
[(C®, ~ 2 x 10-2 deg-1] is furthermore in excellent
agreement with the estimated value of WN/KT1

(b) Dioxane Solutions. Using CC14 as the quencher,
similar experiments were performed in dioxane, where the
estimated values of Wd are 0.125 eV from the thermal
dependence of viscosityl7 and 0.138 eV from Eyring’s
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relation (n = 2.4, AHv= 7.6 kcal/mol1. Taking, thus, Wd
= 0.13 eV yields Wd/kT2= 1.6 X 10-2 deg-1, a value higher
than those of both coefficients C0 (0.4 x 10-2 for indole and
0.55 x 10-2 for phenol).

Addition of the quencher was then expected to increase
the temperature coefficients in both cases, and the increase
was indeed observed experimentally (Figure 2, curves ¢ and
d). Again acommon asymptotic value was reached by both
coefficients at higher quencher concentration, whose value
[(Cq). — 1.7 x 10-2 deg-1] agrees with that of WJKT2
estimated above.

Conclusion

This study shows that dynamic quenching may either
increase or decrease the thermal dependence of fluores-
cence in solution, according to the properties of both
solvent and solute. It also shows that the temperature
coefficient is a useful parameter that permits quantifi-
cation of this phenomenon and may also give information
on the activation energy for diffusion.
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COMMUNICATIONS TO THE EDITOR

Pulse Radiolysis and Electron Spin Resonance
Studies Concerning the Reaction of S04 *with
Alcohols and Ethers in Aqueous Solution

Publication cost assisted by the Institut fur Strahlenchemie

Sir: The S04 eradical has been shown to react with
benzene derivatives by electron transfer.16 A similar
mechanism has also been proposed for the reaction of S04-
with alcohols.7 However, it has recently been suggested89
that this reaction involves H abstraction. In order to
elucidate the reaction mechanism, the rate constants for
the reaction of S04 - in aqueous solution which undeu-

0022-3654/78/2082-0749$01.00/0
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terated and deuterated alcohols (and with some ethers)
were determined by a competition method which utilizes
the reaction3of S04 -with 1,3,5-trimethoxybenzene (TMB)
to yield TMB + (Xmax580 nm, e 5700 M-1 cm-1). Since the
rate constant for reaction of SO4-with TMB is used as
a standard, this rate constant was redetermined by pulse
irradiating, with 2.8-MeV electrons, argon-saturated
aqueous solutions at pH 7-8 containing 1 mM K220 8and
0.01-0.1 mM TMB and monitoring the buildup of TMB +-
at 580 nm. &(S04-+ TMB) was found to be (2.4 + 0.5)
x 109 M-1 s-1, which is slightly higher than the value3
reported previously. For determination of the fe(S04 - +
alcohol) values, the solutions pulse-irradiated typically
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00
Rate Constants for the Reaction S04-mwith Alcohols and Ethers Determined at 20 + 2 C

TABLE I:
fc(OH +

feH,b M " kDb M -* K * M-1 substrate)®

Substrate s" s'l AR /IAD s'l M" s'l

Methanol 3.2 X 106 1.2 X 106 2.7 1.1 x 106 9 X 108

Ethanol 1.6 x 107 6.7 X 106 2.4 7.9 X 106 1.7 X 109
2-Propanol 3.2 X 107 1.2 X 107 2.7 3.2 X 107 2.0 X 109
2-Methyl-2-propanol 4.0 X 10s 4.4 X 104d 4.5 X 10s
1,4-Dioxane 1.6 x 107 9.2 X 106 1.7 1.8 X 109
Tetrahydrofuran 1.0 X 10s 5.1 X 107 2.0 2.7 X 109

a Rate constants for reaction of OH with the substrates are included for comparison. b KH(Kjj) are the rate constants for

reaction of S04~ with undeuterated (deuterated) substrates.

atoms at Ca(Cg). kg is the rate constant for abstraction of one H atom from C~.

dkg. ¢ Averaged values, taken from ref 20.

contained 0.01-0.5 M alcohol, 1 mM K252 8 and 0.1-0.2
mM TMB.

As seen in Table I, the rate constants for reaction of
S04 - with the alcohcls and ethers containing C-H bonds
are a factor of 2-3 larger than those for reaction of S04 «
with corresponding C-deuterated substrates. The reaction
of S04 =with alcohols and ethers is thus seen to involve
the breaking of a C-H (C-D) bond. The kH/kDvalues for
the reaction of S04 - are slightly larger than thosel0de-
termined for the reaction of OH with alcohols which also
proceeds by H abstraction.

Except for the case of 2-propanol, the /?(S04 =+ alcohol)
values determined in the present study are lower than
thosell 13 reported previously. The latter values were
measured by monitoring the decay of S04"-. As pointed
out by Henglein,11 this method is likely to yield values
which are too high, due to contribution of second-order
decay of S04-.

Column 5 of Table I contains the partial rate constants
ka (rate constant for abstraction of one H atom from CJ
for SO4- attack on the alcohols. In calculating these values
it was assumed that the partial rate constant kg (rate
constant for abstraction of one H atom from C3) is equal
to 1/9 k(so4'+ 2-methyl-2-propanol) for all alcohols and
that the contribution of H abstraction from the alcoholic
OH group is negligible (see ESR data). The partial rate
constants kaincrease strongly with increasing alkylation
at C,. This effect is suggested to reflect the
electrophilicity6of S04~ which is larger than thatl014 of
OH. A plot of log (fe(S0O4* + substrate)/&(S04'- +
methanol)) vs. log (&OH + substrate)/k(OH + methanol))
yields a straight line with a slope corresponding to 3, which
demonstrates that S04*is more sensitive than OH with
respect to the changes at Cainduced by a-alkylation.15
This leads to an increased selectivity of S04'- as compared
to that10l6 of OH with respect to H abstraction from C,,
vs Cfl. On the basis of the k,, and kg values, in the reaction
of S04 *with ethanol and 2-propanol the yield of H ab-
straction from C,, is >99%.

In order to further test the mechanisms of reaction of
S04 - with alcohols, ESR experiments were carried out. If
S04 - reacts with alcohols by electron transfer, alkoxyl
radicals should be formed via deprotonation of the initially
produced radical cations. It has been demonstrated1718
that alkoxyl radicals can be scavenged by the aci anion of
CH3N 02 On photolysis of 50 mM K220 8solutions at pH
10-11 containing 1-2 M methanol, ethanol, 1- or 2-
propanol, and 10-100 mM CH3N 02no spin adducts of the
type ROCH 2N 03 -were detected. In all cases the radicals
detected were of or derived from the a-hydroxyalkyl type
and /3-hydroxyalkyl radicals were not observed, with the
exception of the 2-methyl-2-propanol system where the
radical CH2(CH32C(OH) was found to be produced. The

¢ ka = (feH - rigkj)/na, where na(ng) is the number of H

kg ="'/, fe(S04- + 2-methyl-2-propanol).

2-methyl-2-propoxyl radical is known to undergo 8 frag-
mentation to yield methyl radical which subsequently adds
to CH2N 02-to yield CH3CHZ2H 02-.17 On reaction of S04*
with 2-methyl-2-propanol in the presence of CH2N 02/, the
radical HOC(CH32ZCH2CH2N 02" was the only species
observed which was derived from 2-methyl-2-propanol.19
For comparison, on production of 2-methyl-2-propoxyl
radicals by photolysis of di-ierf-butyl peroxide in the
presence of CH2N 02~ intense lines from CACANCYV -
were seen. From the signal-to-noise ratio observed for
HOC(CH3YZLH2CH2NO02Z- in the 2-methyl-2-propanol-
K252 8CH2N 02 system and assuming equal lifetimes for
this radical and CH3CH2N 02- it is concluded that the rate
constant for H abstraction from the OH group by S04 -
is a factor >4 smaller than the measured rate constant for
reaction of S04 - with 2-methyl-2-propanol.

The results of the ESR experiments are therefore in
support of the results of the kinetic studies described above
further demonstrating that the reaction of S04 * with
alcohols proceeds by H abstraction from a C-H bond and
not by electron transfer.
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Infrared Study of Hydrogen Sulfide and Carbon
Monoxide Adsorption in the Presence of Hydrogen on
Alumina-Supported Nickel Catalysts

fabrication costs assisted by SRI International

Sir: The adsorption of CO on Ni catalysts studied by
infrared (IR) absorption spectroscopy has been the subject
of several investigations.12 The results have been inter-
preted in terms of two predominant surface configurations3
for CO bonding to Ni: single site attachment (a-CO) with
IR bands at frequencies above 2000 cm-1 and multisite
attachment (/3-CO) at frequencies below 2000 cm-1. In the
presence of H2 the IR band associated with a-CO on group
8 metals shift to higher frequencies,45with little change
in the position of the /3-CO frequency. In the following
study we examine the effect of hydrogen sulfide on the IR
bands of carbon monoxide in the presence of hydrogen.

For IR absorption measurement the 7-cm Pyrex IR cell,
in the form of an inverted T, was designed to allow heating
of the catalyst disk (Ni/Al2 3 by raising it into the vertical
section which was wrapped with resistance wire and
provided with a thermocouple well. Absorption studies
were carried out after lowering the catalyst disk into the
horizontal section equipped with NaCl windows. The
catalyst disk was held in position for IR study while the
gaseous reactants and the inert carrier gas (He) were
introduced into the cell. Spectra were obtained under flow
conditions at 1 atm total pressure with a Perkin-Elmer
Model 457 spectrometer. With the catalyst samples under
study, we achieved good spectral transmission in the
frequency range from 2500 to 1800 cm-1.

The Ni/AI2 3 catalyst was prepared by adding an
aqueous solution of Ni(N0326H2 to a slurry of sieved
Kaiser A120 3U (<41 ;im) to give a product containing 4.8
wt % Ni on a dried and reduced basis. An aliquot of this
powdered sample (100 mg), pressed into a 0.36-mm thick
disk (using a 1.25-cm die and a pressure of about 5900 psi),
was converted inside the IR cell to the oxide by heating
for 1 h at 573 K in flowing helium, and then reduced by
exposure to 10 H290 He (vol %) for 15 h at 623 K.

All infrared measurements, except when indicated, were
made at room temperature in the presence of 10 H290 He
(vol %) carrier gas to which we added CO (<2 Torr) and
H2S (100 ppm). The band intensities reported in these
studies are semiquantitative, since small peak overlap
corrections have not been made. Of greatest interest are
the peak intensity changes for a-CO and /3-CO. In this
study the molar extinction coefficients (e) for the a- and
/3-CO stretching frequencies are taken to be equal.
However, a correlation of IR intensity measurements with
data obtained from temperature-programmed desorption
studies6 suggest that efor a-CO may be two to three times
greater than for /3-CO.

The infrared bands observed during CO/H 2 exposure
exhibit two strong asymmetric bands assigned to the CO
stretching vibrations3at 2085 and 1946 cm-1 of a-CO and
/3-CO (Figure 1). Exposure of an A120 3blank to CO did
not yield any observable IR absorption in the wavelength
region studied. Of interest to our study was (1) the in-
fluence of progressive surface coverage with sulfur ad-
species on CO adsorption, and (2), the displacement of
adsorbed CO from a and /3sites by exposure to HZS in the
presence of H2

Preexposure of Ni/Al20 3to H” had a pronounced effect
on the subsequent absorption spectrum of CO. In this
study, the surface was exposed to progressively larger doses
of H2S followed by a fixed exposure to CO/H2 The se-
guence was repeated at progressively higher H2S levels

0022-3654/78/2082-0751S01.00/0
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Figure 1. Infrared spectra of CO adsorbed on Ni/Al20 3 catalyst: (a)
after exposure to CO-H2-He; (b) spectrum a after exposure to H2-He;
(c) spectrum b after exposure to He.

Figure 2. CO/H2 adsorption on Ni/Al20 3 catalyst exposed to H2S (CO
exposure = 7.4 X 1CT5 mol).

after removal of CO previously adsorbed in a stream of 10
H2/90 He (vol %) at 573 K. The results (Figure 2)

© 1978 American Chemical Society
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Figure 3. Effect of H2S/H2 on CO preadsorbed on Ni/Al20 3 catalyst
(CO exposure = 7.1 X 10-4 mol).

demonstrate that the S adspecies preempt the /3-CO
binding sites (1946 cm-1). At the same time, the absor-
bance due to the band frequency at 2085 cm-1 grows,
indicative of new surface sites that can adsorb CO in the
presence of S adspecies. However, the binding energy of
the CO adspecies formed is quite low, since a large fraction
can be desorbed in H2ZHe at room temperature.

The displacement of CO adspecies by HZ2S was studied
by contacting the catalyst sample with H2S (100 ppm) in
10 H2/90 He (vol %) carrier gas after it had acquired CO
saturation coverage (Figure 1, curve a). Preceding the
exposure to H2S/H 2/He, the sample was flushed in 10
H2/90 He (vol %) for 1 h at room temperature, which

Communications to the Editor

treatment caused a reduction in the intensity of the a-CO
band and a frequency shift of a-CO from a wavenumber
of 2085 to 2075 cm-1 (Figure 1, curve b). The admission
of HZS causes preferential displacement of (3-CO as
manifested by the considerable reduction in the intensity
of the 1946-cm-1 band (Figure 3). However, the band at
2075 cm-1 exhibits entirely different characteristics on
admission of H2S; the band intensity goes through a
maximum. The data suggest that sites vacated by very
weakly bound a-CO, i.e., the CO admolecules removable
by pretreatment in H2ZHe, become occupied by the CO
admolecules originally bound in (3CO sites and displaced
by the adsorption of H2S. Only after these sites have been
filled and /3-CO nearly removed does the band at 2075 cm-1
begin to diminish in intensity.

Our studies show that S adspecies favor high coordi-
nation sites irrespective of the presence or absence of
adlayers of carbon monoxide and hydrogen. These results
parallel previous studies7-10 on the interference of S
adatoms on CO adsorption in the absence of hydrogen.
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