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0-Ps yields were determined in various liquid hydrocarbons, tetramethylsilane, and mixtures thereof as a function
of C"HsBr and CCl4 concentration. These molecules are known to be good electron scavengers and positronium
inhibitors aswell. The spur reaction model of Ps formation predicts a correlation between the inhibition coefficient
and the chemical rate constant of electrons with scavenger molecules. We found that the dependence of the
inhibition coefficient on the work function (VO of electrons in different liquids shows a very unusual behavior,
similar to that recently found for the chemical rate constants of quasifree electrons with the same scavenger
molecules. The inhibition coefficient as a function of had a maximum for CZH3Br, while it increased
monotonously with decreasing vo for CCl4 The inhibition coefficient for CZH®Br in a 1:1 molar tetra-
methylsilane-n-tetradecane mixture was found to be greater than in both of the pure components. The clear
correlation found between electron scavenging rate constants and positronium inhibition constitutes the severest
test to date of the spur reaction model of positronium formation. The importance of the positron annihilation

method from the point of view of radiation chemistry is also emphasized.

Introduction

For many years the excess electron in liquids (e.g., the
hydrated electron? has been an important topic of research
in radiation chemistry. In particular the excess electron
in nonpolar liquids is studied very much at present. It is
probably less known that the properties of the two other
light particles, the positron and the positronium (Ps) atom3
in liquids, are strongly correlated to those of the excess
electron. We shall in this article give an account of such
a correlation.

The values of the Ps formation probabilities measured
for different liquids, and the inhibition of Ps formation
in them caused by different solutes, were little understood
until very recently3 when one of the present authors
(O.E.M.) proposed a new model of Ps formation: the spur
reaction model.45 This model correlates the Ps yields to
the results of spur research obtained in radiation chem-
istry. A spur formed during the interaction of an ionizing
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particle with matter can be defined as a group of reactive
intermediates which are so close together that there is a
significant probability of their reacting with each other
before diffusing into the bulk medium. The positronium
is assumed to be formed by a reaction between a positron
and an electron in the positron spur. The positron spur
is the group of reactive species (e.g., the positron, excess
electrons, positive ions, etc.), which is created around the
positron when it loses the last of its kinetic energy. Ps
formation competes with the recombination of the elec-
trons and their parent positive ions (“geminate
recombination”), and also with the diffusion of electrons
out of the spur. Reactions of the electrons or the positrons
in the spur with the solvent molecules, or with scavengers,
will also decrease the probability of Ps formation.

The purpose of our work was to measure the inhibition
of Ps formation by C2H3r and CC14 in nonpolar liquids
and to correlate the strength of the Ps inhibition to the
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electron rate constants measured by Allen et al.i The spur
model of Ps formation predicts that the strength of the
Ps inhibition vs. Vo will show a maximum at the same Vo
value as the electron rate constant in the C:H3Br case,
while a monotonously increasing inhibition strength for
decreasing Vo is expected for CCls. The expected behavior
of the Ps inhibition was found.

Here we present positronium inhibition measurements
for the following systems: C:HsBr in n-tetradecane (n-Ci4),
n-hexane (n-C6), 2,2,4-trimethylpentane (isooctane, i-C8),
2 2 -dimethylpropane (neo-C5, and tetramethylsilane
(TMS); CClhinn-cu, i-C8 and TMS. In addition of these
systems the inhibition function for C:H®Br were also
determined in n-Cu-TMS (Xums = 0.49) and n-Cs-neo-Cs
(#*nCe = 0-25) mixtures (x represents the mole fraction
of the component in the subscript).

Experimental Section

Lifetime Measurements. About 40 /iCi of ZNaCl de-
posited between two Kapton (Du Pont) polyimid foils of
1 mg/cm: constituted the positron source. The positron
lifetimes were measured as usual by determining the time
interval between the detection of a 1.28-MeV photon,
emitted simultaneously with the emission of a positron
(start signal) and the detection of an 0.511-MeV annihi-
lation photon (stop signaly.z The time resolution function
of our conventional lifetime spectrometer, determined by
measuring the spectrum of a 80Co source, could well be
described as a sum of three Gaussian curves with a fwhm
of 390 ps for the total curve. The lifetime spectra were
analyzed by the positronfit extended7 computer pro-
gram for three lifetimes and intensities with s % source
correction. Details of the application of this program are
discussed in ref 5c.

M aterials. The chemicals were of analytical grade from
Merck and were used without further purification. All the
liquid samples were thoroughly degassed by the freeze-
thaw method and afterwards destilled under vacuum into
an ampoule containing the positron source. During the
recording of the lifetime spectra the source and the sample
were kept in this air-tight ampoule. The necessary am-
ounts of neopentane and tetramethylsilane solvents and
of solutes added to a given volume of solvent were de-
termined by PV technique in the same apparatus as used
for degassing the samples. All measurements were per-
formed at 20 °C.

Results

The analyses of the lifetime spectra gave the following
results. The shortest lifetimes (t,) were found around 150
ps, the medium lifetimes (rd around 500 ps, while the
longest lifetimes (3 for the pure solvents and mixtures
were: N-Cui 3.35 ns, N-Cs 3.94 ns, i-Cs 4.11 ns, neo-Cs 5.17
ns, TMS 4.77 ns, TMS nNn-Cus 3.75 ns, rcG-neo-Cs 4.61 ns,
and C:HsBr 3.23 ns. Through the lifetime results for their
solutions, C:H®r and CCL proved to be practically pure
inhibitors; hence, it was unnecessary to make any cor-
rections to the intensity data due to quenching contrib-
utions. The relative Ps yield P(c) is therefore

P(c) =/s(c)/I30) (1)

where /3(C) is the intensity of the longest-lived component
extracted from the lifetime spectrum at an inhibitor
concentration ¢. The /3(0) values, i.e., the o-Ps yields
measured in pure solvents or their mixtures were n-Cis
37.5%, N-Cs 41.6%, i-Cs 44.2%, neo-Cs 52.7%, TMS
55.5%, TMS-rc-Cis 45.6%, and n-Cs-neo-Cs 45.3%
(C:H3Br 5.2%) (uncertainties ~ +0.7 absolute %). The
values of P(c) calculated from the experimentally found
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Figure 1. Relative o-Ps intensities as a function of inhibitor concentration
in various solvents: (V) n-C14 (+)n-C6, (0)i-C8 (X) neo-C5 (O) TMS,
(v)TMS-n-CH¥4 mixture. Solid curves for CH®r and dashed curves
for CCl4are fitto eq 7 with a and a values in Table I. (The solid curve
for the TMS-p-C,4 mixture is omitted.)

/3(c) values by eq 1 are presentedan Figure 1 with a lo-
garithmic scale for the inhibitor concentration (in mol/
dm3. Data found for C:H3Br in n-Cs-neo-Cs mixtures
were situated on a curve almost identical with that for
n-C6 hence, they were omitted for the sake of clarity.

The relative Ps yields from right to left correspond to
increasing inhibition strengths, because it is obvious that
stronger inhibitors decrease the Ps yield at lower con-
centrations. Even if the curves are compared in only this
simple, visual manner, clear qualitative agreement with
electron rate constant datas is immediately manifested.

Parameter Fitting of the Relative Ps Yields. A dis-
cussion of the possibilities of obtaining a theoretical ex-
pression for the relative Ps yield P(c) as function of
electron scavenger concentration in the framework of the
spur reaction model of Ps formation has been published
elsewhereso Here it was concluded that an application of
a detailed spur diffusion theory to the positron spur
problem is not promising at present. However, the Ps yield
may be correlated to the electron spur results by use of
the reasonable assumption that the relative electron-
positron “recombination” in the positron spur (i.e., the Ps
yield) is strongly correlated to the relative electron-ion
recombination in the electron spur. The yield of a given
product G(p) of an electron reaction with a scavenger is
normally described by

G(p) = Gfi + Gd F(c) (@)

Here Gfi denotes the yield of “free ions”, while Gg rep-
resents the yield of “geminate ion pairs”. F(c) is the
scavenging functions Hence, we may assume that

P(c) = (Gfi+ Ggi- G(p))/Gd=1- F(c) (3)

Thus the meaning of eq 3 is that the probability of Ps
formation is proportional to the fraction of unscavenged
“geminate electrons”. 1- F(c), i.e., formally our P(e), plays
an important role in Schuler's phenomenological sca-
venging model specifying the distribution function of the
ion-pair lifetimes.&

With regard to the explicit analytical form of F(c) and
of the corresponding P(e), three formulas have mainly been
used in radiation chemistry. For very dilute solutions,
several authorssi0 have theoretically derived the following
expression:

F(c) = Kcul 4

However, this formula is totally inapplicable in our case,
since we use high solute concentrations. Another sca-
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TABLE I:
and Liquid Mixture
Solvent Vo0,eV Inhibitor

n-Tetradecane 0.21 CHSBr
(n-C14) CC14
n-Hexane 0.00 C2HBr
(reCJ
Isooctane -0.26 CHr
(i-C98) CcCi4
Neopentane -0.35 C2HsBr
(neo-Cs)
Tetramethylsilane -0.51 CH%Br
(TMS) CC14
TMS + n-C,4 -0.14° C2H5Br
(Xtms=0.49)
4-C6 + -nediCs -0.26° C2HBr
(X,,.C6= 0.25)
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Summary of Results Obtained by Parameter Fitting of o-Ps Inhibition Functions Measured in Various Liquids

a M1l a s/T*
3.9 +04 0.61 + 0.01 0.032
(5.2) (0.78) (0.012)
205 + 1 0.88 + 0.01 0.005
53+05 0.57 + 0.01 0.025
(8.2) (0.74) (0.005)
6.0 + 0.6 0.48 +0.01 0.018
(10.3) (0.62) (0.005)
46.0 + 1 0.67 +0.01 0.006
24 +02 0.73 +0.01 0.014
(2.8) (0.83) (0.004)
1.04 + 0.1 0.94 + 0.01 0.011
59.0 + 1 0.58 +0.01 0.021
48 £05 0.56 + 0.01 0.021
(7.8) (0.75) (0.002)
43 +05 0.55 + 0.01 0.014
(5.5) (0.63) (0.009)

9 Calculated values from the v, values of the pure solvent components, assuming a linear relationship between v o and the

molar fraction x.

venging function that can be theoretically derived using
a simple, competitive kinetic modelss is

oc
F(c).= ()

1+ oc
The corresponding relative Ps yield is

1
_ (5a)
m T 1 + oc
Schuler and.co-workers s however, found that eq 5 did not
describe their scavenging results well enough in cyclo-
hexane and n-hexane solvents. They proposed the use of

an empirical function

(oc)uU2

F(c) =
© 1+ (acyisz

(6)

The relative Ps yields corresponding to eq s would be

P = a)
1+ (acy2

The analyses of our Ps yield results showed that fairly
good fits could be obtained by use of (5a) in some solvents
and (s @) in other solvents. To improve the goodness of
the Ft for all solvents we therefore fitted the results with
a slightly modified empirical expression using a second
adjustable parameter a in the exponent:

JW-irfeji (7>

which would correspond to the following scavenging
function:
F o) (oc)a (72)

C) =

1+ (uc)B
It will be shown that this empirical formula gives rea-
sonable agreement with experimental data measured in
solvents of high electron mobility.

It is important to realize that we cannot expect a de-
tailed quantitative correlation between the measured
properties of the positron and electron spursss The
positron spur, being part of a “high linear-energy-transfer”
track, is very probably more dense than the normally

studied electron spurs. The distribution of electron-
positron distances at thermalization probably also differs
from the distribution of electron-ion distances. Several
other properties of the two spurs (e.g., yields of specific
ions and radicals) may be different too. The experi-
mentally determined Ps yield might also be influenced by
the reaction of Ps with the reactive species in the spur.
Another point of interest is that detailed tests of (5) or (s )
seem not to have been performed in some of the solvents
used (see below). Hence, the fact that it was necessary to
use a two-parameter formula (7) instead of the one-pa-
rameter formulas (5a) or (s a) to obtain good fits is not
surprising at all.

The fitting procedure with two adjustable parameters
was carried out on a programmable table calculator (EMG
666 ) Minimizing the RMS deviation between the measured
and calculated points. The results of the fitting procedure
are presented in Table 1. The vo values for pure solvents
are Holroyd's latest data for 20 °C,Uwhile for the mixtures
they are calculated values assuming a linear relationship
between vo and the mole fraction, as it was found by
Holroyd and Tauchert:: to be valid for TMS-n-Cs and
neo-Cs-n-Cs mixtures. The last column of Table | contains
the goodness of the fit expressed as the RMS deviation
between the measured and calculated points. The data
in parentheses represent the results when only the upper
part of the total inhibition curve (P(c) > 0.6) was involved
in the fitting procedure. In the cases of C:H®Br in TMS
and CCl. in all three solvents investigated, the two fitting
procedures gave practically identical results.

In the case of C:HsBr, one of the reasons for the dif-
ference between the two fitting procedures might be the
high concentration of C:HsBr. At high concentrations the
“solute” molecules themselves contribute considerably to
the primary processes of radiolysis. The spin-size and rate
constants of the electrons and the positron are probably
also influenced by the solute molecules in high concen-
tration, in particular in the high electron mobility (large
spur) solvents neo-Cs and TMS.

In Figure 1 the solid curves for C:HsBr and the dashed
curves for CCL are drawn using eq 7, with a and a values
calculated from the total curve fitting (Table 1). The
calculated curve for C:H®Br in the TMS-n-Cia mixture,
which is practically identical with the n-Cs curve, is
omitted.

The Journal of Physical Chemistry, VoL 81, No. 5 1977
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Figure 2. Ps inhibition coefficients (<r, left-hand scale) and electron
rate constants (k right-hand scale) for reactions with C2H5Br (solid
curves) and CCl4 (dashec curves) as a function of M0 (A) n-C6-neo-C5
mixture, others symbols as in Figure 1.

Discussion

General Remarks. Although the correlation between the
results of the present Ps inhibition measurements and
those of the electron rate constant determinations6is clear
by simply looking at Figure 1, the comparison is more
convincing in a figure presenting both sets of data. Figure
2 shows positronium inhibition constants («; left-hand
scale) together with Allen, Gangwer, and Holroyd's electron
rate constants6 (k , right-hand scale) as a function of VQ
The solid and dashed lines are visual fits for CH®Br and
CC14 data, respectively. In both cases the curves for
CZ2HBr exhibit a maximum for the same solvent (i.e., for
the same V0, and both curves are very much steeper from
the left to the maximum than from the right to the
maximum. Very convincing is also the fact that the points
for the solvent mixtures, the VVOvalues which were adjusted
to be close to the maximum, are situated reasonably well
on a common curve with the pure solvents. From this
point of view, one must also consider the inaccuracy in
calculating the VO values for the mixtures. The CCl4
curves, on the other hand, increase with decreasing V0in
both cases.

The prediction of the spur reaction model of Ps for-
mation proved to be valid for this very unusual case, and
this seems to be the severest test of this model to date. As
discussed above the reaction rate of the spur electrons is
only one factor affecting the process of Ps formation, and
that there are several others which may greatly modify the
very complex and complicated situation in the spur. The
good qualitative correlation between these two quantities
(i.e, a and fe),13however, demonstrates the important role
of electron reaction rates in Ps formation, at least in these
nonpolar liquids of high electron mobility.

With respect to the other models of Ps formation,
namely, the Ore modelXand its modified versionlor the
“hot-Ps” reaction model,16 these do not seem to be able
to explain such unusual changes for the probability of Ps
formation without the use of special assumptions and
practically unavailable and unverifiable data for any
system. The main problem is that all these models take
into account positrons and Ps atoms of fairly large energies
only, while it seems that very small changes in the work
function of thermalized electrons are responsible for the
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great changes in electron rate constants or Ps inhibition
properties. Although the spur reaction model itself is
unable to make a priori predictions of Ps formation for
every special case, its great advantage lies in the fact that,
for explanations and predictions, it can use general
principles and experiences originating from radiation
chemistry.

Comparison with Steady-State Scavenging Results.
The basic idea of the spur reaction model of Ps formation
is that Ps atoms are formed as a result of the scavenging
of the spur electrons by the positrons. Thus any processes
in which spur electrons are involved compete with Ps
formationl7 and a strong correlation must exist between
scavenging and Ps inhibition experiments. This as-
sumption gave the theoretical basis for using the sca-
venging function to fit the relative Ps yields and evaluate
the inhibition coefficients (<r). Thus, in principle, the Ps
inhibition coefficient has the same meaning as the relative
scavenging constant in Schuler’s phenomenological model
for scavenging in hydrocarbons8and the numerical values
of these two quantities must be similar, or at least com-
parable. Unfortunately, however, we have hardly any data
with which to make this comparison. Read and Bansal18
measured the relative scavenging constant for C2ZH3Br in
isooctane and their 5 M“lvalue is very,close to ours. a =
6+ 0.6 M Although Infelta and Schuler's19 value for
CZHsBr in cyclohexane (7.8 M J) is not directly comparable
since we have no data for this solvent, it seems to be quite
reasonable because the V0Oof cyclohexane is close to that
of isooctane. The agreement of these results is promising,
but the data are insufficient to prove the mutual identity
of the two constants.

Conclusion

For the two good Ps inhibitors, or electron scavengers,
that we have studied (C2H3Br and CC14), the inhibition
coefficients in nonpolar liquids can be correlated with Vo,
the energy level of the mobile conduction electrons in the
various solvents. This correlation is similar to that found
between V0and the electron reaction rate constants for
the same scavengers. These Ps inhibition measurements
thus seem to be the severest test to date of the spur re-
action model, which predicts a strong correlation between
the formation probability of Ps and the electron scavenging
rates in the positron spur. The analysis of the Ps inhibition
curves resulted in the use of a new empirical fitting pa-
rameter instead of the constant used so far in the con-
centration exponent. In order to improve our under-
standing of the nature of matter, more experimental efforts
are needed especially for extending the steady-state
scavenging measurements to liquids of low VO For this
purpose, Ps inhibition measurements can provide useful
and important information both for radiation chemistry
and for Ps chemistry.
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The luminescence behavior of dilute solutiors of berzere in cyclohexare is investigated for proton and ultraviolet

* excitation Berzene fluorescence from proton excitation does not showthe delayed
for nurrerous aromatic sohvents. Instead there isan initial rapid

conponent that has been
decay attributed to dynarmic quenching

followed by a sloner decay approaching that observed for ultraviolet excitation. The initial quenching is shown
to be consistent with intratrack quenching by transient species.

Introduction

The luminescence behavior of organic systernrs subjected
to ionizing radiation can be expected to differ from that
of ultraviolet excited systens whenever ionic interactions
become important or whenever the effects of nonho-
mogenous energy deposition must be considered. Dif-
ferences in fluorescence decay obtained from these two
modes of excitation can therefore give time-correlated
information about events following deposition of the ra-
diation. Previous experimental radioluminescence studies
with pulsed ionizing radiation:s have shown that arormatic
solvents typically exhibit a fluorescent component which
decays exponentially with a rate similar to that for ul-
traviolet excitation and an additional delayed fluorescence
component which decays nonexponentially over several
microseconds. The delayed component has been explained
by a binolecular reaction between solute anions and
cations resulting from charge transfer and electron sca-
venging, respectively. )

Qur Investigation of excitation and quenching mecha-
nisis associated with ionizing radiation were conducted
on dilute solutions of benzene in cyclohexane. This system
is not complicated by excimer emission and hes a very
rapid energy transfer from solvent to solute (<1 ns). Also,
because of the sell electron affinity of benzene, delayed

~This paper is based on work performed under United States
Atomic Energy Commission Contract AT(45-1)-1830.

fluorescence from longHlived benzene ion precursors should
be minimized. Fluorescence time response curves have
been obtained for both proton and ultraviolet excitation.
For proton excitation, an initial rapid quenching is ob-
served followed by a decay that approaches that present
in ultraviolet excitation. Benzene fluorescence does not
exhibit a long-lived delayed component. The iC
guenching observed for proton excitation is postulated to
be an intratrack quenching by transient species.

Experimental Section

(@ sampies. Benzene and cyclohexane (Mallinckrodt
Nanograde) were prepared by fractional distillation fol-
loved by freeze-thaw-pump to renove axygen. Additional
samples were deaerated by helium and nitrogen purging.
Lifetimes measured from ultraviolet excitation were
identtical for the three types of purging and agreed within
experimental error with those reported in the literature 4
All sanples for proton irradiation were prepared by helium

ing.
pu(b r/?pparatus. A block diagram of the experimental
apparatuss is shown in Figure 1. Proton pulses of <0.3
rs fwhm are available from a 2-MeV Van de Graaff ac-
celerator using a 3.33-MHz high-voltage rf oscillator for
beam chopping. A commrercially available deuteriumflash
lamp is used for ultraviolet excitation nmeasurements.
Photons emitted from the excited sanple are collected with

quartz optics, passed through a scanning spectroneter, and
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Figure 1. Delayed coincidence counting system.

focused on a cooled photomultiplier tube. A zero time
marker is obtained for ultraviolet excitation by a second
detector which observes the exciting light source; for
proton excitation the timing marker is generated by signal
derived from the rf chopper. Single photon pulses selected
within the gated period of a tire to pulse height converter
are counted as a function of pulse delay after the zero time
pulse and displayed in a multichannel analyzer that is
interfaced to a snmall on-line digital computer.

The irradiation cell consists of acylindrical stainless steel
chamber with a 254-"m nickel foil for proton beam en-
trance and a quartz window for light collection. Con-
tinuous flowfrom a reservoir of deaerated solution replaces
irradiated liquid in the target volune.

Results

Dilute solutions (0.01 M) of benzene in cyclohexane were
irradiated with both protons and ultraviolet light using the
same sarmple cell and liquid handling technique. Emission
spectra appear identical under these two modes of exci-
tation and correspond to fluorescence from the first excited
singlet state of benzene. Excimer fluorescence, resulting
from the interaction of excited and ground state benzene
molecules, is not observed at these concentrations.
Fluorescence decay wes measured with the scanning
spectrometer adjusted to a 4-nm bandpass and centered
on the prominent vibrational peak at 278 nm Sanple
temperature wes monitored with a %Iass encapsulated
thermistor placed in the irradiated cell.

Decay curves of this singlet state emission for the two
modes of excitation are shown in Figure 2, these curves
are uncorrected for the finite time resolution of the ex-
citation and detection systerrs. For proton excitation, the
time response is slightly over 2 ns fwhm and largely
represents time spread in the photomultiplier. For ul-
traviolet excitation, the flashl ives an assynetrical
time response of about 10 ns m  Correction for
scattered light from the flashlarmp, which influences the
results inthe first 20 ns of the ultraviolet response curve,
is determined from measurements on sanples of neat

The Journal of Physical Chemistry, VoL 81, No. 5, 1977

M. L. West

FIBER OPTICS

L (=)

Figure 2. Fluorescence decay of benzene (0.01 M) in cyclohexane,
T= 14.5 °C: (a) proton excitation (1.7 MeV); (b) UV excitation (2537
A; (c) logrithmic derivative of intensity for proton excitation, xp; (d)
logrithmic derivative of intensity for UV excitation, Ruv.

cyclohexane. Each data point inthe response cunves shown
in Figure 2 represents a sum over 10 chanrels of actual
data accumulation.

Fuorescence decay for ultraviolet excitation is expo-
nential and can be properly described by a single time-
independent rate constant fau,  Fluorescence y for
proton excitation is not initially described by a simple
exponential, but may be conveniently parameterized by
a time-dependent rate paranmeter K(t) defined as the
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negative logrithmic derivative of intensity with respect to
time. The lower curves in Fgure 2 illustrate this time
dependence over several orders of magnitude of fluores-

cence decay.
Discussion

The decay curves for proton irradiation of benzene in
cyclohexane do not exhibit a delayed component as has
been reported for numerous scintillator solutions excited
by ionizing radiation. Ludwig and othersi2 have inter-
preted this delayed component as fluorescence from ex-
cited nolecules formed from diffusion and recombination
of solute anions and cations. In the case of benzene
isolated molecules have a negative electron affinity and,
although temporary negative ionic states have been
reporteds for condensed of benzere at 77 K stable
solutions of benzene anions do not occur at room tem
perature. Also, Bakale et al.7 observed no significant
scavenging by benzene of electrons in solutions of n-hexane
at room termperature. Thus, the absence of a delayed
conmponent in solutions of benzene in cyclohexane excited
by ionizing radiation is not inconsistent with Ludwig's
interpretation of solute anions as precursors of delayed
fluorescence.

The observed response curnves for proton excitation
suggest an initial rapid quenching (t < 50 ns) that ev-
entually disappears to yield a decay rate equal to that for
ultraviolet excitation. 1f we assume agynanic guenching
of excited nolecules by a time dependent concentration
of radiation produced quenchers, then

dl/dt =-k ul - ksQ {t)I @

where kv is the decay constant for ultraviolet excitation,
ks is the quenching constant of excited molecules by ra-
diation produced quenchers, and q(t) is the time-de-
pendent concentration of quenching nolecules. Fur-
thermore

INJ/o=-fcuf - fotkso (r) df 2

£(In/ll,) = - fuv-fesQ(0 3)

This logrithmic derivative of intensity has been previously
defined as X i.e.

Kp=~ (In///0) = feuv+ kso (o) (4)

With these assumptions of dynamic quenching, the
fluoresence cunves then give the time dependence
of the quencher concentration. By conmparing decay rates
for proton and ultraviolet excitation we obtain ks (v).

In Figure 3, «» - knv is shown as a function of inverse
time. The curve is afit to the data by the equation

KsQ(t) = Kp-k u=A/(l + Bt) (5)

witha =008 ns1ands =033 s’

Any assunmed mechanism of excited state quenching that
is to be consistent with our experimental results must
predict the time dependence of eq 5. Furthermore, values
of the parameters A and s derived from this assumed
mechanism of quenching should be consistent with es-
tablished radiochemical data on condensed systens.

One such mechanismthat would predict the correct time
dependence but gives unreasonable parameters is an initial
concentration of quenchers uniformly distributed
throughout the solution that disappear through binole-
cular recombinations, i.e.

dQ/di = -feqQ2 (6)

Figure 3. xP- kM as a function of time after excitation, 0.01 M benzene
in cyclohexane, T= 14.5 °C.

and

Q(1)=QU(I+ fqQO (7)

where ka is the second-order rate constant for disap-
by recombination and qo is the concentration at

+ = 0. If such a mechanism were responsible for excited
state quenching, then the initial concentration qo and
therefore the fluorescence decay rate would depend on
proton beam intersity. However, the proton beam current
wes ng&%dmr three ogjers of megnitude irrl];gteersAilty W&ﬂg
no change in fluorescence decay shape. Also,
initial concentration qo determined fromeq 7 (kg = 0.33
ns”) is unreasonably large for the dose of -1 rad used in
these experiments. If kqis diffusion limited, then qo ~
10> Mand the ¢ value for production of quenching species
must exceed 10°. This ¢ value is obviously unrealistic.

A nore reasonable mechanismwhich assunes an initial
high concentration of quenching species and also predicts
the correct time dependence is excited state quenching by
transient species within individual proton tracks. If we
assume that ~ o quenching species are created along a
proton track with uniform density inside a cylinder of
initial ro then the radial density is expressed in terms of
the temporal evolution of the track core. This track core
can be expressed as

ract) = o2+ w t (8)

where b is the diffusion coefficient describing diffusion
of quenching molecules in solutions of cyclohexane. The
concentration is then

Q) =Nowv = Nant FOl + 2o tiroz2) ©)]

By comparing eq 5 and 9 we obtain rl2 2D = 3s. The
initial radius ro can be determined if the diffusion coef-
ficient D of the quenching species is known. 1f we take
p =2x 10scmes'] avalue typical of species of nolecular
size in cyclohexane, then ro ~ 3B A Simplified track
structure models in liquid systerrs predict a track core
radius within a factor of 2 of this values The ¢ value for
production of excited state quenchers can also be estimated
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fromeg5and 9 If the excited state quenching constant
keis diffusion limited then G ~ 05.

Intratrack quenching from this distribution of quenching
molecules predicts no change in decay with variation in
proton beam current.  Increasing the beam current merely
increases the number of proton tracks and does not
the local quencher density along the track. At the
maximum proton beam current, proton tracks are on the
average 2000 A apart so there is little chance for track-
track interaction.

Quenching by transient species (i.e., radicals) has been
previously invoked by Berlmane as an explanation of low
fluorescence yields from scintillator solution under a
particle excitation. Our data suggest that such a mech-
anism is responsible for excited state quenching and,
furthermore, this quenching is an intratrack phenomena.
This simple theory of track expansion is consistent with

J. C. Hoffsommer, D. A. Kubose, and D. J. Glover

our experimental data and gives reasonable values of initial
track radius and ¢ value for production of excited state
quenching species.
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The xinetics and activation paraeters for the agueous alkaline hydrolysis of hexaproteo (RDX-h6) and
hexadeuterio (RDX-d§ 1,3 5-triaza-l,3,5-trinitrocyclonexanes with hydroxide ion concentrations between 0.020
and C25 M and tenperatures of 250, 36,0, and 45.0 °C have been investigated. Both RDX-he and RDX-ds
showed good second-order rate constants for the expression, -d(RDX)/dt = &0OH )(RDX) = fe"RDX), where
k1 is the first-order rate constant with excess hydroxide ion. At 250 °C the kinetic isotope effect for k2
(RDX-he)/fez(RDX-d§ = 24. Mess spectral evidence for two short-lived intermediates, pentaproteo (I-h9
and pentadeuterio (I-d9 1,3 5-triaza-3,5-dinitrocyclohexene-l, obtained by loss of the elenrents of nitrous acid
from RDX-he and RDX-dg is presented. Products obtained on further hydrolysis of I-hs include, NOz , NaD,
NH3 N2 CH0, and HCOO , the relative anounts of which depend on the hydroxide ion concentration. A
novel method is presented for generating these base sersitive, short-lived intermediates with strongly basic

ion-exchange resirs.

Introduction

Although the initial slow reaction of secondary nitr-
amines with base has been postulated to be the elimination
of the elements of nitrous acid 12 subsequent fast reactions
have prevented the isolation of any initial products closely
related to the starting nitramine. Thus, Joness speculates
that 1,3,5-triaza-3,5-dinitrocyclohexene-1 (I-h§ would be
alikely initial product formed during a slow E2 elimination
of the elements of nitrous acid from 1,3,5-triaza-1,35
trinitrocyclohexane (RDX-h§ during alkaline hydrolysis
innmethanol. If, as Jones suggests, the first step for alkaline
hydrolysis of RDX-hg is proton abstraction from the acidic
methylene hydrogens between two adjacent nitramine
groups, a difference in hydrolysis rate would be expected
where the methylene hydrogens of RDX-hs were replaced
with deterium atons (RDX-df. We wish nowt(r)T&eJ)ort
our findings concerning the kinetics and intermediate
formation for the alkaline homogeneous hydrolysis of
RDX-hs and RDX-dg in water.

Experimental Section and Results

materials. RDX-hewas recrystallized three tinmes from
acetone, dried, and checked for purity by TLC, VPC, and
GC/MS. RDX-dgwes generously obtained from S. Bulusy,
Picatinny , Dover, NLJ., and checked for purity by
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the sare techniques used for RDX-hg. The isotopic purity
of RDX-dg was 99+% by ness spectral analysis.

Analysis. Agqueous solutions of RDX-hs and RDX-ds
were analyzed by vapor phase chromatography of benzene
extracts using 2,4,6-trinitrotoluene (TNT) as an internal
standard4 In general, a Hewdett-Packard, Model 5750,
research gas chromatograph wes used with a4 ft x 0.25
in. glass column packed with 2.95% Dexsil 300 GC on
Chromosorb WAWDMCS, 80/100 nesh; column tem+
perature, 175 °C; injection port, 180 °C; carrier gas, ar-
gon/methane, 95/5; flow rate, 192 mL/min; Ni-63 detector
termperature, 290 °C; pulse, 150 »<; attenuation, x 80.
Dilutions were mede so that the final concentrations were
approximately 7.4 x 10s MRDX and 7.1 x 107 M TNT
and retention times were approximately 200 and 80 s
respectively. Peak heights were used to calculate RDX
concentrations by comparisons to standards of known
concentrations.

Kinetics. Stock agueous solutions of 1 to2 x 104 M
RDX-he and RDX-ds were made by weighing 1 to 2 ng
of each into 100-L volumetric flasks and trarsferring with
asmall volurme of acetone. The acetone wes rermoved at
300 40 °C with asmall suction tube with water aspiration.
Distilled water wes added to the dry residue and the flasks
were warmed in a water bath between 50 and 60 °C to
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TABLE I: Observed First-Order Rate Constants for the
Aqueous Homogeneous Alkaline Hydrolysis of RDX-h6
with Excess Base*

% Time, RDX-he
completion minft x 10s, Mc 10 4fc,d s«1
0 0 7.6
15.8 7.98 6.4 35
17.1 11.88 6.3 2.6
28.9 16.05 5.4 35
36.8 19.96 4.8 3.8
40.7 27.91 4.5 3.1
42.1 31.97 4.4 2.8
48.7 35.99 3.9 3.1
52.6 40.05 3.6 3.1
.76.3 80.06 1.8 3.0
. 829 99.96 1.3 2.9
Av 3.1 0.2

o OH;,= 8.048 x 10“2M. b Obtained with an automatic
timer, Precision Scientific Co., Chicago, 111. ¢ Gas chro-
matographic analysis of benzene extract. d k, = 1/i In
(RDXUIRDX),.

effect solution. These solutions were filtered through 0.4
om Millipore filters and analyzed by vapor phase chro-
matography. _

Standard aqueous solutions of RDX-he and RDX-ds
were thermostated in either 10- or 25-mL volumetric flasks
in a constant temperature bath held to +0.05 °C at least
1 h before a run. Separate flasks containing 0.1-0.5 M
agueous sodium hydroxide were thermostated at the same
time. For %3|ven kiretic run, 1-3 mL of the standard bese
was pipetted into the flask containing the RDX solution.
Base concentration wes detenmined after a run by titration
with standard 0.1 N hydrochloric acid solution. RDX
concentration wes determined at a specific time by re-
moving 1.00-mL aliquots of the reaction mixture with a
callbrated inge and extracting immediately with 10, 5,
or 3 mL of benzene depending on the extent of reaction.
The distribution coefficient for RDX between benzene and
water wes determined to be s.2 at room temperature.
From s to 65 ;L of a 443 x 104 M TNT solution in
benzene wes added to the benzene extract as internal
standard so that the ratio of the peak heights for RDX and
TNT wes approximately unity in the chromatographic
analysis. The results of one kinetic run for the hydrolysis
of RDX-hs is shown in Table 1.

The first-order rate constants, «n for both RDX-hfjand
RDX-ds were found to vary with OH concentration and
indicated that the OH"* ion wes involved in the rate-de-
termining step. Table 11 shows first-order dependence for
hydro>(<jide ion for basic hydrolysis of both RDX-he and
RDX-dG

Second-order rate constants, k2, were calculated from
the first-order rate constant, u using the expression, k2
= fei/lOH". The k2 values obtained for the agueous ho-
mogeneous alkaline hydrolysis of both RDX-hs and
RDX-ds show the kinetic isotope effect as a function of
temperature, Table I11.

Heats of activation, ax+, for the basic hydrolyses of
RDX-hg and RDX-ds calculated from these k2 values were
found to be 230 + 02 and 241 + 0.3 kecal mol“], re-
spectively, while the corresponding entropies of activation,
as+, for these hydrolyses were calculated tobe s + 1and
10+ 1 cal deg] respectively. Errors were estimated by
the method of Purlee, Taft, and De Fazios

RDX-h6Intermediate (I-h5) Formation in Water. An
1.98 X 104 M aqueous solution of RDX-hs (90 mL) wes
stirred vigorously with 10 mL of benzene. To this mixture
wes added 142 mL of 17.5 M sodium hydroxide to give
afinal OH concentration of 0.272 M in the agueous phese.
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TABLE II: Order with Respect to Hydroxide lon for
Reaction with RDX-h6and RDX-d6 in Water at 25.0 °C
RDX-h6 RDX-d6

10-fc,, 10-fe,
OH", M s" Ordero OH,M s*

0.0271 1.2 0.0279 0.37
0.2450 9.8 0.95 0.248 3.9 1.1

Ordero

0.0735 2.9 0.0667 1.2
0.2450 9.8 1.0 0.2185 35 0.90
0.0735 2.9 0.0279 0.37

0.1370 5.7 1.1 0.2015 3.0 1.1

° Value ofx from, k, Jk,~2= (OH,*)/(OH2Yv, where
fe,_, and fe - 2 are first-order rate constants for the dis-
appearance of RDX-h{ or RDX-ds at a given hydroxide
ion concentration.

TABLE I1I: Kinetic Isotope Effects for the Aqueous
Alkaline Hydrolysis of RDX-h6and RDX-d, a

! MRDX-h.)/
RDX-d, feXRDX-d6)

1.6 £0.1 (6) ~2A
6.0 +0.3 (4) 23
22 +1(5) 2.2

o Numbers in parentheses indicate number of kinetic
determinations. b Units M-1s 1;second-order rate con-
stants were calculated from first-order k , values obtained
from at least three different OH“ concentrations between
0.020 and 0.25 M. c lonic strength for all runs between
0.020 and 0.25; rate decreased only 17% in 1.71 M aque-
ous NaCl and OH“= 0.0651 in a separate run.

Temp, °C RDX-h,,

250 39+02(s)
350 14 +1 (s)
450 48 +3 (5)

After 5 min a gas chromatographic trace of the benzene
extract showed a peak at 1.3 min (I-h3 in addition to the
RDX-hg peak at 3.36 min.

RDX-hélIntermediate (I-h 5 Formation on Basic lon-
Exchange Resins. A 198 x 104 M agueous solution of
RDX-hg wes passed through a strongly basic ion-exchange
resines at the rate of 5 resin volumes/min. The pH of this
effluent wes 7.78. Chromatographic analysis of a benzene
extract of this effluent a trace with peak retention
times V\/nicfpl;/aerle iden]ycal V\nliltéh that S{grl:jnd in h'gle ho]:
rmogeneous hydrolysis of RDX-hg. On ing the pH o
the aqueous unbuffered effluent containing I-hs decreased
to pH 5.68 while the peak corresponding to I-hs decreased
98%. No height change was noted for the RDX-hg
chromatographic peak. A number of attempts were made
to isolate I-hs by concentration and separation from
RDX-hg on TLC plates. These were unsuccessful
apparently due to the volatility of I-hs as well as its hy-
drolytic instability. Although awide variety of conditions
was explored using the basic resin, I-hs wes always con-
taminated with RDX-hg. Finally, GC/MS technigues were
employed to separate and establish the identity of I-h5

Mass Spectral Analysis of I-h5and I-d& ntermediates.
The intermediates I-hs and 1-ds were prepared by sepa-
rately passing 100 mL of agueous 873 x 105 M RDX-h%
then 100 mL of agueous S.16 X 105 M RDX-ds throug
10 g of Amberlite 410 basic ion-exchange resiny in 12 to
13 min, respectively. In each case the effluents were
extracted with 100 mL of high-purity benzenes The
extracts were concentrated to approximately 1 mL by
boiling, and further concentrated to 5to 10\L in tapered
tubes under vacuum  These concentrated benzene solu-
tions were injected directly into the GC/MS (Varian MAT
111) with the folloning conditions; injection port 190 °C;
separator 195 °C; inlet ling, 195 °C; colunm, 6 ft x 1/8in

SS packed with 3.4% Dexsil 300 GC on Chromosorb
WAWDMCS, 80/100 mesh; temperature programed, 140
°C to 220 °C at 20 °C/min; ion source pressure, 5x 10
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TABLE IV: Hydrolysis of I-hs Intermediate

pH 10sfe,° 10 2 fcd Ordero
7.28 76 1 4.0 +£05
7.89 28 +2 3.6 +0.3 1.1

° Units, 1 at 25.0 °C. b Second-order rate constant
calculated from the expression, k2= k j ( OH"), units, M"1
s"L o With respect tc OH".

TABLE V: Mole Ratio, Nitrite Formed/RDX-hs Reacted,
as a Function of Hydroxide Concentrationo

+(N027 +(NO,)V
(OH)s -(RDX-hJ (OH"b  -(RDX-hJ
0.019 1.1 0.115 LI
0.069 1.2 9.5 1.3
0.091 1.1 19° 2.0

° 25.0 °C. b Homogeneous. o Heterogeneous.

TABLE VI: Alkaline Hydrolysis of RDX,
Nitrite Formation Rateo

Mole

% hydrolysis +mNxe 2> +(nS°)/

Time, min RDX-h, RDX-d, 105M -(RDX)

0 ob 0° od

1.38 23.4 1.61 0.97
2.50 20.5 1.22 0.93
2.93 43.3 3.32 1.08
4.32 56.7 4.59 1.14
4,93 36.4 2.41 1.03
6.17 69.8 5.70 1.16
8.17 79.4 6.54 1.17
9.82 59.2 4.03 1.06
15.85 76.6 5.15 1.05
41.00 100 8.35 1.18
41.79 97.8 6.72 1.07
66.06 100 6.93 1.08

45.0 °C, water solvent. b RDX-h,, =7.07 x 10 sM,

[ = 0.0682 M. o RDX-dk= 6.40 x 10"sM, OH" = 0.0694
M. d Analyzed by Griess methodio after benzene extrac-
tion of RDX.

Torr; carrier gas, He; flow rate, 30 mL/min; EID detector;
attenuation x 8. Under these conditions mixtures of 1-hs
and RDX-hs or I-ds and RDX-ds gave retention times of

29 min (I-he or 1-d9 and 6.8 min (RDX-he or RDX-d9.

RDX injected alone under these conditionnzgave asingle
peak at 6.5 min. Mass spectrawere obtained at the apex
of the GC elution peaks (Figures 1 and 2).

Hydrolysis Kinetics of the I-h5Intermediate. AQLEOUS
solutions containing 1-hs prepared with the Amberlite 410
resinz were buffered at pH 7.28 and 7.89 with phosphate
buffers.s Disappearance of I-hs at 25.0 °C wes followed
by gas chromatographic analysis of benzene extracts,
Kinetics section. Since RDX-he is not appreciably hy-
drolyzed in the pH 7-8 range, it wes conveniently used as
anati)lntemal standard. The kinetic results are shown in
Table IV.

J. C. Hoffsommer, D. A. Kubose, and D. J. Glover

Products. Nitrite. After RDX-hg hydrolysis nitrite ion
wes determined in the reaction mixture by the Griess
method.zo The ratio, noles of nitrite produced/moles of
RDX-he hydrolyzed, wes found to be 1.2 + 0.1 for OH
concentrations ranging from0.019to 95 M. This ratiowes
found to increase to 2.0 on hydrolysis of RDX-he heter-
ogeneously with 19 M aqueous sodium hydroxide, Table
V.

Rate of Nitrite Formation. 1he rates of nitrite ion
formation from hydrolysis of both RDX-hg and RDX-ds
were determined inwater at 45.0 °C. The concentrations
of RDX-hfl or RDX-dg, c+. remaining after a specified tirme,
t, Were calculated from the known values of k2, Table ID,
and the hydroxide ion concentration using the expression,
1/f In(G/C,) = fe(OH). Results are expressed in terms
of mole ratios, nitrite formed/RDX hydrolzyed, Table VI.

other Products. The formation of other products from
RDX-he hydrolysis was found to vary depending on the
hydroxide ion concentration. Results are expressed in
ters of nole ratics, product formed/RDX-he hydrolyzed,
Table VII. All hydrolyses were carried to completion.

Discussion

The kinetic isotope effect, Table 111, together with the
formation of approximately 1 mol of nitrite ion for each
mole of 1,3,5triaza-1,3,5-trinitrocyclohexane, RDX-h§
hydrolyzed under basic conditions, Table V, throughout
the entire course of reaction, Table VI, indicate proton
abstraction by hydroxide ion and simultaneous loss of
nitrite ion inaconcerted (E2) elimination process (reaction
1).

Ne
N N
I\ /\
HX HCH k H,C HC
N +O H " "1 I +h
o2n- n n- no, o2n- n Nn- nNno2
\ / +no2-
CH, CH,
RDX-h,, I-h5 (1)

The ness spectrum of 1-h5 Figure 1, shows the highest
m /e at 128, That this is not due to a nolecular ion is
evidenced by the presence of apeak at m /e 120. Cont
parison of the mass spectrum of RDX-he shows similar
features, e.g., very intense peaks at m/e 30, 42, 44, and 46
and similar intensity patterns in the m/e 50 to 60 and m/e
70 to 0 intervals. Of particular interest is that both 1-hs
and RDX-he have peaks at m/e 120 and 128 It is pro-
posed that the m/e 128 peak in the mass spectrum of I-hs
Is due to the loss of the elerments of nitrous acid (reaction
2. Indeed, (2) has been proposed as part of the mess
s&ctral fragmentation of RDX-hg 1112 The presence of
the m/e 120 peak in the mass spectrum of RDX-hs has
been explainechii2 on the basis of a NO2 group migration
from the ring nitrogen to carbon followed by ring cleavage
to give afragment whose formulaiis [o 2N-CH2-N-No 3+
m/e 120. Itis quite plausible that the m/e 120 observed

TABLE VII: Variation of RDX-he Hydrolysis Products with Hydroxide lon Concentration (Mole Ratio,

Product Formed/RDX-hs Hydrolyzed)

OH no2 ° N2 nh3
Weak, 0.1 M 1.1 0.12
Strong, 19 M 2.1 0.7

N20b HCOO"d CH20° H2
1.2 0.7 1.1 0
0.4 1.6 0.2

° Determined by the Griess method.10 b Reactions carried out under vacuum in degassed basic aqueous
solutions; volumes of gases measured in vacuum transfer system by mercury displacement and verified by
GC/MS. o Determined with an Orion Research specific ion meter, Model 401, using ammonia electrode,
Model 95-10, and by acid titration of distillate from reaction solutions. d After evaporation of water and
drying, residue analyzed for formate ion with Varian HA 100 NMR using D2 solvent with DMSO as internal
standard (singlet at 8 8.84, TMS reference). o Determined by chromatropic acid method of E. Eegriwe, Z.
Anal. Chem., 110, 22 (1937), with modifications by J. W. Cares, Amer. Ind. Hyg. Assoc., 29, 405 (1968).
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* 30

Figure 1. Mass spectra of RDX-h6and hydrolysis intermediate, I-h5.

r poi + g 1
! w /' \
O,N-N N -HNO?02-n n
hZ h
hZ /ch2 \ Ic
N
_ de
m/e 175 mle 128
in the mess spectrum of I-hs can also arise by a similar
mechanism _ _
The mess spectra of deuterium labeled RDX-dg and its

hydrolysis intermediate, 1-d5 are shown in Figure 2. Of
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the differences between the mass spectra of I-hs and I-dk,
the ones significant to the above discussion are increases
in m/e of the peak at m/e 120 to m/e 122 and m/e 128
to m/e 132 This shows that the m/e 128 ion contains four
hydrogens and that the m/e 120 ion contains two hy-
drogens. This observation is consistent with the proposed
stRnDcth hjrg, I-h§ as the interediate hydrolysis product from

The RDX-hg hydrolysis intenrediate, 1-h5 rapidly reacts
with hydroxide ion, Table 1V, to give anumber of products,
Table V11, indicating ring opening. The hydrolyses of both
RDX-he and 1-hs show first-order dependence on hy-
droxide ion, Tables 11 and 1V, while acomparison of their
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Figure 2. Mass spectra of RDX-d6 and hydrolysis intermediate, I-d5.

second-order rate constants showthat fex(I-he)/fe2(RDX-hg
= 1 x 10 at 250 °C, Tables 1l and IV.

It is sonewhat surprising that the ngjor hydrolysis path
of I-hs does not appear to involve a second proton ab-
straction followed by loss of nitrite as has been speculated
by Jones.s Only in 50% (19 M) aqueous sodium hydroxide
under heterogeneous conditions were 2 mol of nitrite ion
produced, Table V. It might also be mentioned here that
under all our conditions no evidence for nitrate ion for-
mation wes found as has been previously reported 13

The formation of both HOCOO and CHD indicates that
ring opening of 1-hs most likely occurs by hydroxide ion
attack on carbon followed by a series of complex bond

The Journal of Physical Chemistry, Vol. 81, No. 5, 1977
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cleavages to form NH3 N2 and N20. The formation of
small ampunts of Hz undoubtedly occurs by OH* attack
on CHD under Canizzaro conditions.14 Thus, the basic
hydrolysis of methylenedinitramine, CHz(NHNo2)z2, hes
been reportedhs to give amixture of N2 N20, and CH0,
while the basic hydrolysis of nitramide, NHzN 02 to yield
N2 and HD is classic 1

The formation of NHs might arise from a snall unstable
molecule such as aminomethanol, [NHCH:OH], which
would be expected to decompose to CH0, NH3 and
complex polymeric products.

It is of interest to compare the activation parameters
for RDX-hg basic hydrolysis in several solvents, Table VITT
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TABLE VIII: Activation Parameters for the Homogeneous
Alkaline Hydrolysis of RDX-h6as a Function of Solvent
Solvent AH *a if a AS1b
Waterc 22.6 20.7 +8
Methanof 27.6 20.7 +23
“Wet” acetonee 14.1 17.3 -11

a kcal mol”. b cal deg”. ¢ Thiswork. d Data of W.
H. Jones, J. Am. Chem. Soc., 76, 829 (1954). e Data of
S. Epstein and C. A. Winkler, can. J. Chem., 29, 731
(1951).

Although the rates of RDX hydrolysis are nearly the sarme
for both water and methanol at 25.0 °C, hydrolysis pro-
ceeds over 200 times as fast in acetone. Also, the heats
of activation for both water and methanol are nearly twice
that with acetone as solvert. an+ varies linearly with as+
and gives a slope of 378 K as the isokinetic tenmperature.
Since this temperature lies fairly near the experimental
temperature (298-319 K), the formation of nolecular
conplexes with solvent is implied 17 The large differences
found in the entropies of activation for the three solverits
could be rationalized in tems of differing degrees of
solvation for both the OH ion aswell as the RDX-hg. The
hydroxide ion would be e ed to be more highly hy-
drogen bonded inwater and methanol solvents, and, thus,
more structurally ordered in the ground state than in
acetone solvent. On this besis, more solvent disorientation
would be expected for water and methanol solvents in
passing through the activated complex than with acetore.

"N 02
A
A" HO-H—OH

activated complex

Considering the transition state as a negatively charged
complex, one would € that an increase in ionic
strength should have little effect on the hydrolysis rate,
as found, Table IlI.

Finally, it is not surprising that the transient hydrolysis
intermediate, 1-h5 has not previously been detected since
I-hs hydrolyzes 105 tirmes as fast as RDX-he at 25.0 °C,
Tables Il and 1V. Viewing the kinetics as a consecutive
irreversible process of the type

RDX-h6—*1-h5 - products

where k1and k ; are the respective first-order hydrolysis
constants in excess basg, it is possible to derive an ex-
pression for the formation of a maximum concentration

mJd,-)fl
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of I-hs.18 Since k. = ftzqoH ) for both RDX-hs and 1-h5
Tables 11, 111, and 1V, the following expression may be
written, (I-hs)”™ = (RDX-hglofe'/™N*272*2 where k2 and
k2 are the hydrolysis second-order rate constants for 1-hs
and RDX-h6 respectively, and (RDX-he)o is the initial
concentration of RDX-hg. From this expression it is seen
that (I-hsl?j = 10 5(RDX-h§Q Only by rapid removal of
I-hs from OH ion is it possible to increase the concen-
tration of I-h5 This has been accomplished by allowing
RDX-m to react with OH inﬁEp resence Of tErlzem, ard,
by rapidly flowing asolution of RDX-hfi in water through
astrongly basic i resin where the oH* reactive
groups are fixed. This latter technique might well be used
to form other transient intermediates with a variety of
reactive nucleophiles on the ion-exchange resin.
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The photoionization and the isothermral recombination luminescence (ITL) of 5,10-dinethylphenazine (DIVP),
s-mettyl-10-phenyiphenazine (MPP), and's ,10-diphenylphenazine (DPP) were investigated ina3-nethylpentane
(3-MP) dlass at 77 K using a nitrogen laser as the excitation source. The biphotonic nature of the ionization
and the particular photophysical properties of these molecules enables one to control the anrount of ionization

products by simply varying the laser pulse repetition frequency. The slight deviation of the ITL spectra from

those of the nomral fluorescence

and phosphorescence is attributed to differences in the nolecular geonetry.

The ratio of the triplet to singlet nolecules, generated following reconrbination of the electronwith the cation,
wes found to be close to the statistical value of three (DMP: 28, MPP. 28 DPP. 23). Fromthe decay of

the ITL the spatial distribution of the trapped

electrons around the cations wes derived by nurrerically solving

the Srmoluchowski equiation according to the method of Ichikawe, Yoshida, and Hayashi.

Introduction

Photoionization of organic nolecules dissolved in a
glassy matrix often leads to stationary cations and sta-
bilized electrons with lifetines of several minutes or even
hours depending on, e.g., the matrix properties, excitation
conditions, and the temperature12 The subsequent
isothermal or photostimulated recombination of the
separated can produce electronically excited states
which may decay by radiative means manifested by
fluorescence and/or phosphorescence of the initial mol-
ecule. The spectral properties, the kinetics and efficiency
of this recombination luminescence contain important
information not only on the photoionization process and
the relaxation of the excited nolecule formed upon charge
recombination, but also on the spatial distribution and
transport properties of trapped electrons in the matrix 13

In a comprehensive study Albrecht and co-workers:
investigated the photoionization of IV.iV.IVAf-tetra-
methyl-p-phenylenediamine (TMPD) in a 3-methyl-
pentane (3-MP) natrix and, in turn, the recombination
mechanism under isothermal conditions or by applying
light and a high electric field as stimuli. As well as the
elucidation of the photoionization mechanism these au-
thors established important features of the 3-MP matrix
with respect to electron trapping and mobility. Their
results together with the findings of 7 -radiolysis studiess
make 3-MP at 77 K one of the most thoroughly investi-
gated natrices.

Photoionization and recombination luminescence ex-
periments in polar matrices for compounds other than
TMPD have recently teen published for diphenylamine,
carbazole, indole, and tryptophanss In the present
communication we report on the photoionization and
recombination luminescence of the -disubstituted
dihydrophenazines 5,10-dimethylphenazine (DMP), 5
methyl- 10-phenylphenazine (MPP), and 5,10-diphenyl-
phenazine (DPP) (formulacf. Fgure 3) in a3-MP matrix
at 77 K This system proved to be very suitable for
studying these processes. In particular, the spectral
properties and the decay characteristics of the isothermal
recombination luminescence (ITL) were investigated and
the ratio of the triplet to singlet states produced following
charge recombination wes established.
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Experimental Section

The ~ .~ -disubstituted dihydrophenazines were syn
thesized according to a published procedure.z After re-
crystallization and sublimation the melting points of these
compounds were 152 °C (DMP), 117 °C (MPP), and 283
°C (DPP). 3-Methylpentane wes purified by three cycles
of column chromatography (aluminum oxide 90, Merck).
After this procedure the optical density was found to be
0.L/cmat 237 nm Excitation of the sarmples and recording
of transient species were performed with a laser flash
apparatus. This instrument consists of a nitrogen laser
(Model 100 A, Lambda Physik, Gottingen) with a pulse
energy of 2 mJ and a halfwidth of 3ns, anonitoring lamp
(Gsram XBO 250W4) with a pulsing unit (Model 410,
Applied Photophysics), a high intensity monochromator
(Bausch & Lomb), and a RCA 1P28 photomultiplier tube.
A pulse gererator (Model 1901 A, Hawlett-Packard) drives
the laser at a standard frequency of 7 Hz and an electronic
shutter (Compur Electronic) extracts single laser pulses.
Under these conditions the energy of the selected pulses,
measured with a calibrated photodiode (ITT, F4018
UVG), wes found to be very reproducible. Corrected
emission spectra were recorded on a computerized lu-
minescence spectroneter system which is described in
Oetail elsewheres Huorescence lifetimes were determined
with the time correlated single photon courting technigues
using an Ortec Model 9200 nanosecond fluorescence
SEectrometer with a Spex Minimate analyzing mono-
chromator. The sanples were deoxygenated either by
repeated freeze-pump-thaw cycles or by bubbling nitrogen
ges through the solution. To avoid formation of aggregates
and/or microcrystals all experiments were performed with
highly diluted sanmples (5 x 106 to 7 X 105 M).

Results

A recently published spectroscopic study on the DMP,
MPP, and DPP noleculesw was concerned with the ab-
sorption and emission spectra, the fluorescence and
phosphorescence lifetimes, and the emission quarntum
yields. Some of these results pertinent to the present
Investigation are given in Table 1.  Using laser flash
excitation (v = 29670 cml) the three amines exhibit a
strong triplet-triplet (T-T) absorption around 22000 cm
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TABLE I:
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Fluorescence (0f), Phosphorescence (0p), and Intersystem Crossing (Oisc) Quantum Yields, Lifetimes r, and

Ratio of the Recombination Fluorescence to Phosphorescence Quantum Yields (ARP/AR¥) of DMP, MPP, and

DPP in 3-MP at 77 K°
IPg. eV

Molecule Vert Adiab Tf, ns Aisor S
DMP 6.57 6.3 122 3.3 x 106
MPP 6.43 6.2 80 7.0 x 106
DPP 5.9 80 8.9 x 106

s
298 K
8xI1T6 14 060 040 010 135 28

6 x 10'6 1.2 0.47 0.53 0.15 2.00 2.8
1x1Q’5 1.2 0.35 0.65 0.26 3.37 2.3

Arp/ a- Ort/
7K <f Oisc op Arf ORS

a The data of the normal fluorescence and phosphorescence are from ref 10. The ges phase ionization potentials IP,, of

DMP and MPP are from ref 15.

Figure 1. Ground state absorption spectrum (— ) and triplet-triplet absorption spectrum (—) of DPP in 3-MP. The former was recorded at 77
K, the latter at room temperature. The absorption spectrum of the cation radical DPP-+ in 3-MP at 77 K (strong solid line) contains some ground
state absorption above 25000 cm-1. The arrow marks the laser excitation wavelength.

which, extending into the UV region, strongly overlaps the
ground state absorption spectrum  The behavior of DPP
shown in Figure 1 is representative for all three cont
pounds. Comparison of the intensity of this T-T ab-
sorptionwith that of anthracene in cyclohexanen («(23695)
6.1 x 10« M1cm') leads to the following extinction
coefficients (M 1 cmd) for a 3-MP solution at room
termperature: DMP «(22200) 6.2 + 2 x 104 MPP «(22500)
94 + 3 x 104 and DPP (22500) 98+ 3x 14

At the excitation wavelength of the nitrogen laser, the
T-T absorption is still considerable. Here the cvalues are
estimated to be ~1.6 x 104 1.2 x 104, and 1 x 104 for
DMP, MPP, and DPP, respectively. With the exception
of aslight blue shift, the T-T absorption spectrum in the
3-MP matrix at 77 K is very similar to that at room
termperature. The triplet lifetime rT, however, is strongly
temperature dependent. Between 295 and 77 K, rT In-
creasesfrom-s x 1cwto ~1.2 s(cf. Table I). The latter
value coincides with the phosphorescence lifetine.

Continuous irradiation with energy >3.5 eV or pulsed
irradiation with the nitrogen laser (repetition frequency
7 Hz) of an oxygen free sarmple of DPP ina 3-MP matrix
at 77 K produces a new absorption which corsists of aband
with distinct vibrational structure centered at ~ 22 000
cm 1 (cf. FHgure 1) and a broad structureless band in the
near-infrared region peaking around 15 (im The former
absorption is attributed to the cation radical DPP-+, the
latter is the well-known absorption spectrum of the ma-
trix-trapped electron et. From the published extinction:
of er («(6000) 30 x 10+ M 1cm¥) and «(21370) 1.2 x 10«
M1 cm 1 is derived for the cation radiical at its absorption
meximum. To verify the assignment of the DPP-+ab-
sorption, the radical wes also generated by chemical mears.
Tetranitromethane in 3-MP at room tenperature oxidizes
DPP to DPP-+and is itself reduced to the trinitromethane

redical anionwitha 1:1 stoichionetry.1s The spectrumand
its extinction of the DPP-+ produced in this manner
proved to be identical with that of the species formed upon
irradiation. The properties and the behavior of DMP and
MPP are very similar to those described for DPP.

Given the fact that in the three dihydrophenazine
molecules the T-T absorption and the ground state ab-
sorption strongly overlap at the laser wavelength and the
intersystem crossing process is over 40 times slower than
the laser pulse duration, a simple method allows proof of
the biphotonic nature of the photoionization. At low
repetition frequency of the laser (0.1-Hz single pulse
extraction frequency) the generated triplet nolecules have
relaxed (p ~ 1 9) prior to excitation by a consecutive
pulse. At high repetition frequency (7 Hz), hownever,
consecutive pulses hit a relatively high concentration of
triplets. Consequently the generation of ionized products
only at a high frequency denmonstrates that the pho-
toionization is biphotonic involving the lowest triplet state
Tj asanintermediate. The properties of these molecules
;cjhus_enalble ore to cokrlwe:trol the a_\rmlfjnt of ionize(]j prt;gdlwts

y simply varying the repetition frequency of the laser
pulses. It shoulr?be mentioned that this mechanism is
clearly observed only at low or moderate light intensity
of the laser pulses (<102 photons cm2s'). At high in-
terrlls(;gy (1-2 x 1(|)25Iphotm2‘l s’e;gdts:/he frequelncy <IjeL

nce is ost r one single pulse
Pr?duces ioniza?ttai‘gtn.y In all these experiments therflgmgjﬁon
of cation radicals and et” wes ascertained by the thermally
stimulated reconbination luminescence (TSL) described
below.

If a previously irradiated sample is sloy warmed, a
sudden strong luminescence is observed when a particular
temperature is reached. To illustrate this behavior the
emission intensity vs. temperature curve of DPP in 3-MP
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Figure 2. Intensity cf the thermally stimulated recombination Iu-
minescence of DPP vs. temperature. The curve on the left (T =

79 + 2 K) refers to 3-MP, the one on the right (Thax = 92 + 2 K) to
2-MTHF.

is presented in Figure 2 The corresponding curve for a
2-methyltetrahydrofuran (MTHF) glass shows the matrix
dependence. The luminescence intensity reaches a
meximum at 79 £ 2 K for 3-MP and at R + 2 K for
2-MTHF. These results agree well with recently published
differential thermal analysis data« They demonstrate
that TSL is due to the recombination of thermally mo-
bilized electrons with radical cations.

On the other hand, when the tenmperature of an irra-
diated sanple is kept constant at 77 K aweak emission
can be detected which lingers for several hours. The
spectral properties of this isothermal recombination lu-
minescence (ITL) are depicted in Figure 3, along with the
natural luminescence. (Each ITL spectrum is asumof at
least five smoothed single spectra recorded at times after
irradiation (>2 h) where the intensity of the reconbination
luminescence ¢ less than 5% over one scan.) Itis
easily recognized that the ITL of DMP, MPP, and DPP
consists of fluorescence and phosphorescence. The latter,

U. Bruhimann and J. Robert Huber

however, is greatly enhanced with respect to the former
as compared with the natural luminescence. This ob-
servation, expressed in termrs of the ratio of the phos-
phorescence to fluorescence quantum vyields spra>f and
srpia>er fOr ITL, isgiveninTable 1. The ITL spectraand
the s/ o rfratio were found to be independent of the tine
recorded after irradiation in the range 15 min to about 5
h. Acloser look at the ITL spectra reveals that they are
slightly red shifted with respect to the natural emission.
The 0-0 hand of the fluorescence is shifted 200 (DMP),
180 (MPP), and ~40 cm 1 (DPP), that of the phos-
phorescence 420 (DMP), 260 (MPP), and ~80 cmra (DPP).
Moreover, the bandwidths of the vibrations of the ITL are
generally smaller by ~30% and the intensity pattern of
the vibrations is changed which is particularly pronounced
in MPP.

The decay of the ITL intensity of DMP iipD-MP at 77
K as shown in Hgure 5is similar to those of the DPP and
MPP molecules. The kinetics of the decay appears to be
complex but independent of the wavelength.  Arbitrarily
we have divided it into a fast and a slow component by
extrapolating the slowdeery to zero tirme and substracting
it fromthe total signal. The fast component fits first-order
kinetics with r = 100 s, the rate of the slow component,
expressed in terms of the half-life ii/2, is ~100 min for
DMP, MPP, and DPP.

The gas phase ionization potentials IP of DMP and
MPP were recently measured by photoelectron spec-
troscopy.1s The adiabatic 1Pgwes found to be 6.2 eV for
DMP and 6.1 eV for MPP. Owing to experimental dif-
ficulties the 1Pgof DPP could not be determined by this
method. However, a correlation of the above IP'swith the
known anodic half-peak potentials of the three aminesis
leads to IPg= 5.9 eV for DPP. As has been shown for a
series of arormatic amines the 1Pgvalues are lonered by 09
eV ina3-MP matrix 1z Consequently, the threshold of
photoionization for DMP, MPP, and DPP ina 3-MP glass
Is expected to be 5.3, 5.2, and 5.0 eV, respectively.

Discussion

The lowest triplet state Txof the three amineso lies
about 24 eV (19300 cm") above SO Using a N2 laser

Figure 3. Isothermal recombination luminescence spectra (upper curve) of DMP, MPP, and DPP in 3-MP at 77 K. The lower curves correspond
to the normal fluorescence (F) and phosphorescence (P). The 0-O band of the normal fluorescence Is arbitrarily normalized to that of the ITL.
The ITL spectra, which were recorded >2 h after irradiation, are each a sum of at least five smoothed single spectra. All emission spectra are

corrected for the spectral response of the detection system.
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Figure 4. Molecular energy level diagram and hypothetical energy
distribution function of the “transition state X" formed during re-
combination.

excitation source the biphotonic ionization mechanismwith
Tj as the intermediate thus leads to a state with an energy
of 6.1 eV. This iswell above (0.8-1.1 eV) the ionization
threshold of the three nolecules ina 3-MP glass. Under
high laser light intensity an additional mechanism is
operative. The intense S! “mS* (x > 1) absorption around
33000 and 15000 cm 1 observed by laser flash technique
and the fact that already one strong laser pulse produces
ionization products suggest that this mechanism involves
the steps

hv(laser) hv(laser)

SO

In addition, the strong overlap between the fluorescence
and the T-T absorption spectrum (cf. Figure 1 and 3
favors reabsorption of Emenitted Egtoton by another triplet
molecule. The contribution to photoionization by such a
process seerrs to be significant considering both the
lifetime of Si and T': (cf. Table I) and the relatively high
concentration of Si and Tx produced by intense laser
Ises.
puAs has been shown earlier, 1s the electronically excited
singlet and triplet molecules formed upon recormbination

of the separated charges

M + e- - *3(M)*

are produced by the sae rate-determining step. Based
on this mechanismthe ratio a of singlet to triplet nolecules
generated ... be expressed in a straightforward manner
in terrs of the normal emission and 1SC quantum yields
0 « > 0) and the areas (photons cm1) of the recombi-
nation fluorescence Arf and phosphorescence Arp (cf.
Figure 4)

>sX

...... = CRTEE e (1)

Since the quantum yields pertinent to this equation have
been determined for all three compounds (cf. Table 1) the
ratios are imediately accessible: a(DMP) = 2.8, a(MPP)
= 28, and a(DPP) = 23. If the recombination process is
energetic enough that no energy restrictions exist as to the
generation of a molecule in an excited singlet or triplet
state, it appears that a should be equal to three in view
of the threefold spin degeneracy of the triplet state 1
Taking into account the inherent experimental errors in
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guantum vyield determinations, particularly when
fluorescence and phosphorescence overlap, the a values
of DPP and MPP are in excellent agreement with this
statistical value. Although the observed a of DPP is
smalgar, in this case it still lies within the error limits of

Assuming that all recombination events end with the
formation of triplets aVi* and singlets ‘ M* in the statistical
ratio we shall consider the reconmbination process in some
detail. Bullot and Albrechto have demonstrated that the
photoejected electron remains correlated with its parent
cation. Under the Coulorb field of the positive center the
electron migrates fromtrap to trap approaching the cation
until the reaction sphere is reached where a “transition
state” (X) is formed whose products are 13(IM)* molecules.
During this recombination the dynamic system

interacts with its surroundings (solvent cage). For agiven
matrix the energy of the state X is therefore dependent
on the initial separation distance r(to) of the cation and
its ejected electron. The narrower the initial distribution
function with respect to r, the narrower the energy dis-
tribution of the X states (cf. Figure 4). As long as most
of the transition states have energies equal to or greater
than Si, ana value close to three is expected. If, however,
the maximum of this energy distribution drops below the
Sj state the ratio a is shifted in favor of Tj (and also
M(S0¥) and greatly exceeds the statistical value. This
situation may be realized when aweakly interacting solvent
such as a honpolar hydrocarbon is replaced by a highly
polar solvent. Including the energy requirement, a is
always equal to or greater than three or expressed in tenrs
of a measureable quantity, the enhancement factor
(Orp/0rn/ éOp/Of) - 4. Evidently the latter relationship
is only valid if all hot triplet molecules generated from X
relax to the emitting level of Tb othenmse an apparent a
<3is possiblttej.1 it vith s othe

Compari IS result wi rimental findi r
than those ﬁesented here is d(iefﬁjceult. The lack cg}gt?eliable
guantum yield data at low temperature leave most of the
fewa values inthe literature suspect to large errors. The
photostimulated recombination luminescence of indole and
tryptophan in an ether glassss gives rise to a = 44. A
change of the solvent to the highly polar solvent mixture
ethylene glycol-water alters the a of indole to 20. For
diphenylamine and carbazole in an ether matrix one
derives ana value of 25+ 05and 4.9+ 05, respectively,
using the data of Muller et al.4in conjunction with our
own o iso(77) °f 0-89 for diphenylamine and 0.56 for car-
bazole 2 The consistency of the available data with the
proposed mechanism is encouraging. It then seens
worthwhile to establish some additional a values, pref-
erably derived from ITL experiments.

The small but clearly discernable differences between
the ITL and the normal emission spectra indicate that the
geonetries of the Ttand  nwlecules produced via X
differs slightly from those they assure after having ab-
sorbed a photon. Generally for large and rigid nolecules
the change in nuclear configuration upon removal or
addition of an electron is snall. In the present amines,

however, the hete lic ring is relatively flexible so that
photoionization charge recormbination induces geo-
metrical changes which are not conpletely annulled during

the relaxation T** —aiT,.

Possible transport mechanism of et in matrices have
recently been reviewed by Willards Under our experi-
mental conditions diffusion, caused by local rearrangerment
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of matrix nolecules and quantum rmechanical tunneling,
appear to be the most likely processes. Since, however,
in our experiments the scavenger (cation) concentration
isonly of the order of 10-7 to 10w M, and thus afactor 10z
saller than the estimated trap concentration in 3-MP,z
tunneling is not considered to be the dominant process for
cation-et’ distances >10 Az (vide infra).

The interaction between the dynamic system (M+— )
and a given matrix is proposed to depend on the initial
separation rtQ of the correlated cation and electron.
Information about r(tQ is comprised in the ITL decay
characteristics. More specific, the time behavior of the
recombination luminescence depends on the spatial dis-
tribution of the trapped electrons around the cationic
centers following photoionization, and the “diffusion” of
e in the matrix under a (spherical) Coulomb field. In
order to analyze the intensity 1ty of ITL at 77 K and
correlate it with the distribution of r, the Srmoluchowski
equation is applied in the form recently proposed by
Ichikawna et al. 24 Following this method the Snoluchowski
equation is written as

1 wer. ) 2V /2 re\ow(rr)

Do ar dr2 \r r2) dr (1

where t = t/iiz is the corrected time (real time divided
gy half-life), Do = Dtz is the termperature independent

iffusion coefficient, rc=czex T is the Onsager length, and
w (r, v) IS the probability density of finding an electron at
“time” r adistance r anay from the cation. The observed
time prdfile of /(£), directly proportional to the electron
decay p (1), is then expanded into a series

1(v) = 2a- exp(-fe,r) (3)

and the probability density is transformed as w (r. «) -
v.fii (f) exp(-&r). With this procedure the Smoluchowski
equation can be transformed into an ordinary differential
equation

dR-( /2 radrin —
. A\t 12 dar f orinTw @

with the boundary conditions [R,(N]=l =0 and (dR,(r)/
dreArjrqOZ fead/ (471moz )
en normalized (7(0) = 1), the measured ITL time
profile 7(¥) (cf. insert Hgure 5) corresponds to the electron
decay P(r). Within experimental error the decay curves
for all three amines coincide showing iz = 140 s
Moreover, the decay was found to be independent of the
number of excitation pulses between ~ 102- 103 and the
annealing time between 25 min and 4 h. With regard to
our relatively large sanple size (inner tube diameter 1 cm,
:ggth 6 cm) the latter finding, which indicates an an-
ing time <25 min, is not unexpected in view of recent
results 1
According to eq 3the ITL decay is graphically analyzed
as/(r) =e(v) =055 exp(-1.45r) + 0.2 exp(-0.37r) +
0.23 exp(—0.07rg. With this expression the initial dis-
tribution w (r, 0) of the distance between et” and the cation
is numerically evaluated applying the Runge-Kutta-
Nystrom method. Estimating ro = 10 Aand ro(77 K) =
1000 A (t ~2) and settingp o = 5, 10, 15 A2the results
presented in Figure 5 are obtained. Since neither an
experimental value, nor a rough estimate of D(DQ is
available, o o wes chosen such that the median value of
/A7 =0) isabout 5 A(Do =5A2ri/2=25A b0 =10
A, riiz = A Do=15A2 12 =3B A). This estimate
is based on an electrophotoluminescence study of the
TMPD-3-MP systemwhere Bullot and Albrechtz found
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WR2 W(RO)

Figure 5. Distribution W, t= 0) of the distance between the trapped
electrons and the cations immediately following photoionization. The
corrected diffusion coefficients DO (A2 assumed for the calculations
were 5(rvV2 = 25 A; 10(r12= 30 A, and 15ir 12 = 33 A)for curve
1, 2, and 3, respectively. The insert shows the time profile of the ITL
decay. The luminescence intensity is proportional to the decay of the
electrons Pj).

that the majority of electrons are initially separated be-
tween 15 and 40 A from the cations. Ignoring the un-
realistic oscillatory behavior of the distribution curvez at
large r, the shape of w¢r, Q) is close to a Gaussian.
Probably most important is the narronwness of the dis-
tribution. The half-width is only about 10-14 Aand most
of the electrons are separated by less than 50 Afrom the
cations. These results parallel those of Bullot and
Albrechtzo obtained with a similar system but with a
different method. With caution the diffusion coefficient
o is thus derived from W(r, 0). Withtu2 = 140s, the
diffusion coefficient for electrons ina3-MP matrix at 77
Kisfound to be ~10 13cme s 1
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3. The System HBr + (Pr)4NBr + H2 at 25 °C. Application of Pitzer’s Equations
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The species tetrapropylanmonium bromide hes been used to
electrolyte solutions.  Activity coefficients of HBr, in HBr + (Pr)4A\Br + HD
m (Wherem =

quilibrium properties of agueous

at 25 °C, have been measured at total nolality

the effect of large-sized cations on the
+ m2) ranging fromo.05 to 2.0 ol kg'1, using

cells containing hydrogen and silver-silver bromide electrodes. It wes found that Hamed's rule is valid for
m = 0.05, 0.1, and0.25 ol kgl The results were interpreted in tens of Pitzer's equations for cation-cation
doublet (o - cation-anion-cation triplet «>n » x> and other interaction paranreters. At adilute concentration

(ie, m = 0.1), the results have been discussed in light of the specific interaction coefficient, e n+srs a
i changes caused

Bronsted-Guggenheim

. Also, the results are discussed intermrs of the water structural

by the presence of the large-sized hydrophobic cation.

Introduction

The importance of understanding the effects of cation
size on the thermodynamic behavior of agueous electro-
Iytes, as well as the nature of cation-cation and cation-
anion-cation interactions, and the behavior of tetra-
alkylammonium salt-water mixtures, are well recogniz-
ed.rs Ina continuation of several previous invesigations
resulting in the final calculation of the binary cation-cation
interactions, OMN lor the three systens HBr + NHABr +
HO0.,6 HC1 + NH«CL + H0,7 and HBr + (Bu)4\Br +
H0,s we have undertaken a course of electronotive force
studies on the HBr + (Pr)ANBr + HD systemat 25 °C.
Osmotic and activity coefficient data for pure (Pr)4\Br
solutions have been previously reported, from the results
of gravimetric isopiestic vapor pressure techniques ¢ but
no thermodynamic data based on either isopiestic or emf
techniques for agueous mixtures of HBr + (Pr)4ANBr are
available in the literature.

Emf measurements were made at 25 °C using a cell of

the type
Pt, H2(g,I atm) IHBr(m,), (Pr)aNBr(m2)AgBr, Ag m

over the range of total nolality m from0.05 to 20 nol kgl

Experimental Section

The tetrapropylammonium bromide wes obtained from
the Eastrman Kodak Co., and wes recrystallized twice from
suitable solvents (such as benzene-ligroin mixtures.u The
gravimetric analyses of the anion as the silver salt indicated
that the nolality of the solution wes accurate to well within
+0.02%. Quadruplicate gravinetric determinations of the
stock solution of aqueous HBr (about 4 M) agreed to
within+o.01%. The doubly distilled and deionized water
used inthis study had a specific conductivity of less than
1 x 106 mho cmi‘l

Emf measurements were made with a Leeds and
Northrup K-3 potentiometer in conjunction with a Leeds
and Northrup d.c. null detector (Model 9829). The cells
were thernostated at 25.00 £ 0.01 °C by means of a
constant temperature bath.  Preparation of the electrodes
(the thermal electrolytic type).12 purification of the hy-
drogen preparation of the solutions, and oxygen ex-
clusion from the cells by means of hydrogen input have
all been previously describeds? Preliminary emf mea-
surements for 0.1 nol kg 1 showed that the standard emf
e- of the Ag]AgBr electrode wes equal to 0.07106 V, in
identical agreement with the literature valuess of 0.07106
V, assuming that the activity coefficient of HBr wes 0.8054
at 0.1 mol kgl In order to help avoid the significant
solubility of AgBr at the highest constant total nolality
tested (m = 2.0 mol kg*), the cell with the hydrogen
electrode wes allowed to equilibrate for about 1 h before
the Ag]AgBr electrode (kept in a separate standard-joint
test tube containing a solution of the same composition)
wes transferred to the electrode compartment, thus
avoiding a drift in the emf values. The equilibrium emf
value wes noted and recorded every 5 min until no de-
viation wes observed.

Results and Discussion

The results of our various emf measurenents, corrected
to apartial hydrogen pressure of 1 atm, are sunmarized
in Table I (supplementary material, see paragraph at end
of text) as afunction of the molality fractiony 2 (which is
equal tOmam).

According to Hamed's rule 14 the logarithm of the ac-
tivity coefficient of each electrolyte in a mixture of a
constant total ionic strength can be expressed by means
of two Harned expressions:

log THY = log 7 H ““ Ginm 2 - §Prn2 (1)
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and

[°0 7(Pr)4NBr = 7 (Pr)4NBr ~ Oi2AM \ "021/1 (2)
where +HB'is the activity coefficient of HBr in the mixture,
7 °His the activity coefficient of pure HBr at the sane
ionic strength as the total ionic strength of the mixture,
and a 12 /J12 etc., are the Harned interaction coefficients
(which are independent of the compasition but functions
of the total ionic strength). From this, it is seen that the
linear forms of eq 1 and 2 are known as Harned's equa-
tiors.

The values of the paraneter a2 and the standard
deviations (i(@1? and a(e) are given in Table | and were
obtained from a combination of the Nernst equation

E =€ -k logm (M, + m2)7.2 3

with the linear form of eq 1, which resulted in

E+klogmi=eg-. klogm - 2k log7°
+ 2k anm2 4

One can then express eq 4, after proper rearrangemernt,
in a linear and a nonlinear form

E+klogm{=a+ bm2 5)
and
E+klogmi=a+ bm2+cm2 (6)

where aiz — b2k, MR= ci2x, andk = (r7 IN10)/F. The
values of a2presented in Tables | and 11 (supplementary
material) are in excellent agreement among thenselves,
confirming thereby the constancy of e - = 0.07106 V for
the Ag|AgBr electrode. The values of aRat 0.05, 0.1, and
0.25 were taken from the linear form (since Harned's rule
is valid within this concentration range), while for those
of the other four nolalities (0.5,1.0,1.5, and 20 nol kg-l),
'ﬂ;gd values of the nonlinear form (given in Table I) were

Bronsted-Guggenheim Equation. If the Bronsted-
Guggenheim equation is assumed to be valid at total
molality m = 0.1 ol kg-1for mixtures of HBr (MX) and
(PNANBr (NX), then we can write the expression for log
7HEat 25 °C asb

log 7HRr =-0.51081+ 12 + J*) + wvB HPtm BI
+ ABH3rmH + ViB(pr)4N,Brm (Pr4N (7)

wherei = m1+ m2=m, and BEYNB = 2/1/2.3026, which
represents the specific interaction coefficient stemming
from the interaction between the cation (Pr)sN+and the
anion Br. Similar explanations may be applied to the
concept of BHB- Comparison of eqs with the linear form

of eq 1 leads to a description of the Harned coefficient,
«12, 88
«12 = t4(BHiBr “ B (pr)4N>Br) (8)

from which the value of BEANB-at m = 0.1 mol kg1 can
easily be determined. The value of BHB (equal to 0.287
kg mol-1) wes supplied by Guggenheim and Turgeors and
that for a2 = 0.3570 is given in Table I.  After compu-
tation, BRN\Bat m = 0.1 nol kg 1 is found to be -0.427,
as compared with B = +0.01226 or BBYNE =-0.3748
and can be used to calculate the activity coefficient of
(Pr)aNBr.

Formalism According to Pitzer. The most comnmon
method for the evaluation of the interaction parameters
such as az and o 21 of eq 2 for the activity and osmotic
coefficients of mixtures of strong electrolytes are due to
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nolality

Figure 1. Harned interaction coefficient vs. total molality of B r for the
HBr + (Pr)4ANBr + HD system at 25 °C. A Ir y/rr™ vs. the parameter
'/a(mH-+ mg,-).

Scatchardis and McKay.19 In the present study, the nmore
simplified expression of Pitzerr4 for ad and the activity
coefficient of HBr in mixtures of MX (HBr) and NX
[(Pr)aNBr] hes been adopted, as has been previously done
in prior work from this laboratoryes This is due to the
simplicity of the equations and the fact that each Pitzer
parameter has sone reasonable physical significance. The
finalized version becomes

1°7i=V 4 m[B\X + yi(B~AX ~ B™mx + ®mn)
4 yiko mnl 4 4 yo(cux - c/Mmx
+ V2Z/mnx)+ /2y ,y2/IMNX 9)

where OMvh indicates the interactions between H+ and
(Pr)aN+, and 4 nx is a measure of the degree of inter-
action between H+, (Pr)aN+;, and Br-. Equation 9 reduces
to the more simplified version (eq 10) after imposing the
conditions that o'MN= o, 'I'mx =0, andy 2 (at the limit)
= 0:

In (7i/7°i) = rny2 (BANX - B*MX + d)
+ m2y2 - CMX) (10)

Cormbination of the linear form of eq 1 with eq 10 and
subsequent reduction leads to

0=-2.3026aR2+ f(00) (H)
where
fib )~ (PMX"i°NX) 4 (Pmx - ~Nx)[exP(-2mV2)]

+ m(C%x - C%x) (12)
and
BMMX = 0°MX + Bmx exp(-2m 12 (13)

In eq 11, the Pitzer parameter o (Which, in Scatchard's
notation is 5ab(Ql), equal to 20, gMNaccording to Fried-



Application of Pitzer's Equations

TABLE I11I: Values of the Parameter 0, al2a2nand
AGe for the HBr + (Pr)4ANBr + HXD System at 25 °C

m,mol aGe, cal
kg- 7(0°) 2.3026a,2 -0O° - 2Db kg-
0.05 0.7683 0.9775 0.2092 0.2598 -0.13
0.1 0.6791 0.8220 0.1429 0.2211 -0.50
0.25 0.5414 0.7090 0.1677 0.1613 -3.1
0.50 0.4310 0.6703 0.2393 0.1134 -13
1.0 0.3247 0.6473 0.3226 0.0672 -50
15 0.2658 0.6397 0.3739 0.0416 -113
2.0 0.2244 0.6392 0.4118 0.0236 -201

OFrom eq 11. b From eq 15.

man 52 from the theory of Guggenheimz or g*MNin the
Reilly, Wood, and Robinsonz convention) is a constant
that is characteristic of the mixtures but independent of
the total nmolality (as opposed to aZ2 which is a function
of the total molality).

The values of the parameters of eq 12 have been fur-
nished by Pitzer and Mayorgae for (MX), and those of
(NX) by Pitzer,2s who obtained a reasonable fit up to 1.8
m using the following constants:

00nx = 0.1960 Ox =-0.0580 c % x = 0.00827
AIVK=0.3564 O0'Nk =-0.4510 c % x =0.0469

After substitution, the resulting equation employing these
values becomes

f(<fi©) = 0.2540 + 0.8074 exp(-2m¥*)
- 0.03863m (14)

The results of 14>+, 0, a2 (from Table |, with the first three
values from the linear plots and the remaining four from
the nonlinear plots), at each nolality, are listed in Table
HI. It is knowny that the emf of cell 1 is a function of am.
Hence, the weighted average value of “apparent) =
-0.3428 has rmore significance at higher nolalities than the
urweighted average. It is interesting to note from Table
Hl, that the values of 6 for the present study decrease with
anincrease inm, Whereas those for the HBr-NH«Br-HD
system show that this trend is reversed. This decrease in
6 at higher concentrations inmplies the existence of less
hard-core contact between the pairs of (Pr)aN+and H+
It is also of some significance to calculate aand
compute the trace activity coefficients, 7 itr, from the
following expressions (using the value of Nactual) = -0.17
obtained from eq 18), where T is taken in account:

-2.3026a2 = (Bhmx _ EONK) + m(COVK
- Chix) + o (15)

and
log (7 itr/7°l) =-max (16)

Equation 16 is obtained with the condition that y2 = 1and
hence 74 = 7 itras inthe linear formof eq 1 The values
of ad and AGE(which are computed from eq 17) are also
presented in Table Il

AGE=2y,y2r Tm 26 a7)

whereyi =y2 = 95and e = -0.17. o

As expected, the excess Gibbs free energy of mixing is
significantly higher for the HBr-(Pr)sNBr-H2 system
than that for the HBr-NH«Br-HD system  This dif-
ference is due to cation-cation, cation-anion-cation, and
hydrophobic interactions.

All of the calculations discussed thus far were based on
the premise that MHRYNEB = 0. It seens appropriate
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Figure 2. A Iny/m2vs. the parameter Y2mH++ m”™).

to compute oMh and TMNK in the case where Tmx (a
measure of the ternary interactions) is not equal to zero.
Pitzer2 has derived the following equations, which enable
one to do this:

A In 7THBr/m (P4N: = Al+(PHANE+ A (ABr"

+ m H) Vi (Pys NBY (18)

inwhich Aln7 jjor= Inyeqt- In7dijd The values for In
7 eqtwere those obtained from eq 3, whereas those for In
Teaicd Were evaluated from

InikBr=p + m [Bfnx + - 8+b)]

+ M2[C™Mx + y2(CONx - COnx)] (19)
where
fy =-Aa<t>[m'a/( 1+ 1.2ml2 + (2/1.2) In(1

+ 1.2m*)] (20)
and
ae =1/3ay =0.392 (for HD at 25 °C) (21)
BOwxand are the same as those previously shown in
eq 13
crmx = 3/2COVMK (22
and

B-ymx = AFMX+ (23MX4m)[I - exp(-2m*)(l
+ 2m* - 2m)]

Figure 2 represents the plot of the left side of eq 18
againstthe T coefficient on the right. A straight line graph
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with the intercept s = -0.17 and slope 'F = -0.15 wes
obtained. This is a useful result and verifies Pitzer's
equations, in that there should be a single value of ¢ and
which become nearly constants at higher molality. As
evident from Fgure 2 the values of A In7HB m2 are
neglected in the molality range m = 0.05 to 0.5, since A
In7 HRis small due to very little ternary interactions in
this dilute region. As expected, the effects of the temary
interactions are greater with an increase inm, Whereas the
trend for s isjust the opposite (i.e., less prominent at higher
molalities). The cosphere effects are considered by Ra-
manathan, Krishnan, and Friedmares to have a larger role
for agueous solutions of tetraalkylanmonium halides. The
relatively high values of ¢ at low m in the present study
reflect the fact that interactions (which include inter-
penetration and entangling of the propyl chains) between
H+and (Pr)aN+are of increasing intensity. The value of
decreases from a higher value at low molality to
a re atively constant value at high molality, whereas that
for ohtnive indicates that the trend is reversed.

The triple interactions Trmm Thnn, and 'kxxx are
believed to be exceedingly small, but 'Frix is of reasonable
significance when (Pr)aN+, H+ and Br ions cone together
at higher concentrations, since the propyl chains may be
pushed aside to permit the closer approach of the Br" and
H+ions ']Eo r’:he centefrlof the Séjdbstigtaledkle+ dI ntehrcr))tr)e—
tations of this type of large-sized tet rophobic
cation-anion systens have been nede by Rasglyahas Frank
and Evansz and Wood and Andersonzs The tetra-
alkylanmonium salts tighten the structure of water around
them in a way simlar to some aliphatic hydrocarbons.
Thus, there will be a large structural effect of (Pr)aN+ (as
compared with NH44) in agueous solution, which is de-
pendent upon the structure-making properties of the
(Pr)aN+ionz29z Similar studies for HBr + (Et)4NBr +
H,0 are currently in progress to gain rmore insight on the
complex behavior of mixed agueous electrolytic solutions.
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Monomer Concentrations in Binary Mixtures of Nonmicellar and Micellar Drugs
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Agueous mi f
Pramit e ) i

drug (propantheline bromide) have been examined

two nonmicellar anti
lar antiacetylcholine drug (adiphenine hydrochloride) in cormbination with anonmicellar
by light scattening methods.  Limiting mononer concentratiors,

choline drugs (propantteline bromide and methantheline

m an\eredetermredeltferfmmmﬁectla'smmeIlgtswttenrgplotsorbylrtegatlmoftrellgqtscattenrg
data acoording to Inx = s ot\(M m app) - ?dlnc(vxrereM ardMappareﬁemmrard%rentaggregate
the conposition

Weight, respectively, and x ISﬂ’EV\EIg’It

Studies of mixtures of ionic hydrocarbon chain sur-
factants in aqueous solution have led to the general
conclusion that the mixed micelle may be regarded as an
ideal solution of its components =z Critical micelle
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of monorers).  The variations of m'mon W
of propantheline-ethantheline nixtures could be predicted usi
surfactants.  Appreciable nonideality of mixing wes indi

equations derived for ideal nixing of micellar
for the adiphenine-propantheline systerrs.

concentrations (emes) of the mixtures fall between values
of the pure components and the variation of cmc with
solution composition may generally be predicted on the
assumption of ideality of mixing.



Binary Mixtures of Nonmicellar and Micellar Drugs

Recent studiess have shown that the self-association in
aqueous solutions of the antiacetylcholine drugs, pro-
pantheline and methantheline bromide, wes not consistent
with the mess action model of micelle formation. The
pattern of association could be adequately reproduced
using a nonmicellar, stepwise association model inwhich
the products of each stage of the association are present
in solution in significant amounts, giving a highly poly-
disperse system  Although such systerms do not possess
acritical concentration region at which aggregate formation
conmrences, it may be shown from the light scattering data
that the monomer concentration in equilibrium with the

regates in the systens increases asgptotically toward
a limiting concentration, m 'nm as the solution concen-
tration increases. Furthermore, surface tension vs. log
concentration plotss for these compounds exhibit inflection
points at apparent cnes which are in reasonable agreenent
with m 'mon Values from light scattering. In this investi-
gation the variation of the apparent cmc with solution
composition in mixtures of the two nonmicellar drugs,
propantheline and methantheline bromide, is reported.
The applicability of equations derived for the variation of
the crme in mixtures of micellar surfactants is examined.

In contrast, antiacetylcholine drugs with hydrophobic
groups based on diphenylmethane, for exarmple, adi-
phenine hydrochloride, exhibit typically micellar behavior.e
Li(f;ht scattering plots for such compounds show well-
defined inflection points at cnc values similar to those
indicated from other techniques. This paper reports on
the degree of interaction between conponents in mixed
micellar-nonmicellar systerms of propantheline bromide
and adiphenine hydrochloride, as determined from the
variation of apparent cnmc with solution composition.
Adiphenine was chosen because of its high cnmc compared
with propantheline, thereby giving a wide range of cnt
values for the mixed systerrs.

Experimental Section

Mmaterials. Propantheline bromide ((2-hydroxyethyl)
diisopropyl méthylammonium bromide xanthene-9-
carboxylatej and methantheline bromide jdiethyl (o-
hydroxyethyl) méthylammonium bromide xanthene-9-
carboxylatej were gifts from G D. Searle and Co. Ltd.
Adiphenine hydrochloride (2-diethylaminoethyl di-
phenylacetate hydrochloride) wes obtained from Ciba
Laboratories. Propantheline and methantheline bromide
are subject to the purity requirements of the British

ia and the United States National Forrulary,
respectively, and, as such, contain not less than 98.0% of
the specified compound. Adiphenine hydrochloride is of
equivalent purity according to information from the
suppliers.

Light scattering measurements WEIE made at 303 K
with a Fica 42000 photogonio diffusometer (AR.L. Ltd.)
using a wavele of 546 nm  Agqueous solutions were
clarified by ultrafiltration through 0.1 fim Millipore filters
until the ratio of the light scattering at angles of 30 and
150° did not exceed 110, Refractive index increments were
measured at 546 nm using a differential refractormeter.

Results and Discussion
Propantheline-Methantheline Mixtures. nghtscat-

tering plots for varying nolar ratios of these two non-
micellar cormpounds are presented in FHgure 1 The cunes
all showed a continuous increase in the scattering at 90°,
with increase in overall solution concentration, m (ol
ka-D). No discontinuités in the concentration dependence
of S9) attributable to a cnc, were observed.  Monomer
concentrations were calculated as a function of the total
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Figure 1. Concentration dependence of the scattering ratio, S90, for
aqueous mixtures of propantheline bromide and methantheline bromide.
Mol fractions of propantheline: (O) 0.10, (+) 0.25, (J) 0.50, (A) 0.75.
Data for propantheline (curve 1) and methantheline (curve 2) alone from
ref 4.

Figure 2. Variation of monomer concentration with total solution
concentration as calculated from eq 1 for aqueous mixtures of pro-
pantheline and methantheline bromide. Mol fractions of propantheline:
(1) 0.0, (2) 0.10. (3) 0.25, (4) 0.50, (5) 0.75, (6) 1.00. Data for pro-
pantheline and methantheline alone from ref 5.

solution concentration, ¢, (g dm-3 frony
INX =foc {(M/IMgp) - 1} d Inc (1)

where M and Map are the monomer and apparent ag-
gregate weights, respectively, and X is the weight fraction
of monomers. This treatment does not take into account
nonideality effects arising from interactions between the
charged aggregates. For each system, the monomer
concentration asymptotically approached a linmiting value,
m *nn as the concentration increased (Figure 2). Values
of mmon for propantheline and netl line alone are
in agreement with ent cmec values derived from
surface tension datas Hgure 3 shows the variation of m 'ron
with the composition of the mixed systens.

The crre, Om of ideal mixed systers of ionic micellar
components 1 and 2 is related to the cnt, Ca of each
surfactant and the nole fraction, x,, of each component

in the system bys

cme = (Coa 18)°/(X,C20 + X2ClD) (2)
The constant, O is defined by
logcig=logaj- (0—1) logg 3
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Figure 3. Limiting monomer concentration, m as a function of mol
fraction of propantheline in aqueous mixtures of propantheline and
methantheline bromide. Continuous line represents expected variation
for ideal mixing of ionic micellar components from eq 2.

TABLE I: Stepwise Equilibrium Constants for
Propantheline-Methantheline Mixtures
Calculated from Eq 4

Equilibrium constants,

Mol fraction dms3mol™l

propantheline k2 k3 K,
0.0* 2.8 33 4
0.10 4.3 19 3
0.25 5.0 25 12
0.50 8.5 35 14
0.75 115 60 15
1.00" 125 76 25

“ Values from ref 4.

where CL is the cme of asingle surfactant in the presence
of atotal counterion concentration, g. The constant A; is
the cne in the absence of added electrolyte. Surface
tension Measurementss on p line bromide solutions
containing added electrolyte have established a linear
relationship between log apparent cme and log counterion
concentration from which avalue of s = 1.3 may be cal-
culated. Assuming a similar o value for methantheline
bromide and apglying eq 2 gives a predicted m ‘'nanvari-
ation as shown by the continuous line in Figure 3. Al-
though there is no theoretical justification for the use of
eq 2 for mixed nonmicellar systers, it is of interest to note
that this equation gives an excellant correlation with the
experimental data. Ideal mixing of the two components
is not unexpected in view of the similarity of structure of
the two components.

Stepwise equilibrium constants « ~ for the mixed sys-
tens were evaluated as described previouslysss using an
analytical treatment proposed by Steiner.7

{(MW/XM) - 1} (XCIM = FA2+ 9K 2K 3(xc/M). . .

+ N (KA XCIM)N-2 (4)

Table 1 shows the expected ral increase in the
magnitude of the « ~ values for low aggregation numbers
N, as the mole fraction of the nore hydrophobic conmt
ponent, propantheling, is increased. Equilibrium constants
for higher n values were not calculated because of the
curmulative nature of errors in the determination of k n.
Errors ink n arising fromaneglect of interactions between
the charged aggregates is also least significant for these
lower values.
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Figure 4. Concentration dependence of the scattering ratio, S0, for
aqueous mixtures of adlphenine hydrochloride and propantheline bromide.
Mol fraction of propantheline: (O) 0.05, (A) 0.14, («)'0.20, (O) 0.25,
(w) 0.50, (A) 0.75. Data for propantheline (curve 1) and adiphenine
(curve 2) from ref 2 and 6, respectively.

Figure 5. Limiting monomer concentration, m Lx» as a function of mol
fraction of propantheline in aqueous mixtures of propantheline bromide
and adiphenine hydrochloride. Curves 1and 2 show expected values
for ideal mixing (eq 2) with 6 values of 1.8 and 1.3, respectively. Curve
3 shows expected values for complete demixing of components (eq

5).

Propantheline-Adiphenine Mixtures. The cncs of
mixtures with adiphenine/propantheline molar ratics >o.s
were determined directly from the light scattering plots
(FHgure 4). The curves representing the scattering at high
solution concentration were extrapolated to intersect lines
representing monomeric scattering; the point of inter-
section wes equated with the cme in the usual way. The
inflections in the light scattering plots became progres-
sively less distinct as the propantheline content of the
mixture increased and the limiting monomer concentra-
tions for such systens were estimated usingeq 1. Fgure
5shons oA the variation of m ‘nanwith the composition of the
Mix

Equation 2, derived for the ideal mixing of micellar
components, wes applied to this system  Previous in-
vestigations of the effect of electrolyte on other di-
phenylmethane derivativesio have established the appli-
cability of eq 3 and have indicated a mean value of ¢ of
approximately 1.8. Assuming this s value for adiphenine
hydrochloride and applying eq 2 gave a cnc variation
significantly different from that determined experimentally
(Figure 5). For the extreme case of mixtures of ionic
surfactants in which the aggregates exist independently
of each other, the counterion of one component depresses
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the cme of the other.  An indication of the variation of crmc
with total concentration in such systens is given by the
approximate relationshipu

QOm = Ga antilog {(log x r D/} 5)

Applying eq 5 to each component separately gives the
demixing curve represented by the dashed line of Figure
5. The experimental m 'mon Values lie between the theo-
retical cunves for ideal mixing and complete demixing of
conponents, suggesting a significant degree of nonideality
of the mixing process. The apparent lack of interaction
between the two components is a consequence of the
differences in their structure and mode of association.
Propantheline has a large, almost planar hydrophobic
moiety and is thought to associate by face-to-face stacking.
In contrast, the hydrophobic group on the adiphenine
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molecule has sufficient flexibility to promote micellization
of this compound. Clearly the incorporation of such a
molecule into the propantheline aggregate would have a
considerable disruptive influence on the stacking process.
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y irradiation of My and Ca exchanged Y zeolites hes been performed to charecterize these materials, the
paramegnetic species created being studied by neans of ESR spectroscopy. 1t wes obsenved in particular that
Ftype centers were formed withgav= 20008 and A+ m = 35 Qe for I\/gYaarrpI&sardga/— 20004, A po =
35 Ceandgav= 1997, A/ipp= 50 Ce for CaY samples. These centers, in snall concentration at least below
600 °C, are characteristic of pure netal oxide, MO. Detailed ESR experiments as a function of heat treatment
conditions and exchange level and complenentary experinments using IR spectroscopy and x-ray diffraction
strongly suggested that snall clusters of MO were formed in large cavities, excluding hexagonal prisns and
sodalite cages, by dehydration of M(OH)+ions, mainly at high temmperatures (>600 °C). The nurnrber of MO
entities in the clusters could not be determined precisely but wes tentatively estimeted to be within a range
from 2to 10 A M(H:0)+species wes identified and localized in sodalite cages.  Its formation is discussed In
terms of reaction between M(OH)+species localized inside the sodalite cages and H atons from OH groups
giving rise to the 3550-cm1 IR band and the 1.4-Ce wide ESR sigral of trapped H atons rather than in tenrs

of ionization of occluded water nolecules.

Introduction

7 irradiation has been shown to be a fruitful method
giving rise to paramegnetic species which stem from en-
tities characteristic of a lattice itself 1.4 often active as
adsorption sitesss and which could be studied using ESR
spectroscopy.

Type Y zeolites, with Na+ ions being more or less ex-
tensively exchanged with divalent cations such as Mg2+or
Ca2t; have been shown to present a strong Bronsted acidity
and sdasequentlya high catalytic activity for isormerization
and cracking reactions.7 It had been postulated that OH
groups giving rise to a new IR band at 3685 cm 1 corre-
sponded to Mg(OH)+ or at 3675 cm 1 to Ca(OH)+7 ac-

A~ Permanent address: Faculté des Sciences, Université Libanaise
Hadath, (Liban) et C.N.R.S. libanais.

1 Present address; Laboratoire de Catalyse organique, LA C.N.R.S.
231, ESCIL, 43, boulevard du 11 novembre 1918,69621 Villeurbanne,
France.

cording to the following equilibrium due to the polarizing
effect of the divalent cations on water molecufgs 8

M25(H20) it M(OH)++ H+ (1)

The created H+are acidic and contribute to the 3640- or
3550-cm 1 IR bands as structural OH groups in HY
zeolites.s

If such sarmples are heated at 400 °C under a CO: at-
mosphere, formation of magnesiumor calcium unidentate
carbonates and structural acidic OH groups has been
shown to occur while catalytic activity wes subsequently
observed to increase 710

Exchanged cations have been shown to occupy cationic
sites in the zeolite framework and to move toward inner
sites by dehydration 1112

The purpose hange(g 'rheI pr&gnt vvorkw?s té) study divalent
cation exc zeolites by means of ESR spectrosco
after y irradiation, to characterize paramagnetic specﬁesy
arising from structural entities of the material itself and
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TABLE I: Chemical Composition of the Zeolite Samples*

Catalysts NaHY
Na+ions
per unit cell 7.5 71 82 80
M2+ ions
per unit cell 0
M= Mg or Ca

Magnesium series

53 7.6 91 125 147 193

Vedrine et al.

Calcium series

81 75 35 35 35 35 35

9.9 16.0 186 23.8 26.2

aThe theoretical number of protons per unit cell after NH,+decomposition can be obtained by the difference between

56 and the total cation equivalent amount.

thus afford a further insight into the nature of the action
of divalent cations and their localization.

Experimental Section

Materials. The starting material wes a Linde NaY
zeolite. CaY samples were prepared by direct exchange
of Na+ions with Ca2+from chloride solutions while MgY
samples were obtained by first exchanging Na+ions with
NH4+to an 85% level and then NH4+with Mg2+ions from
magnesium chloride solutions. The zeolites were heated
at 380 °C inadry air flow for 15 h in order to evolve NHs
and then at 550 °C for the sare duration. Chemical
compositions of the catalysts are given in Table I.

Spectroscopic Measurements. ESR Spectra. Were re-
corded on a Varian E 9 spectrometer equipped with a dual
cavity and refered to a standard sanple (DPPH or strong
pitch). IR spectrawere scanned on a Perkin-Elnmer Model
125 grating spectrophotometer. The powder was placed
in standard 5-mm o.d. silica tubes for ESR experiments
or pressed into 18-mm dianmeter wefers inserted in aquartz
sanple holder for IR study.

The sanples were treated in oxygen at the desired
temperature for 15 h and then outgassed at the sane
temperature for 10 h under about 10s Torr vacuum

Irradiation was performed in a ~Co y cell at liquid
nitrogen temperature (LNT) for doses of about 2 Mrads.
90% 1 enriched CO2 wes supplied by the French Atomic
Commission (CEA) and used without further purification.

Results and Discussion

7 irradiation at LNT of dehydrated NaY and HY
zeolites has been shown previously to give rise to trapped
H atomsiz and V-type centers.: The latter centers cor-
responded to an ESR spectrum composed of a broad lirne,
about 40 Ce wide, with gav = 2017 and a rmore or less
well-resolved hyperfine structure assigned to the inter-
actionwith ALnuclei.1 They were postulated to correspond
to the following V-type center (hole of electron in a pz
oxygen orbital) arising from structural entities where T
is an AL or Si nucleus

A
Si
o' 00 O

In the case of CaY zeolite, Ftype centers withg = 1.999
and V-type centers withg : = 2046 and d] = 20011 have
been reported and related to the presence of Ca2+ions. 14

Typical ESR spectrawe have obtained for Mg- and CaY
zeolites heated at 400 °C are composed of a doublet with
an about 500-Ce splitting assigned to trapped H atonsis
and overlapping signals around g = 2. This central part
of the spectrum is shown in Figures 1and 2 for different
micronave powers. It can be obviously decomposed, into
the classical broad signal of V-type center (Si-O-T)
mentioned above whichwill not be considered further and
three other signals (1, 11, T) of which ESR paranmeters are
reported in Table Il.  In the following the properties of
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Figure 1. Central part of the ESR spectra of CaY sample (16 Ca2+
per unit cell) evacuated at 400 °C, irradiated and receded at LNT. |,
I, T, and Si-6-T refer to the signals described in the text and the
microwave power is indicated on each spectrum. X Dand (a) and Q
band (b).

DP.PH

1 1
T 2

3

Figure 2. Central part of the ESR spectra of MgY samole (12.5 Mg2+
per unit cell) evacuated at 400 °C, irradiated and recorded at LNT. |,
I, T, and Si-O-T refer to the signals described in the text and 1, 2,
3 to the three components of the triplet T. The microwave power in
X band is 0.075 mWw.

signals | and 11 will be considered first and secondly those
of the triplet T.

1 ciuster species. Firstofall ItISIrT'portantto note
that V-type centers as detected previously for pure metal



ESR of Cluster and Hydroxylated Forms on Mg2+ Y Zeolite

TABLE I1I:
Mg2+
hyperfine
splittings,
Material Centers val%es Oe
Y zeolite |
|
1
Y zeolite | I 2.0008
(
1
(H1)
Y zeolite Triplet 2.0065 41.0 £ 0.5
2.0060 425 + 0.5
2.0021 + 73.0 £ 05
0.0002
Pure \Y (1)2.0385
oxide (11)2.0023
25Mg ‘H
2.0007 -25.5
FK 1.9998 10.2 2.0
Ne MgOH- (1)2.0007 111.7 53
(11)2.0017 107.4 3.6
Ar MgOH- (1)2.0013 114.8 49
(1)2.0020 110.1 3.0
Ar MgH- or (1)2.0020 75.5 105.4
Cab- (1)2.0002 80.7 106.4
Ar Mg+ 2.0006 212.5

oxides and CaY zeoliteu were not obtained in CaY and
MgY sanples of this experiment. The two signals | and
11 are quite similar but of weak intensity with respect to
those recorded for pure metal oxides and which were
assigned to surface Ftype centerss nanely, to electrons
trapped in lattice oxygen vacarcies. Theirg values are less
than ¢ and they are very readily saturated by increasing
microwave power (Figure 1). They can therefore be as-
signed also to Ftype certters. It is worth noting that only
one F-type center wes reported on CaY zeolite (¢ =
1999 .14 We are of the opinion that in fact there were two
overlapping signals, i.e., that the same types of F-centers
were obtained.

Cautious study of steady saturation at tenmperatures
ranging from LNT to room temperature wes performed
for types | and 11 centers as a function of micronaeve power.
It turned out that their spin-lattice relaxation time Tle
followed a T 2 law. The saturation was of homogeneous
type for CaY sarmples, while nmainly of heterogeneous type
for MgY ores. The latter saturation type presumably
arises from underlying and unresolved hyperfrme structure
due to By isotope (7 =5/2) of 10% natural abundance.
In the case of CaY sanmples the 4Ca isotope (7= 7/2) wes
of negligible influence since the natural abundance Is too
low (0.13%). It follows that a small interaction between
the unpaired electron and divalent cations does exist This
strongly supports our postulation that Ftype centers are
closely related to M2+cations and not to lattice vacancies
of zeolite which would behave quite differentlyz mainly
concermning micronave saturation, hyperfrme structure, and
o factor values.

It wes observed that oxygen immediately reacted with
the above two F-type centers on zeolite sanples at LNT
giving rise to new ESR spectra with the following pa-
rameters; gz = 2067, g9y = 2009, andgz = 2.002 for MgY
Zeolite; gz = 2059 and 2047, gy = 2(195, andgx = 2003
for CaY zeolite. Such signals can be obviously attributed
10 0 2 species, the gz values for sucho 2 species being quite
in accord with species adsorbed on divalent cations.2
These results also clearly show that Ftype centers are
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ESR Parameters of Paramagnetic Species Related to Ca or Mg lons in Different Matrices

Caz+
Allpp, Oe,
or hyperfine
splittings
Oe va?ues (X band) Ref
2.0017 35 This work
2.0003
1.9992
3.5 1.9976 5.0 This work
1.9970
1.9952
(H%)
2.0063 40 + 0.5 15
2.0060 42 + 0.5
2.0021 * 74 £ 0.5
0.0002
(1)2.0710 16 (for MgO)
(11)2.0015 17 (for CaO)
35 2.000 3
1.997 3
18
18
1.9966 19
2.0013
18

readlily accessible to nolecular oxygen and are very reactive
tonard oxygen. Therefore it turms out that they are located
not in small cages such as hexagonal prisms or sodalite
cages but rather in large cavities such as supercages or
framework holes.

By comparison experirments on pure magnesium oxide
were performed by activating magnesium hydroxide at
temperatures ranging from 400 to 700 °C and then y ir-
radiating it at LNT. Usual F and V-type centers in such
oxides were obtained, F-type center intensity increasing
with dehydration temperature. Molecular oxygen im-
mediately reacted at LNT with F-type certers giving rise
to the well-known 0 2 ionszs (g2 = 2.077, gy = 2.0073, and
gx = 2.0011) but did not react with V-type centers. These
results clearly show that F-type centers are located at the
surface of the oxide (they have been designated S or SHp
while V-type centers are located within the bulk in
agreerrgn(;[ vvitQ rg;:&gr] 1;i]endings.4 Excess ggl rmlecﬁligre
oxygendid not the V-type center sigrels, i.e,,
centers might be located at a distance larger than 10 A
from the surface2s Since superficial Ftype centers
characteristic of MO were obtained in the case of heated
Mg- and CaY zeolite sarmples, while bulk V-type centers
were nat, it follows that in these materials MO crystallites
are formed whose size is small @< 20 A). Ore can then
reasonanySl?gestthat these crystallites are of the cluster
type and are located in relatively small cavities such as
supercages rather than at the surface of the zeolite grairs.
Steric hindrance should limit the cluster size to about 10
MO entities while formation of F-type centers charac-
teristic of the oxide necessitates at least two MO entities.

The nurmber of Ftype centers in Mg- and CaY zeolites
wes found to increase as a function of dehydration tem-
perature and divalent cation content as shown in Fgures
3and 4 Therefore one can conclude that such MO
clusters are formed by dehydration and that their number
is directly depending on the divalent cation content.

The intensity of the IR band at 3685 cm 1 attributed to
Mg(OH)+ ions parallels that of Ftype center signal as a
function of Mg2+content (Figure 4). Moreover the Ftype
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Figure 3. Variations of ESR intensity for signals | and Il as a function
of dehydration temperature: (a) CaY (16 Ca2+ per unit cell) and (b)
MgY (12.5 Mg2+ per unit cell).

Figure 4. Variations of ESR intensity for signals | and Il as a function
of divalent cation exchange level for CaY (a) and MgY (b) zeolites. The
variations of 3685-crrr1IR band intensity (from ref 10) are given for
comparison. Dehydration was performed at 400 °C.

center intensity increases with dehydration mainly when
heating the sanmple above 600 °C, i.e., when the 3685-cm 1
IR band intensity decreased (Figure 5). Therefore it can
be postulated that the MgO clusters arise from Mg(OH)+
by dehydration. It is worthwhile to note that the 3640-
and 3550-cm 1 IR bands due to structural OH groups
(Figure 5) decrease in intensity for loner dehydration
temperature than for the 3685-cm'1IR band. It follows
that dehydration of Mg(OH)+ions presumably occurred
between therrselves rather than between such anion and
lattice structural OH groups.s This gives rise to Mg O
Mg O entities with axygen vacancies which are ionized in
Ftype centers. One could also expect that Mg2+ ions
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Figure 5. Variation of the intensity of OH group IR bands for MgY sample
(12.5 Mg2+ per unit cell) as a function of dehydration temperature: (1)
3640 cm'L (2) 3550 cm'], and (3) 3685 cm-1.

formed by dehydration were ionized by y irradiation into
Mg+ions. However careful analysis of the ESR spectrum
showed that the expected hyperfine splitting (212.5 Og) 18
wes not observed, which ruled out the possibility of
confusing Ftype center with such an ion inSstate. X ray
experiments were performed and showed that large
crystallites of MO were not produced providing additional
support to the above postulation that small clusters were
formed, although X ray diffraction is not sensitive enough
to be really unambiguous mainly for MgO.

It wes previously showny that if divalent cation ex-
changed zeolites were heated at 400 °C under vacuum and
then under a CO2 atrmosphere at the same termperature,
two unidentate carbonate species were formed. One wes
stable at 500 °C under vacuum (IR bands at 1580, 1410
cm 1 for MgY and 1485,1425 cm 1 for CaY) whereas the
other disappeared when heating at this temperature (1520,
1490 cm 1 IR bands for Mgy and unresolved bands around
1450cm 1 for Cay). Itwes postulated: that the stable type
involved certain lattice oxygen atorms whose reactivity wes
due to the presence of divalent cations, while the unstable
form incorporated oxygen atoms from the M(OH)+ ions
giving rise to new acidic and structural hydroxyl groups.

Highly dehydrated zeolite sanmples (- ~ 700 °C),
corresponding to high F-type center concentration, were
treated at 400 °C under a CO2 atrmosphere. Compared to
previous work on the sane sarmple dehydrated and treated
with CO2 at 400 °C,7 one observed by IR that the stable
unidentate carbonate species were of much smaller in-
tersity. This indicates that much less lattice oxygen atorrs
are activated by divalent cations when the sanples are
dehydrated at higher termperatures. This conclusion is also
quite in agreement with our above postulation that small
clusters of MO are forrmed by dehydration, since divalent
cations in such clusters lose their own individuality and
then no longer induce the reactivity of certain framework
oxygen atons with C02

Carbonate ions are known to give under irradiation at
LNT CO02z radicalszs which can be studied by ESR. Using
1 enriched COz2 to inprove the resolution of the spectrum
two types of CO2 radicals were obtained as shown in
Figure s with ESR parameters reported in Table Il
These two C02 species are not related to the two uni-
dentate carbonate identified by IR since ESR intensities
decreased similarly when 400 °C carbonated sanmples are
evacuated at 500 °C before irradiation, i.e., when unstable
carbonate species are evolved. Consequently, it tums out
that C02' radicals characteristics are depending on the
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TABLE Ill: ESR Parameters of Stable CO, "s and Unstable CO,
Samples y or UV Irradiated”
NaY CaYy
zeolite6 MgX zeolite* zeolite
g hyperfine
tensor tensor  splittings, tensor
values values Oe values
COj's 1.9974 1.9989 200 1.9967
2.0016 2.0033 154 2.0015
2.0030 2.0033 154 2.0024
Gso ~ aiso —
155 Oe 169
oo + 2.0018
Affpp =
2% e

° Note that the g values are identical for a given divalent cation.
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r (Rotating) Radicals Stabilized on Different

MgY zeolite MgO 450 °C
Hyperfine Hyperfine
tensor splittings, tensor splittings,
values Oe values Oe
1.997 163 1.997 181d
2.0012 212 2.0015 225
2.0030 166 2.0030 183
aiso = aiso =
178 Oe 196 Oe
2.0008 146 2.0015 132e
2.0012 208 AHpp = 171
2.0028 146 25 132
tav aiso aiso
2.0016 167 Oe 145 Oe

The hyperfir.e splittings only slightly differ which

presumably arise from a matrix effect which changes the ;.OCO angle and therefore the sp hybridization and unpaired

electron spin density on the carbon atom. b Reference 27.

Figure 6. ESR spectra at LNT of MgY samples irradiated after treatment
at 400 °C under 13 enriched C02 (a) recording directly after irradiation
(C02T). (b) recording after warming to room temperature (C02s).

nature of their trapping site rather than on the carbonate
species. Moreover it is important to note that the ESR
paraneters of CO2-radicals in carbonated Mg and Ca
zeolites are quiite similar to thaose olserved for pure MOx =
where trapping sites are known to be F-type centers of the
oxide. These findings confirm that MO clusters are
formed.

These results concerning the introduction of alkaline
earth cations are difficult to compare with those obtained
by Schoonheydt et al a1 which deal with transition metal
ions (Ni, Cu), introduced in larger amount than the cat-
ionic exchange capacity (CEC) of the zeolite. Qur results
(narrely, (i) limitation of the exchange to 75 and 100% of

¢ Reference 28. d Reference 29.

e Reference 30.

the CEC for Mg and Ca, respectively, (ii) the increase of
the 3640-cm1IR band intensity toward the cation ex-
change level and not its decrease s and, lastly (iii) the
dehydration temperature different from that of pure
hydroxides) 7 seem to rule out the possibility of the for-
mation of metal hydroxide or polynuclear complexes
during preparation. Inour case the metal oxide clusters
are formed during dehydration of M(OH)+ species.

The dehydration mechanism had already and widely
been discussed, the formation of M(OH)+ species being
often postulated s Uytterhoeven et al.x suggested that
M(OH)+ reacts with M2+to give M+0 M+ species located
in the sodalite cages (IM+insite 1Y) and protons which react
with the lattice creating structural OH groups. Dehy-
dration could occur between M(OH)+and structural OH
groups giving rise to MO and lattice oxygen vacancies as
suggested by Wards Another possibility is dehy-
droxylation of the M(OH)+entities between thenselves
giving (MOM 0),, clusters, with oxygen vacarcies, in the
supercage as proposed in this paper on the basis of ESR
and IR experiments.

. Hydroxylated Species. Another Inter%tlng defect
in dlvalent cation exchanged zeolite after y irradiation
corresponds to the triplet T of which ESR Is are
given in Table 1l. It wes recently assigned to a M(H20)+
lon.is The variations of the ESR triplet intensity as a
function of dehydration temperature and nesium
cation exchange level are given in Figure 7 can be
compared with the variations of intensity of 1.4-Oe wide
ESR lines due to trapped H atons and of 3550-cm‘1IR
band due to structural OH groups (Fgures 5and 7). Sone
data for CaY zeolite indicate a similar behavior for both
divalent cations. It is important to notice that nolecular
oxygen does not react with the defect nor broaden the ESR
signal. It follows that the M(H20)+ions are located inthe
sodalite cage and that they might be formed by the re-
action of H atorms with hydroxylated species. Since triplet
signals were not observed for zeolites not exchanged with
divalent cations where as H atons were detected, one can
reasonably suggest that these hydroxylated species are
M(OH)+ions, involved in the formation of M(H20)+ions
according to

LNT
M(OH)++ H =iM (H 0r (2)

The rather small intensity of the triplet (a tenth of
Ftype center one) indicates that only a small part of
M(OH)+ions located inside sodalite cages are involved in
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Figure 7. Variations of H atom yield and triplet intensity for MgY samples
as a function of (a) cation exchange level (dehydration at 400 °C), (b)
dehydration temperature (12.5 Mg2+ per unit cell). The variations of
the 3550-cn-r11R band intensity (from ref 10) are given for comparison.

reaction 2 Previous correlation between trapped H atom
yield corresponding to the 1.4-Oe wide ESR line and OH
groups giving rise to the 3550-cm 1IR bandios allons the
conclusion that H atorrs involved in reaction 2 arise from
3550-cmi‘LIR band OH groups which are known to be
pointing inside the sodalite cages (OsH).3s This result
supports the conclusion that M(Hz0)+ions and therefore
some of M(OH)+ions are located inside the sodalite cages.
These results are also in agreement with those of Olsonss
who has observed nonframework axygen atorrs located in
site IT of the sodalite cage after heating CaY sanples at
400 °C.

It may be noted that M(H20)+ions were not stabilized
in the supercage, since the ESR signal is not broadened
by oxygen filling the cage, although most of the M(OH)+
ions are present. This presumebly arises from the peculiar
stabilizing matrix effect of the sodalite cage. It also shows
that trapping cavity size is very critical which may explain
why such species were not identified before.

Conclusion

This study led us to showthet, beside M2+cations which
occupy cationic sites in the zeolite framework, M(OH)+
entities in Ca and MgY zeolites may (i) give rise by
dehydration mainly at tenmperatures larger than 500 or 600
°C to snall (MO),, clusters located inside the supercages,
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and (ii) be transformed by 7-rays into M(H20)+ ions
stabilized inside the sodalite cages for a small amount of
them

The presence of small amounts of M(OH)+ inside the
sodalite cages up to temperatures of at least 600 °C and
presumably 800 °C seerrs to be dermonstrated by the
formation of M(H20)+ions in such cages upon 7 irradi-
ation, which is consistent with the occurrence of non-
framework axygen atorrs insites IT at high temperatures s
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Photophysica! Properties of Cr3+ Complexes

4T2 State Lifetimes and Intersystem Crossing Efficiencies in Chromium(lll) Complexes

Francesco Castelli and Leslie S. Forster*

Department of Chemistry, University of Arizona, Tucson, Arizona 85721 (Received April l 1976)

The risetime o f —aAe enission following pulsed excitation into -2 hes been recorded for several Qr3+conmplexes
with varying 4T2 Z separations in fluid and rigid glass solutions and in crystals. Only a lower limit (—10
s']) for the 4T>—E rate could be established. The products of the intersystern crossing efficiency (a>8 and

the ZE—=/Av radiative rate have also been measured as a function of termperature,

by pulsed techniques, for

Cr(CN)&, Cr(en)3t, and Cr(acaq s in noncrystalline and crystalline nedia and the effect of tenperature on
< inferred.

Introduction

Cr(I1) complexes have been the subject of extensive
photochemical and photophysical investigation: Both
fluorescence (~ 2 ” *4A2) Neé)hosphorescenoe —\)
emissions have been obse hosphorescence is by
far the rmore conmnon. The ldentlty of the photoreactive
state, ~ 2 or 2E; has been a question of great interest. In
at least four cases, Cr(CN)&3, Cr(en)3+ Cr(phen)3+ and
Cr(NH363+ much if not all of the photochemistry origi-
nates in4T2.25 Consequently, quantitative data on the
photophysical properties of 4T2 studied under photo-
chemically relevant conditions, will be of value in the
elucidation of the photochemical primary process mech-
anism Two photophysical parameters of interest are the
~ 2 lifetime and the intersystem crossing efficiency (i”).
The «T2 lifetime in ruby, as determined fromthe risetirme
of 4A2 emission, is less than 0.5 x 109 s67 The
possibility that this quantity might be dependent upon the
relative ~ 2 and ZE energies prompted us to examine
Cr(111) complexes with varying 4T 2 ZE separations. We
now report on measurements of the 4T 2 lifetimes of Or-

(CN)63\ Cr(en)3+, Cr(acac)3 Cr(C0493, and Urea)G3+
In addition, the effect of temperature on $xEhas been
studied.

Experimental Section

Pulsed excitation wes obtained with an Avco G950 N2
laser either alone (X337 nm, pulse width ~10 ns) or as a
pump for the following dye lasers: PBD (X 366 nm);
a-NPO (X398 nm); 7-diethylamine-4-methylcoumarin (X
454 nm); and rhodamine s G (X530 nm). Except inthe case
of rhodamine 6 G where the lasing cavity was tuned with
an echelle grating, the laser radiation was simply filtered
through a CuS0s4 solution.

The detection system differed somewhat in the two
different types of measurements:

(@) risetimes. The ZE —m4A> emission profile wes
rmonitored with an RCA G-31034 photomultiplier operating
at 1700 V. The output across 50 Qwes fed into a Tektronix
7904 oscilloscope with a 7A19 anplifier and the resultant
display photographed. The oscilloscope wes externally
trlggered a signal from scattered laser light striking a

photodiode. The emission wes first passed through
asol utlon filter (K=Cr207 or Cr(acac)3 and then through
a 0.25-mJarrell-Ash monochromator. Particular care wes
exercised to avoid scattered light and impurity lumines-
cence. For Cr(CN)&, the monochromator wes replaced
by a high-pass interference filter because the emission
spectrumwas broad. A 90° excitation-ermission geometry
wes used. At room temperature, interference from
scattered light wes negligible, but at low tenperatures in

glassy solutions of Cr(CN)6/ where the emission intensity
Is very low, scattering from the dewar could not be
completely eliminated.

(®) 1¢0). In the determination of the total emission
intensityat« = o, (1(0)) the excitationwes the same as that
used for the risetime measurenents. The monochromator
was removed from the detection train and the photo-
multiplier load varied from 50 to 10000 fl as dictated by
the sanple lifetine. To keep the average anode current
within prescribed limits, when long-lived emission wes
involved a neutral density filter was inserted in front of
the photomultiplier tube. The sample wes placed in a
dewar and the termperature adjusted with a stream of cold
Nz gas. The excitation wavelength wes close to the ab-
sorption meximum and for noncrystalline sanples, the
Cr3+ concentration wes high enough to limit, the light
penetration depth to asmall value. This eliminated any
effect of temperature on the sample absorbance. No
crystallite formation occurred when rigid glasses were
produced.

The absolute luminescence quantum yields of [Cr-
(en)3](C1043 and [(N-CaHo)aN]s[Cr(CN)g powders were
measured as previously describeds Inthe comparison of
7(0) for different powders, e.g., Ks(Co,Cr)(CNys and [(n-
CiHo)aNJS[Cr(CN)g, the sarmples were mounted repro-
ducibly, using the same geometry as in the steady state
absolute quantum yield determinations.

Results and Discussion
Risetime Measurements. 412Lifetimes. When~2 is

above 2E, the tine evolution of the and “Epopulations,
following 5 function excitation of =2 is described by the
equations

[4T2] = [ ~ [(x2-k T)e-V
A2 Al

+ (“ Xt + kT)e Xji] (1)

[2E]=i!lIM i[e-M -e-M] (2)
X2 Xi

where the first-order rate constants are defined in Figure
[4T%0IS the %ulatlon of ~ 2_at the instant of exci-
tation, €T = fE=fh+ ko+ -+ KFE
andX2="/q("e+ &) + (K] - K§2+ 4A4A412. These
uations assurme thermally equilibrated populations
within 4T2 and ZE but not between the two states.
Hmwoemecanbecategonzedaspro or celayed. The
“lifetime” of Gl = K2+ K3+ fed + fRT) can, in
prirciple, be detenmined by measuring the decay of pronpt
fluorescence. However, N s above 2E, the prompt
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Figure 1. Radiative (—» and nonradiative (m «-) transitions in Cr3+
complexes.

fluorescence is so weak that none has been detected from
any Cr3+ complexzg-11  An alternative procedure for
measuring 4T 2 relaxation rates involves monitoring the
time dependence of phosphorescence as described in eq

2.

It should be noted that, in general, the prompt
fluorescence decay constant, X2 contains a contribution
fromfes and is not identical with x. Under the conditions
encountered here, viz., the 4T2 Z energy difference is
much larger than kT, fea<< ka4, and X%  «y. Equations
1 and 2 apply to s function excitation and, when 1/ A
and/or 1/Xz are not large compared to the excitation pulse
width and detection system response time, allonance must
be made for the resultant distortion of the intensity-time
profile 2 The measured tine evolution (F(t)) is given by
the convolution integral

F(f) =/0tG (t-i")I1(i")d i’ 3)

where I(t) is the true emission response function and G(f)
describes the time dependence of the excitation source,
measured under the sane conditions as F(t). External
triggering must be used to establish a common time base
for F(f) and G(t). In the risetime measurements I(f) =
constant(eXi- « X); X and % are adjusted to give the best
fit between the experimental and calculated F(t) curves.

The measured risetime profile of Ru(bipy)3+in deox-
yoenated EPA at 77 K is compared to synthetic cunves in
Figure 2 Since % =+ 0.2 X 10s s-1, on the time scale used
here, I(E) = constants - e Xd). The experimental risetime
corresponds closely to the synthetic cunve calculated from
eq 3with % = 1 51 The slopes for X% = 10 and 1010
s1 are barely distinguishable but the % = 05 x 10 s1
slope is distinctly smaller.  Although the experimental
curve fits the X = 10 s1 cunve best, in view of triggering
uncertainties and the very small differences in slope for
X > 10 1, we can only assert that X is not sneller than
109S1

The phosphorescence risetine data for the other
complexes were estimated by two different methods:

(1) Direct comparison of oscilloscope traces made under
identical excitation and detection conditions. Within each
of the folloning groups, identical risetime curves were
recorded: Ru(bipy)2+in EPA (77 K) and Cr(en)3+in HD
(298 K); Cr(urea)s(C1043 Cr(urea)sl3 NaI\/Ig(AI Cr)(C2
04)3-9HD (all at 77 K), and ruby at 298 K

(ii) Ftting the risetime curves by Pollack's procedure s
If 1/X2 is much shorter than the duration of the excitation
pulse, I(t) =/ op (1) dE, where P(E) describes the excitation
pulse profile. The risetine curves for CrfCN)es ina
methanokethylene glycol:water (21:1 v/v) solution at 298
K and Cr(aca 3 in ethanol at 77 K were indistinguishable
from 1(t) computed in this manrer.
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Figure 2. Convoluted synthetic risetime profiles (X, = 0) for various
X2 (*) experimental Ru(bipy)32+ and Cr(en)33+ risetimes.

Pollacks used an apparatus with slightly better response
time and wes able to establish % > 2 X 10 s'1 for ruby.
The inclusion of ruby in the abowve lists strongly supports
the assigned lower limit for X2 We conclude that, in all
reported exanples, no measurable delay between 4T2
excitation and ZE population has been observed, i.e.,, % >
1> s’. Indeed, theoretical estimates of feus for ruby
suggest avery fast 4T2 w* ZE process (103 s1) and ina
recent report ZE of Cr(acac)3 [Cr(NCS)§3, and trans-
[Cr(NHB)2(NCS)4 wes populated within 10 psas  Al-
though X% depends upon ks as well as k4, in gereral, k4 »
ks.15 Qur data do not permit a determination of the effect
of 4T 2 ZE separation on k4 but even in complexes with a
small energy gap, eg., Cr(urea)ad % > 10 s1 This
indicates that ka > 109'S ', irrespective of 4T 22 separation.
Scattered light interfered in the risetime measurenent of
Cr(CN)&3- in alcohol-water glass at 77 K and the lower
limit of X% is 5 X 107 s 1 in this instance. In view of the
picosecond results4 the intersystem crossing rates
probably exceed 1011 S 1 in all cases.

1(0) Intensities, <E In general, both the phOS-
phorescence yield and lifetime decrease with temperature.
The relationship of 4p'rpto the intersystem crossing
efficiency, «8E can depend upon the 4T 2 ZE energy gap (A
if k.4 is appreciable 1

In the steady state limit

$pltp = 0 ,Efes (4)
whereas in the equilibrium limit

m 1+ 3e'AfcT ©)

If Aexceeds 1000 cm'], eq 4 and 5 are esserttially indis-
tinguishable below 300 K, but for a small A there is an
appreciable difference between the two expressions.
Whenever the decrease in rpis large and primarily due to
4T 2 back-transfer, and delayed fluorescence is observed («3
=k, then the equilibrium limit applies, «k 4»  ks5+ ke
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TABLE |
g rp, ms ip/rp - ks,s'1
LT* 298 K LT 298 K LT 298 K 7(0),.//(0)LT

Cr(CN)63-
Alcohol-water 0.042e 3.33c 12.6 (15.2)d 1.20
K3Co(CN)6 0.99 0.99 120 61 8.3 16.2 1.94
[(C4H, )4N]13 CrCN)6] 0.111 0.0042 8.7 0.28 12.8 15.0 1.32

(16.9n

Cr(en)33
Alcohol-water 0.009c 0.100c¢ 90 (Clk 1.0
[Cr(en)3](C104)3 0.0038 0.0019 0.055 0.017 69 112 1.7

° Steady state measurement.

b Low temperature limit.
(See text.)

a) 223°K: 20/is/div
b) 205°K: 50yus/div
c) 145°K: 500/;s/djv

Figure 3. Phosphorescence decays of Cr(CN)e3 in alcohol-water
solution.

andf®ed» k2+ k& The latter condition prevails because
the 4T2 lifetime is much smaller than 1/« 2. For the
complexes studied here, eq 4 is sufficiently accurate.

Ineq 4 and 5, the absolute phosphorescence quarntum
yield is required. This quantity is notoriously difficult to
obtain accurately,17 although several 4pdetenminations in
Cr3+complexes have been reporteds s However, variations
in 4>mpcan be monitored by measuring rpand the relative
B, separately. Alternatively, changes in 4% tp can be
directly evaluated by pulsed techniques. This is accom-
pllshed by extrapolating the ﬁ‘f;os rescence decay curve
to « = 0 (Hgure 3). me scale of these nea-
surements, the risetlmas are negligible. 1f only T) “*=4A2
emission is monitored

Ao)/4 Is = constant $xEks (8)

The advantage of determining 4%/ tp in a single mea-
surerment is most evident in a termperature range where
both 4pand ware changing rapidly. In this case the ratio
will be nore reliable when obtained by an 7(0) mea-
surement. Furthermore, the increased sensitivity penmits
extension to higher tenperatures, where the steady state
emission intensity is low. If the 7(0) temperature de-
pendence is used as a neasure of changes, care must
be taken to minimize any variation in 7dawith tenmper-
ature. Since the excitation pulse intensity was quite
constant and the concentrations were sufficiently high to
produce nearly conplete absorption, 7dswes very constant.
One artifact that cannot be easily eliminated is the effect
of refractive index variation in solutions.1z Depending
upon the experinmental geometry, the measured intensity
should vary as 1/n - 1/n2 For alcoholic glasses at 77 K
n ~ 143, whereas at roomtermperature n 136, An11%

¢ Reference 23. d Calculated from (&5)1t and /(0)2g/(0)LT.

a
O DA
O
O
A
o O oa © i
O "o
A
AAA
10- " °
0
[0}
700 | | | 1
120 150 200 250 300
(K

Figure 4. Change In Cr(CN)63 J(0) with temperature. The values are
normalized with k5(298 K) in Table I: (O) alcohol-water; (O) K3Co(CN)6,
(A) [(C4H9AN]3[Cr(CN)f] .

increase in apparent intensity would be expected between
77 and 300 K if the 1/n2 dependence prevails. Actually,
the resullts described below indicate that no correction need
be applied.

Any delayed fluorescence due to back transfer should
be minimal in the systens under study here.  Since both
fluorescence and phasphorescence are nonitored, delayed
fluorescence would lead to an apparent increase in
as the termperature is raised.

Cr(CW)&'. The decay curves of Cr(CN)&3-in alcohol-
watter solution are shown at several temperatures in FHgure
3and the variation in 7(0) with temperature is indicated
in Figure 4 for this complex in three environments:
methanol, water, and ethylene glycol (2:1:1 v/V);
KsCo(CN)e 5 and 10% Cr3+) and © [(CsHI4
N]s[Cr(CN)g, In Table I the variations in the values of
49rp obtained from separate tp and steady state 4p
measurements, are compared to the changes in 7(0) for
room tenmperature and the low tenmperature limits (LT).
The following points are noteworthy:

(i) Inalcohol-water solution, 7(0) not change as the
glass nelts (~170 K) even though the refractive index
should decrease abruptly in this region.

(ii) The ratio [7(0)]eee/[ 7(0)]LTincreases in the sequence:
Cr(CNyes in alcohol-water < [(CaHo)aNJs[Cr(CN)g <
Ks(Co,Cr)(CN)a

The Journal of Physical Chemistry, Vd. 81, No. 5, 1977



406

(iii) The absolute 7(0) values at constant 7dsare the sane
at room temperature for 5% Ks(Co,Cr)(CNys and [(C4
H)aN]Js[Cr(CN)g. Appropriate corrections for the ab-
sorption by Co3+at 366 nm and Co3+w * Cr3+energy
transfer were made 1

(iv) As expected the ratios of 1¢0) at room and low
termperature are essentially the same as the corresponding
'rpratios. This agreement confirms the reliability of
the steady state 4pvalues.

The absolute phosphorescence yield of Cr(CN)& in
K3Co(CNs is nearly unity at room temperature.is Con-
sequently $z = 1for this system i.e, k4» k2+ k3 The
temperature dependence of 1(0) can be ascribed to the
thermal enhancement of ky 1N KsCo(CN)G Cr3tions are
in centrosymmetric sitesis and most of the £ — 4A2
transition probability is vibronically induced, a circum:
stance which leads to a marked temperature dependence
for fls2o This is evidenced by the twofold decrease in
in the interval 77 to 300 K while ¥pis unc |2 The

4/ absorption also increases two-threefold from 77
to 300K It appears that ks ™ 1/rpxe =0) and ixE=
1 at all temperatures in Ks(Co,Cr)(CNys mixed crystals.

Since the room temperature absolute values of 1(0) are
the sane for [(CaHb)aN]3[Cr(CN)g and K3(Co,Cr)(CN)G
it is reasonable to infer that the (fes) 28 values are equal
in the two environments and that 4>E= 1 for [(CsH9Y4
N]s[Cr(CN)g as well. However, as the termperature is
reduced, the decrease in 4 tpis not as marked in the
latter case. This result means that the thermal en
hancement of kb in [(CaHoe)aN]s[Cr(CN)g is not as large
as that in the KsCo(CNys host, a conclusion that is rea-
sonable if the Cr3+sites are not centrosymmetric in the
former environment. The emission spectra support this
interpretation.1s22 The 0-0 band is much more intense
relative to the vibronic structure in [(C:Ho)sN]s[Cr(CN)G
than in Ks(Co,Cr)(CN)a

The termperature dependence of 7(0) appears to be
qualitatively similar for Cr(CNys in alcohol-water solution
and in [(CaHo)aN]3[Cr(CN)G (Figure 4). Of particular
interest Is the near constancy between 145 and 225 K
Above 225 K the curves are nearly the same in all three
environments. The plateau corresponds to (kpnT, the
alloned contribution to the ZE -m 4A> radiative rate.
Apparently, solvent induced distortions of Cr(CN)&' in
alcohol-water solution destroy the center of syrmmetry for
each individual ion, thus increasing the allowed conmponent
of the transition probability. This is true even though a
given excited ion sarmples awide range of environments
during its lifetime in fluid medias The room terperature
ks listed in Table 1 for Cr(CNyiz in alcohol-water solution
was calculated from eq 4 by assuming 43E= 1. Conse-
guently, it is alower limit. Itisclear (fHLT s larger

inthe ?}c;%hol-ﬁter and [(C4H9)4N]3[Cr((CI\I)q environ-
ments in the centrosyrmmetric KsCo(CNys crystal. It
should be noted that a transcription error was made in
reporting the low temperature 4pfor Cr(CN)&' in alco-
hol-water glass;2s the correct value is 0.042
In the foregoing discussion of the ks variation with
temperature, the temperature invariance of 4e has been
assumed. This assunmption is plausible for the crystalline
where = lat roomtenperature. The situation
in the alcohol-water host is less certain. In the first place,
photosolvation of Cr(CN)&3' occurs influid media. It has
been shown that this reaction occurs in the 4T2 state 224
Since back transfer is inefficient in Cr(CN)& the reaction
must conmpete with intersystem crossing. The photolysis
yield in DMF varies from 001 at -50 °C to 0.08 at 25 °C.
In H0, the quantumyield is 0.10 at 25 °C, but in 50%
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ethanol-water mixture is only 0.04.24 Consequently, any
change in7(0) due to photolysis in alcohol-water solutions
would be within experimental error.

A more serious question concerning the magnitude of
4%b is raised by a study of direct and sensitized Cr(CN)¢3
phosphorescence in DM, where it wes shown that <
Q525 Since approximately 10% of the molecules react with
DM and at most 50% cross over to 2E, 40% of the excited
molecules returmn to the ground state nonradiatively by “Tg
N> 4A2 This radiationless process rmight be a reversible
photodissociation and would then be included inks. Itis
possible in alcohol-water solutionthat s in fact unity
at lowtenmperatures and that a thermally induced decrease
in €Eis masked by a concomitant increase in kb to ~30
s'l This interpretation requires an unreasonably large
thermal enhancement in s between 225 and 298 K
Alternatively, $Emight be ~0.5 at all temperatures due
to a large but temperature invariant « s, either intramo-
lecular or due to photodissociation followed by viscosity
dependent geminate recombination, but then fes would
have to be larger in noncrystalline media. The difference
in solvent systerrs, DMF s. alcohol-water, should also be
noted.

cr(en)3s+ For Cr(en)3B+dissolved in diethylene glycol
monoethyl ether-water solution, 4pand r,, did not change
with temperature in a parallel manner,2an observation
that prompted us to reexamine this problemwith the nore
reliable pulse method. Within experimental error (~5%),
7(0) is constant for Cr(en)3tin alcohol-water solution from
150 to 203 K Again, no change occurs in the nelting
region of the glassy solution. Since 7(0) wes nonitored at
many intermediate termperatures, and it is unlikely that
both 4zEand «s would both change in such a manner as
to maintain a constant 43Herproduct, the temperature
invariance of both k»and <=EIs presunmed.

The marked trigonal distortion in Cr(en)3+ leads to
dominant 0-0 bands in the ZE “m4A2 emission spectra and
x3)hj IS larger than in Cr(CN)&- (Table I). The vi-
bronically induced contribution to ks is srmall as indicated
by the negligible thermal enhancement of «o.

In [Cr(en)s][Cr(CN)G, 43E= 1 for both Cr(en)3+and
Cr(CNyez. 2z However, when [Cr(en)sJ(C10s 3 is warmed
from 140 to 300 K, 7(0) increases nearly twofold. We do
not believe that this change reflects an increase in either
4>Eor ks, but rather is an artifact due to emission reab-
sorption. The bulk of the emission is concentrated in the
0-0 Ti ™A lines. Asthe tenperature is decreased, these
lines narrow and the reabsorption increases. No reab-
sorption corrections has been used in computing the
[Cr(en)s](C104 3 4psince the 0-0 line width was smaller
than the nonochromator bandwidth. Analogous radiation
trapping is encountered in ruby at low temperatures.zs

Measurerments of photolysis quenching by metal ions
and sensitized phosphorescence has led to €E~ 0.6-0.7
for Cr(en)3B+in H0 520 The total photolysis yield is 0.40,
but the yield in 4T2 prior to intersystem crossing is only
0.15. Inthis scheme ~20% of the nolecules return to the
ground state directly via 4T2 A2

We conclude that the Cr(en)3+42Eis not termperature
dependent in any environment and suggest that only
photolysis and/or dissociation followed by geminate re-
conmbination compete with intersystem crossing in this
cormplex.

Cr(acac)3 This complex was chosen for study because
evidence has been obtained for a large thenmal en-
hancerment of fes in some environments.is For exanple,
in a plastic host, x3 competes effectively with x4 above
~115 K as evidenced by adecrease in4g'rp Yetin mixed
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Figure 5. Potential energy curves: (a) no solvent relaxation; (b) solvent
relaxation included.

crystals of 10% Cr3+ Al(acac)3 no corresponding change
in $p'rpwes observedx In accord with this latter ob-
servation, 7(0) is unaffected by termperature in 10%
Cr3+ Al(acac)3 The higher sensitivity of the pulsed
measurenents made it possible to extend the termperature
range to 277 K. In contrast, when Cr(acac) s is dissolved
in absolute ethanoal, 7(0) decreases with tenperature above
150 K, but nmore slony than in the plastic. Apparently,
in a noncrystalline host, K3increases so rapidly with
tenmperature that =72 4A2 becomes an important
process at higher termperatures, but the K3variation is
different in the plastic and alcohol environnments. Ma-
croscopic viscosity is not the controlling factor. It must
be enphasized that the 7(0) change is not due to any
refractive index artifact.

Photophysics vs. Photochemistry. “Thexi" States. In
Figure 1itis assumed that the photophysical {K2. kg and
photochemical (KR rate constants are associated with
processes arising in thermally equilibrated, i.e., Boltzmann,
distributions. However, it is quite possible that some
processes precede thermalization. For exanple, if in-
tersystem crossing to Z were faster than vibrational re-
laxation in sT2 kaand  would represent a before-re-
laxation process and the ZE > 4A> risetime would not
correspond to the lifetime of the photochemically active,
equilibrated % thexi state1 In crystalline or rigid
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noncrystalline systens, the Figure 5a potential curves are
adequate. In this case the vibrational relaxation involves
modes of both the complex and its environment and the
dissipation rates are ~1013 s 1. If the complex and/or
solvent nolecules are nobile, additional, possibly slower,
relaxation processes are possible, and Figure Sbis the nore
appropriate. 1 solvent orientation is the slowest process,
the difference between the solid and broken cunves in
Fgure 5b is most marked when a polar nolecule is excited
inapolar medium and the dipole moment direction differs
in the ground and excited states. Most solvent molecules
must then rotate to maximize the solute-solvent inter-
action energy. We are dealing here with nonpolar cont
plexes, and though localized bond dipoles may interact
with the solvent, no solvent reorientation is likely in the
excited state. 4A2 and ZE are both derived from the t3
configuration and should have similar equilibrium ge-
ometries, but 4T2 arises fromtze. An expansion of some
0.1 Awould accompany the  —e orbital jump,a and the
translational diffusion time of the solvent will dictate
whether Figure 5a can still be used.

The 7(0) constancy in Cr(en)3+; although the solvent

changes from a rigid glass to afluid, is clear evidence that
solvent relaxation does not affect the 4T2 photophysical
processes in this species. Kane-Maguire et al 2 have found
an excitation wavelength dependence for both  and the
guenchable part of the photoracemization yield. These
results were interpreted as indicating before relaxation
intersystem crossing, a conclusion consistent with the 7(0)
constancy.
For Cr(CN)&3, the solvent melting point, as nonitored
by the relaxation of 2E, is 170 Ko However, the 4T2
lifetime is much shorter than the ZE lifetime and it is
possible that the abrupt 7(0) change of Cr(CN)&3' in al-
cohol-water at 230 K is due to solvent relaxation, but the
thermal enhancerent of ks makes it difficult to be certain
in this respect. If solvent relaxation is the origin of the
7(0) change, it is noteworthy that intersystem crossing
would then be larger in the thexi state.

In the absence of fluorescence direct photophysical
rmonitoring of thexi states will continue to pose a problem
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The contribution of higher order tems appearing in the cluster expansion theory for polyelectrolyte solutions
to the free energy and to the activity coefficients of the snall ions is evaluated by examining two types of
approxinations. It is shown that the contributions of these higher tens to the nonideality of the ionic activities
is quite appreciable even for polyions with charge dersities lower than the so-called critical values, and result
inan appreciable difference between the predicted activity coefficients of counterions and coions, in agreement
with experimental results for polyelectrolytes with low charge densities. The conparison with experinental
data also shows that the first term approximation suggested by Manning and Zinm is in fact better than
Manning's later summed up version. Qur calculations show a reasonable agreerrent of the first term ap-
proxination with experinental data for polyion charge dersities £not exceeding 1.5 for the case of monovalent
counter- and coions.  For higher £values we are unable to get such an agreerment, because the calculated coion
activity coefficients are too high  The valence dependence of the activity coefficients of counterions and coions

is also discussed.

I. Introduction

fFohré atr)%ut mzésdynam years a number of ﬂﬂ(?orelticalll evalluatiors
of the then ic properties of polyelectrolyte so-
lutions have been reported.24 Armong these theongs, the
limiting law set forth by Manningss has a special int
portance because of its simplicity and statistical me-
chanical basis as well the reported agreenment with ex-
periments especially for polymers with high charge den-
sitiess,7-9 Although the rigid rod model for the polymer
used inthe limiting lawand many other treatrents seens
rather crude considering the actual molecular configu-
ration, this model does give the best agreement with the
results of activity measurenents when cormpared to other
models examined so far.24,011 This would suggest that
the local polymer structure is very important in the
evaluation of activity coefficients.

Such treatrments have however tended to ermphasize
analytical solutions based on first-order approximations,
and nore complete nunrerical evaluations especially of the
higher order terms which appear inthe cluster theory have
been relatively ignored. In this paper we will try a sys-
tematic examination of the contribution of these higher
order terms formulated by statistical mechanical me-
thods.s.11:13 Although an attermpt to verify the limiting law
based on the Poisson-Bolzmann equation has been re-
ported,14 the use of the nonlinearized PB equation in
polyelectrolyte solutions as well as in all electrolyte so-
lutions is not well justified. Only the linearized ap-
proximation, i.e., the Debye-Huckel term, gives consistent
results with other formalisirs.

The calculations based on statistical mechanical me-
thods which we are going to examine in this paper can be
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classified into two types. The first type is based on the
assumption of a uniform but discrete distribution of
c groups along the polymer and also evaluates the
first higher cluster termiois The second type assumes a
continuous distribution of the polymer charge along the
backbone and gives a summed up expression of higher
terns with a similar characters This combination of
charge distribution models and higher terms approxi-
rmations is accidental, since there is no implied correlation
between model employed and principle of evaluation of
higher terms. We will show that at least for the systerms
studied in this paper no significant difference between the
discrete and continuous charge models exists, and therefore
our comparisons will be between the results for the first
hi?her term and the summed higher termrs calculations
only, even though the model used In these two evaluations
is different. For convenience, we will introduce the fol-
IO\NIng terminolog)ﬁ discrete model, continuous model,
first term approximation, summed up approximation.
Fnally, we should remenber here that polymer-polyrmer
interactions are neglected co with other interactions
in the present as well as in all other treatments reported
so far. Neglecting these interactions may be justified at
low polymer concentrations and in solutions with ap-
preciable added salt content 1 In order for our calculations
to be valid we will therefore limit ourselves to such systerrs.

Il. The Debye-Huckel Term

In this section we will briefly summarize the Debye-
Huckel (DH) contribution (equivalent to the ring term
contributionsz or to the random phase approximation101)
to the free energy and the activity coefficients as given by
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two dlifferent Nookls, i.e., the discrete and continuous
nockels.

W\e will corsider a system of volure v, which corsists
of v mobile ion species and polyions. Ve denote the
concentration of the ith nobile ion species with valence
z, by n,, and the equivalent concentration of polyrers by
ne "Thus we have a relation

12 ntZi\ = ne (1)

For the sake of simplicity we will confine ourselves here-
after to polymers with monovalent negative ;
grous. Extension t\(;af)ol)n”n_er systerrs with the opposite
or different valence is straightforward.

will call the radius of the pgymer rod a, and the
average spacing of the charged groups b. The reduced
polymer Q%Pe dersity £ which is one of the characteristic
quantities of our system is defined as

E=¢2/(ebkT) @

wheree isthe el charge, « the dielectric constant

of the solvent, « Boltzmann's constant, and T the tem-
rature,

IoeThe discrete nodel gives the DH term contribution to

the excess free energy, FOH of the systemas

FDu/(vkT) =- ka/12t- £FrelIn (1 - e kb)

-Kb] (33)
The first termarises from the nobile ion-nobile ion
interaction and the second from the polyion-small ion
interaction. For the continuous model the second term
on the right-hand side of (3) is replaced by
ree[~o(Ka) + log al (3b)

where we denote by  the Debye-Huckel pararmeter of the
system

k2 - Ap2 (4)
with X=4dire (k1) and
H’Tl:? nizim (5)

where the sunation is over all mobile (sdll) iors.
The quantity tim is the mth moment of the charge
concentration. . ) o )
The activity coefficient 7 ; of the ith nobile ion species
is given by

INyi = -£-(F**1vkT) ()

where we denote P* the total excess free erergy of our
Since We are expanding the excess free energy e x,
logarithm of the activity coefficient is additive cor-
responaing to each exparsion term  1fwe can assue that
our systemis dilute so that the Deloye-Huckel pararmeter
kis small enough to satisfy both Ao« 1 and+s <<1,we
find for both nodkls:

In7,ch =-(e7t)"1kXZ;2 - ‘tezfntu*'l @)
where » [His the Debye-Huckel contribution to the ac-
tivity coefficient. e Id notice here that the first term

onthe right-hend side of eq 7 is inrportant when corrperi
ﬂmwv%experinent?Wmmarﬁ»arenotsrmlT
eq sa for the discrete model gives

In7,ch =-(e7rr'icXzz - 1£|ziznae ' 1/d«b)  (sd)
Where

fd(x) = x [€*/(I-e-*)-1] (eb)

\Il\r;ti{]le continuous model /dX) ineqsais replaced by /a0a),

fe(x) = xKi(x) (sC)

If the activity coefficient is measured at constant
polymer concentration, a difference between the two
noakels is expected only in solutions with excess salt_(larg;e
k) but compared to experinmental uncertainties this dif-
ference is unimportant even in this region. A difference
ey also be expected at loner charge densities, but again
the absolute value of the difference is not big enough to
exceed the experinmental uncertainties, and noreover any
e e

e 0 a el .
thFortheaase_V\}ren£=1 at%S:ﬁevrvaedraveb =71A lI)r);

is region, v is comparable to ius g, as given
the Je?!&mw of the polymer. We conclude tha_% at the
relatively low experimental polymer concentrations em-
ployed, there is no significant difference between the two
charge distribution models considered.

I11. Higher Order Terms

In this section we will examire the contribution to the
free energy of higher order terms arising in the cluster
expansion theory for polyelectrolyte solutions. W\e will
examine two approximetions to evaluate these termrs. In
the folloningwe will mention only thase higher order terms
which arise from polyion-nobile ion interactions. Higher
ke e i

cosl f ) y e WI corrpare our
calculations with experinmental data which have been
corrected for such interactions in the alosence of poly-
Mer.0:6  One approxinmetion is to just pick up the first
higher order term we will call this the first term ap-
proximetion. The other approxinmation is to sumup all
similar termrs in the expansion, whichwe call the suntred
appraximetion. At the monent, the convergence of the
jonisnot clear. o
nthe first term apﬁe’onrmtlon, the contribution r ¢ of
t

the higher tems to the excess free energy isi.3
Ft/VKT =lhne(™i2y ' '~nd2~zj)3Y 3(Ka)/3\ )
where we define

Ym(x) = -Ix°°yKom(y)dy (10)

In the suned up approxinetion the contribution £ s is
expressed ass

FI(VKT) ='hne(uirri(H +1+1J) (11)
where

H = lh(Ka)2nO (Ha)
/=2£q, + £ (Hb)
J= I(2£Zj)mY m(Ka)/tn\ (He)

where we have used equalities of modiified Bessel functions
in (liby..s The quant;%/nm |sal_reaj¥def|_red by (5. The
termgiven by the right-hand side of (9) is incl inJ.
The essential difference two )
centers on the question of whether or not this kind of
contribution should indeed be summed wp. )

Next, we will exarmine the contribution of these higher
termrs to activity coefficients. The first term approxi-
metion gives, fromeg5and 9
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In+ ,f:2"nezi2{3n2y 1 {zijY 3{Ka)
+ 1AMM'" 1 [(ka)ZZo 3(Ka)- 2 Fs(«a)]} (1 2 )

;;\\/\/g assune that the condition na « 1 is satisfied, we

INy 7 -2 k 2nezi2{3ti2y 1{zi- n3n2-1)Y 3(0) (13)

where Ys(0 =-05859. We should notice here that the
contribution expressed by (13) is of comparable megnituce
as the DH contribution gt;lven_ eq 7 even if £is equal to
unity. This means that the higher terms’ contribution is
important even in the of E< 1 If we consicer a
mono-nonovalent added salt, we have ju =ne, and when
salt is in excess we find from (13)

|ny(f- 2ne{3~2y 1Y 3(na)zi (14)

This mears that thereis no contribution of the first higher
termtoIny-, because In7 Handy s will cancel each other
out in the calculation of In y+ This corresponds to
I\/hnnm Zimmis nunrerical calculation s although
;r:he&e : overestimated Y3 (ko) by using an asyrmptotic
ormof k 0cz).

Wk are able to evaluate the next higher terms which
correspond to the terms withm = 4, 5,... in (11c). In
evaluating these terrs, we are essentially approaching the
sumed up approxinmetion. A similar treatrent as given
above shows that the termwith m = 4 does not give an
important contribution if xa« 1 while the next termwith
m = Sissimilar to the first higher term discussed abowe,
including itssign. It is only multiplied by a sireller fector.
This difference between terms with m even or odd is
gereralized. Therefore we can \e;;joect the summed up
approximation to give higher values for the activi
coefficients.  Since the importance of the first higher term
is clear at £=1, the summed up ap%o Ximetion gives an
appreciable contribution of the higner order terms. Al-
though such a nurrerical calculation has been mentioned
earlier,7 the reported result is inconsistent with our
present calculation in this respect.

Equations 5and 11 give the contribution of the suned
up approximation to the logarithm coefficients

In7,s=ne2fw)_1 {1h(ka)2 + 2E(Z - z.-VIM")
+zin2' IXnjF] - Fj

+ Vz(«a)zz b 12 I’l;(eXp[Z ?zifo (/«\)]

- 1} J (15)
where we have defined a function
Fi = F(«@, zji) = JKEy (exp[2£2jK O(y)]

- Ddy (158)
Considering practical values of kosieller than unity, and
high £values, an important contribution arises fromthe

last three terms on the right-hand side of (15), which

correspond tos in (11). Ify « 1, we canreplace K
e e - 1P« replace Ka()

exp[2™zyfio(y)] — (15b)

This function for counterions is ?gﬁgjy nton£
For£» 1 andz > Q the integrand of (158) can be re-
aced by 7 127 and F; shoas a ke dependence as N,
is inplies that F/s of the counterion species are im-
portant under this condition. On the other hand iIf£<1,
the evaluation of (158) is not so sinple, because such a
singular behavior Is not expected. In Hgure 1, the de-
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Figure 1. Function F(ka, £) defined by eq 15a vs. charge density £.

of the function H(xa, £ on «a and £is shown.

value of the function H«z,£) increases sharply with
Oecreasing *a, especially when £is greater than unity.

In usion, according to eg s, the first term ap-

proxinretion yields the activity coefficient of the ith nobile
10N Species &
INnyt=In7,0H+In- 4 +¢ (16)

where we denote the contribution of the higher terns
arising fromthe nobile ion-rmobile ion interactions, not
considered inthis paper, by c. In7/isgivenby eq 12-14
depending on the sinplifications used. In the case of the
summed up approxinetion for the higher tems, In7 /is
replaced by In- sgiven by eq 15. Conplete neglect of the
higher terns leads to Iny « = In 7 ,0H the Debye-Huckel
approximation with In - ,DHgiven by eq 7-8.

IV. Numerical Examinations

In this section we discuss the nuerical comparison of
the two approxinetions for the higher order cluster terms
asWell as isons with experinmental cata

To begin our calculation, we will assune the polymer

concentration ne to be constant. The polymer concen-
tration enters our expressions through Kaawhere ko is the
Debye-Huckel under salt free conditiors, given

by k2 =\ne. It should be mentioned that the polymer
radius a (or, to be exact, the mininel approach distance
between nobile ions and the axis of the polyion) is not a
\_/\ell-deﬁred_anntl%. It hes been noticed that differences
in the activity cients of similar counterion species
appear when the polymer concentration increases s This
mey indeed indicate that the difference between ionic
Species can be described in termrs of ionic radii, with or
without the hydration shell, which difference in radius
would in tum modify the 8 distance a, since a
change in a is expressed via a term m containing the
polyrmer concentration ne. o o

_ It we omit the contributions of nobile ion-mobile ion
interactiors, i.e., the first termon the right-hand side of
eq 7 and higher order terns not mentioned in this paper,
we can conveniently describe our results as a function of
theratiox =nesns. Therefore, aswe discussed before,
we Will conpare experimental data for our calculations
after we have corrected the data for these mobile ion-
nobile ion interactions s Although experinents are not
always carried out at constant polyrmer concentration, we
can conpare our calculations to those experinments by
varying X over a reasonable range.

V-1, Monovalent Counterions and Coions. In Flgure
2, e plot the logarithm of the activity coefficient - ;at £
=1 agairst the ratiox . There isan appreciable difference
between the first term approximeation (curve f) and the
sunmred up approxinetion (cune s), both iny+ and 7,
and of course also in7 + The nost i Nt result is
honever that both of these approxinmeations yield an ap-
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Figure 2. Activity coefficients at £ = 1as a function of X = njns
DH, Debye-Huckel approximation; C, DH approximation plus con-
densation;5f, first term approximation; s, summed up approximation;
+, counterion,  coion. Numbers in brackets are «0a values. Ex-
perimental points for «-carrageenan (£ = 1.05);19 (¢) Na+, (O) K+,
O a-

Figure 3. Calculated activity coefficients at £ = 0.5. Notations are
the same as in Figure 2.

preciable difference between the activity coefficients of the
counterion and of the coioneven at £= 1. This difference
is not seen in the Debye-Huckel term and indicates the
importance of the higher order terms. Formalisms based
on counterion condensation at £ = 1 of course give the same
result as the DH approximation, i.e., they do not predict
a difference between y+ and y . At higher £ values,
counterion condensation theory assumes the difference
between - + and y. to be caused by the counterion con-
densation term only, the DH term being symmetrical for
7 +and y_with £ret = 1. Our calculation shows that the
higher terms cause a considerable asymmetry between y +
andy atf£=..

A series of experimental data on «carrageenan.s a
polysaccharide with a £ value stated to be 1.05, are also
shown in Figure 2. The first-order approximation shows
a reasonable agreement with these data for both counter-
and coions. The value of £ for «-carrageenan may not be
S0 precise considering the nature of this polymer, but we
can still regard our calculations to be at least in qualitative
agreement with the experiments. At £= 0.5 we find little
difference between the two approximations as shown in
Figure 3. However even at this low £valuey+ andy are
different, although the difference is smaller than at £ =
1. So far as the first term approximation is concerned,
we are able to get rather reasonable agreement with ex-
periments on polymers with £ values a little higher than
unity, i.e, at £ = 1.380Dand 1519 These are shown in
Figures 4 and 5; the theoretical curves are calculated using
eq 13. As is seen, eq 13 predicts that the coion activity
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Figure 4. Activity coefficients at £ = 1.38. Notations for the theoretical
curves are the same as in Figure 2. Experimental points for sodium
carboxymethylcellulose:D (©) Na+, (O) CI', () 7 £(NaCl).

Figure 5. Activity coefficients at £ = 1.5. Notations for the theoretical
curves are the same as in Figure 2. Experimental data for A-car-
rageenan:19 () Nat, (O) K+, (O) CI'.

coefficient y increases with increasing x at larger x
values, while there is no such tendency in the experimental
data. Because of this situation we also get higher y + values,
even though there is good agreement for y +.

The first term approximation also gives higher values
than the limiting law based on counterion condensation,
especially for coions. The summed up approximation gives
far larger values under these conditions and is not shown
in the figures.

For polymers with higher charge densities, e.g., £= 2 or
higher, we cannot get agreement by either of the ap-
proximations, mainly because the difficulty in 7 . becomes
serious compared with the case £~ 1. For these high £
values the condensation formalism gives reasonable
agreement with experiment, although its values for y+ are
often somewhat lower than the experimental data in the
region where x > l.s» We notice that evaluation of the
higher terms reverses this trend, resulting in values for 7 +
higher than experimental data.

Our inability to get agreement with experiment in
systems with large £ and large x can be attributed to a
number of reasons even if we do not consider the possible
importance of polyion-polyion interactions. One reason
could be that the increasing inhomogeneity of the system
with increasing charge density introduces other terms not
evaluated by us. Another reason is that the radii of the
ions should be introduced explicitly.
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Figure 6. Calculated activity coefficients of coions of different charge
at £ = 1.0. Notations are the same as in Figure 2. Index denotes
charge of coion, i.e., f 30.1) is first term approximation for coion of
charge -3 with xa = 0.1.

Our calculations have shown that the change in the
counterion activity coefficients in the £ = 1 region pre-
dicted by the higher terms as approximated in this work
is not as sharp as predicted by condensation theory. Ifwe
do assume that counterion condensation does indeed take
place when £ exceeds unity, we could modify condensation
theory to include a first higher term contribution at £ret
= 1, obtaining a better agreement with experiment at high
x values. However it is not clear whether such a treatment
is justified.

\-2. Divalent Counterions. The behavior observed in
the divalent counterion system is quite similar to the
mono-monovalent added salt system, so far as the com-
parison between the different approximations is concerned.
Although activity measurements carried out on this system
with large £values, e.g., £ = 2 s, show better agreement with
the limiting law values based on condensation theory than
in the mono-monovalent salt cases 20 our calculation of the
higher terms does not suggest such a behavior.

IV-3. coions with Higher Valencies. The Debye-
Huckel term is symmetric with respect to the valencies of
coions and counterions. On the other hand, the higher
terms are asymmetric and make the valence dependence
of the coion activity coefficient less sharp than that of the
counterion. In Figure s the dependence of the coion
activity coefficient on x is shown for coion valencies of -1,
-2, and -3, for polymers with £= 1. Although the valence
dependence of - . is clear, it is not by far as strong as just
the Debye-Huckel approximation predicts. No experi-
mental data for the valence of the coion activity coefficient
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are available, but there are experinental data for the coion
tracer diffusion coefficients which essentially indlicate that
the lowering of the coion diffusion coefficient as X in-
creases is virtually independent of the coion valency.z:
Corsidering the dose parallel between activity coefficients
and tracer diffusion’ coefficientszz our results for the

activity coefficients suggest that the higher order termes
also play an'i role in the diffusion coefficient.
Fnally, we Id enphasize that the higher tenrs

e ar ey ol pOMTE SEcLbl 0.t Tl
i iS to or seller
than the socalled %t_ia_al values, Therefore an appreciable
difference in the activity coefficients of counterions and
of coiors for polyions with £about equal to or lower than
the critical value is inevitable. Since other theories are
essentially based on the Debye-Huckel Ximation at
this £furtl imental studies of polyelectrolytes with
near critical densities should prove valuable.
Agreement in this range of £values is ry in order
to prooeed to systens with higher charge dersities, which
are of greater practical interest.
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Quenching of the direct photochemical trans —»cis isomerization of thioindigo dyes by oxygen is attributable
to the intermediacy of.the triplet state. From a study of the dependence of the quantum yields and pho-
tostationary state concentrations on the oxygen concentration for nine such dyes the approximate triplet lifetimes
could be estimated. The quantumyields for the cis * trans isomerization were found to be unaffected by oxygen,
unless the compounds contained chlorine substituents; this indicates the quenching of a common triplet
intermediate in the isomerization of the latter. All of the compounds studied also undergo photosensitized
isomerization to a common photostationary state the position of which is a function of the oxygen concentration.
In addition, the fluorescence quantum yields were determined for the trans isomers. The mechanism of the
photpisomerization process and the effect of substituents on the quantum yields and rates of the various excited
state processes are discussed. The similarities found between these results and the data from recent reports
on the effect of substituents on the photoisomerization of some thionaphthioindigos and on the photoisomerization
and fluorescence of stilbenes suggest that the resonance stabilization of the trans Si state plays an important

part in determining the excited state behavior of molecules of this type.

Introduction

Although the photochemical cis-trans isomerization of
olefins is a well-known phenomenon, the mechanism of
such reactions has not been fully elucidated to date. Thus
the controversy between proponents of the singlet route
vs. the triplet mechanism for the direct photoisomerization
of stilbene has not been resolved as yet: Interestingly
enough, evidence has been presented recently to the effect
that the photoisomerization of several 4-nitrostilbenes
takes place viathe triplet state inthe trans  cis direction,
but by way of a singlet mechanism in the opposite di-
rection s attesting to the importance of substituent effects
in such reactions.

In a recent communication: we reported preliminary
evidence for the intermediacy of the triplet state in the
direct photoisomerization of two thioindigo dyes by an
oxygen-quenching technique. We now wish to report the
results of our investigation of the direct and sensitized
photoisomerization of thioindigo and eight of its ring-
substituted derivatives and our conclusions regarding the
mechanism of the isomerization of such compounds. In
addition, the effect of substituents on the rates and/or
quantum yields of the various excited state processes will
be discussed and compared to what has been reported in
the literature for some related molecules.

Experimental Section

Materials. Dyes I, Il, and IV-VIII were provided
through the generosity of Professor W. Luettke, Organic
Chemistry Institute, University of Goettingen. Their
purification was accomplished by recrystallization and/or
vacuum sublimation, as required. Dyes 0 and HI have been
described previously.s Merck Uvasol and Fischer ACS
Grade benzene was used as the solvent. The tin(l1V)
tetraphenyltetrahydroporphyrin used as sensitizer was
prepared according to the method of Whitten, Yau, and
Carrolls 1,2 ;5 6 -Dibenzanthracene was purchased from

* Address correspondence to the author at the Chemical and
Biological Science Division, Departrent of the Army, U.S. Army
Research Office, Research Triangle Park, N.C. 27709.

the Eastman Kodak Co. and recrystallized from benzene
before use.

Spectroscopic Measurements. Absorption spectrawere
determined on a Cary Model 17 spectrophotometer, using
fused quartz absorption cells. Fluorescence emission was
measured using a Hitachi-Perkin-Elmer MPF-3 spec-
trofluorimeter. The fluorescence spectra were corrected
as described in ref 5.

Photostationary States. The photostationary states
induced by monochromatic radiation that are required for
the calculation of the absorption spectra of the pure
isomers: were obtained by irradiation of the solutions with
light from a tunable Spectra-Physics argon-ion laser
(458.0-514.5-nm region) or a mercury arc equipped with
an interference filter to isolate the 546-nm line. Pho-
tostationary states not requiring monochromatic irradi-
ation were obtained using the light source described in an
earlier papers

Quantum Yield Measurements. The quantum yields
for the trans —#cis isomerization ($t* ¢ were determined
on solutions contained in rectangular : -cm absorption cells
mounted along with a mercury-lamp light source in an
optical bench. Interference filters were used to isolate the
546 or 577-579-nm lines, as required. An air-saturated
benzene solution of dye o was used as the secondary
references and the concentrations of the sample and
reference solutions were adjusted to result in equal optical
densities at the wavelength used for irradiation. Irradi-
ation was carried out to s- 10 % conversion and the result
corrected for the reverse reaction according to the method
of Lamola and Hammond.s With one exception, quantum
yields for the cis - trans isomerization ($°t) were cal-
culated by multiplying the measured 4t~ ¢ values with the
quantum yield ratios (<A~th "9 obtained from photo-
stationary state measurements according to eq 2 in ref 5.
Only for dye 111 was 4x-.1 determined directly against the
secondary reference (dye 0).

Determination of the fluorescence quantum efficiencies
@) was carried out as described previouslys except that
the value of ¢ = 0.70 was used for rhodamine B in ethanol
which was used as the reference in thiswork .o The greater
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TABLE I: Absorption and Fluorescence Spectra of Thioindigo Dyes in Benzene
Dye Substituents A'rrex =8 ec Amax  w Nso 6ivo  Anex
0 None 543 16 700 1000 484 3915 13 400 502 8190 593
| 4,4',7,7'-Tetramethyl- 553 17 560 900 493 5120 14 850 511 9790 599
1 5,5'-ieri-Butyl- 554 15 940 910 492 4420 13 410 512 8830 601
i 6,6'-Diethoxy- 516 14 800 795 458 5005 12 000 476 8535 553
v 6,6’-Dichloro-4,4'-dimethyl- 537 20 630 1150 481 5095 16 140 497 9925 584
\Y/ 6,6"-Dichloro-7,7-dimethyl- 543 17 535 945 484 4690 14 300 502 8950 593
Vi 4,4'-Dichloro- 548 14 560 740 486 3075 12 040 505 6565 591
VIl 5,5'-Dichloro-7,7'-dimethyl- 563 14 285 680 499 3980 11 695 518 7805 604
VI 7,7'-Dichloro- 544 17 365 960 488 5085 14 265 504 9105 594

sensitivity of the MPF-3 instrument resulted in higher
values for dyes Oand 111 than reported earliers

Excited State Lifetimes. EXCItedStatenfetllTESf?regﬂ
I, 11, and IV-VI111 in benzene solution were determined by
the single-photon counting technique through the courtesy
of Drs. H Staerk and M Schulz. )

Oxygen-Quenching Experiments. Degassmg of the
solutions wes acoonrplished by repeated freeze-thawcycles
at liquid N2 terrcsae ratures, using avacuuntine equipped
with a mercury diffusion punm. Ssing Wes continued
until the pressure (at 77 K) wes stabilized at 4-8 x 1Cl
Torr. The desired concentrations of oxygen were intro-
cduced into the solutiors by allowing themto reach therrel
equilibrium at room temperature on a vacuum line to
which controlled amounts of axygen or air had been ad-
mitted. The resulting o concentrations were cal-
culated according to Henry's law.  (An air-saturated
berzene solution at 25 °C wes assumed to be Q0016 Min
02

S?nsitizeit:j Isomerizations. _Werﬁle:%%ib)le, tlnl%\e/)d
tetraphenyltetrahyd N(ET= Wes
as the sensitizer (under condiitions similar to those de-
scribed previouslylD), since its strong ionat 611 nm
permitted the Selective excitation of the sensitizer.
1,2,56 -Diberzanthracene (1 =522 keal) wes used as the
sensitizer for dyes 111, 1V, and VIII. For 111 and IV this
wes to ersure that the energy difference between sersitizer
and dye would be sufficient to allowenergy transfer at or
near t dlﬁwlmmﬁrollgd;e rate, V\Pﬂerd Vllmsmes
necessary, because that wes found to u a
photochemical reactionwith the in Excitatirggof
these solutions wes carried out inthe nmregion
usmganerwryarc%ﬂpedy\MaBausch&Lqub
nonochromator and a Coming filter that cut off all light
of X>400 nm The concentrations of sensitizer and
sustrate were 0 adjusted that >95% of the exciting light
wes absorbed by the sensitizer. ]

While the photostati states reached by the air-
saturated solutions oftfgse?gesarewfﬁmentl stable for

spectroscopic measurements, it wes found tha
irradiation of the solutions generated%r(_)I yst
y free radicals) that therel cis-trarns

isomerization. In order to minimize this undesirable sice
reaction, the photostationary states were first appr

by producing (by direct irradiation) mixtures of iSomers
similar in ition to the expected photostationary
state, folloned by addition of the sersitizer and degessing.
Thus it wes possible to reduce the length of the irradiation
required for reaching the photostationary state and

minimize catalyst formation.
Results

(a)_A_bsorption and Fluorescence Spectra. Ingenera_l,
the visible absorption spectra calculated for the pure cis

and trars isorers of these by the method described
in ref 7 are very similar to previously for
thioindigos using another method of cormputation based
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on a cobination of fluorescence and absorption mea-
surerments.:.. moreover, the curve of each dis isomer shons
the characteristic “tail” at IorP wavelengths.  Since ab-
ion curves for cis- and frans-6,6-cdichloro-4,4,-ci-
Spprorite StRorton Specta (oa for ol Of 1 ches
appropriate & ion spectra oral o
studied in this work are only tabulated in Table I.
data for thioi e|go and its s ¢ '-diethoxy derivetive have
been recalculated resulting in minor changes from those
reported inref 5) The corrected fluorescence spectra show
the expected mirror-imege relationship to the alsorption
s%tra of the trans isorers with clearly distinguishable
shoulders on the long-wavelength side of the ermission
meximg, but they fail to exhibit the sharp spike at ~620
nm that had been reported previously for trans_thio-
indigo2  The wavelengths for the corrected emission
mexime are also listed in Table I.

It is important to note that the ]ﬂdLgr%ceme rg\d a&
sorption spectra are independent of the concentration
dissolved I[cJJs(Ctygen with respect to both curve shape and
intersity.

(b_z)ctl.)s/-T rans Isomerization. Eve dEOfﬂE nIrECb/ES
exhibited both direct and sensitized photoisonrerization
similar to that shown %IOlndlgo 5,11 )

C) Quantum vYields. The fluorescence quantumyields
of), the initial trans-cis isonerization um yields
0t.0, ?12& tge arc\ignved quantum yields for the reverse
reaction INtersystemcrossing (4:sC
solutions are sunmarizedin Table II. r%ﬁe myields
for inte M Crossing (<AS) were not determined di-
rectly, but were esti combining the appropriate

quantum yields with the ' ratios observed in the
sensitized isonerizations according to the equations

decay occurs fromthe “ onT’ triplet.)
] myields for nonradiative of the excited
singlet states (o ‘dand &) were calculated by difference.
ince the effect of dissolved oxygen on < .C wes
amenable to Stern-Volmer treatment is “Stem-Volmer
constants” (x sv) were determined graphically (gf refs)
and included in Table Ill. For dyes O-V these SV plots
were based on a minimumof four oxygen concentrations;
for dyes VI-VIII, due to solubility difficulties, k sv wes
Oetermined from two messureents:  air-saturated and
d .

T%meeq,latiorsarebased onthe assunption that all of
Theso —»T]

. Photostationary State Concentrations. The
tostationary state (PSS) concentrations (Under e
oor_ldltlons; were determined spectroscopically and the
ratio of isomer concentrations wes plotted as a function
of the oxygen concentration for both the direct and the
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Figure 1. Plots of the ratio of isomer concentrations ([trans]/[cis])
at the photostationary state vs. oxygen concentration for thioindigo (=)
and 6,6'-diethoxylhioindigo (X). Direct irradiation of benzene solutions
at room temperature. Data normalized to correspond to irradiation at
the isosbestic point (ec = e,; hence [t]/[c] = <j>/4>"c) for each dye.

sersitized isorerizations. For the direct isonerizationthe
sae number of data points were obtained as for the
quantumyield measurenents described above; such plots
for dyes Oand 111 are shown in Fgure 1 The PSS con-
centrations obtained during the sensitized isonrerization
of all dyes were determined only on the degassed and
air-saturated solutions. The slope/i ntercept ratios (/1)
Cderived from these measurenents and the isomer con-
centrations observed at the PSS in the sersitized reactions
have been tabulated in Table 111.
(e)Llfetlm es and Rate Constants. The e rlmentally
obtained (0> ? singlet I|fet|rrEs (rg) and
the trlplet i etlrms (X1 calcu fromthek sv val
u5| =31 x 104 have also been included in Table
specmc rate constants for several of the excited
statepromaftmtra’s isoners could also ke calculated
fromthew quantumyields and rs and are shoanin Table

%Trlplet Energies. Thetrlpletenergyfor i (BI'
oetermined fromits Txe*-So

at 880nm |n a saturated benzene-ethylene bromi s&

lution. It is believed that, based on their behavior tonard

the sensitizers and cpenohers used in this work; the re-

nMaining have e 1 values in the 27-32-kcal
range.
Discussion
The observation that dissolved oxygen
direct

photoisomerization of trans.o W|thout %y
diminishing the intensity of its fluorescence i lately

that trans —*ciS isorerization hes to involve the
triplet state as the intermrediate.  (This is in sharp contrast

with the previously reported quenching of the isonreri-

zattlog]| %1; such by phenolsf%hqé? IS accom:
i a corresponding 0 uorescence
% must therefore mvolve the singlet state.l§ Triplet

state intermediates of several 1h|0|nd|go Cerivatives have
recently been abserved by conventional flash photolysis
at 77 Kis and by laser- flash techniques at room termper-
ature 14,16
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TABLE IlI:  Stern-Volmer Treatment of Quantum Yields and Photostationary State Detal

Direct

Kinetic
Dye K SV A a shere
0 ($50) 1020 03 AorB
| D 910 1.02 A
Il eC0) 1000 0B AorB
[l 420 440 0% Aor
vV 1010 06l B
V %0 95 04 B
Vi 1810 5 oyal B
VI 11% 1630 073 B
VIII 410 85 051 B

Sensitized

Kinetic
awer (tr/(Cr Sll @ m
/47 5 1038 o B
5050) 22 1320 057 B
541 21 1010 o B
5/44b 6&% 419 1.0 B
6/31b /1 1100 0% B
6/ /16 Ol 063 B
|/ a1/9 2425 Q74 B
Y0 AY10 1/ Q67 B
/b H1H 83 050 B

°The sensitizer wes tin(1V) tetraphenylitetrahydroporphyrin, except where indicated. b 1,2,5,6-Diberzanthracene

sensitize.

It was not without trepidation that we settled on the use
of oxygen as the quencher for our Stern-Volmer studies,
since (1) its concentration cannot be varied as conveniently
as that of a liquid or a solid quencher, and (2) it is a
versatile reagent that has recently been observed to en-
hance the rates of the trans -*m cis photoisomerization of
some diaryethylenes,17 while for stilbeneis and some
nitrostilbeness it has been reported to quench the pho-
toisomerization without affecting the isomer concentra-
tions. However, the low (—30 kcal) triplet energies of our
substratesi: severely restricted our choice of usable
quenchers and we are pleased to report that, with respect
to the thioindigos, oxygen behaves solely as a quencher that
functions by energy transfer from the appropriate triplet
state of the substrate; this mode of quenching was also
confirmed by the evidence that singlet oxygen was pro-
duced under these conditions.4

Mechanism of the Direct Photoisomerization. ltisclear
from these results that the first step in the trans —»cis
isomerization process involves intersystem crossing (I1SC)
from the S! state to the triplet manifold followed by rapid
relaxation to the T1 state, presumably with retention of
the trans geometry. However, from the standpoint of the
entire photoisomerization process (both directions), there
are several alternative pathways involving the subsequent
(or complementary) steps that need to be considered.

In their recent paper on the nitrostilbenes,s Bent and
Schulte-Frohlinde outlined two of these mechanisms: In
their Scheme A the trans triplet is rapidly converted to
the twisted (“phantom”) triplet which can relax to either
cis or trans ground states and which can be quenched
exclusively to the trans isomer (by azulene or ferrocene).
The cis — trans reaction in this “scheme” does not involve
the triplet at all; twisting occurs in the Si state with
subsequent relaxation of the twisted Si state to cis and
trans ground state molecules. Their Scheme B is identical
with Scheme A in the trans —»cis direction, but they
propose that here the cis — trans isomerization proceeds
via ISC to the common “phantom” triplet state whose
behavior has already been described. The two mechanisms
are readily distinguishable: Since Scheme A involves two
separate and distinct (Ti and Si) twisted intermediates,

is independent of the quenchers that affect ¢t,c In
contrast, if Scheme B is followed and the “phantom”
triplet is the common intermediate in both directions, the
reduction of <txc at a given quencher concentration is
accompanied by a corresponding increase in 4>~t. These
differences are easily seen when the ratio of isomer con-
centrations ([trans]/[cis]) at the PSS is plotted vs. [Q];
when quenching involves the common intermediate
(Scheme B), S/l = Ksw/a = kgr/a, where a represents the
fraction of “phantom” triplets that decay to trans in the
absence of quencher.
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Scheme B'

T° +hv - trl

tr3 +Q2% pye + Q~

c® + hv-*c¢*

P,

atre + (1 - a)c”

We find that in order to arrive at a satisfactory inter-
pretation of our results we need to modify their Scheme
B by further distinguishing between the quenching of the
transoid triplet before it has had a change to relax to the
phantom “triplet” (this is similar to Fischer’'s mechanism
for the photoisomerization of the stilbenes19, and their
Scheme B that involves the quenching of a triplet state
intermediate (perhaps a transoid triplet that is in equi-
librium with the “phantom” triplet) which can readily be
reached from both cis and trans configurations and which
is quenched solely to the trans isomer.18 Since in their
paper they described their two schemes, we only need to
add Scheme B' using the same symbols that were used in
ref 3.

The need for a third alternative pathway became ap-
parent when we found that for dyes Q 11, and 111 the S/I
values for both the direct and sensitized reactions cor-
responded closely to the respective K sv values (i.e., a =
10 +0I; cf. Table I1). This indicates that the inter-
mediate that is quenched by oxygen is not a common
intermediate, but accessible only from the trans side. In
the direct reaction this could be explained on the basis of
Scheme A, but since the sensitized reaction proceeds via
the triplet manifold, it was necessary to develop a triplet
state mechanism (e.g., scheme B') that is consistent with
these observations. Unfortunately, our results are unable
to distinguish between Schemes A and B' for the direct
isomerization of these compounds, since neither involves
a common intermediate.

Perusal of the ffSy and S/l columns (direct and sen-
sitized) in Table 111 discloses that the five chlorine-sub-
stituted dyes follow Scheme B. In each instance both S/I
values are considerably larger than k sw and the two sets
of S/l ratios are in good agreement with each other,
confirming that for these compounds both the direct and
the sensitized isomerizations take place by the same triplet
state mechanism. With one exception (VIII) the values
calculated for a (by dividing Kk sv by S/I) are in reasonable
agreement with the values obtained from sensitized PSS
measurements in the absence of air.
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Compound | aspecial case. Inthe direct re-
action S/1 ~ Ksv, but for the sensitized reaction S/1 =
ifsv/0.57. ThUS it seers that only in the sensitized
isomerization of this dye is the “phantom” triplet the
comon intermediate; in contrast, the direct reaction

tofollow Scherre A, viz. dis to trans isonerization

tak% ace by a singlet mechanism The mechanismthat

icable to the photoisorerization of each dye is also
|nd|cated in Table 1110

Effect of Substituents. INanearlier paper inthis series
the effects of variations in chemical structure on the
excited of sore thioindigo dyes were discusseds
Since at that time the involverrent of the triplet state in

photoisonrerization had not been discovered as yet and
the interpretation of the results wes consequently based
on the assumption of asinglet state mechanismn both
directions, an in depth reexarmination of the excited state
beBhg\t/lhor of molecules aong this type I?rg]chan ordercal e

spectroscopic and quanturm:- ical evi

indicates that the first excited singlet (SJ state of thio-
|nd|go dyesisthe transfer ? state resulting from

the partial transfer of electrons from the heteroatom to
the carboryl axygen, as showninA 2 (For convenience,

-0

CT S, state
(2 equivalent structures)

the numberi em @d for molecules of this type is
also wdcate&% remarkably low potential energy of
the first excited states of the trans isorers not only of the
thioindigos, but also of indigo and selenoindli t]qjcgand their
derivatives (lhese comoounds are simallest
reL(J:?at f the ibl spectthat n1) hesln torrpthe
regions of the visible Tu pri
nurrber of theoretical and experimental spectroscopi
investigations in recent 2102325 ONe rmycomlwle
from their results that there is extensive resonance sta-
bilization of the §j state in the thioindigos which is further
enhanced by strong S—O no-bond interaction for the trans
ISOmMerszs similar to that first pn
Margerum, and Wymanz  Since in the dis isomers this
S-0 Interaction is dest and probably even replaced
0-0 and S-S repulsions, Xhaxfor the cis isomers is

atsmrterV\aveIer%sﬂ\an for the corresponding

trans forrs (cf. Table elngeneral theasmms
of other ! eg
wavel dothewoou d sti benesmr

azoberzenesZ), the wide separat] |on in
shonninTable | aqqmalstobem forthemoi
and is most probably attrlbutable to dipolar attractlon/
repulsion between heteroatom and carbonyl oxygen
Excited State Processes of the Trans Isomers. I IS
known fromboth experinmental and theoretical studies that
the S, state of trans-stilbere lies in a shallowenergy well
and that rotation and/or intersystem crassing require a
sllght actlvatlon ene (~2 kcal/rml) 2 Since we find
ndigo, and ISC are the only
for deactlvatl the S state, we concluce that
it follons the sane ism, except that due to the
enhanced dipolar S—O attraction the energy well in the
S/ state is than it is for stilbene, and that all the
nolecules that surmount this energy barrier intersystem
Cross to an appropriate triplet state Trl. At the present
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time, we have only preliminary evidence to the effect that
the trans — dis isomerization of dye Il in MCH involves
an activated process with an energy of activation of ca. s
kcal/mols On the other hand, it is known that for
frans-stilbene € ~ 0062and k{ ~ 4 x 1029 at room
terrperature, hence the rates of the oor@rg nonradiative
(be sting and/or 1SC) for Ivati the S/
staterrust of the order of s X109|e reater
than two orders of nltude than the. X 107
that we find for thioi (cf. Table ). This prowdes
strong indirect ewdenoe or the existence of a relatively
high energy barrier inthe S/ state of the latter. Since the
direct isoerization of the trarns thioindigo dyes takes place
exclusively via ISC, we condluce that the S/ energy surface
nust exhibit an uph|II slope as the nolecule is twisted.
Fromthis Ive it is then possible to interpret the
observed effect of substituents on the excited state pro-
es of the trans isoers. It is |rrrred|ately apparent
from Table 11 that, as expected (since their absorption
curves are quite S|mlar) substituents have little effect on
k(values are alsoin agreerrent with
the values calculated from the absorptlon spectras In
sharp contrast, substituents inthe s s positions enhance
ftisc by factors of 2 Efor d) and ~50 (g C2H:0), while
substituents inthe tlorsra/e\nrtuallymeffect
It is interesting to note tl these sae substituents also
uniquely affect the absorption spectra: s ¢ -dichloro-
thioindigos exhibit a weak absorption band and the
6,6-dl Xy have avery intense band in the
regionso bands are conrpletely absent inthe
ra of all the other sinple thioindigo studied in
|s work or described in the literature and are nmost
probably attributable to increasing contributions fromthe

p-chloro- and p-ethoxyphenylketo- conjugation that is in

competition with the indigo chromophore, as shown in
structure B. The resultlnggc(i)estabmzatlon of the Si state
ia&alsobes%rn&letk\eme edcshlftsofﬁm(lngafté)le
expected hypsochromic shift is
FOped. TR oaToeopi Cee Lpprs e
g S rOSCOpIC evi su
view that the enhancerrent in the I1SC rates result from
a reduction in the depth of the energy well and a con-
comitant lonering of aﬁergybarrlerdjetoresomme
Oestabilization of the S/ state. The effect of the strong t%/
electron-donati ethoxy ?roqo is SO marked that Wi
respect to rs resembles trans-stilbene far
rmetkenltobsﬂeomerﬂmlrd (cf. Table V)! (An
alternative and reasonable, n view of the above
reasoning less likely explanation for the enhancerment of
kisc tln the two chlonnrg#o]arllalnlrlg a(tjyes would mvelveta
position-dependent i heavy atom effect, similar to
what hes recentl beenotsewedmthepfﬂamnzaﬂm
of some bl’OITlEtI|b3I’ES32 and the behavior of chloro-
The So nonradiative decay processes (“interr
conversion’”) of nolecules of this lexity ¢
understood at the present tine, al h it hes been
possible to arrive at a number of useful correlations from
the wealth of accumulated experinental datass In general,
only for two of the nine dyes studied in this work (11 and
V1) is there an indication of appreciable @ > 0.13) ra-
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diationless decay from the Sj: state (cf. Table II). A
comparison of dyes | and 11 is particularly instructive in
this respect, since their

on and fluoresoence
are very similar (cf. Table 1) and the values for «~c are
also identical (Table II). The stronger fluorescence of |

is noticeable even to the naked eye and the differences in
(ores of oo o1 cieopeting deconic arerty by
rees 0 or dissipating electronic ene
vibrational relaxation thro hﬂer?eri—butyl %
reasons for the relatively high values for <4 and fed for dye
VI are less clear; perhaps there is a reason for nore ef-
ficient radiationless decay for 5-methyl substituted
thioindigos than for those substituted in the 4 and 7
positions (%/e I); or alternatively, the abnormelly high
value for od may have resulted from a combination of
experimental artifacts in this instance (low <« poor

ubility, lowaccuracy of the fluorescence spectrumat A
>640 ).

Excited State Processes of the Cis Isomers. In contrast
with the trans isorers, the cis isoers do not fluoresce,
hence a study of their behavior in the excited state nust,
of necessity, be qualitative. It is, of course, possible to
calwlate&oq_romnatevallmforﬁcfraﬂﬂe_lr sorption
% (cf. Table ) that tum out to be quite similar to

e obtained for kf; thus the absence of measurable
Iumrfmoe& rmst]gbe razéljlt_trl_buﬁable to competition from
very fast flec> 1o iationless decay processes: eg,
t\/\nrgtirg, ISC, and/or internal conversion to the grougld
state.

It hes been shown above that for dye | the direct cis —
trans isorerization takes place by asinglet mechanismand
we are inclined to believe that dyes Q 11, and 111 followthe
sare pathwmay o This that the twisting of the
state occurs at a rate that Is so fast at roomtenperature
as to preclude reciable fluorescence or ISC. In
(Ix\)/nt\;zlalslt,v\efm : ﬁe?$-;;tm'%]gmmm0f

-VI11 proceeds via the triplet manifold, SL?_{ESII
the “intermal heavy atom gffect” of the ch orimrgrtorm
results in sufficient enhancerment of fadsc to neke it
predominate over the twisting of the singlet.

Although an enhancerrent of ISCby ca 2 orders of
megnitude due toa chlorination of ere hes been
reportedss in the thioindigos the effect due to the in-
troduction of two chlorire is either corsiderably larger or
it must be ied by a in the shape of the
potential energy cunve of the S,cstate that results in a
reduction of the rate constant for twisting coupled with
an enhancerrent of the rate of internal conversionto S@

The Nature of the Triplet States. In oontrast with
stilbeness and sore of the nitrostilbeness quenching of the
triplet state of each of the thioindigos studied in this work
results in every instance in its deactivation to the trans

isoer. This SLfggthhat unlike the mechanism
or the stilbenes :s the trans (tr3
sm

ly

most recently inv ]
and twisted (123 triplet states postulated inthe mechani
above are two distinct species. In Q Il ad
11 there to be no access from s to trs at room
temperature, presunebly due to the existence of an ap-
Preaable energy barrier. Onthe other hand, for dye | and
or all the chlorine-substituted thioindigos (IV-VIII) the
ps and trs states af to be quasi-iscenergetic and in
rapid equilibriumwith each other. The ressors uncerlying
this perturbation of the triplet state energy levels by the

groups or the chlorine substituents are not at all
clear at the present tine.

Comparison with Other Systems. Thionaphthioindigos.

IMostoslavskii et al. have recently published a study of the
effect of substituents on the quantum yields of the cis-
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trars isonrerization of a series of thionaphthioindigos (G a7

In gereral, they have found that <k ~ 10 (Withthe
exception of the 4,5-benzo-substituted ), 4-~t ~
03 and that the subbstitution of elect INg groups

in the s positions increases O They also report
fluorescence for the trans isomers in each instance, but
they have not measured its quantumyield nor the excited
state lifetimes. They found a surprising wavelength de-
Per‘deme of the isorerization quantum yields, with dif-
erent values for wavelengths on either Sice of the isos-
bestic point (with <+ at the isosbestic wavel insome
instances coinciding with 4-in the trans band, at others
in the dis region). Tt appears that this last finding wes
probably due to the error introduced by the graphical
method they used for calculating the ion curves of
the two isonersss which erroneously assurres that at the
wavelength of the & ion meximum of each isoner
there is only Qﬁllglble rption due to the other. Al-
though it is unclear fromtheir paper whether oxygenwes
excluded fromtheir solutions and the itative aspects
of their results are in doubt, their data are in qualitative
agreenent with our results on the effect of substituents
on the thioindigos.

_Comparison with Other Systems. Stilbenes. The ex-
cited state processes of the stilbenes and a variety of their
Cerivatives have been extensively studied, but the exact
nndnnsmcfthem%gxogsonenzanon is still the subject
of controversy. 2 stilbenes undergo all of the sae

otochermical processes (direct and sensitized isormeri-
zation, fluorescence from the trans isorer, and radia-
et PRIy B CorTPIGIeT oy & oty
ir is | a ization
reaction of the cissu?s/am to 9,10-dihydrophenanthrene.
Sincethe S, state of stilbere is air,ir+ State .20 the effect
of substituents is not as inced on the excited state
, & it is with the thioindigos.  Although the
agreeent in the quantum yield data reported for the
various excited state processes of the stilbenes and their
Cerivatives by different investigators leaves sonething to
be desired 4 it is evident from Table 1V that there is
sufficient qualitative agreement to permit a comparison
with the thioindiges. In the first place, just as with the
thioindigos and the thionaphthioindiges, the quantum
yield of the cis - trans isorrerization is relatively little
affected by substituents. On the other hand, with respect
to the excited state o of the %a%gm%sb Ievelr|1
Ccursory inspection quantumyie in Tables |
and IV dls%lclos& % oontrasts. - For the sﬂbe% in
nonpolar solvents (with one exception > g1 and 4
is much sireller than either, while for the thioindigos (with
One exception) <= ,t> + cand (iSO le 0 4 .t,
hence greater than ot ¢ The exception anmong the stil-
benesisthe 4-ci amno-4-nitro cerivative where, due
to the interaction of the conjugated donor and acceptor
substituents (s shown by the bathochromic shift of A
to ca 425 nm), the §j state probably has a great deal of
t%T prkgractemz hence would e eﬁgﬁd% _r&enblle ﬂﬂg
i0incligos4: Corversely, anong oincligos only
6,6 '—dle%xy derivative, in which the ch res-

onance is weakered (. l‘zgﬁm'cshiftto 6Nm) due
totheeffectoftf(les ituents (see abwengms
quantum yields conparable to stilbene:  For this com



Excited State Chemistry of Indigoid Dyes

TABLE 1V: Quantum Yields for the Excited State Processes of Some Stilbenes (25 °C)

Solvent

Alkane
Alkane
Alkane
Alkane
Alkane
Alkane
Alkane
Alkane
Alkane
MeOH/EtOH
MeOH
EtOH

Substituents
None

4-Methoxy-
4-Chloro-

4-Methoxy-4'-nitro-

Alkane
Alkane
Toluene
Benzene

4-Dimethylamino-4'-nitro-

“ Not reported.

pound <AVt = <€ cand #is much sireller than either.

Cegiou, Muszkat, and Hscher attributed the anorelous
behavior, of MlﬁEﬂ%ammA,-nltrostllbene to prefer-
ential stabilization.« the dipolar T\ state by solvation with
polar and/or polarizable solvents. In their c%omlon, due
to its planarity and since the separation O IS
greatest in the trans form, this configuration would be
expected to gain nost in stability by solvation, sufficient
inthis instance to lover its owthat of the twisted
intermediate « Regrettably this explanation fails to ac-
count for the concomitant considerable increase of the
fluorescence quantumyield (cf. Table IV), nor is it ap-
plicable to the indigoid dyes, since in these the greatest
distance that separates ite s, hence the largest
dipole noment can be found in the cis isOers.

Onthe other the sare corsickrations of resonance
stabilization of the trans S! state that have been advanced
to expla}[m the %fgect sg{'gfuaﬁtltl%explg% the T#’llOIﬂl’lglg
appear to provice a satisfactory ion for.
havior of the stilbenes. Thus it appears that in nost
stilbenes the energy well inthe trans Si state is so shellow
at room termperature s to allow nost nolecules to ov-
ercone the energy barrier to twisting or ISC =~ 079,
based on the quantum yield data for stilbene in ref 40).
Appreciable resonance stabilization and a concomitant

ing of the energy well inthe trans Si state does not
occur in the stilbenes until a para donor substituent is
introcuced in conjugation with a para’ acogptor, as shown
by the reduced value of 4+~ ¢ for the 4-dinethylamino-
4fnitro derivative (cf. Table IV). The observed en-
hancerment of the fluorescence quantumyield, of course,

results fromthe slower rate of the competing twisting or
ISC processes in the Sxstate. It is interesting that, in
contrast with the former, the 4+ nitro

requires further stabilization by solvation with polar
ic) sohverts beforear%anh reduction of 4+ (cf.

le V), presumebly due to a greater depth of
potential well in the Si state, becomes noticeable 4

(Unfortunately the value for « for the p-methoxy-p-nitro
ooerOtedJr1)cl in‘alcohol at roomtenperature hes not been
reported.

In there to be a close analogy between
the wmate behavior of the trans imogy of the
stilbenes and the thioindigos, based on cornsiderations of
resonance stabilization of the Si state. of both

series with relatively large Si ¢+ So splitti ordi
s et oy b i
, €0, relatively hi
rates for twisti 5 and/or ISC and low fILQregcer%e
quantumyieldk. trans isoers of ordinary thioindigos

ercore a corsiderable energy barrier in the excited state
en route to isoerization, hence
trans A dis quantumyields. The

o

\exc, nm ot »C oc_t of Ref
313 0.50 0.35 0.06 40
313 0.40 0.22 nre 41b
313 0.59 0.32 nr 41c
313 0.46 0.25 0.03 40
313 0.40 0.29 nr 41b
313 0.60 0.42 0.08 40
313 0.41 0.21 nr 41b
313 0.60 0.38 -0 40
366 0.67 0.24 nr 41a
405 0.10 0.39 nr 40
366 0.07 0.48 nr 41a
366 0.13 0.40 nr 41a
436 0.22 0.45 0.20 40
436 0.16 0.37 nr 41a
436 0.04 0.55 nr 40
436 0.013 0.40 nr 41a
(And! >530 nm) and of stilbenes containing conjugated
electron donor and electron acceptor substituents in the
Para,para‘ positions (Anax>350 nim) showrelatively high
luorescence quantum yields and appear to have

exhibit relatively lov
atively high activation

energy of isonerization obsenved for 4-dimethyl

4-nitrostilbene (5.5 keal/mol in aliphatic hydrocartons,

11_keal/mol in toluene) is consistent with these gener-
EIOH) reportea for s barte for he cortespodl
tOH) n or this barrier for the con i
4FI terrpee'oO re-cependent toc??wadli’%tedf Irl‘]h|ﬂrg
on ratu study r or a thio-
ind?/gc_) to date, Ross found no actlvate%)n energy in the
photoisorerization Ofamgj’dsimilar toH intoluere
solution between 25 and 90 °C4 Where a sl (:-2
kcal/mol) activation energy might have been expected.
Qur preliminary data indicate a fourfold increase in the
a>cva>tc ratio for dye 11 in lonering the tenperature from
room reto-42 °Czs Al h this corfinrs the
existence of an appreci ablebamertotv\nitclrrj\‘lgformetrars
isoer (roughly estimeted to be ca. 3 keal/nol), as ex-
onthe besis of these corsiderations, the individuel
quantumyields and the excited state lifetine will first have
t0 be determined at -42 °C before the exact value of this
?S"Vhaet'on energy can be Calwlatgt?ﬁ It |s_II : that
rt rterrperatur&defoendem ies will result in a
complete elucidation of these questiors.
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Solvent-Induced Polarization Phenomena in the Excited State of Composite Systems

with ldentical Halves.
1,2-Dianthrylethanes

1. Effects of Solvent Medium on the Fluorescence Spectra of
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Yoshiteru Sakata, and Solchl Misuml
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Both 1,2-di(l-anthryl)ethane (I) and 1,2-di(9-anthryl)ethane (11) show intramolecular excimer fluorescence spectra
with a peak at 460 nm, in addition to the fluorescence from the locally excited (LE) state of anthracene. The
ratio 4= (excimer fluorescence yield)/$M(LE fluorescence yield) increases with increasing solvent polarity.
In addition, intramolecular photodimerization was also found to depend upon the solvent polarity. Experimental
results were analyzed assuming an intramolecular CT (charge transfer) transient state in polar solvents, and
compared with 9,9'-bianthryl, about which it has been clarified that “solvent-induced polarization” occurs.

Introduction

fIt hes beerll dem)nstI rated'%gat the elecé][atﬁhig stmctlAJre
of some nolecular conposite systens , A-
(CI),-D, are liable to change remarkably by t%piente_r—
action with polar solvert nolecules inthe excited electronic
State, where A is an electron acceptor group such as pyreryl

or anthryl, and D is the iV\~dinethylanilinogrouprs The
CT state (A“—SCHz),,—D-I)* isstabilized by the i ion
with polar solvent molecules and these systens show a

Quite Igy red shift of the exciplex fluorescence instrongly
polar solvents. Hownever when A and D are identical
aroretic nolecules, such phenomenon hes not been found
until nowexcept for the special case of 99%bianthnyl found
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Schneider and Lipperts 99 Bianthryl shows exciplex
by pperts rylde > pl

fluorescence \ mexinumwavel pends upon
solvent polarity, along with LE fluorescence.  In relation
tothis it has recently been by nears

[ nproven,

of Snxﬁg,é%%ectral measureents with a ps laser pho-
tolysis 7 that the excited state of 9,9-bianthryl in
a polar solvent such as acetone has an ion pair structure
compased of the anthracene anion and cation. No other
e e of a solvent-induced polarization in the excited
state has been found for a nolecule or olecular conplex
containing two identical aronetic groups.

Inview of this, it may be interesting to examire other
conposite systenrs with identical halves in regard to the
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Figure 1. Fluorescence spectra of | in cyclohexane (1), acetone (2),
and acetonitrile (3).

solvent-induced polarization phenomena. e have found
that the fluorescence of 1 » -dianthrylethanes and [z 2 }
1,3 hane showsoe dependence upon the solvertt
polarity, wnich indicates the occurrence of the solvent-
Induced intranolecular charge trarnsfer inthe excited state.
In this report, the results for 1,2-dianthrylethanes will ke
given.

Experimental Section

Details of the synthesis of dianthrylethanes are described
elsewheres  Spect roglrade solvents were used without
further purification. Huorescence spectrawere measured
on an Aminco-Bowrman spectrophotofluorometer calib-
rated to giive correct quantum spectra using a standard
tungsten famp.  Huorescence lifetimes were determined
by using a pulsed nitrogen ges laser of about 1 KW peak
power as the exciting light source combined with a
nonochrometor, 1P28 photonrultiplier, a sanpling os-
cilloscope, and an X-Y recorcey. time resolution of
this systemwes about 25 ns. Absorption spectra were
measured with a Cary 15 spectrometer.  All sanrple so-
lutions were deaerated by means of freeze-pump-thaw
cycles.  Huorescence quantum yields were determined
using 9,10-diphenylanthracere as a standard. The pho-
tochermical reaction yields, i.e., the intramolecular pho-
todinerization reactions, were determined by nmeans of
potassium ferrioxalate actinonetry.

Results

Huorescence spectra of | in sore solverts of different
polarity are shoan in Figure 1.  Excitation spectra
nonitored at 400and 500 nmwere not different invarious
solvents, and agree with the absorption spectra. The
absorption spectra are also similar to that of 1,4-di-
methylanthracene, which that there is no ap-
Btrgclable interaction between two anthracene noieties in

round state of I. Simiar results were also obtained
for I1, except that the intensity ratio @D<N) of 1l is
considerably sneller thanthat of |, as indicated In FHgure

AL e o st i bt

nm i ein ar
sohvert, itdq&mtsm%redshiftdeperﬂirg l{%/]ﬁﬂ’e
solvent polarity. Moreover, the broad emission cannot be
abserved in a highly viscous solution at lowtenmperature.
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Figure 2. Fluorescence spectra of Il in cyclohexane (1), acetone (2),
and acetonitrile (3).

<p> ¢
type 1 <pQ> :

<0>—

type 2 lcp>

NO > I g b
Figure 3. Conformation of type 1 and type 2 excimers of | and II.

Therefore, the broad structureless emission may be as-
cribed to the excirrer state forred through intranolecular
rearrangeent in the excited state. The lifetime of the
excimer fluorescence wes ca. 60ns at about 25 °C. This
excimer state seers to have a type . conformation as
indicated in Fgure 3inviewof the follonng results, (
The steric hindrance of methyl g Substituted at 44
itions of | is indlifferent to excimer formetion, (b)
citation of the photocleavage product of the intrarmo-
lecular dinrer of 1 and/or 11 in rigid metrices at 77 K
another of excimer which fluoresces with a at
530mm lifetines of those excirrers of | and 11 were
respectively 70and s, in corparison with 80rs for the
excinrer fluorescence abserved at roomtenperature. The
exciner observed at 77 K may have a type 2conformation
and may be the precursor of the intranolecular photo-
direr, which seens corsistent with the fact that the
observed lifetimes are rather short evenat 77 K. Thus,
the exciner observed at roomtenrperature may have type
1 conformetion which is disacval for dinrerization,
(O The rather small Stokes shift of the exciner fluores-
cence at room termperature with that at 77 K
indlicates that the interaction energy between the two
nieties is not large because of the deviation from the
ete overlap of the two nieties.
urermrents on the termperature dependence of
(a4,m) of I were performred in acetonitrile, ethanol, and
methylcyclohexane solutions.  ($a//“m) decreases as the
termperature is lonered, and only the mononer fluores-
cence can be dosenved inrigid sohvents at 77 K- The values
of activation energy for the formation of swe 1 excimer
were obtained froman Arrhenius o'grogé 2N s UT.
The value of 1.8 kecal/mol wes for acetonitrile
solution in the vicinity of roomtenerature. The values
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Figure 4. Effect of solvent polarity upon the fluorescence yield of |
in: (1) cyclohexane, (2) hexane, (3) ethyl acetate, (4) methyl acetate,
(5) methyl isobutyl ketone, (6) 2-propanol, (7) acetone, (8) ethanal, (9)
acetonitrile, (10) methanol.

Figure 5. Effect of solvent polarity upon the fluorescence yields of I
and 9,9"-bianthryl. The numbering of the solvents is the same as in
Figure 4.

for ethanol as well as methylcyclohexane solutions were
about 4 keal/mol, though it wes not possible to dbtain
accurate data.

The dependence of 4MI$D) @EY$SNand 4t =40+ 4m

upon the solvent polarity parameter,
£ _ e- 1
© = s,

where eis the dielectric constant of the solvert, is indicated
inFAgures4and 5 Inthe case of 11, $Mdecreases to sore
extent and 4Bincreases alittle with increase of f(t) inthe
region f(€) <046~04/. In the region f(e) > O. 47,
ru/\eve_m_caﬁ r, <ttrt1e decreases ?ﬁldemm increase of f(€)
inci presernce of soe INg [OrOcesS i
by the irr%eractim with polar solvent nolecules. Contre
to the case of I, 4> does not decrease even in the hi
polarity region, In the case of I.  In solvents of medium
polarity, 4taswell as $5decresses with incresse of solvent
polarity. Thus, the behavior of | is rather conplicated.
In order to examire the possibility of involvenrent of the
solvent dependent photodinerization we have measured
the photodinerization yields of 1 in various solvents. It
wes confirmed that the quantum yield of photodireri-
zation of | is independent of its concentration. Therefore,
the dinerization Is considered an intranolecular process.
A somewhat distinct relation wes found between the
dinrerization yield and solvent polarity as indicated in

Houres . photodinerization yields are added
to%tﬁewrected tm(<fl)beoorrealr¥lmt'

inclependent
of the solvent polarity. Nevertheless, there is still aslight
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Figure 6. Effect of solvent polarity upon the photodimerization yield,
<d of I. The numbering of the solvents is the same as in Figure 4.

depression inthe region of f(©) ~ 04~04 The behavior
of the corrected values in this polarity region is
analogous to that of $/, but the extent of its increase in
the region of f(t) > 045 is larger than in the case of
That is, there seens to be a net increase of 4B in strongly
polar solvert.

Discussion

1. Effect of Temperature upon Intramolecular Excimer
Formation. Boththedlelectrlccorstantt :’:Tdﬂ’EVIS(DSIty
7/ of a solvent increase with decreasing tenperature. The
increase of . would bring out the increase of >/ «m),
whereas the increase of # would lead to a decrease of
(~ar= m). EXperimental results that the tem+

r,

ratured?oemlemof 4=/ $n) is not governed by the
\egriatipn of r, but by thgt_ of 7r7r) I—U/\E\%Prvethe e>?c)|{_r’rer
formnation process necessarily involves hindered rotations
about the methylene chain.” It is possible that both the
hindered rotation itself and the solvent viscosity are af-
fected by the temperature . Therefore, the acti-
vation energies for the excirmer formation ey be due to
the activation required to overconre the rotational barriers
of the methylere chain and the activation energy con-
nected with the solvent visoosity. It is difficult toestinmete
the contributions from these two effects separately.

2 Effects of Solvent Polarity upon the Fluorescence
vields. VWhenadipole momentp is located in amedium
with dielectric constant « a reaction field  which acts

upon the dipole moment is produced .o so that the sta-
hilization energy of the dipole is given by

p2 e -1
ES Or 2e + 1 ()

where a is the radius of a spherical cavity in which the
dipole moment p_is situated. The results of the mea-
surerments of various quantum yields can be correlated
with this f(i) as shoan in Fgureés 4-6.

~ Inthe case of 11, inthe region of f(t) <0.46~0.47, the
increase of 4f)with increase of f(C) seens to be correlated
with the decrease of 4M The remearkable decrease of 4t
in the region of f(€) > 0.46~0.47 is quite similar to the
behavior of i T-bianthryl- as indicated inHgures. Inthe
case of 9.9-bianthryl, the ion pair structure is realized in
the excited state in strongly Polar solvents. In the case
of an exciplex, the increase of fluorescence hingwith
increase of the solvent polarity is a rather familiar phe-
NOMENON 1245~ Alt hlthe flm&ejstoem state of the
present is not a polar state but an exciner state,
the qa%tr%gmlogas%ﬂewseofg’}—bianthrw SeeTs
g(())larlse in the CT intermediate state in strongly polar
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The behavior of | can be understood by taking into
account the photodinerization which upon the
solvent polarity, as described already. The peculiar de-

of the intramolecular photodinerization upon

the sol\{ehg %wrgcyi _avsz;_ndlcated in Hglége”r%et Seens Fi(%

inactivation processes are copeting Wi
other. Ore process is photodinerization and the
other excimer formetion. The photodinrerization seerms
to overcorre the excirrer formretion in solverts of medium
ﬁolie%rity, but in more polar solvents the latter overcomes
ONEr.

_Since the precursor of the photodinrerization is con-
sideredto be the type > excinerss the above resulits nears
that there is a conpetition between type 1 and type 2
exciner formation depending upon the solvent polarity,
although the micrascopic mechanism of the competition
of this solvert dependence is not very clear at the present
stage of the investigation. Furthermore, the sell de-
pression of $7 as well as $o' in the region of f() ~ 45
Suggests that the photodinrerization process is accom-
pqnlled with a quenching leading to the ground state or the
triplet state.

It is known that 11 u intranolecular photo-
dimerizationwith ayield 6f 0.19.11 However, contrary to
the case of |, the photodinerization of 11 does not seem
to show such a peculiar upon the solvent
polarity, since 4tas well as $Ddo not show the depression
in the medium polarity region. ]

It should be noted here that the remarkable increase of

e/ Imof | in I arsolver‘isseermtoa)nesgord
'gothenr)erranetm&ecfﬁoﬂlasmellasa -Di-

anthryl instrongly polar solvents and also to the increase
of av of 9,9-bianthryl in these solvents, where av is the
difference between the wavenumber of absorption o-o
transition and that of the fluorescence mexinrum  This

result s s that these behaviors of |1, 11, and 9,9-bi-
anthryl all originate fromastate of cormon nature, i.e,,
the CT state.

‘Summarizing the above discussions, the behaviors of |
w%liegardtotype 1 exciner formmation may be explained
as fallons.

Excirmer could be formed through two patths: (1) in-
tranmplecular association of the g(gted and grour‘(g gtate
T e AaTar o tor o P ang

i excirmer on i
comon to the fluorescence of 9,9-bianthryl and 11 r|]r%

strongly polar solvents. )
Just as inthe case of 9,9‘-b|anﬂ1_r|yl, the postulated CT
state for the present system, stabilized owing to the in-

teraction with polar solvents, is not inprobable on the besis
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of ener%le\/el consiceration. The energy of the CT state
above the ground state in acetonitrile can be estimated
according to the following expression for the free energy

change:
Ac =€el2 (AIAD)- ein (ALA) (2)

ea

where Ei£(AJAH) and £V/AA |A) are the oxidation and
reduction potentials of anthracene, respectively, anda is
the separation between the two anthracene rings.

W& use the value of 06 V vs. SCE for e 12(AJAH and
-1.99 V \s. SCE for £:.£(AJA). Thus, |[EAAA -
Nik(A |A} = 2% eV, which is loner than the excitation
energy 1o the lonest excited singlet state of anthracene

318eV). The of the CT state should be lower than
is oning to the Coulonic interaction between the cation
and anion. For exanple, Ac can be estimated to be 28
eVtakinge=37anda =4 A Actually, « should be less
than 37 in the region between ions at a ionof 4A
resulting in a smaller value of AG than 285€eV. Thus, in
strongl%epolar solvert, the CT state is actually situated
belowthe lowest LE singlet state. ) _

W& also investigated whether solvenit-induced polari-
zation ooc:ursél or not in such aﬁes ag_ 1,3-biscarbazolyl-
Propare, 1 ,2- ||dE||erﬂ|a|e, 1,2 uapllﬂlylethaneln
polar solverts. However, solvent-induced polarization wes
not observed in those cases.  In the case of 1,3-bis-
carbazolylp'_?rnm, diirect exciner formetion might be more
easy than CT state formetion, while the intranolecular CT
state might not be stabilized sufficiently even instrongly
polar solvents in the case of 1 2-dli ethane aswell &
1 2 -dinaphthylethane.
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mﬂmmﬁm&EMmmdFﬂd S)Wrenophare( )

in nonpolar solvertts such as

ohexane are rather similar to those of ar sohvents

stmedabroajsmm;deasﬂtu’ewambmjwmnmmmat%nnddgwmwrae

nmonoer-like eission at shorter wavel

be formed
polarizatior?” state.

Introduction

e siu%ml%dg u%m/e
cence , on
revealed that aCT (charge transfer) state is in
polar solvenits between separated intranolecular aroetic
rings:2 In case of 99 bianthryl, the CT state is a
fluorescent state, and its fluorescence band is red shifted
with m:reasmgsolvent polarity. 1,2-Dianthrylethanes, as
descnbedlnﬂwepreoedngpapers;;ssmN ntranolecular
exciner fluorescence along with the fluorescence fromthe

LE state. The study of the solvent of the
fluorescence yields of : 2 —dlarmr1\{l the
existence of an intermediate State in excimer

formation processss 1N view of its molecular structure,
1 2 -dianthrylethanes can intoa partlaII%/ oveﬂapped

sandwich structure which emits exciner

whereas 9,9-bianthryl cannot form such a structure. No

other exarrple of such a solvent-induced polarization in

the excited state has been found for a nolecule or no-

lecular ca*rplexoontammgthesenetv\oara‘ratlc fars

I

netapyrenophare the resul
eXce&reported in the follow (rrePy) s

Intranolecular e>«:merforrmt|on of mePy also
upon solventt polarity. In contrast to the case of 1,2-di-
anthrylethanes, intranolecular excirmer formation in

nonpolar solvents as well as any effective photochemical
reaction did not occur in case of me V\hlch mekes the
analysis of experimental results  Tore explicit.

Experimental Section

Pég& [2.2](2, 7)pyrenoghane (parapmam
and metacyclo 1, 3)pyre
ized acoordi 2 negjugyrlemf
rimental res for the neesurerrents were al-
most the sane as those described elsewheress
The experimental results obtained with a sanple of
Py in acetonitrile solution deaerated by nmeans of
freeze—pu thaw cycles V\ere not different from those
witha euncerani
Measurenents were ucted in nitrogen saturat_ed
sanple solutions. A sanple solution wes flushed with
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vavelength fil fromthe local -Itgd!e( state of rretag/rerqoteremﬁs te;%
uorescance is exc
fluorescence is fromthe intranolecular excimer state,

that the shorter

wavelength
lt\/\esfardthatmlseg:lgr?erstate

through the intranolecular dharge transfer intenediate state, narely, the “solvent- wri%gé

nitrogen ges for 15 min and then the cuvet wes sealed off.
Results

1. Solvent Effects upon Absorptlon and Fluorescence
Spectra. |

of itself, but
shifted to the red as indiicated in A The absorption
intensity of the band con rgtothelbbandorf
mn&y not be so different from that of
the band ing tothe XLaband 0 pyrene
showed a bathochromic shift concealing the b band to
soe extent. At any rate, there does not seemto be a
strong interaction between the ir-electronic systens of
mePy in its ground state, since the ion bands of
WaestnNaou*slolerdaleredshlfte\/en Ore pyrere
%rgf is replaced by berzene or by alkyl substitution at
m 7 fpcPy is shown in Figure 2
ion rTumo is inFigure
for conparison absorption bands of 5 can be
brlefly mterpreted asfollons. The band arou 320nm
might be assigned to »_ablue shifted oning to an exciton
t)%pe of interaction. ThIS blue shift is opposite to the case
mePy and might be understood on the besis of the
conformretions of aswell as the fact that
the transition moment of the »Laband is along the |
nolecular axis. Furthermrore, adistinct transannular
at longer V\avelenglh wes obsenved in the absorption
spectrum of
Fomthe resdts it could be said that there isnot
as strong an interaction between the “electronic
in mePy compared with . The relatively snll
megnituce of interaction the ir-electronic Systens
in mePy might lead to marked of the fluor-
escent State Lponsolvent polarity, in contrast to the case

of E?Py

ndicated in Fgure 3, the fluorescence spectrum of
mePy in nethyl_claﬁlohexam wes substantially similar to
that of is fluorescence originates fromthe LE
State, am is called LE fluorescence here. The fluorescence

spectrum rermmained unchanged at termperatures fromjust
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Figure 1. Absorption spectra of [2.2](1,3)pyrenophane and related
compounds in tetrahydrofuran solution.

wavelength(nm)

Figure 2. Absorption spectra of [2.2](2,7)pyrenophane and pyrene
in tetrahydrofuran solution.

Figure 3. Fluorescence spectra of [2.2](1,3)pyrenophane in several
solvents of different polarity: (1) in methylcyclohexane at room
temperature; (2) in methyl isobutyl ketone at room temperature; (3) in
acetonitrile at room temperature; (4) in acetonitrile at 77 K

above the melting point of cyclohexane to room

rature. These facts suggest that any particular
change of electronic state due to the transannular inter-
action does not aocur also inthe excited state, in nonpolar
solvents. On the other hand, in polar solvents such as
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Figure 4. Fluorescence spectrum of [2.2](2,7)pyrenophane in me-
thylcyclohexane solution.

Figure 5. Dependence of the fluorescence quantum yields of [2.
2](1,3)pyrenopnane on the solvent polarity: <M(0); <$6 (A); 4D4>M
(*); 8 = + <$D(0). The solvents used were: (1) methylcyclo-
hexane, (2) methyl isobutyl ketone, (3) 2-propanol, (4) acetone, (5)
methanol, (6) dimethylformamide, (7) acetonitrile.

acetonitrile, another broad structureless emission with a
meximumwavelength of 475 nmwas oloserved along with
the LE fluorescence band. The excitation spectrumof the
broad ermission band wes the sanre as that of the LE band,
and is in accordance with the absorption spectrum of
mePy. Ore can recognize the existence of this broad band
tafl:o in methyl |sobutgll ketone ‘sso_lrultltlon_at approximetely

sanewavelength, although its intensity is much weaker
than in acetonitrile solution. v )

The broad fluorescence band oloserved in other

lar solvents always showed a meximum at 4/5 rm

refore, it seers to be intramolecular excimer
fluorescence, and the examerstateer[rna?/befomed from
the LE state of mePy viaan intranolecular CT state. This
exciner fluorescence wes not observed in the terrperature
region where the solvent becarre sufficiently rigid as is
indlicated in acetonitrile solution in Hgure 3 This result
suggests that the transformration LE state A exciner state
necessitates the orientation of polar solvent nolecules.

In contrast to mePy, paPy shoned always only a broad
fluorescence band corresponding to thé transannular
asorption band in nonpolar as well as polar solvents. For
the purpose of conparison, the fluorescence spectrum of

[S sl%gf Flgure|_4. ¢ Ore Ean See th?t the
uoresoence paPy lies at much longer wavelength
(560 nm) than the excinmer band of mePy.

2 The Effects of Solvent Polarity upon the Fluores-
cence Yields. The yields of LE fluorescence 4M the
exciner fluorescence 48 their ratio (4d/”m). and their
sum 4t = 4+ 4edare plotted against the paranmeter f(t)
= 1e- 1)/(2€+ 1? in FHgure 5 where t Is the solvent
dielectric o . The stabilization energy of a dipole
nmoment p in the polar solverit with dielectric constant e
is given by ip.2 f(€)/a3, where a is the radius of a spherical
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400 500 600
wavelength(nm )
Figure 6. Temperature dependence of the fluorescence spectrum of
[2.2](1,3)pyrenophane in acetone solution: (1) -58 °C, (2) -41 °C,
3-24°C, (4 -8 °C, (5 +8 °C.

Figure 7. Temperature dependence of the fluorescence spectrum of
[2.2](1,3)pyrenophane in dimethylformamide solution: (1) -53 °C, (2)
-36 °C, (3) -16 °C, (4) +51 °C.

cavity containing the dipole moment pi.

Nt Pty FErATET (9, Dt 3 s SppIOATELSly
solvent polari r (e IS approximetely
mtamﬂragmtme of f(e) values examined here.
The values in alcohalic solutions deviate from the cor-
relation curve suggesting the specificity of alcoholic sol-
vents.

3 Temperature Dependence of Fluorescence Spectra
in Polar Solvents. ASShownin Hgure s, the isoemissive
point wes observed in acetone solution over a corsiderable

re range fromabove the nrelting point of acetore
to roomtenperature. A similar behavior wes also found
for other polar solvent such as di formamice as

shoaninHgure 7. The iscemissive paint inthese spectra
is indicative of a system  As the tem+
perature s lonered, ("o/"\m) increased, while the ex-
ciner fluorescence band did not showany shift. Since the

dielectric constant of these solvents increases with tem-
perature lonering, the above result means that ($d/“m)
Increases with increase of f(g). o
The above termperature effect upon is in
marked contrast to the case of |,2 -dl(l—anthryl?ethane,
where @u/4\) decreased as the tenperature wes lonereds
The tenperature change will affect the excimer formration
through the termperature effects upon «, the solvent vis-
cosity n, and the hindered rotations about the methylene
chairs. In contrast to the case of |,2-di(l-anthryl)ethane,
the present result indicates that the termperature de-
ﬁeg(grﬁz_ of (Fd/Sm) of mePy is not governed by v and
hindered rotations of methylene chains but is regulated
by the variations of e )
4 Fluorescence Decay Times. Urbraxexperlrrental
condiitions, a rise cunve for the excirmer fluorescence or

two-cormporent decay of the LE fluorescence of mePy wes
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TABLE I: Fluorescence Lifetimes of
[2.2](1,3)Pyrenophane in Various Solvents

X,b  Temp,* 11, ADM.
Solvent* nm °C t,NS 106S'l 106S-
MCH 390 RT 150 6.7
MIBK 400 RT 90 11 4
Acetone 400 RT 78 13 6
ACN 390 RT 50 20 13
ACN 500 RT 50 20 13
DMF 400 RT 43 23 16
DMF 500 RT 43 23 16
DMF 500 -60 30 33 26
MeOH 400 RT 85 12 5
MeOH 400 -70 110 9.1 2.8

“ MCH = methylcyclohexane, MIBK = methyl isobutyl
ketone, ACN = acetonitrile, DMF = AriV-dimethylform-
amide, MeOH = methanol. & The wavelength at which
the fluorescence decay was observed. “ The temperature
at which the observation was made. RT indicates room
temperature.

not observed. Both LE and excirnrer fluorescence gave the
sae deca%t_lrm. IMoreover, this decay time becomes
shorter with increase of (G&Y$N). BExperinmental results
are sumerized in Table 1.

Discussion

1. Consideration of the Molecular Structure of the
Excimer State of mePy. Ithasbeen recentl repor_‘teds
that metacyclophane shows an intramolecular exciner
emission along with a LE enrission in the nonpolar solvert,
cydohexare. There are, hownever, sonre distinct differences
between the fluorescence states of mePy and meta-

ophare. Narrely, the total ﬂw&eoeme(}nnmm ield
%_Arjtbelatter,$:é 3x 105isnwhsrml_eroarp3s/alred
with that for the fomrer, $ = 04~05; an excirrer emission
wes observed in nonpolar solvents in_cese of meta-

lophane, but in case of mePy, exciner fluorescence wes
oser only in polar sol and not in nonpolar sol-

It is known that the anti — s%/rr; isorerization of me-
tacyclophare is very difficult in the ground state because
of alarge activation erergy, 27 kcal/mols Honever, inthe
case of mePy in polar solvents, it might be possible to
overcone this barrier for isomerization by sufficient
transannular interaction in the intranolecular CT state
probably including a Coulonbic attraction force in the
excited State. The energy of the CT state estimated later
onseens to support this argurent. The remarkable effect
of the stabilization of the CT state upon mePy exciner
formetion, caused by the interaction with polar solvents,
is denonstrated also by the termperature effect on the
«-ass =) Value inpolar solvents as described in section 3
of the Resullts. ) _

VA& can abtain sone informmation about the structure of
the intranolecular excirrer state of mePy by examining
the relationship the excimer fluorescence spectra
of mePy, intermolecular pyrene excinrer, and paPy. As
shown in Fgure 4 the broad structureless excimer type
fluorescence band with a meximum at 560 nm wes ab-
senved in the case of paPy, while the maximum wave-
lengths for the fluorescence of intermmolecular pyrene
wmam\;e'ynmmme?le nePy%%r&qera*eéla)ard%
nm respectively. ONger Vave exCier enission
of paPy compared with mePy and intermmolecular pyrene
exCiImer seen's to be a conseguence of stronger interaction
between pyrene rings in the case of paPy than in the case
of mePy excimer and intermolecular exciner. Thus, two
pyrenerings of intermolecular pyrene excinmer and/or
MePy intrarmolecular exciner seers to be paired locsely,
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compared with the nearly conplete parallel sandwich pair

of Pﬁ\Py

differences between the nolecular structures of
mePy and paPy exciner states would be reflected in such
a parameter as radiative rate constant.

2 Dependence of the Excimer Formation on Solvent

Polarity. The experimental results t re
oo A CT interm oclatt Sttt iihe froraiorretion from
the LE state to the exciner state of mePy:

*

1ST

¢ theLE CT, and intranmolecular exciner states are

[l + , and *
respectively.
Just as in the case of |,2- dl(l-anthryl)ethane5 the de-
o/ m) of me ) resebles that of

pendence of e
Ay120f99'bclranth onA = (e fS /(2e +1) - V(e -
1)3(2n2+ 1), Wheren is the solvent n ive index, and
Av 1S the amount of the Stokes shift of the fluorescence.
This resermblance suggests that the megnitude of stabi-
lization of CT state in polar solverits might determine the
rate of conversion

The remarkable increase of {~4/ $m) due to the anti —:
isonerization via the CT state occurs effectively in

range of f(c) 7 046~0.47, inaccordance with the case of
1 2—d|anthryletharess This result seens to suggest that
the relation the relevant energy levels connected
with the isormerization of mePy are similar to those
of 1 »-dianthrylethanes.

Energy Level of CT State in Polar Solvents. We e

asinilar ion to that described in previous reportss s
for the energy level of CT state. The free energy change
for the reaction

can ke given by

ez

AG=E:1£(PIPH- & 172¢- IP) . (@)
where E1/2(P|PH) and £i/4P |P) are oxidation potential
and reduction potential of pyrene, respectively, and a is
the distance between cationand anion. V\& use the values
of —207 V\s. SCE of pyrene in dimethylformamide for
), 1.16 V 8. SCE of pyrere in acetonitrile for
|/2 P| , since the dielectric ‘constant of acetonitrile
reserbles that of di nett‘%forrmmde Therefore, |Ei/2
Za}P*) Ji~(P ev. Oortsldenngthestablll—
dLe to Oou orrblc interaction between cation and
anion, the CT state would be situated sufficiently below

the LE state (318eV).

An accurate estination of the Coulonbic interaction
energy is rather difficult because the mi IC «ineq
1 cannot be estimated definitely. For the CT state most
unfavorable energetically, AG can be estimated to be 3.17
eV, wheree =37anda =7A Beeninthis casg, the CT
statelsgmatednearlyatthesene estheLEstate
In the actual system, the dielectric constant « in the ex-
pression [e2/ea) May be reduced appreciably and the
distance a is seller than 7 A, to give a nore stable CT
state energetically.
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4 Klnetlcs of Intramolecular Excimer Formation. The

sm of intranolecular exciner formation may be
represented by the folloning scherre:
()

where M* is the LE state, D* the intranmolecular excimer
state, M the ground state of the anti form of mePy, and

Dthegrou state of the syn form of . Ineq 2 k¢
repr&entstheradlatlverateconstantofL fluorescence
ardkttheradlatlmlessrateoorstant kf andkg represent
those of excirrer, Ty

On the besis of eq 2 the ollomng relations are given
under stationary state condition:
[D*] fdM
[M*T = kD + fdVD = Ke (3)
4D k(  T™
M ke k{kD + &\VD

where ko =k{ + kf. The plot of ($c/$rm) vs. f-Mnould
give a linear relationship with an intercept of

0, by considering that only flMwould on solvent
polarlty It }Mvalb%smm later on that this relation is
approximetely vali

Thetlrregeper‘dence | and [D¥] after 5pulse
excitation is given bythe f lowing formula under con-
dition that [I%*] att =0is zera

[M*]= %R_J’Z;{(AZ_ X ) expi-x.f)
+(x - X) exp(-Xef)} ©
W M =*j0
=" exp(v) - op(xeD} )
where
262 x + v+ {(Y x)2+ 4eDMjmbrie )
x TY— +fip+
Y ~X =kD - kM + kMD - kDM
kM = kf+ g

In our present system ko > 5 x 135S 1 aswe shall see
later. The value of k vo is usuially sraller than that of k nwm,
and the formrer is much smeller than the latter for in-
tramolecular systens.  For g, inthe case of 1.3
dinaphthylpropane, kom = 12 x 0’51 and VD= 16 x
1o4sllnamxedsolvent0f glyceradl + ethanol. 1 So then,
the value of 4kovcvp IN e_tlghg might be neglected in
comparison with (Y - X)2 refore, Xj ~x and X2«
Y, leading to the smgle exponential of the LE
fluorescence as it Wes actually excinmer
fluorescence did not reveal a delayed rise CUNve, experi-
nentally, which that Y» X Thus, the osenved

tlmeofLE Uorescence anc/or exciner fluorescence
would give avalue of X (=km+kpm), and Y =kb + kwv

~ kD Id be larger than 5x 135 The value of km
can be estimeted from the experimental data in nme-
cyclohexane solution, where exciner formation does
not occur to any extent. With the values of fluorescence
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Figure 8. Plots of (™“V”m) vs. *om for various solutions of [2.2](1,-
3)pyrenophane at room temperature.

guantumyield (O4) and decaytlme in methyl-

wdor%ryllewléné)ﬁ kfand o e\& Uated as2 s
X 10sand6.7 x 13:S'], |ver Slbtl’aCtI the value
of fdviromthat of x , Id be dbtained. results
are shonn in Table .

As indicated in FHgure s, the plot of ("d/""m) vs. ' EM
gave an approximetely linear relationship. Thus, the
relation between (: %/42? and EMineq Awes corfirmred
to be valid ely. The slope can be calculated
fromeq 4 as follons

K f 1 Kf 1 aijj

(s)

K f + MDD kf kf) K f

The intrinsic fluorescence quantumyield of the exciner,
(ke7k D), IS estimated to be 0.4~0.5. Substituting this gD
value and k¢ =28 x 105 s'1 into eq 8, the slope has been
evaluated to be 1.4~1.8 x 10+ s. theotherhend the
slope obtained fromHgure s isca 1.1 x 10+ swhich is
in relatively good agreenent with those calculated above.
As it is described in section : of the Discussion, the
meximumwavelength of excirrer quorescemeofrt‘ePy is
shorter than that of intermolecular pyrene excirrer, and
is much shorter than that of % result seens to
indlicate the smallest interaction rngs in
the excirer state is due to the nost loose structure of the

mePy excimer anong these three. The diifference between
the nolecular structures of mePy and exciners
appears to be reflected in the lifetines of exciners.

Narrely, with the lifetime of 80ns for paPy at
roomtenperature, the intrirsic lifetinre for mePy excimer
is much shorter.  If the ku value for mePy exciner is
assuredto be 109 S'], the radiative lifetime r/ =11k ( can
be evaluated to be 2rs by using the value of <D~ 05 On
the other hand, «( for evaluated fromthe integrated
absorbance of the longest wavelength transannular band
wes 220 rs. At any rate, the difference between the ra-
diative lifetimes of the mePy excinmer and IS con-
siderable, which seens to originate from the difference
between their nolecular structures.

Conditions Necessary for Solvent-Induced Polari-

zation in the System with Identical Halves.

It mey be
rather difficult to predlct oorgplete condiitions necessary
for this phenomenon, inviewof the fact that fewexanples
have been found until now Nevertheless, it seerrs useful
to deduce requirenrents for the solvent- induced polari-
zatlontotake place fromthe results obtained here and in
IoUS report335 They are sumrerized as folloas.
ag Excimer configuration is completely prohibited, or
that configuration is not easily formred.

An exanple of the formrer is 9,9-bianthryl in a polar
solvent, where emission r&ulted fromthe mtrarmlecular
CT state with band meximum depend ar#non
polarity. Examples of the latter are 1,2-dianthrylethanes
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and mePy, where the intrarmolecular CT state would take
(b)I It necessaf rylortr?ftﬂt]eheecx‘?TmsgftState' tuated |
is al e is situated loner
than or very close to the LE state energetically.
This condiition might be realized for a molecule which
corsists of aroetic ngfp with lowaoxidation potential and
solvents with sufficient polarity.
For exanple, compar ene and anthracene ar
theCTstatem ht be situated above the LE state
S%Ir the formrer, whereas lower for the latter in acetonitrile
ution.

6. Remarks on the Nature of the Interactions between

Halves in Excimers and Exciplexes. Itshouldbenoted
here that the results of the present aswell as the
previous onesss might be useful for the elucidation of the
nature of the interactions between the components of
exciners and exciplexes.

From the studies upon the typical intranolecular ex-
mplexsystems of the type A-(CH>),,-D, where A is an
electron acceptor such, as pyr oranthrylanlesthe

eyl

iV,iv-dimethylanilino g |t has been established that
the exciplex does not seemto have st geoetrical
rences 2 15 The electronic structure of these }/plcal
rocarbon-amine exciplexes (not only the i ecular
ones but also interolecular ones) seemstobeverypolar
e., they have the structure of an almost pure ion pair. .« 1
Therefore their binding energy may be ascribed to the
dassical Coulonbic attraction between ions withvery sirell
overlap of electron clouds, leading to small geormetrical

preferences
Inthe CT states of 1.2 -d:anthrylethanes and mePy in
polar solvertts, the overlap cf the électron dlouds between
the hal\,esmverysrmlljustasmthe case of the above
lex systerrs. "However, in the case of 1,2-dian-
r)fethanes and mePy with |dent|cal halves, the excirer
state hes loner erergy than the ion-pair state. For the
excimer state to be realized, the overlap between the
electron clouds of the halves seens to be of crucial im-

portance, leadingtothe ofthe ical structure
to the overlapping sandwi Thus, the excimer
interaction is esserttiall m mechanical justasin
the case of homopolar ing, whereas the bonding in

typical exciplexes is classical electrostatic in neture. There
might be exciplexes or excirrers with an intermediate
nature of bonding as it wes first proposed by ore of the
Hﬂ’l}q; avl ltAmrsTd n(tgilg\/l/l) 17| The EXCItet% state of p- 9—
aniline seens to be an exanpl

aaajeeand, IOre0ver, |13|ntrannleajarex0| exstate
shows gradual change of electronic structure ing
(L)?onthesolventpolarltylzls However, a definite exanple
em has not yet been demonstrated unam-

biguously in the case of intermolecular exciplexes.
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ical results are used to derronstrate that the lownest triplet

charge-transfer state. An mrrmmm%mnrgat%
below-160 °Cis assigned to triplet-triplet 50 ion Avariadle termperature

process gererating a radical
is lonered.  This trarsient pesk emearirgrgt 410510
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rmis attributed to the anilino radical, NO-Ar-NH.  Transient spectra and decay kiretics are

Introduction

A polar nolecule such as p-nitroanilire is of interest to
photochemists due to the,possibility of intrarmolecular
charge transfer I%ﬁctects; ie, the argr)lecule is blfunctlorﬂ?el
possessing an electron donor and acceptor .
rmlewlg?s known to X and pr&gumm?blythe
obaervatloI jon of the tripl erttﬁyﬁd |}S_Ch%ﬂt_ eqzatmpraﬂ&ﬂ

is appears worthy of investigation. Alt
gr()!}e%s has been shoan to give rise '?c?t a triplet-triplet
etﬁ meximumat 240nm and
nM:2 nost derivatives of
result in a dissociative

absorption with a wavel
a much weaker band at
berzene when flashed usuall

prooess producing radiicals. Of the two related nolecules,
nitrobenzene and aniline, the triplet-triplet absorption of
the formrer hes not been abserved while the latter exhibits

a triplet-triplet apsorption at 40 nm: In the case of
nitrobenzene, which does not pho , We hawe
previously shoan that a rapid radiationless decay (- 10 s
s at room termperature) from the lowest triplet makes it
difficult to dosene its triplet-triplet on4 Inview
of the continuing interest in inter- and INtranolecular
charge-transfer effects a variable temperature flash
photolysis study of p-nitroaniline wes undertaken.

Experimental Section

Reagent grade p-nitroaniline wes purified by subli-
nation. Sogearg%qprz;\de EPA (552 etﬁgr-penta%ye-ethyl
alcohol) obtained from Metheson Colenan and Bell wes
used as received. Room tenperature flash photolysis
studiies (100J) were e in 2-cmodliswhilea X
cell in conjunction with an optical Dewar wes enployed
for the variable termperature studies. Experiments were
gererally carmried aut at 2x 10* Mp-nitroaniline. ples
were vacuum degassed at 10 4 Torr, before flane sedling.
Photoreduction experinments were pe as Oescribed
elsanheres and phosphorescence lifetinres were determrined
with the conventional xenon flash lanp technique.

Results

Hash photolysis of 2x 104 M p-nitroaniline at room
termperature in degassed EPA results in a transient ab-
s_or4‘ggon in the wavelength region 410-510 nm (peaks at

and ~480 nm), exhibiting a first-order ok

constant of 206 + 455’1 The spectrumof this transient,
which is most likely due to a radical, is shown in Figure
1 By performing a variable termperature study we were
able to observe a diminution of the dissociative mode as
the termperature is lonered and the complete disappear-
ance of this transient for the tenperatures loner than-1o00
°C._This radical is ooserved down to -95 °C, and at -85
°C its first-order decay constant is 40+ 6 s'L The origin
of this radical is most probably fission of the N-H bond
leading to an anilino type radical, i.e.

Porter et als have shoan that the flash photolysis of
anilines gives rise to the anilino radical, which exhibits an
absorption at ~400 nm A cormparison of the ultraviolet
spectrum of aniline, Xas 280 nm with that of p-nitro-
aniline, XhivB30 nm i.e,, an 80+mshift, suggests that the
anilinoradical of p-nitroaniline might be ed at ~480
nm It thus appears reasoneble that the transient radical
observed is the anilino radical.

The vibrational specing of ~1350 o between the two
peaks, which is in reasonable agreeent with the known

value for the syr ic stretching frequency of the nitro
group, may indicate that it is left Intact in the formation
of this radical. The cation of anilines, which absorb at

~425 nm have also been obsenved in flash experimentss
however, we do not corsider this a likely process in p-
nitroaniline since electron ejection to the solvent should
be hindered by the of the nitro grc(%).

Upon further codling of p-nitraaniline to-160 °C anew
short-lived absorption is observed, whose decay s first-
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TABLE I: Triplet-Triplet Absorption Maxima

240 nm*
(430 nmys

420 nmc 460 nmc

480 nmd

J. Wolleben and A. C. testa

° Reference 1. b Reference 2. c Reference 7. d Reference 3. e Reference s.

TABLE II: Phosphorescence Lifetime Data at 77 K

Nitrobenzene
Aniline 4.5%
p-Nitroaniline

tqEPA), -

0.37 +0.01,c 0.40,d

N(CH3)z no2
500 nme 560 nmc 595 nm
No phosphorescence
416b

518, 542, ~580d

0.24 + 0.02e

p-Nitro-1VV-methylaniline

0.44 + 0.03,c

0.23 + 0.05e

p-Nitro-iV,iV-dimethylaniline
AL iV-Dimethylaniline 2.6

0.42,d 0.22 +0.02e

530, 552, ~590d

“ Reference 10. b Reference 11. e This study. d Reference 12, EtOH glass. e Reference 9.

0.4

00— BB % e WA R BB«
420 440 460 48 500 520

WAVELENGTH, nm.
Figure 1. Room temperature absorption transient observed during the

flash photolysis of 2 X 10“4M p-nitroaniline (degassed) in EPA.  Lifetime
is 3.8 ms.

order and which exhibits a peak absorption at 555 nm- At
this temperature the lifetine of the transient is ~o .2 s
andwhenthe rature is cooled to-170 °C the optical
density hes an upper limit.  Further cooling
thereafter only lengthens the lifetime of this Wm
species. The constant of this species is 56 + 10 x
13 s1at-170 °Cand 87 £ 1.1 51 at-190 °C. The ab-
sorption s?ectrum of this low temperature transient is
given in Hgure 2 In order to definitively assign this
absorbing species the measurerent of ] )
wes performed at -190 °C in the flash photolysis cell with
Ko o res a TSV T e
to at this
decay constart, s.s + 0.1 S\ which'is in satisfactory
reement with that for the 595rmabsorb|rﬂ transient,
llowing for uncertainties due to termperature fluctuation,
firmly establishes that it is due to triplet-triplet absorption
of p-nitroanilire.

Discussion

Although two transients are observed in the variable
termperature studies of p-nitroaniline in EPA, the trip-
let-triplet albsorption observed at 596 nmis certainly more
interesting from the standpoint of implicating charge
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ok ok ke L — fom—

0.0 ----%--— i
480 520 560 600 640 680

WAVELENGTH, nm.
Figure 2. Triplet-triplet absorption spectrum of 2 X 10" M p-nitroaniline

(degassed) in EPA measured at -170 °C. Lifetime of triplet is 0.25
ms.

transfer effects. While being a benzene derivative con-
taining adonor andan substituent, the alsorption
meximum of the triplet-triplet in p-nitroaniline appears
at much higher wavel than it does in the related
nolecules giveninTable I; which are arranged inthe order
of increasing wavelength.  This large shift towerd the
visible inthe case of p-nitroaniline relative to berzene and
aniline indlicates that the triplet-triplet absorption involves

an intramolecular charge transfer.  In a recent
phorescence study of nitroanilines McGlynn et al.s have
concluded that the interventtion of njir* states in this

nolecule is uninportant, which is Stploorted the flash
Eh_otolysis and photochemical results repgyted here.
vidence for the strong intranolecular charge transfer
character of the lonest triplet state of p-nitroaniline is
obtained from a comparison of the photoreduction
myields for aronatic nitro conpounds in i

sopropyl
aloohol. While Wim yield of nitrobernzene
in isopropyl aloohol is 114 X 10 25 we have determined
that this value is reduced to 39 X 1013 for p-methyl-
nitrobenzene and is only 7.2 X 10 4for p-nitrcaniline.
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e The transfer character of the lowest triplet state
canalso manifest itself in cata. e have

measured the W lifetine of p-nitroaniline
and p-nitro-N- aniline at 77 K in EPA in order to
Y it with the related nolecules given in Table 1.
It is readily seen that while nitrobenzene does not
a(%sce, o?‘r]clrlulem [[ns a lifetime Ofé? S hov\eveacOelot r,
Incorporation nitro group &s an electron or
reduces the rOl.I{l_?‘etima of aniline by ap-
proximately one order of megnitude. _

In summary, we note that the lowest triplet of p-
nitraaniline is characterized as an intranolecular
transfer state in which charge transfer fromthe amine to
the ring has been accentuated by the presence of the nitro
group &s an electron . rimentally this effect
is manifested in three ways: (a) a long wavelength trip-

" let-triplet absorption characterized as an intranolecular
charge transfer band, (b) negligible photoreduction
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compared to nitrobenzene, and (3) an order of magnitude
decrease in the phosphorescence lifetime relative to aniline.
It would appear that the flash photolysis approach may
be a convenient way to investigate intramolecular charge
transfer triplet states.
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Thermodynamics of Nonpolar Mixtures Exhibiting Liquid-Liquid Phase Equilibria.
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The critical solution behevior of 10 aliphetic (or aroetic) ester-n-
proviced inafewcasss.
by us as well as a nunoer of different ester-alkane systerrs

andvolune of mixi
each mixture studi

data (5 °0) aredso

SysterTs hes beenstudied. Enthelpy
C

s
bed inthe literature

are disoussed and correlated in termrs of the chemical constitution of conrponent Spedies.

Introduction
In previous papers from this laboratory the thermo-
Tic properties of a number of pure liquid esters and
their solutions in conTon Cc solvertts (toluere and
1,4-dioxare) have been discussed:: Ve wishto illustrate
here additional results obtained in a the IC
characterization of mixtures of eight different aliphatic
diesters and of two aromatic monoesters with n-heptane
which exhibit liquid-liquid phaese equilibria in an ex-
perimentally corvenient of temperatures. Comt
pounds consicered are: the diformates of 1,4-butanediol
&E]:’?:), 1,6-hexarediol (HDF), and : g-octarediol (ODF);
diacetates of 1,2-ethanediol (EDA) and 1,4-butanediol
BDA); the dimethyl esters of succinic (DVSLC), adipic
, and suberic acid (DIVBUD); benzyl acetate (BzA)
and methyl aoetate (MPha). Critical res
and a few ent and volurre of mixing data for the
mentioned above as well as analogous literature
oS OF e cOrTporErts oy B of 2 S
properties of tt on is of a statistice
thermodynamic theory of solutions due to Horys This
theory is found to provide a sinple and rather sucoessful
mean to correlate the equilibrium properties also of such
strongly nonideal mixtures.

Experimental Section
n- wes a C.Erba-RS (chromst iC grace
sanple, and wes used without f(urther wog%a&?im )

The preparation and purification of the esters, and the
experinmental procedures followed in the calorinetric and
density measurements have already been described 24

The binodials have been obtained using weighted
mixtures of each ester and g@g?m in air-tight tubes
which were placed in a the ic bath (or in a non-
silvered dewar flask for temperature measurerrents below
20°C). The equilibrium temperatures were determined
both on mixing and on demixing, i.e., heating or cooling
the thermrostatic bath at a rate of about 0.1 deg/min. Both
the mixtures and the bath were stirred by mears of tef-
lon-covered megretic stirrers. The difference between the
equilibriumtermperatures determined on heating and on
cooling wes gererally less thano .2 °C.

Results and Discussion

The experinmental binodial curves are given in Hgure 1
as functions of the ester * " volunre fraction, 4.5
%Ioolrrespondlng critical terperatures, T, are listed in

el

For DIVIAd, ODF, DIVSub, BzA, and MPha, afew
oPepte ot o e Table i Oovouahy e
n- °C aregivenin Table Aly
case_of BDA and DI\/%d volure fractions within the
miscibility gaps were avoided). Data onthe excess volunes
on mixing n-heptarne with DIMAJ and DIMSUb, respec-
tively, are reported inFgure 2 An analysis of the whole
set of experinental data is profitably nmade on the besis

TreJourd of Prysical Crenvistry, ML 8L Mo § 1977
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Figure 1. Experimental binodial curves tor the n+ieptane-ester mixtures.
07is the ester hard-cord volume traction.5

Figure 2. Excess volumes of mixing for (&) n-heptane-DMAd: (O)
experimental data, (1) calculated using X12= 50 J/cm3from calorimetric
data, (2) calculated using X2 = 56 J/cm3 (best fit); (b) n-heptane-
DMsub: (O) experimental data, (1) calculated using X22= 43 J/cm3
from calorimetric data; (2) calculated using X12= 41 J/cm3 (best fit).
02is the ester hard-core volume fraction.

of the theory of Flory. In particular, we shall follow closely
the theoretical approach clearly outlined by Florys (as
already applied with success by us in previous instances34)
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Thermodynamics of Nonpolar Mixtures

TABLE I
02 Jﬁ%ﬁ%%%
BDA 016 o2
8% e
DMAd 026 1.02
02H 12
058 1e2
e b
ODF 048 153
s 13
DMSub 03b 143
NG 1)
MPha 04/ 157
05% 16
BzA 055 148

and the extension of such approach mede by Abe and
Horys to the treatrrent of liquid-liquid phase equilibria.

shall limit ourselves here to briefly recall that,
according to this theory, parameters req._ure_d for inter-
pretation of results for binary nonpolar liquid mixtures
corsist of the characteristic pressure, volume, and tem+
perature (P*, v+, 1+) for each pure component (to be
Oetermined fromexperinmental nolar volure VM thermel
exparsion coefficient aT>and thermal pressure coefficient
7, data via the equation of stated, and of a single pa-
rameter, X12 taking account of differences in ener%/
(Cersity) between contact interactions of like and unli
nei

e changes of thermodynamic state functions on
mixing depend infact onthe characteristic and
the x 12 pararmeter only, besides, naturel I?/, of tenperature
and composition. For the latter variable, besides to the
segnent fraction <= also the site fraction 6 is needed:

02=(1-01)=(sl/s2)01 + 02

where S1/S: is the ratio of contact sites per segrent for
the comporents 1 and 2 .16 Studying the excess properties
of homogeneous mixtures at near ambient rature
agreement_between experiments and theory hes been
satisfactorily achieved in many cases7-u noreover the
r&ult_lg X2 values would be sinply correlated with the
chemical structure of the components via characteristic
exchange enthalpy paraneters g(y) between different
chemical groupings (, j, .. contributing a given
fraction (ait aj, .Tﬁo the total molecular surfaces s«

In the case of mixtures exhibiting liquid-liquid phase
separation the sae theory has been extended in order to
describe the %%rr%cten_stlc binodial curvess these, asta
COMSEOLENCe, aninteresting, i nMeans to
derive the important X parargeter or such strongly
nonideal systers at tenperatures generally different from
2 °C, of course. o ]

These X2 values are identified here as X:2(UCST), ie,
fromupper critical solution tenperatures Measureents.
Strict validity of the underlying theory would reguire Xz
to be independent of tenperature; rience shows,
however, that X oft@rr;] _decrees&sld ! IeMr_ately V\/Irté’]ﬂ g
creasing tenperature. Thiswould, & inpart,
the sliréht variation of the characteristic parapr?gters v*
and p+, With termperature, besides other possible inac-
curacies of the theory. It seens therefore worthwhile to
test the validity of sucha in cases for which X1
becormes accessible from both UCST neasurerents and
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TABLE III
i

1-2
c-Pentane-methyl
formete
c-Hexane-methyl
I]:Ieptan% thyl
C methy
formete
c-Octane-methyl
formete
c-Pentane-methyl
aoctate
cHexanemethyl — 231°
Heptane-methyl 240
C.
aoctate
cOctane-methyl 248
aoctate

a Calculated value, as desaribed in ref 12

103 103
e
12 15

1.22

1.0
ole e

BBSNRT

8 EBRB8ABE R

138

from excess properties (Ax v at 25 °C. ) )

Treatment of our ¢ and o 2cdata (Table I) with the aid
of the aforerrentioned theory (inparticular, of expressions
12 arﬂ(B%ofrefe)L&rgﬂereoeswry on-of-state
E(ararreters or each species considered, leads to the

12(UCST) values also reported in Table 1.1z

It appears that both differences in equation-of-state
peraneters (inparticularp+ and =) bet\wncm}lpm
and the X2 pararreter concurt in determining the Tevalue
ineach case. Indeed one can see that, as a general trend,
the higher Tcis the higher the X2 value results but also
that for diesters havlrg nearly the sarre critical temper-
ature (in n-heptane) different X values are required
owing to differences in their p+ and Tgaraneters For
instance, the merkedly higher Tc exhibited by the di-
formate/n-heptane mixture with to the mixtures
of the other diesters of equal nolecular weight (e.g., BDF
with respect to EDA and DMSuc, etc.) are mainly as-
cribable to the relatively low thermel expansion coeffi-
\cllalerts aT of the diformretes and only in part to higher X1
Ues

Just the sare holds true if one compares the Tcdata
for the MPha/n-heptane mixture with that of the BzA/
n-heptane mixture.  In our gpinion, these results showornce
nore, qualitatively if not quantitatively, the correctness
of the treatrment of Hory.

In orcker to reinforee the validity of these corsiderations
we have examined also a few Tcdata recently reported in
the literature for cycloalkane-aliphatic esters mixtures i
com nds involved, theofassomated Tc valu(:ﬁb| ﬂﬂg

acteristic parameters re COmpoNents,
Xl_zlgUCSTR derived therefrqn% outlined above are given
inTable I1l. It appears evident that, for each of the two
esters corsicered, varying the partrer inthe mixture from
DS oot o6 ChEa et O e pare)

ers and not ure r

affects rather seriously the Tcvalues but che X]%
(UCST) only slightly (within the uncertainty in Xz due
only to experi erTors). _ ]

(;(prooeed further in our analysis, let us consicer the
few X1z values (Xi2(CAL)) derived fromthe calorimetric
enthalpy of mixing data of Table 11 and fromthe volure
of mixing data of Hgure 2 (Xi2(MOL)). Analysis of these
X2 values reveals an aooemablameelm ar, better, that
ciifferences between Xi2(CAL) 12(#0_) are notworse
than normally encountered for different systenms.s
IVoreover Xi2(CAL) results are systerretically higher than
X12(UCST) by about 10-20%. It is also interesting to

TreJourdl of Physical Chenisty, \d. 8L Na 5 1977
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Figure 3. The  parameter for the alkane-ester mixtures as a function
of the “ester type” site fraction of the ester considered. From UCST
data. ®: (1) c-hexane-methyl formate, (2) c-octane-methy! formate,
(3) c-pentane-methyl formate, (4) c-heptane-methyl formate, (5)
c-hexane-methyl acetate, (6) c-octane-methyl acetate, (7) c-pen-
tane-methyl acetate, (8) c-heptane-methyl acetate. A: (1) n-hep-
tane-BDF, (2) n-heptane-EDA, (3) n-heptane-DMSucc, (4) n-hep-
tane-HDF, (5) nheptane-BDA, (6) rvheptane-DMAd, (7) nheptane-ODF,
(8) n-heptane-DMSub. From calorimetric data. O: (1) n-dode-
cane-methyl acetate, (2) noctane-methyl acetate, (3) n-hexane-methyl
acetate, (4) n-octane-ethyl acetate, (5) n-dodecane-ethyl acetate, (6)
n-hexane-ethyl acetate, (7) o-hexane-o-propyl acetate, (8) /7-hex-
ane-n-butyl acetate. 0O: (1) n-heptane-BDA, (2) n-heptane-DMAd,
(3) n-heptane-ODF, (4) nheptane-DMSub. The full line was calculated
according to eq 2. (See text.)

point oué_that the tmot%%gtmeeds in accglunti ( for tfs
merked ISsyHIIEt Vs nst 2 plots e
inone OfV\hic_h_(DIr\S//lSub/rrhep;ta%alne) achange ofgii:]n of
Vs iseven exhibited. Another relevant doservation is thet,
different from A+ m, which is largely due to A con-
tributions, vk is heavily dependentt on the equation-of-
state terms. For exanple, would X2 be zero, Vs had to
result strongly negative in our cases; the quite high actual
x 12 Values have therefore the effect of nearly neutrallzg
the equation-of-state contribution to \s. 1N other

the theory succeeds in accounting for large pasitive Ad m
}[/_allmardforsrmll or nearly zero Vs values at the sanre

inme.

Finally we wish to commrent briefly on the correlation
between A 1> and the “chemical” corposition of the esters.
As mentioned above, using the mete formofeq 10
of ref 3 we have expressed the A 1> values as a function
S (e SO a5 60) Of e erTprEet

iphetic, iC, ester,
and og the corresponding exchange-energy density pa-
rameters xi.

— ~. A (ai,) _ ai2)(0!j3 ~ ttj2)Xij (1)
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On the besis of Ax v data fromour laboratory and from
the literature, and evaluating the a values accordiing to the
method of Bondi.« We have derived the following best fit
\J/;\I(:Itg?3 0 Ag 700 and 30

In the case of alkane-aliphatic esters, mixtures of our
concem, eq 1 simply reduces to

A1 ~ Adestaet (4]
«edt being the “ester type” site fraction of a given aliphatic
ester.

Corsideri our present A2 values (Tables | and 1) as,
Well 25 IOl A s valLEs Ceriveblo fromdifferent

literature data for the acetates of methwl, ethyl, Y
and butyl aloohols in n-alkanes s and r:ynlg %(r)%

estimation of aed our usual procedures we ootain the A
\s. aet plot of Fgure 3

The ic curve has been drawn according to eq 2
with Adet =60 J/cn )

This value which optimizes agreement with A2(CAL)
data is less than 10 % loner than that previously esti-
mated:s such difference may be corsidered to fall within
the experimental errors of the set of AffVblata taken from
different sources, Figure 3 therefore reinforces our con-
clusion that A:2(CAL) can indeed be correlated with es-
ter-like site fractions, aes, using a common value of the
Adgt er, but also clearly shows that the A2
COTEREDrANG (oqninenta aredr Ve A (AL

ng (experine or tical) A2

ones, as aln mentioned above.  This discr
cannot be si ( y/g\\ttr(l%%to?deperﬂeme_ of Az on
temperature (Our Az in fact pertain to mixtures
with Tevalues both below and above 25 °C; see Tables |
and II) but might be, for instance, considered as a
of the necessity of mtroduaEn the expression

for the chemical potentials a term : JOPRE

by the

cknowledgment. ThlSV\u'kkmtmnSﬂ]BGEd
Italian Corsigiio Nezionale delle Ricerche, RO,

References and Notes

(1) G. Manzini and V. Crescenzi, Polymer, 14, 343 (1973).

(2) G. Manzini and V. Crescenzi, Macromolecules, 8, 195 (1975).

)] EB NB;Eini, V. Crescenzi, and R Furlanetto, Macromolecules, 8, 198
1975).

(4) V. Crescenzi and G. Manzini, J. Polym Sci., Part C, in press.

(5) P.J Hory, 3 Am Chem. Soc., 87, 1833 (1965).

(6) A Abe and P. J. Hory, J. Am Chem. Soc., 88, 2887 (1966).

(7) R Battino, J. Phys. Chem., 70, 3408 (1966).

(8) G. C. Benson and J. Singh, J. Phys. Chem., 72, 1345 (1968).

) .(J $;5|68n)gh H D. Peug, and G. C. Benson, J. Phys. Chem, 72, 1939
1 .

510; E L Washington and R. Battino, J. Phys. Chem., 72, 4496 (1968).

11) R Battino, J. Phys. Chem, 72, 4503 (1968).

(12) 89 3')no|0, P. Ferloni, and P. Franzosini, Gazz Chim ItalL, 103, 747

(13) B E Hchinger and P. J. Hory, Trans. Faraday Soc, 64, 2035 (1968).

(14) A Bondi, J. Phys. Chem, 68, 441 (1964).

(15) “International Data Series”, A, no. 2, 1973, p 133; no. 1, 1974 pp
15, 16, 17; no. 2, 1974, pp 121, 122, 124, 125.

(16) The quantity S,/S2may be obtained with sufficient reliability from
estimates of the surface to volume ratios for the two species of the
mixture and is not considered an adjustable parameter; we evaluated
the S,/S2 ratios as previously specified,3 assuming direct pro-
portionality between the number of contact sites and the van der
Waals surfaces of the molecules as determined by Bondi4(see Table
1). This method, often inadequate for polymeric solutions, as pointed
aut by Aory, gives, inthe case of smell molecules, resuits substartially
agreeing with those obtainable using the method proposed by Hory.

(17) Calculations were performed with a Fortran program using a
1QD6%6200 compuiter at the Computing Center of the University of

rieste.

(18) More serious discrepancies have been found between X12 values
derived from free energy and enthalpy data in the case of polymer
solutions. This fact has led to the introduction in the theory of an
additional parameter, Q2 which formally takes account of the change
in entropy connected with the exchange of neighboring species.13



EPR ‘of Rare Earth lons in Zeolites 435

Electron Paramagnetic Resonance of Rare Earth lons in Zeolites”

Lennox E. Iton*

Solid State Science Division, Argonne National Laboratory, Argonne, Illinois 6C439

and J. Turkevich

Department of Chemistry, Princeton University, Princeton, New Jersey 08540 (Received October 4, 1976)
Publication costs assisted by Argonne National Laboratory and the U.S. Energy Research and Development Administration

The EPR spectra of Gd:+ and Eu2+ in Y zeolite and zeolon (mordenite) have been extensively studied at X-
and Q-band frequencies. An essential realization in understanding the spectra in these materials is the importance
of randomness in the spin Hamiltonian parameters, hence the similarity to spectra of Gd3+ in several different
glasses. A detailed explanation of the spectra in terms of cation locations and ligand coordination is given,
the point symmetries are always orthorhombic or lower, even for the fully hydrated ions, which display the
familiar phase transition behavior at low temperature. The largest zero-field splittings occur when the dehydrated
ions are bound in a one-sided coordination to the zeolite framework, and the resulting signal is readily interpreted
in the random vector model approach; it is never observed for Gd3+ in Y zeolite in the calcining conditions
used, indicating the retention of extraframework OH in the coordination sphere of Gd3+ ions in type I' sites.
Eu3+ions can be reduced by y irradiation of the hydrated zeolites at 77 K, or by vacuum calcining; the resulting
Eu2+ ion spectra reflect the different site distributions and ligand environments achieved in the two cases.
Successive reduction-oxidation cycles can be effected with the europium. By devising an empirical correlation
with Allred-Rochow electronegativities, the intrinsic splitting parameters, |2} for the S-state ions with Silicate
and aluminate oxygen ligands were estimated. The extreme inhomogeneous broadening caused by the randomness

prohibits detailed interpretation of the spectra of the non-S-state ions.

l. Introduction

Because of their profound catalytic importance and their
provision of large, well-defined surface areas, molecular
sieve zeolites have become the focus of a range of disparate
research activities. They continue to attract the interest
of mineralogists, crystallographers, and physical and ca-
talysis chemists. An assortment of spectroscopic tech-
niques have been brought to bear in these investigations,
ranging from Mossbauer spectroscopy, through UV, IR,
and Raman spectroscopies, to a variety of magnetic res-
onance techniques. Despite their industrial importance,
few spectroscopic investigations have been made of zeolites
exchanged with rare earth (RE) cations, the efforts having
been concentrated on zeolites containing nontransition ions
or first transition period ions. Many of these RE ions,
however, have paramagnetic ground states in their usual
valence states, and their electron paramagnetic resonance
(EPR) spectra have been extensively studied in simple
ionic crystal hosts.

The EPR technique was first applied to the detailed
study of ions in an exchanged zeolite by Turkevich and
co-workers.1 Since then, several further studies have been
made on ions such as Cu2+, Mn2+ Fe3+ Co2+ Ni+ and Ti3+
the resonance behavior often being used as a monitor of
the state of the zeolite rather than for providing pheno-
menological information on the spin Hamiltonian of the
ion itself. EPR has also been much used for the study of
radical ions and paramagnetic molecules adsorbed on
zeolites,2 thus providing information on reactive inter-
mediates. For both theoretical and practical reasons, the
EPR spectra of the S-state ions, Eu2+ and Gd3+, are the
most conveniently studied of the rare earth series, and they
will be the ones emphasized in this paper, although results
obtained on other ions will be briefly presented.

t Based onwork under the auspices of the U.S. Brergy
Research and Development Administration. Contribution C3029-17.

* Address correspondence to this author at the Solid State Science
Division, Argonne National Laboratory, Argonne, 111 60439.

The synthetic faujasite, Linde type Y zeolite, is the most
important zeolite in industrial use. RE ion-exchanged
forms have superior catalytic properties in alkylation,
isomerization, and cracking reactions. The principal focus
in this paper is on RE exchanged Y zeolite, but experi-
ments on exchanged synthetic mordenite (zeolon) are also
reported and discussed. The crystal structures of both of
these zeolites are known, and Meier and Olsons have
published stereoprojections of the framework structures,
respectively, cubic (Fd3m) and orthorhombic (Cmcm) for
the faujasite and mordenite. The exchangeable cation sites
have also been well described for the Y-zeolite structure,
but the data compiled by Smiths suggest that site dis-
tribution of cations is a function both of detailed material
treatment and cation identity, and should preferably be
determined on an individual basis, although some general
trends are evident. The amount of data available on
exchange cation sites in mordenite is much less abundant,
and only recently have Smith and co-workersss published
the first results for a divalent exchange ion. The no-
menclature of Smiths-s will be used in this paper to label
cation sites.

We will present herer extensive results of X- and Q-band
EPR measurements on Gd3+ and Eu2+ in Y zeolite and
mordenite over a wide temperature range, and for calcined
and hydrated samples. Additional results on the EPR of
Gd3+ in aqueous solution, Eu2+in Eu20 3 and the chemical
behavior of europium in zeolites, are combined with recent
theoretical models of S-state ion EPR, and of magnetic
resonance spectra of ions in glasses, and with published
results on optical and EPR spectra of RE ions in glasses,
to emerge with a comprehensive picture of the behavior
of the ions in the zeolite lattices, the factors dominating
the observed forms of the EPR spectra, and estimates of
the magnitudes of the intrinsic ground state splitting
parameters for the S-state ions in the aluminosilicate
lattice. We give also, in section V(I), a brief, critical
discussion of some previously published work on the EPR
of Gd3+ and Eu2+ in synthetic faujasites.

The Journal of Physical Chemistry, VoL 81, No. 5, 1977



436

1. Theory.

11(1). Form of the Spin Hamiltonian. A full general
treatment of the EPR of rare earth (RE) ions is given in
the treatise by Abragam and Bleaney.s There, the operator
equivalents formalism for representation of the spin
Hamiltonian is described in detail. The phenomenological
Hamiltonian to be dealt with here consists only of terms
corresponding to electronic Zeeman and effective crystal
field (CF) interactions:

Jf =3fzeeman + 3f'CF (¢8)

There is experimental justification for the omission of a
hyperfine interaction term (3CH), as will be seen later.
Other smaller terms can also be neglected.

For the 4f7 (half-filled shell) ions, Gd3+ and Eu2+, the
Russell-Saunders ground term is 8S7/2 so the general
Zeeman interaction term:

~Zeeman = PH'g'J (2a)

where H is the applied magnetic field; g is the electronic
A-factor tensor; J is the total angular momentum = L +
S; L is the orbital angular momentum; S is the spin an-
gular momentum; d is the Bohr magneton; can be sim-
plified (for L = 0) to

~Zeeman —do/3H-S (2b)

where g0is the isotropic, free electron value. Expression
2b is adequate (for our purposes) even though the true
ionic ground states are not pure 8S7/2, but rather, contain
small admixtures of higher sP7/2 and sD7;¢ states;s these
produce only a small shift in the g value.

The small spin-orbit admixtures are, however, very
important in that they mediate the interaction of the ion
with the crystal field, which does not couple directly to the
spins. They are thus responsible for the ground state
splittings, and hence for the ligand effects in the EPR
spectra. The explanation of the magnitudes of these
splittings has evaded theorists for a long time,10 and they
are still not well understood (see following section);
however, the operator equivalents parametrization of the
effective crystal field interaction does not depend on the
exact nature of the interaction mechanism, but does reflect
the symmetry of the crystal field. For a cubic CF, this fine
structure term has the form:

X'CF =(1/60)M 04 + 5°44)
+ (1/1260)M0€ - 210 64) 3)

where the okq are the spin operators of fcth degree, and
the bk are the corresponding coefficients. For noncubic
symmetries, second degree terms enter the Hamiltonian
and, invariably, they are dominant. Hence, for our
polycrystalline system, where the spectral line widths are
large and orientational dependences cannot be measured,
it is sufficient to restrict the Hamiltonian to terms of
second degree in the spin operators:

3CcFf=(1/3)(b2°0 2° + b220 22) (4)

All physically distinct situations for this expression are
included in the range o < |2/"2°l - 1, so that the ap-
propriate full-spin Hamiltonian for all but cubic crystal
fields is

X =gO0(iH-S + (1/3)(b2°02° + b220 22) (5)

Nicklinu has computed the energy levels for this Ham-
iltonian for a spin s = 7/2 system for a full range of
Jr°/H]. at selected values of \b22/6 2] over the range o to
1. The published calculations are restricted only in that
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H is constrained to the three principal axis directions of

re are two important extrermes v\lnenth%erturba%lglgI
theory approaches are ate, viz.:
Zeerman effect limit, for ,'C&nan » @G’ and (b) the
weak-field Zeeman effect limit or crystal field case,
for 3TcF» Aan Ani feature of the latter
is that the effective g values ot the alloaed EPR trarsitions
are independent of the actual magnitudes of h2 and b2,
being completely determined by the ratio w2 /b2 \ The
former case is typical for Gd3+and Eu2+in cubic crystals
at X-band micronave frequencies.

inability to ni

of the S-state |0|rgs grw% state splittings hasm;?ersisted
Oespite the detailed analysis of splitting mechanisirs such
aswas mack by Wybourre 2 1t is now recognized that the
dominant cortribution is not electrostatic, stemming
instead fromcovalency effects due to overlap between the

ion and the ligands. nost successful enmpirical model
has been the recently formulated ition nodel due
to Newman and U 13 This model assunes that the

total CF can be constructed from a sum of axially syt
netric contributions fromthe ligands, and it can be gpplied
to experimental spin Hamiltonian parameters if
result fromprocesses linear inthe crystal field The ookl
is parametrized in tems of intrinsic paraneters, bi(r),
which represent the axially metnq contribution of a
single ligand at a distance r the ion. Thus, for the
spin Hamiltonian parameters of second degree:

b2t =I1K 2q(0i, 4)b2(Ri) ()

where the k 2 (Q, ) are the coordination factors for the
¢hligand located at position (r, (&) The parameters
in the true CF potenttial are similarly decormposed:

A2Hr2) = ZK 29 (Qi#)A2{R) @)

where the a 2(r) are the corresponding intrinsic param-
eters. For the second degree tenms, qr?akesvallmOam

The supermition ookl yields the result that the
largest contributions to the intrinsic splitting paraneter,
b2, come from the relativistic crystal field and the cor-
relation crystal field; but, because these are cancelling
contributions, the dominant resultant mechanismiis the
ordinary crystal fields However, this inplies that the b2
do not directly reflect the CF interaction that would be
obtained, say, fromoptical data; even nmore e ically,
the experimental bkq do not directly reflect this interaction
mechanism )

].‘L(3) EPR Spectra of lons in Glasses. It is relevant
to introduce the subject of the spectra of glasses because,
asWill be seen, sone of the absenved in this study
closely reserble spectra of Gd3+ound inseveral glassss.
The essential notion that will be repeatedly ermphesized
WHICH 12 12 CONECEL 0 of GBI B oINS

I CONseguence 0 Ng a continuous
range of smll distortions of the local a/;g’ret ryat theion
the cyst 190 (a0 it Famihoriar praTHer

C ie n onian ers as-
sociated with bas?glior] site. This is aconplication,
not typical of polycrystalline powders, that can have
profound influence on the experimental megnetic reso-
Nance ¢ it hes been found to be important even
for asingle crystal of nonstoichiometric meterials, where
lire shape can be dominated by randonmess in a spin
Hamiltonian paraeter. .4



EPR of Rare Earth lons in Zeolites

The traditional method of treating this conlication hes
been either (@ to |gnore||t and sm]oly analyze the spec-

trum as for a polycrystalli pa/\der or (b) to introduce
it artifically, facto, ution methods
to treatrre%t %')St by applylr?me been criticized by

Peterson and cnvwﬂerslsm who have recenttly presented
anewstatistical approach inwhich ranrbrrrees is naturall
introduced as a starting condition. e relate this aqoroec%
only in enough detail to meke the discussion in section
Vf4 readily understandable.
central idea is to represent the experinmental EPR
gJectrumns a reduced probability density function (re-
uced Randonmess s introduced by writing the
rtlnent Spin Hamiltonian ers as randomvari-
ables in a joint density function (jdf), with arbitrarily
variable means and central moments .- from which the
reduced pdf is generated. Thus, the spectrum can be
described by a reduoed pdf in either the field, 1, or the
effectiveg value s g, given by paw ) or pgJa), respealvely
For an axial system, such as wes treated by Peterson et
al..1s the reduced pdf is generated from ajoint density
function inthe randomvariables g|, g +, o, Using the rules
of random vector theory:7 for rraklng the appropriate
transformetions:

EPR spectrum (or some features thereof)
Ph10 )" 1I3g(H)I = Pg(a) (8)

R®—FfP g & U y) wsdy
= ffPOtn.ei(5> 7)dJe,g,.ql(g, 81, )l d3dy
=//RNS)rghgLw, T) ' URNgj(e, fI*.)I d3dy (9)

where JX() is the Jacobian for the transformation of the
random vector (vanable) X to the random vector (varia-
bley*a, o', 37, and variables; and the fact
thato, ﬂ1eanglebetv\eenﬂ1eflel andthe axis,
is an uncorrelated random variable has used to
the three-dimensional jldf
The variational problemis thus limited to the two-di-
nensional joint densn){)efm:tlm poWwH0, 7 ), forwhicha
convenient med, and its mean values,
variances and covariances:: (the two-dimensional versions
of the central noments), arbitrarily varied soas to gererate
the experinmental spectrum

I1l. Experimental Section

m(l) Material Preparations and Analyses. Rareearth
ion-ex Y-zeolite materials were from
ult re a—Y zedlite starting material by contact of the
a;pg)nate ution at roomtenrperature.

sanples inwhich the paranmegretic

rareeerth is megretically diluted by with La3+
03N (01 M) solutions containing LaCls and MCls inan

‘1 nDIeratlo(V\hereMlsatrl ent rare earth ion) were
used withn =500r 9 (IntheaaseofCeS*r'me nitrate
salt wes used instead.)

Selected rmtenaISV\ereanaI ed commrercially:s for rare
earth ion content, and the contentt wes
therrmgravlrretnc analysis. The latter established aH
content of 240 nrolecules/unit cell in the original hydrated
Na-Y zedlite meterial prior to exchange. resentative
data on the rare earth ion concentrations and unit cell
oocupancies are tabulated in Table 1, but, as is mede clear
in section 'V, essential results discussed were |nserls|t|ve
to dllutlon in the concentration rarg% investigat

ite partial exchange of
Nazeolon (Iange—plor‘c\/\eS ic rmrtg%nlte)I inthe manner

described above.  The zeolon starting meterial, and a
sample partially exchanged with EL3+Were obtained from
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TABLE I: Data on Analysis of Representative Samples
of Rare Earth lon-Exchanged Y Zeolite

Mean occupancies

[RE ion] concn, of RE ions per
RE ions wt % unit cell”
present X y
La 9.60 12
La;Gd 9.92 0.15 12.3 0.17
La;Gd 6.50 0.70 7.9 0.8
La;Eu 5.61 0.12 7.2 0.14
La;Eu 3.30 0.34 4 0.37
Gd 2.75 3
Dy 7.06 8
Yb 5.68 6

ax andy are defined by the general unit cell formula
Na56-3(x+y) LaxMyAI56Si1360384-24 0H JO.

Professor W. Delgess. Unfortunately, the zeolon contained
a sizeable impurity of Fe3+which prominently in
EPR spectra if other iC iors Were present only
invery lowconcentration, unless the neterial wes reduced
(wﬂ%ydrogen) in the pretreatment.

. Sample Trﬁ'?attmr%?m%nmp—et ra merrg\nre-
oorded wsing sanmles reated, having
simply been put in a closed tube with ric am-
biert.” Gererally, , the exchanged Y-zeolite sanples
were sealed mcparlzub&s after degessing for : hat room
temperature at 10 s Torr pressure; such treatrment yields
&anples that are SeaP/et substantially hydrated. ed

ed invacuo after calcining at 85K for

h Because it is always necessary to cortfine the

rmterlal tothe sarrple tube during pretreatment with a

glass wool plug, slight paramegnetic contamination oc-
curred in afewwstanoesvvnenthe ugv\essllg
charred. Q-band sanples of Gd- and nmg

zeollte sanples were always pretreated in tandem vvlth

les by using a special dual tube
thls guarsgnnged ldentltr?/ in

e pretreatrents.
ial reduction and reoxidation experinments were
on Eu-containing sanles, including Y zeolite,

rmrdenlte and ELeOs (Alfa inorganics; purity 99.99% on
rare earth oxice bese). Sarrpl% in quartz EPR tubes
fitted with high vacuum st , were first evacuated
and calcined In vacuo at prevlously described;

mKV\erethen heated in GI)Torr of He for a period of
18 h and sealed off as H2reduced meterial. es in
the reduced state were stored under the H: gas armbient.
Sanples retaining the st closure were later reoxi-
dized after EPR examination. After pJgB[l‘g off the H2
02 gas wes introduced at pressu orr and the
sample heatedtothed&swedterrperatureard malntalred
there for 12 Iy after cooling e to roomte
ature, ﬂEOZV\BS offandtheevawatedsanpl
examined IS oxidation procedure could be
subsequent] repeated at pn resswely hlgher terrpera—
o Sl camaty o e reckcion el

ic i jon-oxi |on

fully%qulzed > es vere reduced again with H: at 725
K, examined R, then reoxidized a second tine and
resxanined H: gas (Liquid Carbonic, 99.9%% purity)
used inthese experiments wes further purified by pessage
through a Deoxo catalytlc purlﬁer and nolecular sieve-
containing cold tgo quid Carbonic 99.6%
pq[rlty) V\BS pur|f| byva:wm dlstlllatlon froma liquid
ni

oruntreatedsa%pl europiumcontaini
zedlitewere - irradiiated Kbyexpowreto43l\/l'a|£

of &ICo radiiation. Before spectrosoopic examination, the
sealed sanple tubes were carefully flame annealed to
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rermveparan?netic defects; the sanple wes maintained
at 77 K throughout this operation.

"‘(3) Spectroscopic Measurements. EPR spectrawere
obtained ler%cnrm\eru_ al Varian . the E-12
at X-band (9.3 G) with either a rectangular TEzo. moce
cavity or a TEi« node dual cavity, and the V4561 at
Q-band (34 GHz) with a cylindricel nmocke cavity. All
spectra were recorded with 100-kHz modulation.  Term-
peratures from 77 K to room temperature (2% K) were
accessible with conventional insert dewar and variable
terrperatgrr%éE%_ 7) acoessories; measureents at 42 K
were obtained using a special liquid heliuminsert dewar
having a narrow tail that fits into the X-band microneve

cavity.

E#Iective g Values were measured by ison with
standard pitch (¢ —20028) or DPPH (g = 20087) sigrels.
The use of the dual cavity in X-band experiments en-
hanced the accuracy of these measurenrents.  In addition,
nonlinearity of the magretic field sneep wes corrected for
m absolute flddgawsrretermum'm Wl'rhI Ia Nuclear

. Sion with ancillary poner
anplifier (BHEmEIRadio Co., Type 20A) ard?rryememy
counter (Hewlett-Packard, 52 Is_g ] ]

Micronave saturation studies were routinely

. . For the S-state ion X-band ra, these
studies were exhaustive at both 296 and with the
applied power inthe range 0.01-200 M\, The lowponer
extreres of this range were facilitated by a low poner
bridge accessory. Difficulties were encountered m_thel\ieig
high power range for hydrated zedlites, the high
content causing substantial micronave loss at room
tenperature. . .

Zero-field Bgnetic resonance experiments were
_alt_ttheenpted on Y-zeolite sanrples containing Eu2+and Gd3+

Spectroneter wes the broad-band i
instrunent described by Bemstein m%rﬁ
resonant cavity and helix modes of operation were tried,
S0 as to cover the frequency range 1-s GHz. No signals
were seen; this might have been due to instrurrent in-
sersitivity. Honever, an intrinsic problemlies inthe EPR
signal lire widths; the square wave nmodulated (100 G
meximumexcursion) difference method of detecting the
resonance puts a modest upper limit on the line width of
signals that can be readily obsenved. ) )
Agueous solution ra at 295 K were obtained with
the use of a special flat cell designed for that purpose.

IV. Results

|Vé§%.as-$tate lons at X Band. InTable 1l are collated
the on the principal features of the X-band spectra
of Gd3+and Eu2+in'Y zedlite, and it is immediately
striking that many lires that have effectiveg values
which are much greater than 2 .00, S0 that the situation
being dealt with s quite unlike that typical for the nore
comon ionic hosts. It is also at onee apparent that the
spectraaresggit:lmlyaffected by the state of the zedlite
and, further, that there are important dissinilarities inthe
spectra of these iscelectronic and otherwise very similar
ions. Ve consider these results in nore detall.
A) Gd3+ in Hydrated Zeolites. Flgure 1 shons the
ance of the spectrum of Gd3+in a eqfrgﬁ/—
rated Na/Gd-Y zedlite. At roomtenerature (nomirelly
28K), virtually al of the resonance intensity is ina broed
fA/lno: 3N G), fairly ric lineatg = 199; other
ines are visible at lowfield (i.e.,, highger, but are very
minor features of the rumas is evident fromHgure
la. There is adrastic in the formof the spectrum
when the sanple is cooled to 77 K (Fgure Ib); much
intensity isinalineatg - 198, but nowits symmetry is
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TABLE I1I: Principal Features of X-Band Spectra of
S-State Rare Earth lons in Y Zeolite

(i) Gd3+
Hydrated Calcined
298 K 77 K 77 K
g g
value Aifpp, G value G value
1.99 350 1.98 245 195 380
24
2.79 2.78
35
5.90 150 5.90 140 5.84 110
13.0 135 14.3
~50

(ii) Eui+ at 77 K
Hydrated (y irradiation) Caicined/Hz reduced

g g
value  Aifpp, G value  Aifpp, G

~2.0 (obscured) 19
2.26
2.83 2.86
4.89 250-300
595 155 6.00 >150
~15

Figure 1. EPR spectra of Gd3+ ions in hydrated Na/Gd-Y zeolite and
Na/Gd mordenite: (a) the Y zeolite at 298 K; (b) the Y zeolite at 77
K; (c) the mordenite at 298 K; (d) the mordenite at 77 K

considerably distorted by new signals ing on its
lonHield sice, and the relative intersities 3 Iw_v%id lires
have become markedly enhanced.  In particular, two
aaditional lineswhich are nent inthis spectrum
are identified by ¢ values of 590 and 2.79, the latter being
Partqfthe asynetric complex signel in the region of the
owfield lobe of the principal lire. o
Houres Ic and Id illustrate that the behavior just de-
scribed for the Y zedlite is quite faithfully duplicated gy
the Gd3tion spectra for a hydrated e of Na/Gd-
nordenite.  The line width of the 298 K sigral is sub-
stantially larger in this sanple (Affgpp=600G), and the
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Figure 2. Effect of room temperature evacuation on the spectrum of
Gd3+ ions in Na/La/Gd-Y zeolite (LaGd ~ 50:1): (a) untreated hydrated
sample at 298 K, and (b) at 77 K; (c) 298 K spectrum after 5-min
evacuation; (d) sample evacuated for 60 min observed at 298 K, and
(e) at 77 K

features at 77K areless s resolved, both probabl
(getr?bmable to a higher Gr%plo%mentratlm inthe rmr¥
ite
'I'hrﬁztztljlectmmofthe Gd1§+|ors|ntheYzeollte rerrrgtns
essentially unchanged in form upon extensive megretic
dllutlon with La3+%n's dermorstrating that
nﬁgrtantfeatures ofthe s raarecausedbypal
orhlg ragg%gls ode3+|ors The sersitivity of the
| to even the mildest dehydration
trean’mntlsbestdennrstrated asanrple of “hydrated”
Na/La/Gd-Y zeolite with a 501 La:Gd ratio. Hgure 2
shons spectra of this nmeterial as a function of the duration
of room temperature degassing pretreatrent. The
S%\tsrum ofthe untreated rmeterial (Hnge 29) at 28K
ofthe ric ||%atg I: 199dtﬁsrevumthe
sharpest. room termperature line widths oosenved;
the datain Table HI(ii) indicate howthis line widith varies
in concert with the concentration. At 77 Ktheg =
191ire |sverysl1arp (Avpp =400), retaining its first
derivative shape although the lon-field lobe has a much
smaller second nonent than the high field lobe; the g
values of the other main features of the 77 K rumare
shlfteds ightly fromthose listed in Table 11(), occurring
atg = 28and 534 to 279 and Snr%pec
tively. The facile broadenlrgof theg = 199 line with
evacuation is nt fromHgure ZCV\herethe &‘:\nple
mdbeer]purrped for only 5min After 60 min pupi
the lowfield (g = lire hes becorre rewl%vlgbleand
theg = l.99||r_ehas cadened further; at 7/ K, theg =
58t and 283I|rﬁshavebeoorreverypromrmt and the
lowfield lobe of the g = 199 lire'is no longer visible.
ggemsasrmllsl“arpllmatag value of ~2.1 whichis
to asmall impurity of Cu2+and is not mfactapart
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TABLE 111: Line Width Variations ofg ~ 2 Line for
Gd3+in Y Zeolite and in Aqueous Solution

(i) Gd(NO03)3 solution

Gd3+ MPPa
cone, % 298 K 77 K
1 350 1080
0.1 450
0.01 520

(i) (Untreated) Hydrated Y Zeolite

* *THooorr

[Gd3d, Gd
Sample wt % ratio 298 K 77 K
Na/Gd-Y 275 o 350 245
Na/La/Gd-Y 0.70 9:1 300
Na/La/Gd-Y 0.15 50:1 265 40

(iii) Effect of Partial Dehydration by Room Temperature
Evacuation on Na/La/Gd-Y Zeolite (50 : 1)

Duration of degassing Aifpp, G
treatment, min 298 K 77 K
0 265 50
5 400
60 530 Undefined
(iv) Calcined Y Zeolite at 77 K
La :
Gd
Sample ratio AHpp, G
Na/Gd-Y 0 380
Na/La/Gd-Y 50:1  Undefined
of the Gd3+spectrum) There are summarized in Table

IR the e wdth \eriation o U strated i Figure

(B) Gd3+in Aqueous Solution. Inorcbrtoompareﬂte
behavior in the hydrated zeolite with that of Gd3+in
solution, ‘spectra were obtalned for GA(NOs)s

ution at various concentrations. The spectrumineach
case, at 28K, corsisted of a broad, ric line with
ag valueat 199%. The linewidth increased with dilution;
the data onthis are listed in Table 111(1). A 1% solution
a line width equal to that of the Na/Gd-Y zeolite
eat2£BK(%pp IG0); freezmgthesolutlmto

; instead the sigrel
remained r|c but broadened omslderably (by a
factor of ~3).

GdLi+ in Calcined Zeolites. CalCInlng of the Na/

-Y zeolite at 85K resulted inthe rumshown in
F'gure 3, this will sub%eqqﬂtﬂeﬁ;tly bei rrgliijed astheU
Spectrum Wi owterperature spectrum
of the hydrat e (Hgure Ib), much similarity is
a%arem except that the lowfield linesaty = 584and
218 have becore very prominent; the latter is no longer
flanked by the unresolved conporents at g = 24, andthe
formrer is shifted slightly sothat itsg value coincides with
that found inthe Na/La/Gd-Y zedlite of Hgures
Zoand 2 Inaddition, there is asall but unmistakeable
newfeature atverylcwﬁeld (g -~ 30), and the prominent
line now ing at g = 195 shows a better cefined
lowfield lobe than inany other e osenved at 77 K
Despite disparities in line shape detail, Figure 2e is me-
terially the F?”m as Fgureﬁsa, ar:g is thus thglso the U
spectrum For conparison, Figure 3o shons
of calcined Na/Gd nordenite; unlike the situation with
the hydrated sanples, marked differences are ent
between the spectra of the calcined sarrples. Inparticular,
the sharpest prominent feature in the case of the mor-
denite oocurs at ag value of 4B (arHee = 190G), and hes
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Figure 3. Comparison of the EPR spectra of Gd3+ and Eu2+ in calcined
zeolites: (a) Na/Gd-Y zealite; (b) Na/Gd mordenite; (c) Na/Eu-Y zeolite;
(d) Na/Eu mordenite.

no cournte inthe Y-zeolite material. Only very weak
evidence of the prominent, = 584and 278 lines oocurs
inthe nordenite, the former as a loafield shoulder to the
g =4RBline, the latter'as asmall bup ina very broad,
featureless but strong on that extends through and
beyond theg =2 region re isavery sivell, sharp lire
superinposed on the broad lire inthe g = 2 region; this
is attributed to an impurity.) o
The of Hgure 3a is tenrperature invariarnt over
the range 77-295 K. At 42 K there is a marked di-
minution in the relative anplitude of theg =1.9% a%al
but the formof the is otherwise unchanged. This
corstrasts withthe. tenperature dependence
of the U spectrumin the degessed naterial (Figures 2eand
2d).
] )(D) _ Eu2+in Calcined Zeolites. The SJPEC (
is obtained when the Eu3texchanged zedlite is calcined
in vacuo, or reduced at h(lgtlaterrperatyre inthe presence
of He ges. The essential yopriate to the resulting
spectraare tabulated in Table Ilzu). InHgure isshoan
a typical spectrum obtained by calcining a sanple of
Na/Eu-Y zeolite at 85 K. Juxtaposed to the spectrum
of the calcined Na/Gd-Y zedlite shown in Figure 3athe
oL 6 EL Bp ot NS ATy rrTowire
inein isafairly narrowline
_(A/tm ~ 250-300G) withg = 489, \_/\hidlm)é no parallel
in the Gd3+spectruminthe Y zeolite, but rather corre-
sponds dosely to the g =4.Bline for Gd3+in the calcined
nmordenite. In ore Y-zeolite sanple, this sg’ﬁl appeared
at asligntly shifted field position (; =455), but the higher
g, Value wes atherwise gereral. The prominent features of
the Gd-Y zedlite spectrum do indeed gppear inthe Eu-Y
_zeollte_speanmasseoorrhr?/feat_ues: alirewithg =s.00
is partially resolved on the lowfield side of the prlrr%n.ltpal
line, and the peak at g = 2.s6 IS evident, although not as
drametically outstanding. The other very important
difference lies in the low absorption intensity inthe g =
2 regionfor the Eu2tspectrum: Also, there is no resonance
at extrenrely lowfields (intheg ~ 50 region).
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HYDRATED
A

Figure 4. Comparison of the EPR spectra of Gd3+ and Eu2+ in hydrated
Y zeolite: (a) 7 -irradiated hydrated Na/Eu-Y at 77 K; (b) hydrated
Na/La/Gd (50:1) Y at 77 K.

Figure 3d shons a spectrum of a calcined sanple of
N ugcnnrdenlte. Itis see? that_']Ehe mré;:{eﬁur%s_g
igure areﬁuproduoed in if not in :
s:rrgal_l,sharpf ure on the high-field side of theg =489
lineisduetoani etely reduced impurity of Fe3¥).
The contrast nust ke drawn bel the similarity of the
| rain calcined Y zeolite and nordenite, and the
disparity of the Gd3tspectra in the sae meterials.
Megnetic dilution of the europiumby coexchange with
La3+did not affect the spectrum shoan in FHgure .,
indicating, as in the case of Gd3#; that nore of the Teatures
are caused by Palrs or larger clusters of Eu2+iors. It is
noted that, unless reduction is ete, Eu3titself acts
a a diamegretic diluent of Eu2+ (although ial
problerrs might arise if there were rapid electron
iN Ele+Eu3tpairs). The rum is also temperature
invariant between 77 and 26 K, and at 42 K, only minor
changes in the relative intensities of the conmponents
gppear

. (E) Eu2+in Hydrated Zeolites. ThespectrumofEuZl-
ina ially) hydrated Y zeolite wes obtained froma
Na/Eu-Y zeolite sanple - irradiated at 77 K. The
spectrum shown in Figure 4a is that froma sanple that
had been pretreated by punping at roomtenerature for
90 nrin; for conrparison, there is juxtaposed in Fgure 4b
a ecs‘a_;o/oluctlon of Fgure 2 shonming the spectrum of
N Gd-Y zedlite (50:1 La:CGd ratio) that had been
prepumped at 28K for 0 min. The similarities in the
prominent features atg = 283andg ~ 59 are dovious.
(The very sharp signel at g =4.34 of the Eu sanple is due
to an impurity of Fe3t: this rumwes obtained from
an earlier, less pure batch of Y zeolite) There is clear
evidence in the Eu2+spectrumof an ionHrelated signal in
m/\gex;erzm@%wm part'glolﬂmwm strong
, this feature is partially
signels due to radiation-induced defects Iin the zeolite
ﬁ[ _ I—_Lator%@ hole and electron centers). Table
(if) contains the cata onthe EL2Hon inthe hydrated host
asWell. The contrast with the calcined neterial is ap-
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GB+ (Hydrated) G+ (Caldined)
LV, Y- Zeolites at Q- Bard

Figure 5. Q-band EPR spectra of Gd3+ and Eu2+ in Y zeolite: (a)
hydrated Na/Gd-Y at 77 K; (b) calcined Na/Gd-Y at 77 K; (c) H reduced
Na/Eu-Y at 298'K.

parent from the conparison of Fgures 4a and .

Microwave Power Saturation Behavior in Zeolites.
The detailed examination of the micronave saturation
behavior of these S-state ion spectra failed to reveal any
additional informetion. Differential saturation of the
wnagfsqrﬂsvwsobsemdatﬂe%dmt@a%xﬁelﬂnﬂe
cases of muliticonponent spectra. e inthe case
of Gd3+in calcined Y zedlite, the lowfield signels saturated
less readily thanthe g =20sigral. This established, with
a high degree of confidence, that the main conrponents in
the spectrumare not sinply the components of the sare
anisotropic (orlmﬂn"rbmi/transnlm; beyond that, its
implications are not unequivocal.

G eu2+in Eu203 The spectra of Eu2+sofar reported
are very unusual indeed; not only do signels atvery
high effective ¢ values, but there is also the conplete
alsence of any hyperfire structure typical of the two
megnetic isotopes 151Eu§}/E: 52) and 1ssEU(7 =5/2). In
an attempt to observe the spectrum of Eu2+in a nore
conventional ionic host solid that might yet provide an
unusual crystal field environrent, a study wes mede of a
sanple of Ewe0s that had been calcined in a reduc u’gf
atrmosphere of He ges. A weak ESR signal consisting
a single line with g = 489 (A7/fp = 180 G), having a
lowfield shoulder intheg ~ & region, wes ned. A
second weak;, very sharp signal, withg =20028and A
=6 G, wes also obtained. Both signals were readily es-
tablished as being due to reduction products that could
be reoxidized; reheating the reduced sanple inan o 2
atmosphere at 525 K wes sufficient to destroy both sigrels,
alﬁs%lglzboth signels partially survived axygen treatrment
at

ELO+ (H2 Reclioed)

IV. (Ds-state lons at Q Band. (A) Gd3+in Y Zeolite.

The spectra of the Gd3+and Eu2+in Y zedlite proved to
be str%%tly micronave fr in the 9-

HCH ralﬁ In FHgure 5 areretraced theg:itmipal
features of the spectra recorded at Q band (34 GHz); for

both Gd3+and Eu2, the sigrel inter_lsitc\{ is concentrated
entirely in the region clase tog =2, in drarmatic contrast
to the ool ing X-band ra. It must be noted

X+
that in each case, very weak signals (not shonn) were
observed at lowfield (?I/Ig’lg value), but these were inall
casss of negligible consequence, being ore than two orders
of megnitude (—160 tines) loner In intensity than the
principal absorption. 1IN FHgure 5, the 77 K spectrumof
Ga3Hnhydrated Y zedlite is shown; that is to be conrpared
with Figure Ib which shoned the X-band spectrumof the
sae meterial. The singleg =198 line (Affp=2%0)
is sharper than the comparable line at X band, strongly

Figure 6. Effect of progressive reoxidation on the spectrum of Eu2+
in'Y zeolite: (a) sample after H2reduction at 725 K; (b) sample after

prolonged exposure to several Torr pressure of air at 298 K; (c) sample
after heating to 373 K with 100 Torr of 02

manifesting the tendency of the spectrum to collapse
around the free-iong value at high micronave f :
The marked termperature C of the rum of
%k&/drated nntggal atquraxﬂlsalsolostat bartﬁeﬂ;
spectrum essentially unchanged from
qulunillwnatgrg(ﬂelimv%dm is identical, al
there is a sall shift in the measured g value to 1.99).
Calcining the Na/Gd-Y zeolite meterial results in the

Wm 10N Qﬂ?ﬁ“ whichistobe ng
corresponding X- spectrumshoan in Figure
The lire width is seen to be considerably broader in the
calcined nHteréglréA?_ =700 G%Eﬂan in the hydrated
analo(%gat h in addition, there are weak flanking
shoulcers on both the lowand high field sides of the main
@ = 199 lire. It should also be noted that for both
and calaned saples, as can be seenfromFAgures
and 5b, the second monrents of the derivative signals
are larger on the high field side than on the lowfield sice.
(B Eu2+in Y zeolite. In Fgure 5 is shown the
%‘Irum due to Eu2+formred by high tenperature re-
ion; the corresponding X-band spectrum is the ore
shown in Fgure . Although the vjmctrum hes begun to
collapse toward the free-ion g value, it remains nore
complicated than the Gd3+ion spectra in Q band; four
nejor conponents can be distinguished, with effective g
values of 24, 2.1,1.985, and 1L.75. Inthe X-band spectrum
of this meterial, there are no dominant sharp features with
g < 25 although there is broad absorption intensity

throughout the region ]
V. Redox Behavior of Europium. It WesS readlly
establisned, th aseries of ion and reoxidation

experiments, that the europiumions inthe Y zedlite could
ke cycled between the divalent and trivalent states. The
reoxidation experinments were also very informative in
another regard, since they reveal sone essential differential
behavior in the ions responsible for different features in
the spectrum  FHgure s shoas the result of progressive
L 8 K. GG U et ere
Wi n 68, e
folloning the initial redgnu&;tion is presented. The sanple

TreJourd of Prysical Chenvistry, ML 8L Na § 1977



442

Figure 7. Effect of air on the spectrum of Eu2+ in mordenite: (a) sample
after H2 reduction at 725 K; (b) sample, containing several Torr pressure
of air, after prolonged exposure to this pressure at 298 K; (c) sample
as in (b) after pumping the air off at 298 K

wes stored at roomtermperature in a tube equipped with
a high-vacuum stopcock which leaked a moderate anmount
of air over a 2 -nmonth period; the spectrumat that
wes as presented in FHgure sb. The transformation Is
nodest, but significant; the relative signal intensity of the
dominantg =48lire Is dinminished, with the concontant
relative enhan ofthe linesatg - s.00 a2 ss.
This behavior is paralleled by the Eu2+in nordenite and,
as FHgure 7 illustrates, the effect is ever, more drarmetic.
Because the Eu3t+concentration wes fairly high in the
nordenite material, the spectrum of the extersively re-
duced sarmle, shown in Hgure 7a, hes its detail oloscured
through spin-spin interaction line broagening; after -
nonths, the spectral resolution msdranatlcallym'imai
with the g =480 line suppressed nore conpletely than
theigI;(e = ﬂ?em an%inc %{% y(rmeol!cg ﬂﬂ% nordenite ]Lmterlal,
unli case zeolite, the presence of gaseous
oz2inthe e tube had a very marked effect on the
gﬁ)earameof spectrum for when the air wes ]
at roomtenperature, the intensity of theg =48line
slﬂgﬂs a pror_lourox%ed grg}a;trlltve e_rt;/ha!lb;oerrem ng(r:le 7).
suppression of signal intensity by geseous O: Is dearly
selective for the g =489 lire in the mordenite.
_ One sees reinforced further in Fgure s  that the Eu2+
ions 1 ible for the signal atg = 489 are chemically
sty T e e
e to oddation e af this
exposed to Oz at 373 K; asubstantial m&%d%
remeins, but the g = 489 signal hes clearly been nore
effectively eliminated. The signals at gy =600and 289
appear to behave in concert th Jt, maintaining the
sae relative intersities. Treatnent with Oz at 515 Kwes
sufficient to eliminate conpletely the g =489 sigral, but
there were weak residual sl%alsatg = .00 a0 2 86 after
12 h of such treatment.  No trace of the Eu2+spectrum
remal Fllmd after t;[geatnem with Oz %ttgr%fléat of|
n Fgure s C there appears ave ure
signal gjnplitude intheg =2 %gio_n The sigﬁa}r%g
ﬁl]r_mpt_rlc withg =2009and line width AHpP=65G
ile it is not defi nltl\_/E|%/ identified, this signal Is ascribed
to an oxo species that is formed at moderate tenrperatures
(it is not formed at rocm tenrperature), but is unstable at
high tenperatures; O- treatirent at 515 K 'Cassthe si
intensity to decrease, and following O treatrrent at
K, the signal is completely absent.
|V(4) Non-S-state lons. \\E are not anare of ay
previous publications on the EPR spectra of non-S-state

Tre Jourdl of Prysicdl Crerristy, AL 8L, Na 5 1977

e L E Iton and J. Turkevich

TABLE 1V: Parameters of Dominant Features of
Non-S-State Rare Earth lon Spectra at X
Band in Y Zeolite*

Hydrated Calcined

lon g value Aifpp, G gvalue A#pp> G

Ce3+ 1.98 2500 1.64 1900

Nd3+ 2.73 1250

Th3+ 8.3 (22) 700

Dy3+ 5.45 1270 7.80 960

Ho3+ 17.5 350

Er3+ 6.55 1240 7.12 760

Tm3+ 9.2 (17.7) >600 ce T

Yb3+ 3.45 2550 | 4.77 ( >220
) 298 \ >640

“ No resonances were observed for samples containing
Sm3+ and Pr3+, and the radioactive ion Pm3* was not
studied. - -

HYDRATED CALCINED (55QEC)

6 Yb(4f3 "

Figure 8. EPR spectra of Kramers ions in Y zeolite— Er3+, Dy3+, and
Yb3+: (a) Er3+ in hydrated sample; (b) Er3+ in calcined (825 K) sarmple;
(c) Dy3+ in hydrated sample; (d) Dy3+ in calcined (825 K) sample; (e)
Yb3+ in hydrated sample; (f) Yb3+ in calcined (825 K) sample.

RE iors inglasses or disordered solids; for this reason sone
results obtained from measurenents on partially ex-
changed Y zeolites at 42 K are included here. Data on
de@ed_ and calcined sanrples for each ion are conpiled
in Table IV and sone representative spectraare shoanin
Houress and 9.  The line widths are extrenely large; in
general, ranging from@0to 2350 G for the Kraers (ﬂlg
Y.F%%é*’ ically, i ﬂ?eﬂdaorwg Q%%C?r%”'”g ions of
, inthe widths, Itions

the S|gmlt¥,plas il?lustra.ted in FHgure s for sorrI%Js Kramers
ions; 1IN the case of Nd3t no signal wes absenved in the
calcined nraterial. This di of the signal upon
calcining occurred in all cases for the non-Krarmers iors,
Th3 > and Tm3t which were also distinguished by
the very unusual signal line shapes in the hydrated me-
terials, as illustrated in Fgure 9, In the case of Ho3t, the
g%mes unusually weak even in the hydrated neterial.

extrerrely broad aspects of these signals, devoid of
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HYDRATED

Tm3+

JFigures. EPR:spectra of non-Kramers ions in Y zeolite: (a) Th3+in
hydrated sample; (b) Tm3+ in hydrated sample.

S features, lprohibit meaningful analyses of these
ra; they Will not be discussed further. A possible

qualitative rationale for ﬂem in the case of

non-Kraners ions has been by Itonz

V. Discussion

The discussion is structured around the X-band spec-
trum of Gd3+in calcined Y zeolite—the U spectrum
Similar spectra have been dboserved in a variety of glasses
doped with Gd3; e.g,, methanol glass 22 borate glasses 2.2

Pz@ g|8888323,24 a Cha|CQﬁl ide (T|2-
%Se glass s silicate glasses 11,23 the sarme spectrum
wes also found for Eu2+ina ZnOP20s glass 2« e
this ubiquitousness as anintegral feature which must be
explained in any interpretation of these results, and ac-
cordingly present a detailed qualitative argunrent to the
effect that the* form of the U spectrum is actually a
conseguence of the randonmess characteristic of glasses,
and should not be ched fromthe viewpoint of a few
specific, well-defined site synmretries, even when the
metrix is a crystalline zeolite. )
rature-, valence-, material

With aﬂrgs %ization, erperatre., valerc
state-, -dependent variations in the spectra are
consicered, yielding plausible conclusions regardFl)ergmm
site locations and atomic ervirons of the S-state 1ors in
the zedlites. In the course of this, sone nore gereralized
inferences will be mede regardlrllgulilﬂE| ion-ligand inter-
actions in glasses and crystals. Much corroborative use
is medke of results fromoptical studies of non-S-state iors,
particularly Eu3+fluoresoence, since the S-state iors have
nof- osinthevisible. Parallel reasoning of this
rature es also been emrployed by Newen and Urbans
in deriving intrinsic parareter values in the superposition
model. Itisfirst necessary, honever, to rermerk on previous
m&e}lR)'etatlors of these Spectra in zeolites and in glasses.
. Previous Interpretation in Zeolite Systems.
only other published work on the EPR of Gd3+and Eu2+
inzeolites is that of Nicula.s.2s e contradiict many of those
results and interpretations.  That work reported X-band
spectra of hydrated and calcined Y-zeolite containing Gd3+
and Eu2+, and also the X zeolite analogues containing
Gd.3+ First, many of the n g Values are incorrect,

eported
icularly those for the important low field signals
%rt'rapor‘d%lrgtog values > 25 (this is due to mnliﬁty
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in the magnetic field sweep; similar errors seem to have
been medke insoe reports onglasses). Henee, calculated
specific point symmetries are subject to these errors, and

assignents of axial, rhonrbic, hexagorel, and trigonel
symmetry sites in the weak-field Zeerren effect limit to
features of the U spectrum are undermined. IMoreover,
as Wil be elaborated upon, we consider the approach of
assuming adistinct site for each feature
tobe |mPoropr|ate_, our Q results that
the zero |eld_spI|ttr|er¥ n’g%/mt e sufﬁmentlly arge for
the perturbation treatrment in the strong CF limit to be
valid at X band. (An even stronger argunent for this
assertion is given in the next section.) It might be acdded
that at the level of our approximation, i.e,, eq s, axial,

hexagonal, and trigonal point synretries are indistin-
uishable, all being dwarpgcterized by having b2 = o;
Eo/\a;er, the fluorescence spectrafor EUSHN Y zedlite

and the glasses indicate that the point symmetries at the
cation sites are orthorhombic or loner, so that these as-
signments are questionable on this besis as well. [See
section V(3).]

Most dubious of Nicula's interpretations, we fedl, is that
of attributing signels to the Eu2+ion in meterial inwhich,
chemcalalx,ogwly Eu3+oould be . We claimto be
able to unequivocally that such assignments are
incorrect, recognizing that the Eu3+ion @® hes a dia-

ic ground state (FQ. Inuntreated hydrated zedlite
ex with ELBHOB?, no Eu2+is expected to be
present; the a very broad signal (A pp >
100G g ~ 22-26) at 77 and 26 K in such sanples
Seens to require the g&seme of Fe3+ identifiable by a
sharp signal atg =43 Both of these signals were mis-
assigred as being due to Eu2t: W\ find that they are
eliminated by H: reduction at 725 K but are re%snerated
under strenuous reoxidation conditions (O at , 0
the chemical situation is incompatible with the EuZ+as-
signment.  The same behavior is exhibited by inpure
nordenite sanples, but is absent in purer Y zeolite ma-
terial. Analysis of asanple of the material used by Nicula
established an iron content of 480 ppm - V\e suggest that
the broad signal is due to a ferrimegnetic FesO4 Inpurity,
an assignment chemically compatible with the observa-
tions; such signals have previously been identified in
zeolites containing iron impuritieSzr2s  The tempera-
ture-dependent ¢ value and markedly non-Curie behavior
of the signal intersity < that 1t is a ferromegretic
resonance signel; a possibility such as Eus04 is discounted
because it is an antiferromegnet with TN=5K 0 (ELIO
is chemically eand hes ¢ =@ K; Ewe0: did
not give an EPR signal prior to treatrment.)

UV(Z) P revi_ouseéa_tle rp retati_ogdinb(;lﬁsgeﬁ;mﬂ]e\/;l(-barg
spectrumis readlily recognized, ighg values
sore of the lines, as corresponding to sy outside the
comron strong-ield Zeeran effect limit. The frequency
dependence between 92 and 34 GHz in Y zeolite is the
sane as that found by Nicklin for the silicate glass ?s-
temu sothat the emof interpretation is idertical Tor
Em’lﬂwam med%mmmefor of thgI spectm asmn%’lléz'st T|he that

{ ra it clear
ﬂ%q zero-field splittings are rable to the X-band
microneve quanta in energy. Earlier attermpts at inter-
ing the U spectrum have been manifestly i ,
the rmore recent analysis of Nicklin et al . hes by
extrenely thorough and’is worthy of special attention.

Thati ion is based onthe ion of three
distinct of Gd3tsites being resporsible for the three
nein features of the spectrum withg -

2.0 IS attributed to ions in cubic or rhobic sites where
The Joumd of Physicd Chanistry, \A_ 81, Na 5, 1977
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the crystal field splittings are small (strong-field Zeerman
gtffect limit). 'I'1I:je|§ggjOf c?ﬁ =59is assigred to gg in
crystal fie C Symetry, rs
d&%?et_as the zero-field ground dabletry (&x:h?@b_let
would, intheory, give rise to an isotropic transition with
g =600) Thesignal atg - 28-29 is attributed to iors
insites having c or loner Etry, With b2
=206GHz ad b2 =186 GHz, inthe [tonian of eq
5. The calculated zero-field splittings of the doublets in
such a crystal field arex 11.3, 7.6, and 102 GHg; our at-
tempt to obsenve a 7.6-GHz zerofield transition wes
unsuccessful; the higher energy transitions are outsice the
operating range of our zero-field spectrometer.

The Nicklin et al. interpretation is perhaps the best
possible in that fi K, recognizing that for ortho-
rhombic or lower synretries important spectral features
may arise for megnetic field directions anay fromarny of
the principal axes of the Hamiltonian (5). Our reservations
about this interpretation stemfrom  (g) the need to use
two markedly different sets of spin [tonian pa-
V\ra‘rqw_zjehters to ac:ooHtr;t"foratlhe lines at gt: 53 ar%&_i

i rime , oocur r, and, in
reogddat%?]eof Euzt %_so amrg}gnnihila_t in concert; ()
optical data which indicate that the site symretries are
much lower than cubic (See following section.); (C) the
absence inall of the literature of large zero-field splittings
for these S-state ions in cubic Symetry sites, i.e, large
enough to allow a weak-field Zeerman effect limit treat-
ment; incked, the other extrenre is usually the case. _I(There
[§ asu%ar exception to this, the case of Tb4+in ThOzs
where the degree of covalency is believed to be very high);
(d) the form of the spectrum at very low frequencies.

This last point hes ly bbeen overlooked in previous
attenpts to analyze the X-band U rum Gari
et al 22z have found that for methanol and borate glasses
between 0.1 and 06 GHz, the U spectrum collapsed to a
single line havingg =47. Now, any signal assigned with
the assurmption of the weak-field effect limit at
X band mst&rfproe_sm/vmﬁeld dependence at loner
frequencies; the significance of the low frequency result
is to cast doubt onany such assignme exce%) lines
0 | S
toarange Ing Values from41 to 25 about the peak value
of 4.7) such X-band assignments cannot_be rigorously
excluded; honever, the absence of distinctive features at
positions x ing to prominent X-band features is
a%twe. This result will e used later tojustify the use
of the weak-field Zeeman effect limit in interpreting the
X-bandg =49lire in calcined Eu2+containing meterials.

Nicklin et al. do acknowledge the possibility that a
single type of site with b2 values distributed over awide
range could t?\leve rise to all the spectral features. This is
essentiall viewpoint being promulgated here, and
SOITE evi > obtained fromoptical studies reported in
the literature is now reviewed to buttress this argunent.

V§3) Evidence frorr. Optical Studies of Glasses. The
results from optical spectr of RE ion-containing
I_z;tss_& oint ]ylnequwocall to'tes eizélstence ofavgﬂlc_ie
istribution o (]NW[T‘I’T‘E% sites. It is argued on this
basis that the inter retatiorr1yofme EPR spectra of the
S-state ions in zeolites must be appn inthe sare
way since randonTess is the conmron property of the
glasses that is usually distinctive to these noncrystalline
mattrlosgI bUtV\hllg:hcan beexp_e”ctqee(? inY zeolite, lgf]lﬁkg
usual rystalline powckrs. ow
RE imelﬁrormant in gfasses iswﬁn%
spectra of Eu3t. Conmplete lifting of the degeneracies of
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the sDo-7F (fivefold) transitions dermonstrates that the
local site ries are orthorhombic or lowers A
similar result obtained for EU3+in hYdrated Y zedlite in
the Ramen ral studiies of Beuchler and Turkevichss
establishes the sae conclusion for the zeolite hosts.
Severdl inte ions of the optical ra have been
Ssuggested. Rig% DeSIqazerag%tuﬂ% that the ab-
sorption spectra of Eu3+ in phosphate or borosilicate
%Lsass&s_ could be explained by assuming three different
iC types of cs site symmetry, each ion being seven
coordinate, analogous to the sites present in the sesqui-

oxice (E.e03; honever, infm%rms broadening in-
d_icaleé a rar%e of distortions with respect to eaphrgesic
site georetry. Reisfeldksss estimated from this inho-

nogeneous broadening in ghos e, silicate, and ger-
manate glas;gsi]t thgj[jé}?? ea%lk%]% different sit%_o?egs
symetry contri 0 each spectrum proposing a
nockl inwhich the small variations in the CF parareters
were caused by the progressive distortions of a near-cubic
array of eight ligands. Very recently, Brechier and Rise-
bergsr on the besis of a laser-induced fluorescence lire
narroning spectral study of Eu3tin silicate glass, have
offered anmookl inwhich™  symretry is preserved at each
\e incursion of a ninth ligand into

ionsite, but the
the besic ei? old coordination shell gererates a dis-
tribution of local site environments. | ive of de-

tailed %Eergrfn&s the oar_lus(igzw)is u?i ((.:[S)hatthe ios
are in CF's of orthorhorrbic (C2) or laver (C3 symretry
with a wide distribution of distortions of the basic site
geonetry. It isdaimed here that this notion of the random
distribution inthe crystal field paraeters is intrinsically
norei lant in these glasses and zeolite systers than
asinple variety of site synretries such as can also ocour
in certain ionic single crystals, eg, ultltjg‘;csptﬁtes and
mixed ultraphosphates of Gd3+and Eugt: GdPsOu and
GdjEuWjPsOn3as One notes that C2,and c s synmretries
cannot ke distinguished fromthe EPR spectra of
or glasses, both being characterized simply by 0.
The other important point to arise from the optical
Spectroscopy results is that whereas the GA3+HEPR spectra
are very insersitive to the nature of the host in a nunoer
of glasses, the optical spectra reveal distinct trends in the
glass-RE ion interactions. Indeed, the of glass
electronegativities has been established fromthe trend in
covalent interaction strengths, determined experimentally
fromthe megnitudes of the nephelauixetic effect param
and the relative intensities of sitive f- transitions
(AJ =2). The resulting electronegative series of glasses
IS aguo ion > phaspheate glass > borate glass > silicate glass
> tungstate glass > germanate glass. This supports the
approach we are acvocating, since EPR spectra that are
the resultants of broad distributions of CF parameters
would conceal trends in ionHligand interaction strength.
Infact, the i of randomdistributions in spin
Hamiltonian parameters hes been established even for the
cae of a g,lllgle crystal of a nonstoichionetric material.
Peterson and Carnevale.s have shown that the angular
dependence of the NIVR line width in such a case is
quantitatively explained by a statistical in the
quadrupole ing constant. Baurmhoer et al s have
recently shown that In doped distorted single crystals, a
Monte Carlo technigue generating a diistribution function
for the field gradients due to a random distribution of
degfgeacltssatlsfaiorllyeﬂalrstkesmoecf NVR spinecho
sigrels.

V(4) Approach to a Quantitative Interpretation. \Mth
the operating se of randonmess as the dominant
consideration for these spectra, the random vector nockl
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of Peterson et al.1s:s should be the preferred method of
ar1aI¥3|s. The experimental results indicate that theg =
49 line, for EuZ+in all calcined meterials and for Gd3+in
calcined mordenite, behaves independently and may be
treated separately. Assurre that (1) the weak-field Zeerman
effect limit is appropriate, and (i) the average site sym-
metry isaxial. Two important consequences follon: viz.

(@ the actual nitude of b2 is nurerically inconse-
quential; and (b) the four pairs of zero-field levels may be
treated as being i of ech other, and the nij =

+y:> is the only pair that is relevant. It yields gy = 20
g+ =80 The problembecormes formally analogous to that
treated by Peterson et al.1s for Fe3t; ground state 6552
Equation 9 reduces to

Pg(a)=7/0ipdlg (/37)
X?[(A -Tz)(az-Tz)r!zd/BdT (10)

Aprominent appears When piig=(fi, y) overlaps the
Iir% d=7n in%egléSm W this occurs |)n the&l[(?nity
ofg =50for rowg= fi, 7 ) heving large variances and a large
ive covartance. There is an altermative interpretation
of this signal (Fbgrsed on the strong CF limit calculations
of Nicklinll}. For bz /b2 =030, there is a near-isotropic
transition having gz = 465, gy = 456 andgz =5.19; a
distribution of spin Hamiltonian parameters with this
aver%symmtryvxould asogive risetoalinewithg =
49. The foomof the Q-band spectrumalloas an estinete
of imtsonb2 as3GHz < p2A < 10GHz» A choice
the twoi ors is not autoatically meck;
the former hes the virtue that the randonTess is intro-
duced ina formel rrame_bl rT1Taht|czF1I]e r’ramer_éIV\lhlle the latter
seerrs nore compatible with the essenttial low symmetry
TetherTetion ST OF oy 43208 Sed STy
ical assunption of an average axi ry
doss not oogfﬂlct V\nt_tgaltflle optical c;latrg?ﬁ the V\aythgfgl
assi aphysically exact axial point
Interpretmirg m spectny minthe IOOIrar10brn%/mmtvector'yrmdel_
I complex problem because the sim-
ifying assu field Zeerman effect limit
cannot be . The actual megnitude of the b2 isthus
nurrerically all-important and, furthermore, ore hes a
complete nmultilevel probleminvolving all eight mixed mj
states and awide range of transition probabilities. There
should thus ke a manifold of joint Iprobabl_llty de(r)rsi(lat?/
functions, each of which is, in full, five-dimensional:
poig M Moreover, because of the breakdown of con-
sequence (@), the starting jpdfs should have the b2 as
random variables. In the aosence of analytic transfor-
mations to the gi &s randorn\é?réablee, the formsbe of the
Pgxiy&Mm are n°t transparent, they cannot be sinple
and symmretric. Afull treatrrentofﬂh%yprob_ler_nls o
gl%lsjcope of this paper; we hope to treat it in a future
ication.
Lacking this, we are for the moment limited to neking
a cruck estinate of the megnitucke of [l fromthe relative
intensity of the weak, lonfield signals in the Q-band
spectrum of Gd3+in calcined Y zedlite. These are in-
terpreted as forbidden (arrij = 2) transitions, and their
intersities relative [It% the %Ith(,:\t?j tI’aI’BItI%E %hould bgl?f
ordkr ~ (b2 /hvy2 [This is strictly gopropriate to anaxi
symmretric CF Hamiltonian h%(w b2 =Q but is ac)f
ceptable for this crude estinete. experimental in-
tensity reduction factor of ~ 1/160 corresponds to a value
of 2] ~ 27 GHz. This is a plausible value, and is, we
sugoest, near the upper limit of the range of b2 values in
the distribution. )
(It should be noted that even the failure of a random
vector nodel calculation to analyze correctly the U

electronegativities of the element M; shown for M = As, P, V, and W.
Predicted ranges of |i®| are shown for M = Mo, Si, and Al

spectrum detail should not m't_ilgateg the contention that
a distribution of the spin Hamiltonian parameters is an
essential premise here; such failure would be regarded as
an inadequacy of the calculation rather than a mi
prehension of the underlying physics. The detailed
interpretations which follow in'section V(s ) are not pre-
dicated on the ultimate success of the random vector
nodel, per )

V(5) The Intrinsic Splitting Parameters. Glass elec-
tronegativity is not a discriminatory paraneter for the
S-state ion E[FER ectra. pl'l_'pte most fundamental ﬁ%
raeters are the intrinsic splitting parameters, 3 in
Newman and Urban SUQBFFD_SiI';%’] mockl. Tﬁgse pa-
raeters cannot be determined in 3l without accurate
knowledoe of the surroundings of the ion in the metrix;
for glasses, in particular, the existence of a random dis-
tribution of the site distortions makes it impossible to
extract the 5™rom the experimental EPR ra In
order to estimate values for the b2, we show _thet there
exists an enpirical correlation between the b2 for tetra-
hedral II\\/I/IO4 oxy anions and the electronegativities of the
atoms
In Fgure 10 are plotted the available data:s on calcu-

ated ¢»jparaneters for Gd3Hn various crystals having such
aniors s, the Allrec-Rochowelectronegativities . ) of
the central atomMa: The solid vertical bars indicate the

i re%ftme caIO?tJIated Stnv.%ltLES for each anion. 'I:[wrg
ifferent types of crystal ure are represented in
data, viz. zircons and scheelites. _ It is found that a “best
fit” straight line can be made to intersect all of the range
bars, with most of the data points lying within the shaded
area in a +10% range of this line. values for VO4
showan unusually large scatter, and fall on both sides of
the shaded area.)
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This correlation awaits the accumulation of more cal-
culated 62 values for a stringent test of its validity. The
experimental spin Hamiltonian parameters for several
silicates and molybdates_have already been tabulated;10
the predicted ranges of b2for these systems are shown by
broken vertical bars. It can be projected that the Mo 0.
data will fall within or just below the predicted range.
(This projection is made by inspection on the basis of the
similarity of 62 values for molybdates and tungstates;
however, one cannot generalUy project b2values from b2
values. We do not use the b2 data of Vishwamittar and
Puri42 because their calculations for the tungstates do not
agree with those of Newman andUrban13) Thus, it seems
that a reliable estimate of the |®2]for Si04 group ligands
is ~1300-1600 X 10 4cm"1 (4.3-5.3 GHz). This range of
values should be appropriate to silicate glasses as well as
single crystals, and also to the zeolites. The exchanged
cations in the zeolites will have some of their ligand 0
atoms bonded directly to Al rather than Si, especially since
the type I' sites are more likely to be occupied by the RE
ion when the Al content of the nearby 6 ring is high;43
applying the empirical correlation schemeto tetrahedral
A104 groups, the predicted estimate for \b2 is the range
~ 1700-2100 X 10 4cm'1 (5.7-7.0 GHz).

V.(6) Site Assignments and Model Environments, (a)
Y Zeolite. In their work on Cu2+in'Y zeolite, Turkevich
and co-workersl had observed the effect of a “phase
transition” on the EPR spectrum of the solvated cations
in the hydrated zeolite as the sample was cooled from 295
to 77 K. The behavior was ascribed to the transition from
a state of freely tumbling solvated ions in the supercage
at room temperature to a state of immobilized ions on the
cavity walls at low temperature. The same kind of
transition is apparent in the Gd3+ spectra. Nicula et al.5
have reasoned that the ions responsible for the low field
(high g value) features of the spectrum of the hydrated
material are not hydrated; this conclusion is correct, in that
those ions are not fully hydrated; however, we think that
it should be modified according to the following model.

Consider Figure 2. The low field features are due to
partially dehydrated ions, which still contain some H2D
molecules in the coordination sphere, immobilized near to
the supercage cavity walls in type It sites. (A few such ions
exist even in samples that have not been vacuum treated
because the material has been aspirated in preparation.)
The dominantg ~ 2.0 feature is due to fully hydrated ions
tumbling in the supercage with a mean location equivalent
to atype V site (the location of hydrated Ce3+ in faujasite
as determined by X-ray diffraction4). Room temperature
evacuation gradually removes free molecular HD from the
supercages, leaving some HD in the sodalite cages.4 Some
ions enter the sodalite cage, where they occupy type I' sites,
having one or more HD as extraframework ligands; these
ions account for the increased prominence at 298 K of the
low field features as seen in Figures 2c and 2d. Most of
the ions remain in the supercage,4 partially dehydrated,;
they still have HD ligands and are mobile at room
temperature, tumbling or exchanging rapidly between type
11 sites (of which there are 4 per supercage). Virtually all
of the ions in the supercage are now sufficiently denuded
that on freezing they are localized near the walls and
experience the stronger crystal field provided by direct
interaction with the framework ligands; hence, the low
temperature spectrum of Figure 2e resembles the U
spectrum of the calcined material although the site dis-
tribution and local environments of ions are not identical
in the two cases. The temperature dependence of this
spectrum is different from that of the calcined material
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because here, at low temperature, the relaxation of the ions
is by spin-lattice mechanisms, but converts at room
temperature to relaxation via the motion of the ligated
complex ions, which produces a modulation of the zero-
field splitting—the solution-type mechanism.4748

The broadening of the room temperature g = 2.0 signal
with increasing dehydration is consistent with increasing
CF anisotropy (increasing 9] for the tumbling complexed
ions. This is due to the growing deviation from cubic
symmetry as HD molecules are removed from the coor-
dination sphere; however, it should not be assumed that
the fully hydrated mobile ion in the supercage has cubic
or other high degree of symmetry. In aqueous solution,
the microsymmetry around Eu3+ ions is D2h and in al-
coholic solution it is C2nboth orthorhombic system point
groups;4 the same is claimed here for the hydrated Gd3+
ions, i.e., adistorted cubic or distorted octahedral ligand
array. Thus, one should modify the assertion, sometimes
made, 23 that the increasing contribution of the low field
lines in the spectrum is synonymous with the growth of
the number of low symmetry centers having orthorhombic
distortions; an additional requirement is that the con-
tributing low symmetry centers now possess zerorfield
splittings comparable to the Zeeman energy.

Important distinctions do exist between the room
temperature resonance behavior of the hydrated ions in
agueous solution and in the untreated zeolite. Table 111(i)
and (ii) indicate how the solution spectrum is exchange
narrowed at higher concentrations, while the zeolite
spectrum is dipole broadened; the latter observation
implies that the intracavity tumbling of the hydrated Gd3+
ion is not completely isotropic so that the dipole-dipole
interactions are not averaged to zero. Freezing causes the
solution spectrum to be considerably broadened by
unaveraged dipole-dipole interactions, this being exag-
gerated by the tendency toward solute segregation in frozen
aqueous solutions (as has previously been noted for Gd3+
solutions by Ross3). However, fluorescence spectroscopy
has shown that the CF symmetry for hydrated Eu3+ is
virtually unchanged between fluid and frozen solutions,
and that the distribution of local symmetries is not broad;
together with the weaker intrinsic interaction with H20
ligands, these factors rationalize the absence of prominent
low field features in the spectrum of the frozen solution.

Upon calcining, all the Gd3+ions enter the sodalite cages
and are localized predominantly in type F sites (as de-
termined, for example, by X-ray diffraction for La3+in Y
zeolite43d). There are no longer any H2 molecules in the
coordination sphere, but we claim that there remains an
OH ligand, approximately in the U-site position, in ad-
dition to the framework 0 3 and 0 2 ligands at the F site.
Ignoring more distant neighbors and framework distor-
tions, the ideal point symmetry at this ion site would be
C3,. The ions do not become mobile at room temperature,
so the form of the spectrum is invariant between 77 and
298 K.

The assertion of the presence of the OH ligand is
supported by the IR spectral resultssl which indicate that
OH groups, bonded to the cations, remain in Ce-Y zeolite
after vacuum calcination at 900 K. These are generated
by the hydrolysis reaction;: M3+0OH2-* M3+~OH" + H+,
with the cleaved proton moving to a framework oxygen
atom. This apparently does not occur with divalent
cations,al e.g., Ca2+ Hence reduced Eu2+ ions can be
completely dehydrated under the conditions used, and
would be distributed among types I, F, and Il sites, along
with the residual Na+ ions. Unreduced Eu3t+ ions are
expected to occupy type F sites, retaining an extra-
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framework OH ligand, as do the Gd3+ ions.

The reoxidation experiments prove that the ions re-
sponsible for theg = 4.9 line are more easily oxidized than
tie others; hence this signal is assigned to Eu2+ ions in type
Il and type I' sites, neither having any extraframework
ligands. These ions have a one-sided coordination, and the
type Il site ions, especially, are readily accessible to 02
being in the supercages. Conversely, the site | ions are
resistant to oxidation due to their sheltered location in the
hexagonal prisms. The loss of the seventh ligand from the
ions in types I' and 11 sites, from the superposition model
viewpoint, would produce a larger resultant [£2] value,
consistent with the assumption, made in section V.(4), of
theTweak-field Zeeman effect limitat X band. (An example
pf this kind of manifestation has been found in the case
Of Gd3+ in CdS.5?) Ideally, the six-coordinate Eu2+ ion
(three 0 3and. three 0 2ligands at I, or three 0 2and three
0O 4ligands at I1) is also in asite of trigonal symmetry (C3),
so that the use of a mean axial symmetry in the random
vector model interpretation of the signal (section V.(4))
is very plausible. Of course, even in the absence of
framework distortions, these symmetries break down when
next nearest neighbors are considered. The arguments of
Newman and UrbanI3bolster the notion that the intrinsic
parameters for Eu2+and Gd3+are essentially the same, so
that significant differences in |62] for the ions in analogous
sites must be due-to local coordination differences; the
models for the Y zeolite that we present are compatible
with this view.

The bare Eu2+ ions which move into type | sites have
a more symmetric coordination; it is not cubic (octahedral),
however, because it has been found3that La3+ions in type
I sites are displaced significantly from the center of the
hexagonal prism along the triad axis, presumably due to
the covalent character of the bonding. These ions would
contribute to components in the spectrum analogous to
the Gd3+ U spectrum. There is apparently no significant
population of bare Gd3+ ions in sites having one-sided
coordination in the calcined Y zeolite; any Gd3+ions which
are completely denuded of extraframework ligands would
move into the hexagonal prisms, occupying type | sites,
and contributing to the U spectrum.

The Eu2+ ion spectrum produced by y irradiation of
hydrated zeolites is explained in the same manner as that
for Gd3+ ions in uncalcined zeolites at low temperature,
and confirms the inference made from the spectra of the
calcined materials; i.e., that the very large zero-field
splitting occurs only when the absence of extraframework
ligands results in highly asymmetric one-sided coordination
of the ion at awall site. The seven-coordinate Gd3+ ions
in type 1' sites have smaller zero-field splittings and give
rise to U-spectrum features as in the room temperature
degassed material.

(b) Mordenite. The model derived to explain the Y-
zeolite spectra can be extended, without inconsistencies,
to the mordenite, despite the markedly different crystal
structure. We use Smith'’s notation,56 consistent with the
Gramlich convention. Gd3+ ions in hydrated mordenite
are mainly in type VI sites, fully coordinated with HD,
diffusing and tumbling at room temperature; these are
analogous to the Y zeolite site V ions. Some Gd3+ ions are
also hydrated with two HZzO ligands in type | sites in the
distorted 8-rings; however, we think that this depends on
the extent of Na+ ion replacement; the large occupancy
found by Mortier et al.6for hydrated Ca2+in this type of
site corresponds to the complete replacement of Na+.
Freezing the material dampens the motion and causes
some partially hydrated ions in the large channels to be
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localized in type VI wall sites, giving rise to the low field,
U-spectrum components as in the Y-zeolite case (where
the analogous sites are type |1, hydrated). Those hydrated
ions in type | sites are not expected to contribute sig-
nificantly to this phase transition manifestation since their
bonding to the framework precludes tumbling at room
temperature. Mortier et al.6have implied that these ions
may be able to diffuse at room temperature, but they also
find that there is no change in the occupancy of the type
1 sites when Ca mordenite is dehydrated at elevated
temperature, so we will assume that there is no diffusion
of these ions.

With the loss of HD upon vacuum calcination, ions from
type VI sites move to framework-bound sites, primarily
types VI and IV. These are highly asymmetric sites with
one-sided coordination, the former being a wall site in the
large channel, the latter displaced from a near circular
8-ring; these ions are, therefore, the analogues of the bare
Eu2+ ion in types Il and I' sites in Y zeolite. They are
responsible for the prominentg = 4.9 signal now appearing
for both Eu2+ and Gd3+ ions. The exposed locations ac-
count for the greater susceptibility of Eu2+ions in these
sites to magnetic and chemical interactions with 02
Dehydrated ions remain in type | sites, in distorted 8-rings;
this is a less highly asymmetric site since the coordination
is not one-sided; the U-spectrum features are assigned to
ions in these sites.

V.(7) Disorder and Randomness in the Zeolites. Both
Y zeolite and mordenite have considerable Al-Si frame-
work disorder because the Si:Al ratio exceeds unity.45 Only
the extreme X zeolite, having Si:Al = 1, is mathematically
constrained to have Si-Al long range order although, in
general, X zeolite would have less of this disorder than the
Y. In addition, there do exist random positional dis-
placements of both framework and extraframework atoms,
and particularly of exchangeable cations, giving rise to a
small range in the various ion-ligand distances and bond
angles associated with each site. Randomness of either
kind results in a variation in the crystal fields at a given
type of cation site, so these factors are responsible for the
glasslike randomness that we claim is an essential feature
to be recognized in formulating an interpretation of the
EPR spectra. This is true even for X zeolite; the com-
position of the X zeolite used by Niculazbwas not given,
but it is quite unlikely to have been 1:1 in Si:Al; so both
randomness factors would contribute as in the other
zeolites.

In Eud 3 we propose that the reduced Eu2+ ions have
0 2 ions missing from the coordination sphere (initially of
low, Cssymmetry in the ideal crystal), either because the
ion is on the surface or because of charge-compensating
defect formation. The resulting asymmetry results in large
zero-field splittings and the appearance of ag = 4.9 line
as found for one-sided coordinated ions in the zeolites. A
distribution in the spin Hamiltonian parameters in this
system would arise from randomness in the defect
structure, a situation paralleling reported instances pre-
viously mentioned.14® As in all cases with the zeolites,
hyperfine structure due to BIEu and 15¥Fu nuclei is not
resolved because the structural inhomogeneities make the
EPR line widths too broad.

V.(8) Redox Behavior of Europium. Europium, like
iron3and copper,% has been shown to undergo reversible
oxidation-reduction sequences by adsorption of the ap-
propriate gas in Y zeolite. As pointed out by Boudart for
the iron system, this property might be exploited in re-
generative oxidation catalyst applications. The interaction
of 02 with Eu2+ may occur either as weak adsorption
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without electron transfer, or as actual chemical oxidation.

The former gives rise primarily to magnetic effects and

accounts for the reversible room temperature behavior
observed in the zeolite spectra; it is manifested exclusively
with the exposed ions at wall sites which are responsible
for the g = 4.9 signal. The oxidative reaction at inter-
mediate temperatures in believed to follow: Eu2++ 02—
Eu3+~0-0". The C2 EPR signal so resulting has been

characterized in the case of Ti3+ oxidation,% and was
reported without characterization for Ni+ oxidation5l in
Y zeolite; on chemical grounds, therefore, it is contended
that the paramagnetic oxidation product observed for both
zeolites, as well as for EuD 3 is 02. However, the as-
signment could not be made unequivocally on strictly
spectroscopic grounds by comparison with the many 0 2

EPR characterizations made with zeolites557 and oxide
surfaces, Bmainly from ionizing radiation experiments. As
was found for Ni+, the reoxidation of the Eu2+ ions
»‘hidden” in type | sites is highly activated and requires
high temperatures to be completely effected. The 02 bond
to Eu3+ does not survive these highest temperatures.

VI. Summary

It has been shown (inferentially) that the form of the
EPR spectra of S-state ions in synthetic faujasite and
mordenite is dictated in part by randomness in the local
structure, and hence in the spin Hamiltonian parameters,
at a given site. Previous interpretations assigning a dif-
ferent specific poin* symmetry to each principal feature
in the spectrum are shown to be questionable.

The spectra of the ions in the calcined zeolites depend
basically on whether or not there are extraframework
ligands for ions in wall sites. When the coordination is
one-sided, as it is for Eu2+ in types T and Il sites in Y
zeolite, and for Gd3+ and Eu2+ in types VI and 1V sites in
mordenite, the zero-field splittings are very large and the
X-band spectra are dominated by a signal atg ~ 4.9. This
signal can be interpreted in the random vector model with
a distribution of crystal fields having mean axial symmetry,
with a large variance, and a large negative covariance of
the g factor components. The estimated range of the axial
effective CF spin Hamiltonian parameters is 3 GHz < |2]
< 10 GHz. Gd3+anc Eu2+ions in type | sites in mordenite,
Eu2+ions in type | sites in Y zeolite, and Gd3+ in type I
sites in Y zeolite (these retain an extraframework OH
ligand) all yield complex X-band spectra of the form
designated as the U spectrum—the spectrum found for
Gd3+in several glasses. The zero-field splittings in these
situations are smaller, and the spectra revert to the
strong-field Zeeman effect limit form at Q band; it is
estimated that [l ~ 2.7 GHz for the U spectrum.

Actual point symmetries for the ions in all of these sites
is orthorhombic or lower, probably Cs The same is true
even for fully hydrated ions in type V sites in Y zeolite and
type VI sites in mordenite. The hydrated ions tumble and
have some solution-like EPR properties at room tem-
perature, the zero-field splittings being small. With
freezing or partial dehydration, ions are localized on the
supercage or large channel walls, experiencing stronger,
more asymmetric crystal fields, with a resulting change of
the X-band spectrum from purely strong-field Zeeman
effect limit-type, havingg ~ 2.0, to U type. While the ions
retain H2 in the coordination sphere, i.e., in the absence
of calcining, the large CF splittings consistent with the
weak-field Zeeman effect limit at X band do not manifest
themselves in the spectra.

An empirical correlation method, using Allred-Rochow
electronegativities, has been devised to facilitate estimation
of the second degree intrinsic splitting parameters for the
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S-state ions with silicate and aluminate oxygen ligands.
For Si, oo\ ~ 4.3-5.3 GHz; for Al, vb2s ~ 5.7-7.0 GHz.

Reduction of Eu3t+ ions in these zeolites can be effected
at very low temperatures by y irradiation of the hydrated
zeolites, or chemically at elevated temperatures with H2,
partial reduction occurs spontaneously upon calcining in
vacuo. The two extremes yield Eu2+ in different sites and
with different coordinations; they are hydrated and
trapped in the supercages in the former instance, but are
denuded and enter the sodalite cages and hexagonal prisms
in the latter (for Y-zeolite matrix). This difference is
apparent from the EPR spectra. The europium can be
carried through successive reduction-oxidation cycles, with
the relative ease of oxidation of Eu2+ in “hidden” and
exposed sites being readily discriminated from the spectra.
Eu3+0 -0 is astable oxidation product at intermediate
temperatures, but does not survive at high temperatures.

EPR spectra of non-S-state rare earth ions in a random
polycrystalline host are reported for the first time, but the
extreme inhomogeneous broadening precludes definitive
interpretations. Spectra of the non-Kramers ions were
observable only in uncalcined materials where they yielded
very unusual line shapes.
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Electron Spin Resonance Studies of Anisotropic Ordering, Spin Relaxation, and Slow

Tumbling in Liquid Crystalline Solvents. 2la

K. V. S. Rao, Carl F. Polnaszek,lband Jack H. Freed*

Department of Chemistry, Cormell University, Ithaca, New York 14853 (Received October 12, 1976)

A study is reported of the ESR line shapes in the slow-tumbling region for a cholestane (CSL) spin probe in
nematic phase V solution. The line shapes are analyzed in terms of the Polnaszek, Bruno, Freed theory for
spectra from slomly tumbling probes in ordered fluids. Rather good agreement with experiment is obtained
from the sloner motional spectra (rR> 5 X 10"9s where rRis the rotational correlation time) utilizing a single
term ordering potential. For these slovwmotional spectra, effects of proton inhomogeneous broadening are
relatively small. It is shown in this study on CSL that for rR> 10 9s a motional-narrowing theory will lead
to erroneous predictions for rRand ordering that become more serious as rRincreases. The previous application
of motional-narrowing theory by other workers to this probe is discussed in this light. The effects of various
other factors upon the spectral simulations are discussed. In particular, it is shown that the spectra for this
highly ordered probe should not be very sensitive to various aspects of model dependence of the reorientational
motion as discussed in part | nor to effects from director fluctuations. Also the sloner tumbling spectra are
rather insensitive to anisotropy in rR(but the anisotropy may be determined from the faster motional spectra).
Nevertheless, contributions from these effects could modify somewhat the values of rRand ordering that are
obtained. The slow tumbling spectra are also insensitive to the angle of tilt of the nitroxide magnetic-tensor
principal axis system in the x-y plane with respect to the molecular orientational axes. Our results show that

the tilt angle of the magnetic z axis should not be very different from 0°.

I. Introduction

In part | we presented a detailed study of anisotropic
ordering, line shapes, and relaxation for the weakly ordered
perdeuterated 2,2,6,6-tetramethyl-4-piperidone N -oxide
(PD-Tempone) nitroxide radical.2 This radical offered the
advantages that one could achieve a high degree of spectral
resolution for accurate spin-relaxation studies, because
inhomogeneous broadening due to unresolved intramo-
lecular proton or deuteron interactions is minimized. A
major objective of that work was to apply the Polnaszek,
Bruno, Freed (PBF) theory3 (appropriately generalized?)
for slow tumbling in ordered fluids to a system exhibiting
good resolution and definition. That study indicated the
existence of anomalies in the line shape, particularly in the

incipient slow-tumbling region, which was later borne out
by studies as a function of pressure,4and were tentatively
ascribed to slowly relaxing components of torque acting
on the probe molecule.

The importance of slow-tumbling analyses increases
when one employs larger and more highly ordered probes.
One such probe that is commonly used is 3-spiro-[2-7V-
oxyl-3',3-dimethyloxazolidine] (5a-cholestane) or CSL. It
is highly ordered to a degree more typical of the liquid
crystal molecules than is Tempone. While only prelim-
inary accounts of the analysis of its ESR spectrum, when
dissolved in liquid-crystalline systems, in terms of slow
tumbling theory has previously been given,57we note that
many workers have unhesitatingly applied motional-
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TABLE |:  Magretic Parameters for CSL in Prese V°

Az = 33.44 "-g2= 2.0021

Ax - 5.27 gx = 2.0089

Ay =5.27 gy = 2.0058

an = 14.66 = 0.01 go= 2.0056 + 0.0001
° See text.

narromng theory, invarious degrees of sophistication, to
the spectra obtained in nematic and sirectic phases. We
wish, inthis work, tc give a nore detailed account of our
efforts to sinulate abserved spectra fromneretic solutions
of the cholestane spin label in terrs of the PBF theory.
Ore inportant guestion we deal with is the extent towhich
nrotional-narroning theories are e \s. the need for
Tplete simulations. The other ions relate to our
ability to interpret these spectra in terms of nolecular
ordering and notional dynamics.  The fact that the
cholestane ESR spectrum is significantly broadened by
m inhomogeneous structure reduces the resolution,
> the sensitivity of the spectrum to subtle effects of
ordering and notional dynamics.  Thus, we have not felt
that an analeﬂs as thorough and detailed as the one we
have given for PD-Termpone is entirely appropriate. In
particular, we focus much of our attention on the low-
er-termperature, slower-tunbling spectra (5 X 109 s<rR

<10-7 S), In part because this is a region wherein the
inhomogeneous proton broadening is of less significance
in the spectral simrulations. It is inthat region that we are
able to achieve good fits to the experi cataby nears

of the PBF theory, and it is quite clear that notionel
narrovwr‘(_? IS inadequiate even though it hes been
extensively enmployed by other workers.

Il. Experimental Section

The spin probe (3-spiro-[2-1V-oxyl-3,,3 -dimethyl-
oxazolidine]) 5a-cholestane wes adbtained from %/nvar
Associates and the liquid-crystalline solvent phase V from
EM Laboratories.

Most of the ESR measurenents were performed ona
Varian E-12 spectroneter. The re in the active
region of the cavity wes controlled by a Varian E-257
variable temmperature control unit. The other aspects of
the experimental methods are as described earlier 24689

I1l. Analysis and Discussion

(A) Magnetic Parameters. T1he rigid, bUt iSOtl’(piC,
AN TRl Yok, FDAEVRT, [ECAL O oo
nmegnetic : , on
i broajeringitV\BsirrmssibletoraRrgﬁe
central part of the spectrum  Therefore only az and g2
could unambiguously be determined for CSL in phese V.
The megretic parameters have been reportecto for CSL
in swgle_crystals of cholestryl chloride. The value of a-
é3sl.9_ ) IS diifferent fromthe value obtained (3344 G) for
L in phase V, but the gz values obtained for the two
Systers are the same. Sowe used the g values abserved
for CSL in cholestryl chloride s V\e also measured the
isotropic values of g. Thevalue ofa+ wes dbtained
by assumingaL = a, = ay SOthe equation a+ = 1j 2(3aN
- az) applies, where cNis the measured value of isotropic
li u@ constant. The megnetic parameters for CSL in
se V used in the present work are given in Table I.
arious results for al azare ed in Table Il for
CSL in different solvents. The al az values olsenved
for CSL in phase V are similar to those abserved in
non-hydrogen bonding solvents, as one would expect.
] B) stow Tumbling Simulations. The spectra of CSL
mthenem_aﬂcrhasev\/\ere recorded from-26 to +65 °C.
We have sinulated the ESR spectra of CSL in phase V
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TABLE II: and az Values for CSL in
Different Solvents
Solvent aN az Ref
Phase V 14.66 33.44 Present work
CF3XH2OH 1575 354 a
EtOH 15.0 a
Pentane/heptane 14.2 32.3 a
Perdeuterated benzene 14.4 335 a
MeZ0 14.8 a
Egg lecithin 151 34.2 b
Brain lipid 14.67 33.3 7a.
Brain lipid + 15,56 35.0 c
cholesterol (30%)
Lecithin + 15.01 327 17... "
cholesterol (50%)
Cholesteryl chloride 147 319 : wm10.
a C. F. Polnaszek, unpublished. b J. Israeteehvili et ai.
Biochim. Biophys. Acta, 382, 125 (1975). VRY;
2548 G ¥

Figure 1. Comparison of experimental and simulated spectra at several
temperatures for CSL in phase V: (------ ) experimental results; (------ )
theoretical result based upon isotropic Brownian diffusion with the tr,
X, and A' values given in Table Ill; (----------- ) theoretical result based
upon anisotropic Brownian diffusion model. The values used for the
simulations with the anisotropic diffusion mode at 19 °C are rR1 =
17 X 108s, \y=5 X =43, and Al = 0.9 G, and at -6 °C, rRX
= 7.8 X 10'as, \y= 5, X= 6.0, and A' = 13 G

wsing the PBF -4 Typical sgectrasirrulated
g%/terrrgeratur% -1 ,-e,+3i4anc>i,&19° along with the
experimental spectra at these ratures are shown in

" opropriate values of IR the isotropic

rotational correlation tine, and ordering potential pa-

rameter Xwere obtained by trial-anc-error for each

slon-notional spectrum in order to achieve the best

agreementus Ve used a sinple one term potential [7(d)
e

Houre 1. The appr

%’I'E\H]r‘f'&/&l;jjg)/kT = -X ooz /Awhereo isthe angle between

ar symretry axis and the director aligned along

the dc-megretic field (cf. section C for further discussion).
iSseen gure a arequi

It fromHgure 1 that the agreenents te good,
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Figure 2, Graph of rRvs. (1/7) X 103K for CSL in phase V. The values
of rRat the different temperatures are given in Table III.

.TABLE I11: Correlation Times, x, and A* Values for CSL
in Nematic Phase V at Different Temperatures
Temp,
°C 10'trs \ (D Qo) A'.Ga
65 0.9 2.65 0.40 1.75
55 11 3.3 0.48 1.75
44 1.6 4.0- * 0.56 1.7
35 2.7 4.1 '0.57 15
19 9 45 0.61 1.45
3 20 5.3 0.67 15
-6 35 6.0 0.71 1.8
-16 100 6.9 0.76 2.2
-26 260 7.6 0.78 25

a These are based on assuming an overall Lorentzian
broadening. When the spectra were simulated by a
Gaussian convolution to better represent the effects of
inhomogeneous broadening, then the residual line width
A attributable to a Lorentzian component is significantly
reduced for the higher temperature spectra (e.g., for 55
°C, A* = 0.3 G with Gaussian width 2.15 G), but only
slightly reduced for the lower temperature spectra (e.g.,
for- 16 °C, a' = 1.5 G with the Gaussian width 2.0 G).

although not perfect. Also, the values of - so dbtained
yield a good Arrhenius-type plot \s. 1/t with an activation
erergy of 109 kcal/nmol from the lower tenperature
spectra (cf. Hgure 2). This is onlzgllttle greater than
value 96 kcal/nol abtained for PD-Ti in phese
V.2 Hence the rRvalues used here are y dose to
the correct values (see also section C). The tr values
obtained in this manner (in which an isotropic rotationel
diffusion nodel was used for CSL in phase V) and the
comespording X (o~ (the suelorcer ¢ s), ad
A’ (the residual line widthwhich is the aiifference between
experimental and theoretical values2) at the different
termperatures are given in Table 111. - A plot of Xand the
ing <Tio>values \s. t rature is shoan in

Fgure 3 The termperature of Xand (Doo)
is similar to that oloserved for PD-Termpone in different
liquid crystal solvenitszs although the values for Xand

(pio) are, asexpected, greater inthe present case. A plot

™C

Figure 3. Graph of X(0) and (D) (A) vs. temperature: (—) Xvs.

T, (- ) (Doo) vs. T The Xand (Dd) values at different tem-
peratures are given in Table IlI.

Figure 4. Graph of the residual line width Al in Gvs. rR The values
of Al and tr are given in Table IlI.

of A'vs. termperature is shown in Fgure 4 The values
of trand Xrequired to sinulate the spectra at the highest
termperature does not appear to fit the extrapolated curves
fromthe loner termperature results (cf. Figures 2and 3).
The prabeble reasors are (1) the onset of nodel
effects in the slownotional region at loner termperatures
which are not apparent in the higher termperature spec-
trass () the ! of anoelies observed for
Termpore in isotropics and in anisotropic solvents for rR
of the order of 105 s; (3 hydrodynarmic and critical effects
onthe megnitude and direction of the diirector; and (4) the
r effects of inhormogeneous broadening upon the
igher tenperature spectral line shepes. e discuss these
factors below.

For sall nitroxides such as PD-Termpore, it has been
shown earlier that in the slowvnmotional region anoderate
jump diffusion model gives a better fit with the experi-
mental spectrumthat the Brownian model. The rRvalues
neededs to fit a slowrnrotional spectrumwith the noderate
jump nodel are somewhat smeller than the o values
obtained by usinga Browniannodel. Thiis is in agreement
with the ddservation thet a linear extrapolation of rRvalues
at high termperatures (55, 44, and 3 °C) will give loner
values at the loner t es (19,3, -5, and 16 °C) than
the rRvalues obtained by using Brownian nodel at the
correspondi res. Thus, if the noderate junp
diffusion were used, the values of activation energy
would be reduced somewhet, and then would be in better

reerrent with the value obtained for PD-Termpore in
%V. Qt/\e note that the use of these different models

ry little effect on the overall best-fit line shapes for
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Comparison of the simulated spectra with and without including the
contributions due to director fluctuations. (------- ) Experimental spectrum
at 19 °C; (------ ) simulated spectrum with tr= 7.5 X 10 9 X = 4.3,
Al for M= 0 line = 1.0 Gand A' for M= %1 lines = 0.75 G, (— -
----- ) simulated spectrum with rR= 7 X 109, X = 4.3, A" for all the
three lines = 1.0 G

tmeehlghlyorcbredardbroa:illrestm) In particular,
a least-squares fit of all the XRvalues vs. (1 /T) gives an
%ct‘elvatlonbelr%rgyfof 105 kcal/rlml However, e;(ge for
ibility of some nodel dependence,
terrp%rofturerewtsarethermrerellablea“es aswe hae

Imlplent slow tunbling spectra (e, r ~109 9) of
PD-Tempore in different solvents have been Ity
explained only after talqal;? into account the effects of
fluctuating torgues and slowly relaxing local structure, with
the most prominent effects smwlg? CSP in I|qu|d—
crystallinez 4 solvents. Some Lin
were sinulated includi theﬂuctuatlng |nterms
ofa (i.e, the spectral ities, jw) = rR/[l + *«
as\\es dore for PD-TEI’TmE249 Angjordi |culty|nany
attempt to fit these spectrawith values of o ™ 1 is the
aosence of accurate rotional-narroning r&ultsfor rRand
Xwhich could then be extrapolated into the sloatunbling
region as initial guides to the fitting. Another is the
problemthat the spectra are notwell resolved, sothe effect
on the simulated spectra of varying « is sell. This can
seen fromHgure 58, which shows simulated spectra for
CSL mphase at rR=18x 109 X=45 and with«
values of 20,5, and : . These spectra are not as sersitive
tothe value of ¢ asthe of PD-T¢ 249 Hence
even if the anomelies rved for PD-Termponezso are
present in CSL in phase V, the nature of the spectra
observed does not a;teally allq[Nan |dentngl\cgt(|:%n of %
anorelies. Sorre attel a d (Whi i
changesin rRard)(lnorcbrrrptstongtalr}ﬂh‘greasorml ﬁre%u
mede, but they tended to ize the uncertainty of
such fits. [l\btrTeDgEIagflfgcgef } ommlmed out
apparentjunp- on Ing spectra ey
on nore fundamental grounds also be ascribed to a
fluctuating torque model which gives rise to a predicted
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a effect in the incipient slon-notional region ]

We now note that at termperatures close to the ne-
metic-isotropic transition temperature, there be
effects of the critical orientational fluctuations that
leen abservedt:« for PD-Termpone in MBBA.  The critical

fluctuations extend over a larger rature
than wes absenved rmy for PDTerrg%')e |ntI$ArrB%eAllb MWBE
of the greater ordering of the Furthermore,

we have not included any effects fromposable director
fluctuations inthe nenatic region. At it is difficult
to assess to what extent these will contribute static (o

inhomogeneows) broadening effects vs. dynamic (or ho-
nogeneows) broadening.  This is because the r. of
cu‘relanon%rresforthreq arr%des

extends fromvery slowto rather fast 2 oit is not clear at
which point_notional averaging with to such
fluctuatlms iSi Ifwe were to blithely assume
icability of the notional- -narrosing formula given
|nr 2 (andy-axis ordering, cf. section C), thenwewould
estlmate acmtnbutlmtoA of 024 Gandto C (e, width
oontnbutlons onl)(‘to themi =+1 ESR transmons) of
-0.12 that the equations in ref > re an
addltl factor of 2 which wes omitted), and
tributions should be rather temperature insensitive. V\e
show a simulation in Fgure 50 in which this effect is
exaggerated (to allow for slow rmtldﬁal and static con-
tributions) by using an A’ for the =+ transitions
which is 74 G smeller than that for the mj = Otransition.
This leads to greater disagreerment with expe rlment

ral effect ISseento be hI

to that fromﬂ:t correction in F'gurchlEJgtJ %‘hus the
ibility of nearly canceling contributions cannot really
ruled out for these fairly smell effects. [Ore can, of
oourse, attempt to fit an experimental spectrum by Si-
mJItaneoust adjusting rR X the ¢ corrections, hydro-
C corrections, as well as the rotational anlsotropy
andtilt of the nolecular megnetic axes discussed in section
C while using different rotational diffusion models, but
there is nojustification for this in viewof the veryllmted
spectral resolution, sowe content ourselves with consid-

ering these effects individually.]

Another conplicating factor for the spectraat the hlgrer
ratures is the effect of i nP
In the isotropic V these splitti partial

resolved. Marriott et al..» have resol these spllttl
in nonviscous solvents and assigned them by partlal
deuteration of CSL.  They showed that there are three

different on |tt|ngs greater than 06 G. In the
nemetic ittings were not resolved,
even though the experl Ilne width at the hlgheﬁ

Iestmmnﬂmsotroplcpmse

ysis of their wirxmm ngwould involve
amrsldaratlm of the only partlallyaveraged

anisotropic proton 2 Since nosuch
mforr%onpr\/\%ts menlentlme and since the
analysis of the lire shgpes (including slow-notioral
effectg is st|II conplex, we have not attermpted the cor-
rections for inhomogeneous broadening as were dore in
our previous studiesz4s A corvolution of the spectrum
with a Gaussian envelopes 3 is a reasonable way to include
the effects of meany (unknown) proton splittings in the
nemetic phase, but Introduces one further adjustable
parameter. e have in most of our analyses included
inhomogeneous broadening effects into the residual
thei rfmr%gereagm ol eﬁ:[oea:h | t\I/(E]:IIq i
| ects are relatively minor
for the broed lines obtalnedr?or rR>5x 10s s, tshere is

no problem in getting good agreenent in line shapes
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Figure 6. Effect of Gaussian convolution on calculated line shapes at
(A) 55 °C and (B) -16 °C. All values as in Figure 1and Table Ill: (-
——————— ) experimental result; (------) Gaussian convolution; (------------)

Lorentzlan shape. A

between simulation and experinment (cf. for Flgure D).
Honever, as rRiecormes shorter, the di es

simulated and experimental line shapes > greater,
and we have found that a Gaussian convolution does
improve the overall agreenrent of the line shapes without

sighificantl cmrgl;i the relevant relaxation parameters
egcemforg- (cf. artﬂe HI). This is illustrated in FHgure

6.
(C) Ordering and (Anisotropic{;otational Diffusion.

Since the overall of CSL may be approximeted as
acylinder of length 24 A and diameter of ¢ A2 it is ex-
pected to align so that the cylinder axis is parallel to the
director of tre liquid crystal. In the coordinate system
used in our earlier studies.4o the megreticy axis of the
nitroxide group is nearly parallel to the cylinder axis. Thus
the ordering tensor can reasonably be assurred to e axially
W‘C along the megreticy axis (o S"ghttlzet"ted)'

PFGVI_ ously quoted spectral sinulations and the values
of Xgiven are based upon this assignment. )

CSL is also expected to exhibit axially symmetric ro-
tational diffusion about its long axis. A theoretical an-
isotropy rationy can be estimated using the dinmernsions
of the nolecule and the late expressions« For
o R s A
[ intrei C °
rR=25x 100 Wk have sinulated the ESR spectrawith
avalueofnv=5at +19 °Candat-s °C. The correlation
time rr: for rotation about an axis tﬁgrpendl_cular tothe
symetry axis that is required for the best fit at +19 °C
withny =5is 1.7 x 10 § so the value of the correlation
tine, .., for rotation about the symetry axis is 33x 109
(Note thatn = tr#/trj). The mean correlation tine rR
whichisdefined & (. = « - 12, IS 7.5 x 10+ cOmpared to
70 x 109 the value obtained for an isotropic diffusion
nmockl. At-s °C the value of rRis the sare as rRin the
isotropic diffusion model. The value of Xthat hes to ke
used for sinulation of the best fit with ny =5 is neard
the sanre as the value used in isotropic diffusion at
19ad s °C. Thereisvery little di for such lor
rRs between the theoretical spectra for an isotropic dit-
fusion modkel and anisotropic diffusion forny ~ 5as hes
Erevlously been shown (ct. Fgures 13 and 14 of ref s).

r, One can obtain the s and ¢ line width I-
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cients in the usual manner.24s9 For the spectra at 55,44,
and 35 °C, the ratio c /g i s nearly independent of the
procecure for obtainings andc; i.e, we have used (1) the
umorrectb?ga\.%lntm @ thetmva_lu& corrected for inhomo-
vopcel ing LSl isotropic proton splittings 22
or (3 the values d:xalr‘elyby convolutionwith a Gaussian s
For these spectra in the inCipient slowtunbling regionwe
obtain Ny ~ 3-4, assurming no tilt in the nitroxice, x-y
plare. [Note that the “apparent” value of n y increases
close to the transition point on both sides of the phase
transition.23
Thus, even if there is sore anisotropy in the rotation
ofCSI;gF‘eseV, its effect on the rRand Xvalues seers
to be smell. Also, the effects of anisotropic diffusion on
the spectral line decreases as rRgets larger. This
is in part due to the decreasing sensitivity of ESR spectra
to rmtlo'&al efffectsthe as oorrelvaI atlonltlr'rm bmreme n larger dgrgg
10 7S [Alsoastheny value , ative
inthe s[lrmlated spectrum %arr%ermw]
W\e nowwish to estinete the values of XRexpected from
the geometry of CSL and a nodified Stokes-Einstein
theory to see whether our results in Table 111 are rea-
wble for CSL. Mbre precisely, we let rR= 4xreij/3feT,
which defines re the effective rotational radius. e then
followthe in | used for PD-Termpore to estinete
rec36ATor CSL fromour experinental values of rRover
the range of tenperature from +15t0-s °C (@ )
to 1.13 A for PD-Tempore). The estimeted geometric
rodynamic radius ro (cf. part 1 and ref 9) is for CSL,
¢ 6.2 A,_sothatk: (refrys ~o2. \Nehavefwrﬂ,
in our previous work on PD-Tempore in a variety of
solverts that the Wirtz theoryis [whichgives « = [s (I9/rQ
+ (1 +15/r0)'J'1, with rsthe equivalent of ro but for the
solvent] predicts very well the value of « dbtained from
experiment as above. Since CSL and the phase V nol-
ecules are of similar size and shape, let us take ro/fo ~ 1,
which yields « ~ 176 or very good agreement considering
our ra%r%g‘a'@qrmnors It , therefore, that our
experi rRvalues are of the correct order.
V\& now corsicer the possibility that the megnetic axis
of the nitroxice radical in DSL is tilted fromthe
axis of alignment of the nolecule by rotation in the x-y
ane of the nitroxide megnetic tensor principal axes 2,16,
urst et al is estimate the tilt (or rotation) angle to
ke 207, whereas Hemminga and BerendsenTbestinete the
angle tobe seller than 15°. e atts to fit the slow
motional spectrum of CSL in phase V at 3 °C by sinu-
lations with a tilt angle of 20°. The main effects of the
tilt upon the simulated ESR spectrum for CSL in
V are found to be an increase in the apparent ¢ value of
the calculated spectrum and an increase in the ratio
aw/ao i (. section V) pfﬂ}et\e/\gwt%erﬁne_ Isdl'étlers%smkm
compared to spectra simulated with noftilt. ree-
rrenk s obizired with a Gt of abodt 15°, “Hongver the
simulated spectra were otherwise identical and the cal-
culated c/g_ratio wes unaffected. Note that increased
values of alko i may also result fromfluctuating t
ly also sloly relaxing local structure2
We do not believe our result to ke conclusive. The effect
of tilt was not investigated in the higher temperature
nemetic spectra, but in the isotropic phese, the effect of
a20° tilt Is merely to increase the estimated value of Ny
from5tos.
W have also investigated the effect of rotating the
nitroxide megretic z axis fromits presuned orientation
rpendicular to the long nolecular axis. This has much
nore dramtic effect onthe spectrum by increasing the
apparent splittings and widths, roughly equivalent to a
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TABLE 1V: Correlation Times from Slow Motional
Simulations and from Subsequent Motional Narrowing
Analysis and X Values from Slow Motional Simulations
and from Observed Splittings

tr, NS, tr, NS
from from X from
slow motional slow X from
Temp, motional narrowing motional obsd
°C theory analysisé theory splittings
0.3° 0.296 0.29
0.52¢ 0.50 1.09
0.72¢ 0.69 1.52
65 0.9 2.65 2.75
55 11 1.4 3.3 35
44 16 1.56 4.0 4.3
35 2.7 1.08 4.1 4.8
19 9 1 45 6.4
3 20 1.2 53 7.8
-6 35 1.3 6.0 9.9
-16 100 2.04 6.9 14.0
-26 260 7.6 20.0

“ These fast rR values are just to show the agreement
between the slow motional and fast motional analyses.
They do not correspond to any experimental temperatures
for CSL in nematic phase V. b The calculated revalues
are from B coefficients. The Ny values, calculated from
motional narrowing analysis, for some temperatures are
given in the caption of Figure 7.

reduction in X Honewer, wcreasug%(cb& not significantly
improve the simulations (since the probe is already so
highly ordered that Xcan only have a inal effect on
the splittings). Thus we can conclude that this rotation
angle is close to zero.

1V. Validity of Motional Narrowing Approach
and Relation to Other Work

Several studiers]a\o/g‘3 the mlawm of CSL in
adeledsystens recentl I 71622 ThESE
studies have typicall Lsedy sinple notional narrowing
theory for the lire width analysis. VA& have found that the
ESR spectrumof phase V at the elevated tenperature of
55 °Czs has asymmretric lines. Also the lowfield splitting
constarnt awo (the separation between the lowfield and the
central lire) is greater than the high field splitting corstant
ao-i (the separation between the high field line and the
central lire). These features are usually indiicative of the
onset of the slownrotional regioninESR's Since the value
of rat +55 °C (1.1 x 109 9) isstill quite fest, the absenved
asymmretries might be largely due to the overlap of the
three bri Ilines. Such owverlap effects (|(1:IL3@
modified relaxation behavior) are ically incl
in the slownptional analysis developed by PBF s Inthe
previous studiies on CSL (with the exception of ref 7a, b)
no such analysis wes attempted.  Also, those “sinmple”
motional narrowing studies neglected the frequency de-

dence of secular and pseudo-secular termrs. This is not

Justified for rR>10 oS o

In an effort to determine the range of validity of a
notional-narroning analysis for CSL in ordered fluids, we
e o Ve e o
simulated slowtunling rausing in
which arr; from3x 10 10 to 10+ sandwe neasured
the line widths of the three lines. Then the fast motional
theory (as given by PBF) and the already determined
values of Xwere utilized to obtain rR These values are
giveninTable IV.  Ore clearly sees that the correlation
times dbtained fromthe notional-narroning donot
agreewith those dotained fromthe conplete sloa-nrotioral
theory for values of rR> 2 x 109 S2¢ To further enphesize
the inadequacy of notional-narrowing theory for these
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Figure 7. Comparison of experimental and simulated spectra at 19,
3, -6, andat -16 °C for CSL in phase V: (------ ) experimental resullt;
(------ ) theoretical result based on anisotropic Brownian diffusion with
the values, at +19 °C, Tr= 1 X 109 N= 15 X = 43, and A' =
27G at+3 °C, Tr= 1.2 X 1(T9 N= 15 X= 53, and A' = 2.7;
at-6 °C, tS= 13 X 109 N= 17, X = 6.0, and A' = 2.4; and at
-16 °C, tr = 2.04 X 109 N= 44, X = 6.8, and A' = 20 G

Spectra, we have used the PBF theory to simulate the
spectrafor 19, 3 -6, and -16 °C, but with the trandn y
values obtained from the notional narronming analysis.
They are conpared with the experimental Spectra in
Fgure 7. It is dovious from this figure that the spectra
simulated in this way are not at all in agreerment with the

exi)eri spectra. . . .
nthe usual analysis, appropriate for motional-rerroni
Spectra, the ordering eters, hence X are obtai
T SpCetn ik oL ey OO
is or spectra i
i o n o e e i
ues simulations
PBF theory. aredsogiveninTable IV, an(j)ylargwn
see that the two Xvalues do not agree except for 7. > 66
°C. Henee it is not justified to use the values of the order

earaneteraalwlatedfromme ittings for CSL in phese
. Fomthe arel isdtmﬁsgm%%\l%gi_venabwe,

it that the sinple notional narrom
srgjqc)jearxl;tsbewedfortpnplamlysisofCSL inpreserg m
nost of the accessible temperature range. ]
QG . ey CaIated (4 (the Avrege o e
iquid crystal. cu average 0
fgjrth rank Legend>r/e_polyru_"rials_ wsing the strr%gr?gjurrp
nodel. Inthe strong jump diffusion nmodel, the spectral
Oensities may be shown to depends 2 explicitly on (P4) in
the noti narronng region.  However, one must be
glare%]tlhag[ the nolecular dyrl\mgmcs, which can be com
€X, is treated correctly. terperature dependence
of the systemheas been re;%rted This study also neglects
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the effect of the i broadening onthe s and
C coefficients. The calculated values of rRI'are 14 x 10s
frome and 30x 10 s fromC. These rRvalues are, aswe
\kg_/g seen, too large for notional narrowing theory to ke

id

Luckhurst and Poupkow heve studied the CSL in
IV. They have again used the nmotional narrosing thec
to estimete the ordering term <R4). The observed line
shape asyn wes attributed by these authors to a
%]’&ﬂln director orientations due to thermal fluctugtions.

&0 the calculated value of anisotropy in rotation de-
pended on temperature ranging fromn = 16.7 to 7.6 as
the tenperature decreased. features are most likely
indigations of slow notional effects.  Their calculated
values of rRl are L6 x 109 at 70°C, 2x 10 at 49 °C,
and7 x 109 at 23 °G- Henee, at the lower termperatures
ore is not justified in using motional narroming theory.
This study also neglects the effect of ordering on the
unresolved proton splitting.

Luckhurst and Yeates» have recently reported ESR
studies of CSL in phaese V along with other mesogers.
They studied the angular dependence of the line width

cients, by aligning the nemetic phase using a st
electric field, to get the value of (P4). The Xvalue cal-
culated fromthe value of (P2>s (-Dm) givenat 34 °Cis
4.7 whichvery nearly agrees with our value of 48at 35 °C
iven in Table V based on the notional-narroning analysis.

, the spectrumait 35 °C can be correctly sinulated
by a conplete analysis only with avalue of 4.1. Hence,
CoIROr . This Sk alob i o et of g

itti is SO ect
on ther%&rotm splitting co:”?arr[ onthe irhorrrg

broadening) and its dependence on the ar‘g!g

the director and the megnetic axis. Here also, tl
calculated rotational anisotropy, N, appeared to vary with
ten#erature. The reported rRI values are at 34 °C, 44
x Ifsfroms, 6.8 x Kls fronCandat 21 °C, 63 x 109
PPN 06 Ko or e POBOIE rEToRr oory 106

n too or ional narrowi 0

%icable_g:prable IV), and for meaningful values of n
tobe ootained.

Hermmingal7*hes included the angular dependence of
the proton sglttlng constant in his corrections for inho-
nmooeneous broadening.  He obtained a value of N =
tr /o] = 0 with rRI = 46 x 10s for CSL in
lecithin:cholesterol model membrane system using a
notional narrowing anelysis. Again this notion is too slow
for motional narroning theory to be valid. Also at these
long & values, the sinulated Spectra using slow notional

el SIGD. brte 1 1ot pesaide
N ially N is large. it is not possible
obtain accurate values of N .

Pusnik et al -0 and Pusnik and Scharae: have also studied
CSL in the nematic and, in sectic A and B phases of a
mesogen. They also used motional narrowing t to
estimete the value of (P4), but they estinete t+ £ 10ss
which is clearly too slowfor notional narrowing to
be valid. Also, they have not included the effects of
unresolved proton splittings. o

Schindler and Seeligistudied CSL in a liquid-crys-
tallire bilayer at 24°C. They reportny =55and rRE=
12 x 105" The notional naimowmng approximetion should
be valid for this system

V. Conclusions

It hes been l}__XEiHe to simulate slowtumbling spectra
using the PBF theory that are in good agreement with
experimental spectra obtained with CSL in phase V

\vent. Rather good and consistent results are obtained

4%

g?rticularl_y for the reduced temperatures, where rR>5
10+ s, since the effects of i broadening
due to proton superhyperfine structure as well as fluc-
tuations in director megnitude and/or direction should e
relatively less inportant. Our best fits were obtained with
a single parameter ordering potential, no tilt of the
megretic ; axis, and a somewhat anisotropic rRwith an
activation energy of 109 kcal/nol, almost in agreement
with the activation energy obtained from the accurate
study of PD-Tempone prooe in the sae solvent. These
spectral fits were fairly insersitive to various model-de-
ent features such as ani inrotation (except for
the higher temyeratures uponwhich our assign ofNny
~ 3-41s based), deviations fromBroanian rotion, and tilt
of the megretic axes in the x-y plare relative to the
nolecular orderingaxes. Honever, It that if such
features are existert, then they are probably not verz
prominent inmost of our cases. Itwes shown that for CS

in V anotional narroning analysis is inedequate for
obg}%ei?gmratevalﬁof ingys er Xand rR
over nost of the nematic range, so the ete PBF

theory isneeded  Recent resulits using CSL prabes inather
studies on ordered fluids have typrigally not faced up to
this necessity.
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A new electron spinlattice relaxation nmechanism for nolecular radicals in glassy natrices is developed

theoretically and tested experinental
interaction atrapped radi

éme marr%nismmpemls

_ anodulation of the electron nudlear dipolar
megretic nudei by the nrotion of tunneling nudlel or

of nudlei in the disordkered glass.  In glassy systens it appears that modulation by tunneling nmodks is much

nore effective than nodulation by lattice

termperature ranges, typically to ~100
relaxation rate T 1 i?ﬁ]

for electron spinHlattice relaxation in lowand intenrediate

The itative mechanism cts: that the spin-lattice
¢ K quanti predicts: @ spin-latt

. (b) that T: Is dependent, an glass preparation

to the extent that this affects the nuntber and diistribution of tunreling groups, (©) thet T f1 Is sernsitive to the

isotopic conmpoasition of the glass, (g? that Tflfora%rig radiical is larger by several orders of

megnitucke in

aa? enviroment thenina lirrogad@tratrf: of:vwhere«isthre EPR . Predictions
é to () have been tested and supported by T, \S. on trapped dectrars in GHCH
2DsCH ad GHEODdases. The messurenents were meck with a pulsed EPR specironreter by the saturation

recovery tednique.

I. Introduction
_ The electron spin-lattice relaxation of transition etal
ions and rare earth metal ions in ionic crystals hes been
extensively studied in the past 45 years since Weller’s
original paper on spin-lattice relaxation in 19321 As a
result, nearly all the spin-lattice relaxation mechanisims
that have been investigated both experimentally and
theoretically are constrained by the condiitions found in
these ! . _That is, st C _Ilrpg?eldsard
spin-orbit coupling are assured for the ion in the crystal
and the dynamics of the lattice is described in terms of
the Debye nodel with only few nodifications for the
effects of phonon lifetime and crystal defects 2

The study of the spin-lattice relaxation of nolecular
radicals in molecular crystals and glasses is still in its
infancy. The first report of the tenmperature deyx
of the spin-lattice relaxation of an organic radical wes
mede in 1957.3 The spin-lattice relaxation tire (T,) wes
measured at four tenperatures between 1> and 3DK and
no attempt wes medke to explain either the megnitude of
'I;, which wes many orders of megnitude longer than that
of transition metal iors, or the spin-lattice relaxation
mechanisirs involved.  Nine years later, three surveys of
different classes of radicals gganlc, organcsulfur, and
peroxy) were reporteda-s r the limited range of
temperature in these studies, Tj wes proportional to T n
where n varied from 1 to 3 More importantly, for de-
termining the relaxation mechanism the spin-lattice
relaxation rates in each study were found to be highly
correlated with the square of the ¢ factor deviation

* Present Address: Argonne National Laboratory, Chemistry
Division, Argonne, 111 60439

The Jourdl of Physicd Qrenisty, \&L 81 Na 5 1977

the free electron value of 20023 and hence with spin-orbit
coupling.  This suggested that the Kronig-VanVleck
spin-lattice relaxation mechanismwes inportant. Other
studies have supported thiszs The intermal motions and
hindered rotations of a nolecular radical have also been
ed as an il relaxation mechanismo-12

t this sare tine, careful studies of the spin-lattice

relaxation mechanisis of F centers (trapped eclrons? in

alkali halice crystals have shown that the electron nuclear
dipolar (END) and isotropic rfine interactions be-
tween the unpaired electron and Its surrounding megretic

nuclei can meke inportant contributions to the electron
relaxation s 14 ) ) _

An extensive study of the spin-lattice relaxation of a
number of hydro-, deuterio-, and fluorocarbon radicals
produced by ionizing radiation in single crystals of the
parent compound hes been mack by Dalton, Kiwiram and
Covenssis They report that the Kronig-VanVleck re-
laxation mechanism is resporsible for the spin-lattice
relaxation of all but the fluorinated radicals. The spin-
lattice relaxation of the fluorinated radicals is dominated
by modulation of the END interaction. Inaddition, they
report observing an OrbachHlike process in some of the
samples inwhich the intenmediate state is suggested to be
an excited vibrational state of the radical instead of an
excited electronic state as in the usual Orbach process.
_ Although these studies have demonstrated several
important relaxation mechanisis for nolecular radicals
in single crystals, they by no means incluce all the
dominant mechaniss in molecular glasses. DPPH in
Folystyrere_ hes been the subject of two spin-lattice re-
axation studies 7:s Between: and 30K, the relaxation
rate is proportional to the tenperature. This is asurprising
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/
result. V\,hatevler the relaxation ned"nand ism if the(lng
termperature relaxation represents a direct process
ion or emission of lattice phonorns rworgnt with the
EP transmon) then a much st r temperature de-
above at least DK due to a Raren,
Oz‘oach or other higher order process involving rmlttllglBt
pl"nrmscatten is almost nrore surprising is
the 1, of the trlphenylmethyl radicals in a single crystal
hostlsabwtfarorcbrsofmagﬁmm longer at 12 K'than
the Tj of DPPHy in glassy polystyrere at the same
temperature. Although it hes noticed that nuclear
t;?arl)]-lattlce relaxation is usually faster in glassy samples
line sarrples of the sare Nd o2 the
paucity of careful relaxation studies of the sarre radical
In both  glassy and crystalline states hes prevented such
comparisors INEPR. Reinecke and Noaiz: have proposed
amodel for nuclear relaxation inwhich ruclearspnenergy
is removed by a “Raman’” type process involving two
tunneling modes, and Rubinstein and Reising. have
oa’slderedmeeffectcfmllngnndsmthescattenng
of low energy phpnpns in connection with nuclear spin-
lattice relaxatlon
W& have recently"investigated the electron spln-lattlce
relaxation of tr: electrons and trapped ro%g
aton's inanumber of rmolecular glass&sza Itis found
the relaxation rate at lowtenmperature is proportlonal to
the termperature and is several orders of tuck faster
than reported for those radicals in single crystals 134,24
Here, we wish to present a new relaxation mechanism
unique | msome I to the glassy state, which may be
resporsible for the tegfjerature Spin-lattice relaxation
of many nolecular radicals in nolecular glasses.

Il. Theory

Electron spin-lattice relaxation oocurs due to a tine-
perturbation of the electron spin by its envi-
ronent. In a calculation of the spin-lattice relaxation
rate as a function of rature in solids, it is necessary
to have some nockel for the ics of the solid lattice.
The lattice of ICs is alnost always d%cglbed Ls;]rgthe
Debyenodezs anomatomccrystalze ﬂDlg SOTe
corsideration has been given to the effects of lattice an-
harmonicity2z crystalline defectszss7 and optical pho-

NoNS s,
Lat?t?:Z Dynamics. The G'BOfﬂ'EDBbyEI'TIIH
seemauite reasonable for nost crystals and this ookl hes

been quite successful in predicting not only the tenper-
ature of the spin-lattice relaxation rate of a
D ety oF S Sysical properies of et o 1on
SO many ical properties of crystals at low
ratures ThereoordoftheDebyermdeI hes not
|n low rature asses honever. For
icts that capecity at low
temoeratures shoul ke proportlonal to the cube of the
for both glasses and crystals, the heat capecity
of glasses |sI|nearIy ional to the t rature and
|s manytlms greatert that of ac of the sanme
other physical properties of glasses
at Iowtenmratl.reareeqall anoelous, Ing the
presence of additionél Iowenergy nodes in glasses that
are lacking in crystals 42
Tunnelllng M%Aoflmglt II[I*EI’:aI%'ftF;’]E"lOth’Té
rature lattice csofaglassist illi
p]§ , HHl andVarmeas This ool etl'ts/l“ﬂms
that, inaglass arearurrberofatorrsornolecul&
for whichthe local potential hes more than one minirum
If the potential for these atorms or nolecules increases
rapidly enough anay fromthe mining, the only thermally
populated states below room tenperature will be the

Figure 1. Symbolic diagram of the double potential well of the tunneling
particle. The distance /separates the two minima which differ in energy
by 2A. The barrier between minima is VOand the energy difference
between the two tunneling states is 2e.

coupled tunneling states of the multiple potentlal well.
our purposes, we Will describe these tunreling modes
in the same manner as Phillipss did.  The tunneling
particle is in a potential field which canbe
the one-dimensional potential functionin Hgure 1. Itis
formed from two harmonic oscillator potentials with
minime displaced by distance 1 and energy 2A Between
the two minima is an energy barrier of height \6- The two
lowest erergy levels (me ml?{a(\],;& populated at the
temperatures considered energles of e =(Ag
+ Aoy 12 Where 20 = nu,(osTr)lize~" and Thefrequer‘;,P/
of oscillation in ore of the isolated harrmnlc potentials
conprising the total potential, a = (mvon-2 121, andm is
the mess of the tunneling particle.
Phillipss.ss hes both calculated the tenperature de-
of the relaxation time of tunneling modes and
nessured this sarme quantity in lowtenperature dielectric
relaxation experiments on polyethylene. The relaxation
time of tunneling modkes tisgiven by 1 /r = w12 + wa
where w12 and w2 are transition rates between the two
energy levels in each direction. This is closely related to
the characteristic correlation tine rcfor the tunneling
partlcleglvenby 1 /tc=nwi2 +nav2 Where nxandnzare
ations of the two levels. If the tunneling modes
areassunadtobe in thermel equilibriumat a temperature

T

1 1 b2AQ%e
T 2t COShe (e/kT) vsp

( 2e\
\kT/

= £ ecsch (i] ) (1)

where b is the strength of coupling between the tunreli
mode and the lattice s 5?5 the velocity of
in the salid, and p is the density of the solid.

Tunneling Mode-Electron Spin Interaction. The
notion of the tunneling particle can affect the electron spin
of aradical inseveral Since we are concermed here
with radiicals having little spln—orblt coupling, the main
interaction between the electron spin and the notion of
the tunneling particle is the END interaction.

><par:‘(§l the dipolar interaction around the co-
ordlnate j along which tunneling occurs we have

BND(O =@EOd 77 0(0 —00 + =1+

where () denote the time average. Since;j takes on only
Tre Jourdl of Prysicdl Creristry, \d_ 8L, Na 5 1977
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ore of two values, the spinHlattice relaxation rate between
spin states Ifff) and |2 is given by

1 _ 11, |93fENDI\02)\2 2r,
1+ w2r,
R = )
where « isthe EPR . Measurerrents by Phillips4*

on tunneling nodes in polyethylene indicates that the
characteristic correlation tire rcis much greater than the
inverse of the EPR frequency « at x-band sothat eq 2can
be written &s

1 =Afl<a MIENDAI 02

T,, h2 9j u>2t. Tc
b2A 02e
Koj I~ 5 /ia 2> 3
co2h’ : vsp

3]

This has the same temperature dependence as does
spin-lattice relaxation via a symmetric double potential
tunneling modes: and via the tunneling rotation of a
methyl group..o )
Spin-Lattice Relaxation Rate. The calculatlon ofthe
spin-lattice relaxation rate for nolecular radicals in aglass
can nowbe attermpted. Since, for nost nolecular racicals
in %ae@esl T2« 71 andthe spectral diffusion tie within
anEPR lire is short conpared with Th the Txfor radicals
in the glass, each of which mey interact differently with
neighboring tunreling nodks, is determined ﬂ"leavegp
spin-lattice relaxation rate for the assenlage of radiicals.
uS

<rrl>=isrls r f"'(i)

i=l
and the calculation of the spin-lattice relaxation rate is
then the integration of eq 3 over the appropriate dis-
tributions of 1, asceno/a> b, AQand e . Assuming that /,
OBCHNDS;, b, and Aoare not correlated with e, We may write
1 Kojl-g)fﬂ\[)ﬂozjfz b2A @
Ti co2h2 \ "™ 9; v5p

X /0™ csch ziea\n(e) ce

- (CD) /o~ e csch n(e) B @)

wheren(t) isthe density of tunneling modes with an energy
splitting between tunneling levels of .~ _
The distribution oftunrﬁ%nuje spllttln?_s, ne), is
not known inglasses. Cur for the tunneling node
dynamics requires that e« nt1, sothat ng) must be
gr%rlzll Wmﬁwlwly\eﬂr%g)gtjk ofthe
is is reasonable on physi ?ancb Large

crequires Aad to be large, but 1 is limited to about
twice the diarmeter of the tunneling group and voand A
are likely to be neé;atlyely correlated. Ve shall therefore
use four different distribuitions of tunneling mocke splittings
to examine the effect of the form of the distribution on
tgtetenperaturedepelmmofw spin-lattice relaxation
rate.

Delta Function Distribution. FOf r(e) :<$- d),_V\hiCh
corresponds to identical tunneling modes, eq 4 gives

¥, “ <CD>e' csch (W )

in agreement with Murphys: and Gamble et al .o The
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interesting feature to note about eq 5is that fork T > 24

1 KT
(6)
T, " <CD> 27

which is a different high tenerature limit fromthe usual
Tf1 a Tz limit for most relaxation mechanisirs.
Inverse CDistribution. FOr a distribution glven by

(0 fore< Ao
fore> o0
(\f/\erealizethattherermstalsobealirritat
JFA'N(©) cc must converge) eq 4 beconres

2
ecsch - -de
kT €

csine

— @ (CD) s no

11

= (CD) /A0’ cschi—° j de
)< Incoth 4°\ !
Z kT/.
Forkt » AQeq7hbecomes ./

Ti > N~ In(C ") [/ " 5 '--, Vv f -risi

In any reasonable termperature range.above 4.2 K, is
ver?/néllose to being linearly proportional to.te_rrper_g%ire.

Step Function Distribution. Astep functlon distrib-
ution for n(t) may be chosen by the conditions

i0 for e< Alt
n(€) -(constant forAc<e<em
(o fore>em (-

for which there are a constant nuntoer of tunneling nodes
with splitting between eand « + ckwithin a certainrange
of eand no nmodes outsice that range.  The average
spin-lattice relaxation tire is then given as

i‘i « (CD) /AdBn e2 n;g\e"(Z’l + 1y2elnT C 9

where the csch function hes been expanded as an infinite
series.  Integration of eq 9yields

~ g exp[-(2n + 1)2As1kT]
M G:(CD)feT n=o en + |2 U
- exp[-2n + D2p/k7]) (kT + 2A0(20 + 1))
- 2p(2n + 1) exp[-(2n + 1)2p/kT]} (10
wherep = em- AQ Whenp « «T, the infinite sumin
eq 10 s proportional to T: csch2aokt sothat Tf: @
csch (e Ao/kty. Whenp is no longer much smeller than
kT, which oocurs as the termperature is lowered, and the
of splittings of tunneling modes becores conparable
to the thermel , the spin-lattice relaxation rate
becormes a much stronger function of temperature.
Low Energy Distribution. If al the tunnellng node

erergies are Well belowtherel er‘er%a.e,n(e ~ o only
whenw« k) thencsth (Z/kT) can expartgdm
only the first term kT/z(e, an(iso &
1 kT
Jo: (CD)/o°°e2; n (e) de

=(CD)~fo0°°n(e)de (11)

The integral ineq 11 isjust the nunter of tunneling nodes
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and is not a function of temperature so T 1 <.
General Form of the Temperature Dependence. We
have calculated the functional form of the termperature
Oependence of spin-lattice relaxation due to tunneling
nodes at temperatures well in excess of the tunneling
mock splitting ineq 5 7,10, and 11. Al of these functiors
have in conmron that, above a certain rature, the
spin-lattice relaxation rate is proporti to the tem+

re of the e. Inadditioneq5, 7, and 10, which
fi\l.l?erft;alyidforIcm?mOI r&dso,%ean%strorger
- temperature at very low termperatures

IS IS i& strong contrast to the more norrel relaxation
mechanisiTs due to lattice phonons which have been well
studied in single crystals doped with paramegnetic
transition iors.” There, the relaxation rate at ve
low temperatures..is constant, then becoes linear wi
termperature above about 2K, and finally increases at a
rate between,-T .and. To at higher temperatures before
falling-back ta-T> far above the temperature of the

* Becaluse of the' different forrs of rature
dependence ofispin-lattice relaxation due to tunneli
nmookes and lattice phonors; it, is not unexpected to fi
that different mechanises are dominant in different
termperature regions.” Alad, we expect that the charac-

teristic correlation time is underestimated by eq : -at
termperature™above, XD or 20K as di by Phil-
lipsasss 1"V Vv -

In studies of sinple nolecular radiicals in glasses we have

found that the spirt-lattice relaxation rate is often affected
cross relaxation with netic impurities below
4K is dominated by tunneling modes between 4
and 100K, and is a complex function of several mecha-
nisns above 100 K ] ]
_Effect of Isotopic Doping. Preparatlmofglasses I’H\/Irg
different nuclear isotopic itions affects the spin-
lattice relaxation.rate in twoways. The first is by mod-
ifying the END 'interaction between the isotopically
substituted nucleus and the radiical, and the second is by
altering the cs of the tunreling nocke itself.
The portion of the END Hamiltonian connecting dif-
ferent electron spin states is

JEND=y~ r - [-(1/4) (ST- + STH(L - 3¢os: )

- (3/2)(S% + ST sine cose - (3/4)(ST+
+ S"T) sire 6] (12)

where r is the length of the vector r between the radical
and the nucleus under consideration and o is the angle
between r and ftQ the static megretic field. Since fast
spectral diffusion is assurred, all the terms ineq 12 are
important. Assuming that all relative orientations between
the radical and the tunneling direction are equally
probeble, the average of I(fﬁl(gfﬂ\ﬂd/)llw 12 Over
grargle;s 9, this average being denoted by aswgfe
IS

< £ ~ [la 2%2=71 */2 sin0

9 32

X 2 2 (I(+m1[9” ENDI-m'1)I2
oT

mi m'j V
+ K+m" -mw\2) d (13)

where <t and < represent the two electron spin functions
of the radical and (m~ ardﬂ}:l,rep’&eentﬂemdear n
functions of the tunneling nucleus. The evaluation of eq
13 for a tunneling proton yields 33iZ7€7 Fh4/30r8while
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evaluation for a deuteron yields 702 2767004/ 360r8 The
ratio of these transition noments is

9K END 9JCEND
I<cex 1/ la2>ld 2/Ka i\ lo2>1h 2
9; 9,
Tdl 39
0.084 (14)
Th2 H

Assuming that « is determmined ore by A then Ac the term
in eq 3nost sersitive to isotopic substitution is A™ V
This termis basically a function of density since both Ao
and v C on density.  The welocity of sound v is
orel tothe reai mre root of metrix dersity,
AIQ Bqarlt/iaemﬁ—)rm]/z) re_ma;%'me mess of the
tunreli ticle. For many organic a
deutergt?on increases the glass densi !
This megnitude of the deuteration effect on relaxation
rates is determired by the identity of the tunneling
particle. If the tunneling particle contains no hydrogen
nuclei and the END interaction responsible for inducing
Mme relaxation does not involve hydrogen nucley,
dau |%nr%0$ not change the END trarsition noment.
n we fi

ri(H/T.(D) =09 32 =1.17 (15)

If the END interaction with hydrogen nuclei is dominant

and deuteration ,orodm little change in the ness of the
tunreling particle, then

1 TUHV/TX\D) =0.084 X 0.952 =0.10 (16)
Fnally, if the tunneling particle ness is determined di-
rectly{)ythenmsofme rogen nuclews (eg, rotational
%nellnggeg methyl group or tunneling of a hydrogen

ews),
T(H) _ exp(-=mDIA2)
(D)~ 0.84 X 0.9 32 - exp(-2mH /)

=0.030 (A7)

Thus deuteration of an ic or agueous glass will

Pruioeada"ge inthe spin-lattice relaxation rate i
ranaZO)/oimreasetosgwo/odecreese. iy

I11. Experimental Section

The electron spin-lattice relaxation times of trapped
electrons in C:HOH, C.DsOH, and C2HZ0D were mea-
sured between 5and 150K onatine domain X-band EPR
spectrometer built in this laboratoryzs It is a single
Kiystron su C spectrometer with 60-MHz 1F
and 14-MHz bandwidith with synchronous dermodulation
of the IF. It is operated wsing the saturation recovery
technioue for measuring 7\ A pulse of 40mANmicronaves
or less is applied to the Z}_%?tlﬂml of the radical whose

a0eous glasses,
by abou% 10%

Ti 1St0 be measured for al  of time longer than any
relaxation time of the Je in order to saturate or
partially saturate the EPR signal. After the saturating
pulse, the recovery of the EPR signal from saturation is
nonitored with micronaves coherent with the saturating
pulse but at alevel lov not to disturb directly the
electron spin populations. No megretic field nodulation
is used while nreasuring the recovel trlyeof'rhe EPR s%;al
fromsaturation or while saturating the EPR signal. This
spectroneter has measured spin-lattice relaxation tines
u*%from_zoo ns to: s and can nonitor the recovery
of the EPR signal with micronave powers ranging from
400 juwto 20 pW, ) o
recovery of the EPR sgnal from saturation is re-
corded wsing erther a PAR 9 waveform eductor or
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aPAR 162 boxcar averager. The conditioned output from
either of these data acquisition devices is processed % a
logarithmic amplifier and recorded on an X-Y .
The spin-lattice relaxation rate is then recovered fromthe
slope of the straight lines on the X-Y recorder.

_The temperature dependence of T, is determined by
fitting the equation

Tf1=D2T+ O2exp(-f21T) (18)

to the experimental data. The paraneterso, o, adt are
varied with aweighted, rgrt;;/rt?;{ |terat|v§t,alteasl;s_q;ar_es
conputer programsuppli e Universi
erpgl% Data Processing Centerzs which uses ﬂ%/
Marquardt method« In each iteration, the data were
weighted by the current prediictions of 7\ usingeq 18 The
linear function of temperature in eq 18 represerts the
'Ell_,ll!]’lm|lrg relayéiltt%gﬁ mechan ! hs;p discussed In section 1.
e exponential function of the termperature represents
the relaxation mechaniss daﬁ_mngeﬁm ;
andisused in rence to a different function rmore for
its utility than for any theoretical reason. )
The EPR cavity is a Varian V-4531 rectangular single
cavity. AnAir Products LTD 30110 Helitran unit inserted
into the cavity codls the sanple. The sanple cavity serves
as the dispersive elerrent in'the AFC loop so the Klystron
frequency is locked at all tines to the sanple cavity. The
sanple temperature is stabilized using an Artronix 5301
termperature controller to drive the heater in the Helitran
unit. The Atronix 5301 serses the tenperature near the
sample with a 50-0, 0.25-W carbon resistor.  The tem-
perature of the helium ges stream imediately above the
sample is measured by the GaAs diode sensor of a PAR
156 cryothermmomreter or by a Digitek digital thermmonreter
“The et el & povick by 2 Verien 94
retic field is aVarian 9Hin megret
with anl\/Bt‘i:]rk | Feldial I?Fu%\tnrol. ) mag
The C:HB0H used was anhydrous Rossville Gold Shield
alcohol, anhydrous C:H30D wes obtained from Stohler
Isotope Chemicals, and anhydrous C:D30H wes from
Merck Sharpe and Dohe of Canada, Ltd.  These
chemicals were used as received without further purifi-
cation and without the addition of water. Sanples were
meck by sealing these chemicals in short sectiors (4-5am)
of evacuated spectrosil tubing. The sanpleswere
carefully frozen by slomy lowering each tube into liquid
nitrogen at the fastest rate which gave very little ing
of the Ilqgid nitrogen. The freezing wes performed as
r?Procu:l y as possible since the freezing rate appears to
affect the structure of the glass 24
The es were irradiated in a US Nuclear Corpo-
ration GR-9 Co-60+ -irradiator at a dose rate of approx-
imetely 016 Mrad/htoadose of 1 Mrad. Duringand after
gﬂadilaum the sales were kept in liquid nitrogen inthe

IV. Results and Discussion

_ The spin-lattice relaxation rates of trapped elec
in the three ethanal es are plotted as a function of
tenmperature in FHgure Care wes taken during the
measurenents that the saturating pulse wes rruchekﬁ

electrons

than any relaxation time of the sanple (pulse |

varied from 15 ns at high temperatures to 1 s at low
temperatures) and that the micronave power used to
nonitor the recovery did not perturb the spin system
(micronave powers varied from 100 to 01 nW). The
relaxation rate? unijerltfmengthoaﬂlth%s were found t(_)nl?g
i of pulse length or monitoring pover.

solid lines in Flg%lre 2 are the Ieast—sanreg fits of eq 18

The Jourdl of Physicdl Crenristy, \d 81, Na 5 1977

M K Bowman and L Kevan

Figure 2. The spin-lattice relaxation rate as a function of temperature
of trapped electrons in CZH30OH (open circles), C2H30D'(open triangles),
and C2D50H (solid dots). The lines are the least-squares fits described
in the text.

TABLE I: Optimized Parameters of 1/Ti = D 2T
+ 02 exp(-f21T7) for Relaxation Rates of Trapped
Electrons in Ethanol Glasses

Matrix D\ s' K* o\ s'1 t\ K
C2H50H 18.9 4.74 x 103 84
C2HsOD 7.30 471 x 103 92
C2DsOH 3.22 1.69 x 104* 148°

° The magnitude of the correlation between these
parameters is greater than 0.90.

to the data points. The ccefficients of these fits are listed

inTable I. " It is seen that the data are well represented

by eq 18without invoking a termperature independent term

expected for a cross relaxation mechanism  Apparently

arcss relaxation fromtrapped electrons in ethanol glasses

%g_arg/tggye_r radlical at the dose and tenrperatures used in
is IS uni :

A striking feature of the results in Table | is that the
coefficient of the relaxation whose rate is pro-
%)rtl_onal to temperature, i.e, D2 shows a strong deu-

ration dependence. This is entirely as predicted on the
besis of the theory presented insection 1. Infact it is not

unreasonable to extrapolate a value for the C:D30D glass
prepared in the sane fashion of less than 1.9s:1 K1 as
predicted by eq 16 and 17.

It is gererally accepted that the trapped electron in
ethanol consists of an electron tr: in the conbined
potential fields of four or six ethanol nolecules oriented
with either the OH bond dipoles or nolecular electric
dipoles oriented toward the trapped electronseso In either
case, the hydroxyl groups are nearrest the electron and are
et T Ty AP R EREr S s

rel ion is r
interacts less strongly. Psara?ﬁﬁe EPR line width of
the trapped electron is much larger in C:DSOH than
CHOD. Since the hydraxyl group hes a large bond dipole
and is closest to the trapped electron, the hydroxyl is
presumebly held rather rngidly by the electric field of the
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t electron. In contrast, the ethyl ?I%should ke
less restricted in its notion as d the hydroxyl
groups of nolecules which do not participate in the
electrontrap. As aconseguence, the spin-attice relaxation
nodkel presented here predicts that the tunneling of the
ethyl groups is more important than hydroxyl group
tunneling for the electron spin-lattice relaxation. This is
exactly what is observed.
Anything that affects the structure of the glass and the

number and distribution of tunneling , e?‘? the
freezing rate of the matrix, should have a large effect on
the coefficient of the relaxation process which varies

Iinearg?/ with temperature.  W\e have observed this in
several systerrs and this mekes exact quantitative com-
parison between different sanples somewheat risky.

A further test that the relaglrgn e O\éwr?ﬁzgélm%rq
tenperature dependence seen here is to be identified wi
the tunneling mechanism is that the coefficient of the
observed rate (D9 nmust be ruch larger than the coefficient
of the similar term in the relaxation of a trapped electron
ina line environent. Thiis criterion can be assessed
fromthe relaxation data on trapped electrons (F centers)
in alkali halide single crystals 1314 The coefficient of the
relaxation process whos rate is linearly proportional to
temperature is about 10s : K 1 for electrons in ethanol

gla$a)njﬁgls§£edt05X105 s1 K1 for electrons in KCL
crystalsl F centers and trapped electrons in aloohol
glasses are quite e in both their optical and
megnetic propertiesss: except for their spin-lattice re-
laxation mechanism Spin-lattice relaxation of F centers
at low tenperature is due to nodulation of the END
interaction tg'y lattice phonons, while modulation of the
crystallire field by lattice phonors is ineffective in crystals
containing no heavy atons. W\e conclude that relaxation
oft electrons in ethanol glass is due to mpadulation
of the END interaction by {ing mooks assodiated with
Ty oo By s EIONOrS. . EGarTents, o
ulation by lattice : riments on
 electrons and trapped hydrogen atorrs in other
crystalline and glassy natrices show the sanre striking
difference. These studies will be reported elsewhere.

V. Conclusion

W& have described an electron spin-lattice relaxation
medhanismexpected to be i for molecular radicals
inglasses. The mechanism > on odulation of the
END interaction between the radical and nuclei in its
glassy ervironment by the notion of tunneling nuclei or
%roqas of nuclel inthe glass. This mechanism predicts:

a) that T f: <T above a fewdegress Kelvin, (b) that TT:
is dependent onthe ion of the glass to the extent
that the ion affects the numoer and distribution

of tunneling groups, (C) that T f1 is sersitive to the isotopic
copoasition of the glass, (d) that T f: for agiven nolecular
radlical is much larger in a glass than in asingle crystal,
and (e) Tfi €g2whereu Isthe EPR .

_ The results of Txmeasurerments on trapped €electrons
iN C2HsOH, C:DsOH, and C:HZ0D glasses in corparison
with the literature results on T x measurenrents of F centers

tr electrors) iINKCl ssgﬁ)ortthetmneli
msmforgla)ssas. We md(a% 1 Tfortlappgg
electrons in ethanol glass between 7 and about 100K ()
that the relaxation rate in a glass depends on the details
of glass ion, (O that T, is sersitive to deuteration
of the glass, and (d) that the relaxation rate of trapped
electrors is about 10 tirres larger for the T f1 « T process

4al

inethanol glass than in KCL arystals. e have been uneble
to test prediction (€) because we are experinmentally limited
to T! measurements at a single EPR frequency.
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Proton |
SrgaLfle%B ofthe free sapl

on es
ion ocoupies the m It is conclucked

rtucinel and transverse NIVR relaxation tirre messurenents at 30 MHz are reported for frazen
carbonic anhydrase with and without
res two tire constants, only are is required

ion at the active site. Al longitudinel
the water inthe imediate vicinity of the protein molecule

sarples the active site manganous ion onatin'e scale short conpared with a nrcrosecond and thatt relaxation-
of water protons caused by protein protors is significant.

Water interactions are central to an understanding of
mecronolecule structure and function, yet meny questions
remein concerming structural and dynarmic details of weter
and its interactions with mecronmolecules: Sorre physi-
ological effects have been ascribed to various degrees of
long range ordky imparted to watter by its interaction with
mecronlecules> X-Ray reports on crystalline proteins
have provided sone support for at least short range or-
Cering of water nrolecules Inprotein crystalss Onthe other
hand, sore experiments that the lifetines of what
structures exist must be very shorts NIMR relaxation
measureents provide a direct method for investigation
of water-mecronlecule interactions in a variety of en-
vironments including solutions and sermisolid systens such
as tissuesss

The mgjor difficulty with megnetic resonance studies
of protein hydration has been that the effects ooserved on
the water NIMR spectrum are sell for protein solutions
due to the very large concentration of the bulk solvent
nolecules and what is thought to be a rapid mixing of
solvent between all environnents in the sanple.  This
difficulty may be overcone in part by freezing the solution
Most of the water formrs ice which hes relaxation pa-
rameters very different fromthat of noncrystalline water
remeining unfrozen. Study of the unfrozen water signal
then focuses on water which interacts with the protein
surface so intimately that it does not form part of the ice
lattice. It is encouraging that measurerrents of absolute
water proton intensities from NIVR CW and pulsed ex-
perinments agree with other estimates of the nurmber of
water nolecules ht to interact strongly with the

otein surface even h in ger ex

or may arise in frozen solutions of salts or nore
complicated nolecules-o It has been previously shoan
that the NIVR relaxation of frozen lysozyne solutions is

ve?/rgirrilartothatinl crystals4 Therefore study
of the more easily handled solutions permits an efficierit
ch to additional details of hydration.

evious measureTents of water-protein systens have
Wedthat diffusion of weter in the region inmrediiately
Jlaoent to the protein is very fast even at termperatures
well below the freezing point of water.« Although there
have been two populations of water reported below
the freezing event +s interpretation of relaxation for the
dominant conmporent hes involved the suggestion that the

* Camille and Her.ry Dreyfus Teacher Scholar 1974-1979.
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diffusion of the avetge water nolecule at the protein
surface is characterized by correlation times on the order
of nanoseconds at 240 K. The present work wes under-
taken to probe the rate at which water nolecules sanple
the active site crevice in a metalloenzyne at subfreezing

tenperatures.

Experimental Section

Proton relaxation tines were measured at 30 MHz on

a pulsed NIVR spectrometey built inthis laboratory.o The
¥ pulse width wes 3;is and the spectrommeter recovel

time wes about 5ns. Tt Was measured using a 180°-S
pulse sequence and T2 by the Gill-Meiboom nodification
of the Carr-Purcell pulse sequence s The't rature of
the probe wes regulated to within 1 ° with the Varian
variable temperature controller using liquid nitrogen as
the ic fluid agq%rlogen as C&El i brgatercriler_ .d_'lgég
variable erwes cali withadi
o tenerrJ.eratue

Bovine carbonic anfhydrase (BCA) wes obtained from
Worthington Biochermical Corp. Noattermpt wes mecke to
Separate the isozymes. Apo-BCA wes prepared by two
nmethods. Earl&morkmes doneb‘%/ dialyzing the native
BCAle/?alrsto M phosphate buffer at pH contamlr%

0

0L o%mthroline for 7 days with one change
buffer . - apoenzyime wes then concentrated on a
Diaflow ultrafiltration cell for the NMR experiment. A
nrore efficient chelating agent, pyridine- s -dicarboxylic
wdmﬂ IgtterV\uk_ abl;()%trp content wes determined
ona - omic ion spectrometer.
Mn-BCAwes meck by dial irgﬂeappemyrm%
0.0L M phosphate buffer at pHs containing 104 M
for 2 days with ore of buffer. The Mn-BCA wes
then dialyzed against 0QL M buffer containing
10s M Mn2+at pHs. The M wes then concen-
trated on a Diaflow ultrafiltration cell for the NIMR ex-

In the control experinent as . % native BCA solution
wes dialyzed against a 10s M e buffer at pH s
containing 2 X 10s M MnCl: Tfor 24 h. Free Mn2+con-

centration wes measured on a Varian E-3 ESR spec-
trometer m”rpanson of the signal intensity against a

standard solution using 1dentical conditions of
modulation anplitude and micronave poner. Total Mn
content wes by digesting the protein with am-

nonium peroxydisulfate f%ed by oxidation of the
manganous ionto permenganate with potassium periodate
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Figure 1. Proton transverse and longitudinal NMR relaxation times at
30 MHz for a frozen 10% solution of apobovine carbonic anhydrase
as a function of reciprocal temperature: (¢) slow longitudinal relaxation
component; (m) fast longitudinal relaxation component; (O) transverse
relaxation times.

Figure 2. Proton transverse and longitudinal NMR relaxation times at
30 MHz for a frozen 10% solution of the manganous derivative of bovine
carbonic anhydrase as a function of reciprocal temperature: (°)
longitudinal relaxation times; (O) transverse relaxation times.

and measuring the permanganate optically at 525 nrm
BCAO(mermrgtlonV\gé3 nmledoptlp(l%ltlyatyEWnLHrQ
the alsorbance e =184

Results
10Ph S of APt NiC AT Longucirel
0 on o iC . itudi

relaxation wes _characterized by two als: the
slowest relaxation ot plotted passes through a
broad mininum as a function of termperature and cor-
responds to approximately 65% of the signel mtens?y.
The faster longrtudinal relaxation conrponent acoounts for
approximately 35% of the signal intensity. Transverse
relaxation wes characterized by a single exponential to
within experimental error. The slope of T2 against the
oy . nlglatfgrrﬁew%nmlm eSS TG,
erergy Of's . ] 2 €, )
the meaning of this number is unclear.

Proton relaxation data are shown in Fgure 2 for frazen
10 % apocarbonic anhydrase solution which had been
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Figure 3. Proton transverse and longitudinal NMR relaxation times at
30 MHz for a frozen 10% solution of native carbonic anhydrase
containing 2 X 10-5M Mn2+ ion as a function of reciprocal temperature:
(O) the major longitudinal component; (¢) the minor longitudinal
component; (O) the transverse relaxation times.

TABLE |
Temp,

Sample (B T, ms T2, ms
Mn2+BCA 20 60, 64 35, 36
Mn2+BCA -10 24 0.90, 0.79
Mn2#BCA + 5x diamox 20 79, 79 115, 108
Mn2+BCA + 5x diamox -10 32 1.0, 0.89

0.86, 0.90
Mn2+BCA + 30x diamox 20 144 112,106

Mn2+BCA + 30x diamox  -10 5.8, 5.0 102
apo-BCA 20 512 369

dialyzed against successive changes of solution containing
2x 105 M manganous ion. The dominant form of the
enzyne contains a LS ion at the active site region
Metal analysis data are consistent with there being ametal
bound to free ratio inexcess of 20at pHs where the NIVR
TErRAELS (Ot & cheropasiams by & ars 1
rivative is eriz asingle relax-
ation time to within experimental error. Lorr%itudinal
relaxation is tﬁe}aracten%eéi) by two © sl : %rol/e
conporent in the range of 0s conrprises only about 5%
of the signal and the remeining short nt which
isplotted. An Arrhenius plot of the transverse relaxation
data gives a slope of 3.1 kcal/mol. The dominant longi-
tudinal relaxation time appears to aminimum
value at high termperatures close to the freezing event.
Two types of experinments were dore to determine the
sources of relaxation. The megnitudes of the relaxation
effects due to manganese ions not coordinated directly to
SERINY A 2 S5 EING ST SOl VO CATER
as.s % native ion whi
2X 1(5? M1 ion Relaxation results for this
em with zinc at the active site are summarized in
réPure_a _To within experinmental error the transverse
axation is characterized by a single relaxation tine and
an apparent activation erergy of 62 kcal/nol. The
longitudinal relaxation is described by two exponentials;
the Taster conporent whichiis pl comprising 60% of
the signal. The effects of chemical exchange of water in
and out of the active site region were determined by
measuring the relaxation rates in frozen and unfrozen
solutions In the presence of excess inhibitor, diarmox.
These results are sunmrarized inTable I. It isimportant

The Journal of Physical Chemistry, VoL 81, No. 5, 1977
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to note that addition of a large excess of inhibitor does not
restore the water relaxation to the values appropriate to

the dianmegnetic apoenzyne or native enzyire.
Discussion

The data shoan in Fgure 1 for the metal free carbonic

f are similar to that previously reported for other
diamegnetic protein solutionss Two longitudinal relax-
ation ties are required to fit the data and the ratio of
either longitudinal relaxation tine to the transverse re-
laxation time is much greater than predicted by the
equations describing liquid relaxations The data
in Fgure 3 which are for a e containing nore

ion gc]yaJan ex&pe‘gted_to Pe in equilibriumwith
manganous ion bound at the active site in the manganous
derivative, are different in some detail fromthat of the
metal free e. However, two longitudinal relaxation
times are required and the ratio of elther of themto the
transverse relaxation tine is large. Ve therefore conclude
that the dramatic effects shown in Figure 2 when man-
ganows ion is placed at the Te active site are not due
to extraneous manganese ion, which ey be in eguilibrium
with binding sites at the protein surface.
s praparad il Yoo of ionly Ioang
IS pre , a Vvery s resi of s relaxi
Ior_gitudinal relaxat?/m is dboserved \y\hich rrra?/
arise fromtwo sources: (1) The equilibrium constant for
binding of manganese to the enzyne is small enough that
with present conditions some enzge nolecules may not
have am ion bound to the active site. (2) The
Preparatlon of a completely zinc free Is dif-
icult. Fregu_ently a residual zinc concentration on the
other of 5% is retained. In either case two relaxation
would result: a minor ore due to the dia-
megretic molecules and a mgjor one for those containing
. &mmmha fo;;rtorlolieemsare likely inthe
present case, we oon that for the menganese
derivative longitudinal relaxation is characterized by a
single exporential. In what follons we will therefore
(?tﬁeObr only the short relaxation tie representing 95%
of the signal.

_The transverse relaxation time in the manganese de-
rivative is shifted by approximetely a factor of s at the
highest temperature conmpared with the values of the
apoerzyne.  This result inplies that although the para-
megnetism mekes very significant contributions to the
transverse relaxation tine, nonnegligible contributions

arising from diamegnetic sources remein. On the
other hand, netic effects are clearly dominant for
longitudinal relaxation in the derivative.

In gereral the relaxation equation will contain con-

tributions from each physical or chemical environment
experienced by the water protons s

1 _ Pp | Pm
Ti=1I1,2 PiD Pim + rM (1)
where Pdis the large fraction of water protons not at the
paranmegretic site; PMthe fraction of water protons co-
ordinated to the ion; T,Dthe relaxation tine,

either x or T2 at diamegretic sites which we may

characterize wsing the data; rMthe nmean
resicence tirre for the water at the ionsite; and
Tmthe relz_axatigp tiBr? fot;t rt;?t V\atoe%r X at réfte
NMaNganous ion site. By sul ion iamegnetic
term obtained fromtheapoenzgmdata we ey isolate
the pararmegnetic contribution. Since C effects
clearly dominate longitudinal relaxation

1/P1=PM/PIp ()

The Journal of Physical Chemistry, VoL 81, No. 5 1977

E Hsi and R G. Bryant

Tlpis estimated to be on the order of 2 jis by maki
absolute intensity measurenents to establish the tol
water concentration and assuming that the manganous ion
hes only ore coordinated water nolecule. In gereral

1/Pip = I/iTiM + rM) 6)

where TIMis the longitudinal relaxation time at the
]Eralv\naater}m ion Estlrrt(?tes for the mean resrlgltler%e tlrrtg
or Water coordinated nalr;?ar‘ee aregere ose
2x 10ssorshorter. Therefore a drarmju% s
inthe netal ligand rate would be required in
present case to place the longitudinal relaxation in the
Intermediate region over the termperature range
studied. The oloserved longitudinal relaxation equation
isthen ently dominated by TIMwhich simplifies at
this field strength to

2 yyoas(s +1) 3rr

HamM * 5 I'e 1+ ovte

+It) S5+ X{i+0.v'] @

v\lnered_Iool e{jcrl)?)lme correlation ?f%e for.the nuclear-electron
i ipole interaction, y the proton megnetogyric ratio,
s the electron spin quantum nunter, g and Bthe usual
megnetic pararreters for the electron, gj the Larmor
frequency for the proton, a the hﬁrﬁne coupling con-
startt, wsthe Larmror frequency for the electron, and ¢, the
correlation tinre for the contact interaction represented in
;Ihe second term A similar equation may be written for
2.18

1yxyopss +1)

1arc+ ' 31 .
\Y 1 + gj,2tc2j

15 r

- /671 -

IfssHf- Hritvy 5
If the scalar termis neglected, the ratio of TIM T2Vt the
T x minimum becormes 1.83 which is very close to that
observed in the present experinents shown in Fgure 2
A significant scalar contribution would greatly increase this
ratio; therefore, neglecting it appears to be justified.

The mejor Problem to further interpretation is lack of

precise edoe of the correlation times appearing in
eqrf(laz?thIjS In each case two contributions may be 1M+
po

lite = /tM+ lhie 6)

v\lneret fere rie i\%’a} grrelatégn time for %I\%:trmnucllg in
e 10NS Wni TuOF T2
rotation of the W&Ey protein molecule in g’]%y gg be(ﬂawse
the conlete ladk of any protein proton signdl in the frozen
sanle requires that the protein move very sloMy if at all.
Although we may put limits on values of rMit is difficult
to estiete the values to rie. The megnitudes of the mean
residence time for V\?}:er rmlepunlgts ?t the a(t:tlve s;’gs of
oximately room ure
rrey Tere from vlles shightly loregr then that for fhe
ManganoLs ion (2x 108919105 x 109 S20 The activation
energy for water ext with the metal is expected to
be in‘the vicinity of s kcal/mol which indicates that, at
the termperatures of the present experinents, the mean
residence tine will be long ¢ with 5 x 109 swhich
is the value of the correlation tine dominating relaxation
at the TVminimum at 30 MH, the freqwlkxa/ of these
experiments. On this besis therefore it is unlikely that the
mean residence tine of the water molecule at the man-

1
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TABLE Il
Equations Parameters

K = 6.0 x 103s'1
Ea = 4.0 kcal/mol

UT, = (2K/5)x/(1 + x2)
1/T2=y/T2 + (K/15){AXx +
3x1(1 + x2)}
x=exp{(l/T- LITO)EJR}
y “exp{(/T - 1/TO)Ed/R}

E( = 5.7 kcal/mol
To= 263.2 K

ganous ion determines the correlation tine for the nuclear
relaxation. The electronic contribution remairs.

The assumption that electronic relaxation tine, r.e
mekes a dominant contribution to determining the re-
laxation in this system is supported by the low value of
the activation energy observed for both longitudinal and
transverse relaxation. It seerrs unlikely that the activation
energy for water exchange fromthe nmetal could be as low
asobsenved in Fgure 2 1t is also unlikely that the water
nolecule lifetime could be as short as n]ph/ed by the value
of the correlation time at the Tx minimum_ The ex-
trapolation of this result to ratures where the protein

20ins to rotate when the solution melts must be made
with great care because such a rotation will contribute to
both the effective correlation time, r¢ and the electronic
correlation time represented ineq s as rie )

In spite of the uncertainties in these deductions a single
activation pararmeter may be assurred for the correlation
time, g and the consequences of this assurmption tested

comparisonwith the data. Inthe present case the 7\
may be fit well assuming a single activation ener%/
for the relaxations shown by the solid lire in Figure
The megnituck of the [ netic contribution to the
transverse relaxation time, T4y which may be directly
estimeted fromthe data in asmlarv\aly, requiresthat 2 »
not be dominated by the exchange [ifetime %ogwrlm
explicitly ineq 3 Considerations concerming the calcu-
lation of the exerinmental parareters similar to those just
for 11 yields the solid line shown in Hgure 2
Tablpeﬁarmters used to fit both v x and T are listed in
ell.

The quality of the calculated relaxation times dem
onstrates that to within the experinmental errors of our
measurenents the Xinmetions ineg 4 and 5and the

X onofa sw?e activation for the correlation
time dominating relaxation lead to calculated relaxation
times which are consistent with the data.  Additional
concerms reein. Outer sphere relaxation contributions
to the observations may be important in general. Two
features of the case would appear to mininmize this
contribution: (1) The diamagnetic part of the relaxation
is already very efficient and may in some instances
compete effectively with the first coordination sp
paramegnetic relaxation processes. (2) The georretrical
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limitations on ﬂc]gtpl med (_)%c r;[t[}e]em_ﬁtxe‘{ (’;9 the activle si'fe
MBINGANOLSS ioN Wi mecronolecule
rotation inplies that the dipolar contribution to second
sphere relaxation would decrease nore rapidly than r-s.:
On the other hand, the protein itself represents an ab-
normrel ligand because of its size. The protein protons may
ke strongly coupled cally. Since the notion of the
protein IS mininel, 2 for the protein protons is short so
that proton spin diffusionwithinthe protein nolecule itself
mey be rapid on the time scale of the relaxation tinmes
measured.  Since large concentrations of the inhibitor
nolecule J the water nolecule relaxation rate by
only afactor ot inthe frazen solutions of the manganous
derivative, we mey concluck either that the inhibitor does
not effectively displace water at the ion site
or thart1t there |erh |C|err11t ﬂr]eE:}Iaxatlo_n of the water protons
brought about ein proton spin system
That the irﬁbitor_étmggestmpv\r?atter o) reslgxatim rate
significantly permits the conclusion that exchange of water
with the mar ion position in the crevice of the
proteinis rapid; honever, failure of the inhibitor to restore
the besic features of the results for the diamegnetic
Eg[)\t,%erﬁ suggest thaz;cr%gnlﬁcam coupling and relaxation

the water protein protons occurs in these
sanples.
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A previously discussed correlation between anincrease in bord
distance in methylene-substituted dg%im
pol ened

iphosphonic adcks.

asymretric hydragen
infinite chains spiralling about  axes and adss linking the nolecules to form three-ci

chains inboth

A =100692)° adz - 2. Three-i
XRD-490 autorated

reflectiors. |
ionized PCP and PC:P.

Introduction

Considerable interest has been focused on ethylene-
substituted and unsubostituted ci honic acids, because
of their favorable binding characteristics tonard metal
cationss Recently, structural investigations of both types
of diphosphonic acids have appeared within this Jourmal 45
Ethane—l—hydrog—l,l-dl phosphonic acid rate,
(CI—b)C%OeI—_D (POst)2-H0.4 gave evidence for what the
authors believed to be a correlation in disphosphonic acids

I’(I_ﬁg bond strength and phosphorus-oxygen
bondler%d;|d authors noted that a decrease in the
P-O(H) length correlated with a decrease in hy-

dro%n bond distance and a Iergtlggi of the related
P=0 distance. They explained these effects in terrs of
adelocalization and builoup of negative charge density on
g‘%ri protomtoqrhe m&@eb%rttdrm tlf—%/\a/er
C Ir ; :
we believe what the authors were observing wes the
P-O(H) bond shortening and P=0 bond lengthening
which occurs in very strong hyd bonds due to the
formation of a nore ncal%rogen bond, not a
neral correlation. A recent structural study of G-
(Po 3H)2 PCP s showed that the above correlation does
not hold for a nmolecule where longer hyd bonds are
involved, honever, anearlier determination of PCP shoned
somewhat different bond distancess Therefore, we wish
to report the very precisely determined nolecular and
crystal structures of CH:(PQ:H2)2 PCP, and (Cl—rlg?z(P—
03H:P)2 PCoP.  The recently conmpleted structural oe-
termination of (Cl—lz)a(POa;HzZ PCsP, will be published
shortly. Highly accurate structural data ona nunber of
diphasphonic acids will be necessary in order to further
evaluate the small (0.0: A) differences in bond lengtihs
involved in the above correlation.

Experimental Section

Collection and Reduction ofX—RaF Data. ESOf

PCP and PCP were C Moe-
dritzer and Irani.» Recrystallization from nmethanol re-
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erai%gm'ca:id
phosphonic adids (~183A). PCP
C adids (~ .

P\/c, vl\giih mgeoell dimersiors a = 7.834), b :11?497((33&|%= 137

anystallizes in the monadinic space groupe 2 7 with unit mersios, a =
z - 2. i 'or_alx—raydatav\ereﬁectedfor
ted diffractoneter. Full-nretrix lesst-squares refinerrent of PCP gave
atotal of 1017 unique reflections, while a similar refinenent of PCP

el

strengthwith adecreese in
iC acids is not d for hyd bonding inunsuagig._(ltto%
bonas link -(OH)P(=0)QHf.noieties into
nersiorfat nolecular
(POZ?, CH(Po sHb)e, and ethane-s o -dli ic acid (PC:P),
P-C bond distances (L793(2) and 1735(2) A, respectively) &5

lizes in the nonaclinic
A L= I Az =4 POP

2,b =527, c=1L
a

oorrﬁunmsl
a ralfthé%if:for
gae afinal rr - Q0%6Tor 1019 Ln(g

nrplications for cation coordination and liquidHiquid extraction chelation sites are discussed

TABLE I: Experimental Details for PCP

Cell constants: 7 - 27 °C, a= 7.836(4) A,
b =5.497(3) A, ¢ =13.766(7) A, 0 =103.60(2) °

Cell volume: 576.33 A3

Molecular weight of asymmetric unit:
g/mol

Calculated density: 2.026 gcm“3

Measured density: 2.026(2) gem*“3by flotation
in CH3CL + CHjBr

z= 4

Space group: P2Jc (cgh ;no. 14)

Radiation: Mo Ka, X=0.71069 (Ross 1 filter)

Attenuator: Cu foil at 10 Q00 Hz

Take-off angle: 2.0 0

Maximum 20: 50.0 ° (+hkl)

176.001

Scan type: coupled 0-20
Scan width: 1.6 °
Scan speed: 0.1 ° steps
Counting time.: 4 s/step (background 16 s each
side of peak)
Crystal:
b axis mounted
Volume - 0.859 x 10 scm3
(-0.01 x 0.01 x 0.0176 cm)
Absorption coefficient = 7.165 cm“1
Maximum transmission factor = 0.89
Minimum transmission factor = 0.86
Number of reflections collected =1017
ffF for all reflections = 3.60% (1017)
RF for reflections where Fa > loFa = 3.39% (965)
wRy* = 8.96%

suited in the formation of clear triangular-prismarystals.

& pcr. Acrystal with ximete dinensions 0QL0
x QQI0x 0AL3cmwes ed along the v axis for study.
Preliminary oscillation, Weissenberg, and precession

photographs revealed 2/m Laue ry and the sys-
tena%?c;atserxpshm for /=2n+ Tand GOfork = 2n +

1 This is corsistertt with the centrasynmretric nonoclinic
Spece group p21/c [c\h NO. 14]. _

A GE XRD-490 automated x-ray diffractormeter wes
used for data collection. Accurate unit-cell parameters
were obtained by least-squares from the angular coordi-
nates of 14 reflections measured inazs range of 27-33°.
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TABLE Il: Experimental Details for PCP

=i constants: T= 25 °C, a= 5.856(2) A,
b =5.272(2) A, c= 11.665(4) A, 0 = 100.69(2) °
Cell volume: 353.88 A3
Molecular weight of asymmetric unit:
g/mol
Calculated density: 1.783 gcm“3
Measured density: 1.757 g cm“3by flotation
in CHL + CH212
z= 4
Space group =pP2J3c (C8&h; no. 14)
Radiation: Mo Ka, \ = 0.71069 (Ross 1 filter)
Attenuator: . Cu foil at 10 000 Hz
Take-off angle: 20
Maximum 2d : 60.0 O(zhkI)
Scantype: .coupled 0-26
Scan width: 1.€|5°
Rt .10
Counting time: 4 s/step (background 16 s each
side of peak)
Crystal:
b axis mounted
Volume = 0.144 x 10“4cm3
(0.036 X 0.032 X 0.013 cm)
Absorption coefficient = 11.874 cm*“1
Maximum transmission.Factor = 0.86
Minimum transmission factor = 0.67
Number of reflections collected = 1064
rp for all reflections = 4.58% (1017)
rp for reflections where Fa > laF0 = 4.36% (980)
wRpi = 12.6%

190.28

Details specific to data collection and anal merl%lesttsareglven
inTable I. A description of the instru ion used in
thl(Sb )dataoollzctllon pergﬁeﬂgl r;?/"s%ls'y?h 4

pce. Aclear ellopiped ¢ with dimen-
5|0r88re0|33x (0105285 OOlZcmvwsnnuntSmd%rgtheb
axis iminary x- raphs establi Space
group Pz j/c ar}e;)y forrIgyCzP techniques for obtaining
spece group information, unit cell constants, and data
collection and reduction were similar to those described
abowe. Details specific for PC2 data collection are given
in Table 11.

Solution ana. Refinement of the Structures, (a) PCP.
The structure wes i y solved; theposmonsof
the aton's Were determined froma three-gii-
mensional Patterson mep. A Fourier mep besed on the
phaosphorus positions (rp = 063) revealed the positions
of the six axygen and the ore carbon atom (rp = 0.37).
The positions and _isotropic thermal paraneters were

refined by full-netrix least-squares techniques convergi
atanREy 013, Four cycl% ofanleotroplqcnlﬁeest L

a)rs\ggedatap =000 A difference Fourier
map clearly revealed the posmons of all six Igdrogen
ators. Anisotropic least-squares refi
atonrs and isotropic least- reflnement of aII

drogen atons corverged after three les to Rp =
\tarqe 017 unique reflections, r w2 =

Rp = EiLFJ- \rcm F a
Rwp>= [Zw(FOI -F'?) 2li:wF02]u2
E2= [Sw(F02-F )21(NO-N r)]1/2

N0 is the number of i it observations and NRis
the number of varied. A final difference
Fourier mep revealed no above 055 /A3 No
parameter varied nore than A/c =003 in the last cycle
of the refinement.  Table 111 is a listing of the final
positional of all atons and isotropic therrel

rs for hydrogen atons in PCP. Table 1V gives

the anisotropic thenmal paranreters for nonHhydrogen
ators in PCP.

TABLE I11I: Final Positional Parameters and Isotopic
Thermal Parameters for PCP*
Atom X y z B
P(l) 0.23569(7) 0.34786(10) 0.27013(4)
P(2) 0.28647(8) 0.36825(11) 0.05649(4)

0.2105(4)  0.5128(5) 0.15509(17)
0(1) 0.4299(2) 0.3581(3) 0.32868(14)
0(2) 0.1120(2) 0.4498(3) 0.32815(12)
0(3) 0.2099(3) 0.0742(3) 0.24482(13)
0(4) 0.4706(2) 0.2766(3) 0.08854(12)
0(5) 0.1488(2) 0.1647(4) 0.02100(15)
0(6) 0.2604(3) 0.5575(4) -0.02907(13)
H(l) 0.267(3)  0.650(5) 0.167(2) 2.2(7)
H() 0.097(4)  0.546(5) 0.134(2) 2.4(6)
H(3). 0.346(4)  0.595(6)  -0.042(2) 3.1(8)
H(4) 0.460(4)  0.493(6) 0.349(2) 3.6(8)
H() 0.120(5) 0.051(7) 0.223(2) 4.0(9)
H(6) 0.148(4) 0.124(5)  -0.029(2) 2.6(7)

“ Estimated standard deviations are given in parentheses.

TABLE IV: Anisotropic Thermal
Parameters” (x 104) for PCP6

Atom  fj B2 33 fi,2 fi,3 B23

P() 44(1) 114(2) 15(1) 3(1 5(1) -3(1)
P(2) 54(1) 137(2) 15(1) -5(13 9(1) 3(1)

71(4) 123(8) 22(1) 4(5) 14(2) 5(3)
0(1) 57(3) 149(7) 31(1) -1(3) -1(1) -15(2)
0(2) 68(3) 194(6) 18(1) 31(3) 12(1) 7(2)
0(3) 69(3) 137(6) 26(1) -16(4) 6(2) -6(2)
0(4) 73(3) 156(6) 30 1) 14(3) 18(1) 15(2)
0(5) 111(4) 266(8) 1) -82(4) 16(2) -24(2)
0(6) 68(3) 267(8) 27(1) 20(4) 16(2) 36(2)

“ The anisotropic thermal parameter is in the form:
expi-iBjjh2+ B 12k2 + B3P + 2B12hk + 2B I3hl +

2B 23kl)}. 6 Standard deviations are given in parentheses.
TABLE V: Final Positional Parameters and Isotropic
Thermal Parameters for PC,Pa

Atom X y z B

P 0.24003(8) 0.19065(9) 0.14087(4)

C 0.1312(3) 0.0284(4) 0.00754(17)

0(l) 0.2103(3) 0.0394(3) 0.24619(14)

0(2) 0.4968(3) 0.2354(4) 0.13254(17)

0(3) 0.1215(3) 0.4546(3) 0.13885(15)

H(D) 0.233(4) -0.113(5) 0.002(2) 2.2(5)
H(2) 0.173(4) 0.117(4) -0.056(2) 1.4(4)
H(3) -0.032(5) -0.013(6) 0.327(2) 2.8(6)
H(4) 0.448(7) -0.150(7) 0.320(3) 4.9(9)

* Estimated standard deviations are given in parentheses.

PC® Thepmsmonsaal‘oonand atonms
V\e(rke)lanted from a Patterson mep (rp = Three

les of isotropic full-matrix least-
CyCconverged atrgr?Rp =013 Four m cycl& of
anlsotroplc least-squares refinerment converged at an rp

=003 The hyd atorrs were located quite easily
at this stage froma difference Fourier mep. Anisotropic
(non-hydrogen atom) and  isotropic atom)
Ieast—squares refinement after four cyclestoa
final rp = Q046 for 1019 reflectiors, fawrz = 0126, and Sz
=204 A final difference Fourier revealed no electron
density above 0.6s /A3 No paraeter varied p[y nore
than A/ff =0.10inthe last cycle of refinerent. Table V
is a listing of the final positionel peranetels of all ators

and isotropic therrel rogen atos on
PC2P, while Table VI lists the anlsotr c thermal pa-
raneters of all m@gm of PCzP.

A comparison of and calculated struc-

ture-factor amplitudes is available as supplementary
material (see paragraph at end of text ing supple-
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TABLE VI:
Parameters0 (x 10') for PCZb

Atom _Hd B 22 B33

P 111(2) 148(2) 32(1)
C 121(5) 188(6) 34(1)
0(1) 162(4) 215(5) 39(1)
0(2) 132(4) 359(7) 66(2)
0(3) 260(6) 150(5) 51(1)

Anisotropic Thermal

B2 B3

-11(1) 13(1)

-10(5) 13(2)
32(4) 13(2)
-84(5) 34(2)
33(4) 50(2)

B 23

-10(1)
-14(2)
17(2)
-76(3)
7(2)

Peterson et al.

0 The form of the anisotropic thermal parameter is
exp{-(Bizh2+ B22k2+ B, Z2+ 2Bi2hk + 2B>3hl +

2Bjjfcl)} . b Estimated standard deviations are given in
parentheses.
TABLE VII: Interatomic Distances for PCP°
Distance, Distance,
Bond A Bond A
(a) Intramolecular Distances
P(1)-0(1) 1.547(2) P(2)-0(4) 1.493(2)
P(1)-0(2) 1.502(2) P(2)-0(5) 1.551(2)
P(1)-0(3) 1.546(2) P(2)-0(6) 1.549(2)
P()-C 1.795(3) P(2)-C 1.791(2)
C-H() 0.87(3) C-H(2) 0.88(3)

(b) Non-Hydrogen Bonding Interactions to 3.3 A

0(1)-—-0(2) 2.540(3) 0(5)-—-0(6)  2.487(3)
0(1)----0(3) 2.409(3) 0(5)-—-0(5)" 2.902(4)
0(2)---0(3) 2578(3) 0(5)---—-0(3) 3.046(3)
0(4)-—-0(5) 2.549(3) 0(3)-—0(6)  3.129(3)
0(4)----0(6) 2.599(3) P(I)-—-P(2)  3.061(2)

° Estimated standard deviations are given in parentheses.

TABLE VIII: Interatomic and Torsion Angles for PCP°
Angle Deg Angle Deg
(&) Interatomic Angles
o(h)-P(1)-0(2) 112.9(1) 0(4)-P(2)-0(5) 113.7(1)
0(2)-P(1)-0(3) 114.6(1) 0(4)-P(2)-0(6) 113.4(1)
o(h)-P(1)-0(3) 102.3(1) 0(5)-P(2)-0(6) 106.7(1)
C-P(1)-0(1) 109.4(1) C-P(2)-0(4) 113.3(2)
C-P(1)-0(2) 109.3(1) C-P(2)-0(5) 103.2(1)
C-P(1)-0(3) 108.1(1) C-P(2)-0(6) 105.7(2)
P(1)-C-P(2) 117.2(1) H()-C-H(2) 108(21)

(b) Torsion Angles

0(4)-P(2)-P(1)-0(3) 22.3(1)
0(6)-P(2)-P(1)-0(2) 34.5(2)
0(5)-P(2)-P(D)-0(1) 34.9(1)

° Estimated standard deviations are given in parentheses.

mentary meterial) for both PCP and PC:P.
Scattering factors for neutral atons were taken fromthe
compilation of Cromer and Wabers The values for
phosphorus, axygen, and carbon atons Were corrected for
anomelous dispersion wsing the values of Cromer.io
Computational prograns used for these structural de-
termnatlomwere RTMON u data collection and reduction;
aatatib,12 absorption, Lorentz, and polarization correc-
tiors; ssxrLs, 13 least-squares refinenent; sseour 13 Fourier
IS; orrre, 13 distances and angl& calculation; and
ortep,¥ rmleculardra/u Al calctlations were carried

out on the Xerox Sig maV r of the Chemistry
Division, ANL, and the IB /195 of the Applied
Matheratics Division, ANL

The Molecular and Crystal Structures, PCP.
trarmlecularborddlstamesare given in Table VII; the
corresponding interatomic Ies and torsion angles are
glvenlnTabeVIII The hydrogen bond distances are

given in Table IX.  Hgure: is a drawing of the PCP
nolecule indicating atom labeling. Mblecular packing and
rogen bonding are shown in Fgure 2 non-hy-
positions and the bond distances and angles derived

here for PCP are in good agreerment with those of Calvos

Tre Jourd of Prysicl ey, . 8L Na § 1977

Figure 2. The unit cell of the PCP crystal showing molecular packing

and hydrogen bonding.

TABLE IX: Hydrogen-Bonded Distances and Bond

Angles in PCP°

Bond Distance, A Angle, deg
0(6)-H(3)-0(4) 2.542(3) 170(4)
0(6)-H(3) 0.75(4)
0(4)YH@) 1.85(4)
0(1)-H(4 )ye@4) 2.604(3) 172(4)
0(1)-H(4) 0.81(4)
0(4)-H(41 1.80(4)
0(3)-H(5i-0(2) 2.565(3) 173(4)
0(3)-H(5i 0.71(4)
0(2)-H(5i 1.87(4)
0(5)-H(6i-0(2) 2.677(3) 170(3)
0(5)-H(6; 0.73(3)
0(2)-H(6) 1.95(4)

° Estimated standard deviations are given in parentheses.

but differ substarttially fromthe earier

reports Therefore,

our present discussionwill focus only on hydrogen bonding

involving the PCP nolecule.

hydrogen of PCP is asynmretrically
ators to form an extensive

Eve

to two oxygen

three-dimensional netv\orkofhécaic rogen bonds involving
all nolecules of the unit cell hP=0 @(ﬁn isan
aneptorfortv\olrterrrdewlarl"ydro?enburh ile each

P-O(H) o
distinctive

is bonded to a si
oonﬁguratlons aefound: (@

hydrogen. Three

16-memered rings sitting at an inversion center containing



Structural Investigations of Unsubstituted Polymethyienediphosphonic Acids 469

Figure 3. A 16-membered hydrogen bonded-ring formed by several
PCP molecules.

Figure 4. An eight-membered hydrogen-bonded ring formed by two
PCP molecules.

Figure 5. The PC2P molecule showing atom labels and bond distances.

four Il}ﬁ bon%s involving 4) a5ndH ere
hgure%)dg)) o grgsoglt)tlng

?&%?wmf(g“v&%”r‘ee%?é’?ﬁ'(” 0 hefpt s
ngeg Clzall”BV\hCh ra?

the
Im/(;)l\;?)r(g Hb) mwrgl&%sH(SLS@ z%ro%r/& The
camonls ofthe V\hlch areapart ie, lhe

the 16-embered ring are orgerthan

TAB! X: Interatomic Distances and Hydrogen-Bonded
Distf ;es and Angles in PC2P°
Bond Distance, A  Angle, deg
(a) Interatomic Distances

P-O(I) 1.501(2)

P-0(2) 1.543(2)

P-0(3) 1.553(2)

P-C 1.786(2)

C-H() 0.97(3)

C-H(2) 0.94(2)

c-c 1.544(4)

P------ P 4.395(3)

(b) Hydrogen Bonds

0(3)-H (3)-0(l) 2.527(2) 174(4)

0(3)-H(3) 0.74(4)

0(1)-H(3) 1.86(4)

0(2)-H (4)-0(l) 2.543(3) 152(4)

0(2)-H(4) 0.85(4)

0(1)-H(4) 1.79(4)

a Estimated standard deviations are given in parentheses.

TABLE XI: Interatomic Angles in PCZPa
Angle Deg
o()-P-0(2) 113.3(1)
o(1)-P-0(3) 111.6(1)
0(2)-P-0(3) 107.5(1)
C-P-O() 112.4(1)
C-P-0(2) 102.3(1)
C-P-0(3) 109.2(1)
C'-C-P 112.3(2)

* Estimated standard deviations are given in parentheses.

those of the nore constrained eight-rmentered ring and
ral configurations. V\& have recently shownss that
i-ferf-butylphosphinic acid exists in the solid state as a
dlstlnct phOSphlnIC acid dinmer of an eight-
asymetricall txd rogerHbonded ring with an
O-H-O dlstanoe Of24ff(g) INPCP, no mtrarmlewlar
hydrogen bonding exists even many intranolecular
0—O mteractlons arewithin 24-30A ( See Table VL)
(D) pc»- Table X contains intranolecular bond dis-
tances and hydrogen bond distances and angles;_bond
angles and torsion angles are given in Table XI. Fgure
5|sadra/\l\%f;ofme PCZ2 nolecule with the atons
identified. IMblecule packing and hydrogen bonding within
the unit cell are shoan in Hgure's .
Mblecules of PCP pack vvn‘hln the unit cell such that
the center of the C-C' bond is located at a center of in-

Flgure 6. The unit cell of the PC2P crystal showing molecular packing and hydrogen bonding.

Tre Jourd of Prysical Chenistry, WL 8L Na § 1977
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Figure 7. An 18-membered hydrogen-bonded ring formed by several
PC2P molecules.

version (i), thus the asymmetric unit is half of the PC2P
nolecule.  For n odd, nolecules within the series (G-
H)N(Po shb)2 cannot have an inversion center; however,

t;lse\%easm prﬁregtwse ainlrweraonoenter
is e presence 0 center ly determines
themgnfomatlon of PC:P. Thus the roups are

sta%eredv\henvlev\eddwmthecc bondasarethe
0=P(0OH)OH nieties when viened down the P-P vector.
In addition, the C-C(H)H is red With respect to
O—P(OH)OH when viened down the C-P bond although
this is not required by try. This Iatteroonﬁg,ratl
must be determined by packing and hydrogen bondl

which each ogg'enlsanacoeptor for

bonds involvi mﬁr‘d ms oentered

I%dPO?renolewIeﬁ Infinite

oneach 2 j axis (parallel too extendth the lattice
similar to those prevlousfy observed for a nurmber of
substituted phosphoric and phaosphinic acidsis

--HO
\ /
P
I\
0-H-0
\ /
P
/I \
O --

Inaddition, there are large 18-mermered
rlngs (see Fﬂglure7?1fortred|nvxh|cht\/\o C
are linked hydrogen bonding to two
g%l orsfrahamther r of molecules. In
|rtf|n|te spirals cross link PC2P nolecules in
the large rings (see Fgure 7).
'Ihere is no Intramolecular hydr bonding even

t h it is a steric ibili I is
dot rically bound t(?t?/% P with Phyg o8
dbondl

bonded
nolecules

tot\/\o ogensas in the PCP case. The
hyOI074(4)0A3\/\h|_lI % 8“& 527&2(4)
ile
0 ar?) %éﬁ )(1O$4(4) 1 3)4§Kme 'I'hese%zz ionen
b% e()m/\tﬂz PCP
nolecule. The shortening probably resdts fromthe better
packing which the nolecules can achieve because of the
Inherent center of symmetry of the PC2 nrolecule.
The atom |s tetrahedral ly coordinated to
three oxygen ats carbon atom with bond
distances of P- O(I) = 1501(12 A P- 0(2) = 1543(2) A
P- 0(33 = 15653

8‘22% _&?3(2)%?; t?1(]153 1P 08 » 0532 = 111

h of P-O 0.5)
e double character while P and P- 0(3)
it character

mvenormall for P-OH bonds.
ofo (1) isalsor ectedlnthebortjalagl&lnvolvlngo(l
whichare seento be large. The P P chainis

due to the inversion center onthe C-C' bond. The
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le of 112.3(2)° in PCP tothe
3() ZTH%mPC

P( —C?rl9 2 bond le of 117. indlicati

re&oed 3 an%o&tstltutlmofthelesspolarcpg
From pre\/lous NMR and IR results a significant

armunt of P-P ooupllng is shown for n < 3inthis di-

phosphonic acid senes.

Discussion

The possible correlation between hydrogen bond

strength, decreased P-O(H) diistance, and increased P=0
distance is not upheld for the PCP and PCP meterials.
Qur structural findings support Calvo et al s on the PCP
structure and we extend the information about the
ptmptmlcaadsvmththe PCP stu% INnPCP, P-O(-H)
distances are shown to be in errors of the es-
timated standard deviatiors; ponding
distances varied from 2542(3) to 2677 3 A Also, each
P=0 is involved in two hydrogen bonds of different
length. 1IN PC2P, P-O(H) distances differ by 00L A with
the longer hydrogen_ associated with the shorter

-O(H) distance in direct conflict with the above corre-
lation.~ As in PCP, the P=0 group also bonds to two
different hydrogen atonrs. A correlation between P-CX(
distances and_hydrogen-bonded distances for all

F‘ospt‘onlc acids is thus mapprgor In the ethane-
droxy—l I- dlphOS honlc aci erials very short

& 247 ?A) exist compared
10 2527(2) A in CZPand2542(2) in PCP. It seerrs
Ilkel)( that the correlation obsenved in the case of eth-

hydroxyl |, dlphosphonlc acid is Iegfi)ropnate for

very st rogen bonds and nrerely reflects the for-
m;tlym%txe symmetrical bo)r/dsatttmestm
spacings causing the P-O(H) and groups to becorre
nore nearly equivalent

equi

In the PC2P nolecule, aslight decrease in the avel

P-C distance |sok13ervedcor'rparedtothe PCP nolecule,

]_7%(2) and L793(2) A respectively. This sl difference

r‘lgfromthe introduction of an additional CH: group
sterrs fromweaker repulswe forces between the

methylene pmslphonlcmd groups
hyl ngs?amesaresubstantlalys rtertmnthose

in the substltuted methylenediphosphonic acids; for ex-

e, inthe ethane-1-hyd Iﬂﬁ/caee P-C bond distances
of 182 and L840 A are fou r distances in
the latter exanmple are probably due to presence of
electron-withdrawing substituents on the methylene

lonized forms of PCP and PC2 will have up to six
chelation sites where actinide and lanthanice cations may
ke bound, Assumr‘g a chelation involving intra. dii-
phaosphonic coordinat varylngtheazeofthecarbon
ctalnvullcawetheblteofthel to dhange, therefore
varying the size of the metal-ligand chelation nings which
can be formred, their conformation, and stability. Cation
extraction characteristics of these materials will be diis-

cussed in a subsequent report.

Supplementary Material Available: AllStlng of cal-
culated and abserved structure factor anplitudes (16
pages).  Ordering informmation is given on any current
mesthead pece.
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Propane-1,3-diphosphonic acid, (CHR):(Po )z, PC3P9

pe [C2 0. 7] with unit call
egape: [Gm 1

quite different conforretiors.

intoa distinctive nonplarner coformretion B

4 ic unit of PC3 corsists of two

was solved by a corbiration of direct nrethods, Fourier, and least-

ry = Q@4 far 1412 indepencknt unigLe reflections. The twoPC3 nrolecules within the
I—Woger‘rbortbdnrgsofdlffenrgszesmoeﬂeP -C-C-C-P backbore of

are PCP nolecule into an almost planar conformration, &I

intermrolecular

o '39%32) 970) A TRy
b= c= = °
Iograohaal ly unique nolecul (8The
refinerrent IOLES; meﬁred

le the bedoone of the other nolecule is distorted
Wbaﬁscﬂergfsvar?nrgﬁunzwa

toZ?]iS)Aarewolvedlnfwrnrgsofl ,12,14, and 16 menrbers. The

ated with the size of the

Introduction

Chemical and physical properties have been measured
for the series of methylenedlphosphonlc acids, (G
HIN(PO3P)2 where n = 1-6.3 The observed meltlng
points, IR spectra, and NMR spectra show interesting

s asn increases. Ina ous paper,4we have
discussed the nolecular and ¢ structures of (G-
HQ(POEHZ)Z PCP, and (CH)3QPO3H)2 PCP. Each of
thése meterials contains an i nterwoven network of strong
intermolecular M%mm formed between

ic acid g two halves of P-C-C-
relatedbyaoenterof ryhemel_‘hebackborms
premsely planar The planar conformations affect both
the cal and chemical properties of each matenal

Planarl ofthebackbormsnot required for&Je
?2> C3P, hence this rmlecule is likel %to struc-
tural y quite different than PCP or PCP. An x-ray
structural investigation of PC3 was undertaken in order
to investigate the correlation of structure with chemical
ical properties and to better define the potential
binding sites for metal iors.

Experimental Section
Collectlon and Reduction of X-Ray Data. Propane—

ic acid, PCsP, wes prepared by the method

of Moedritzer and Irani. Crystals of sufficient size and
quality were gronn from a benzene solution S|0N
e\%ratlon dianond plate (0038 x 0033 x
am) wes selected for data collection. Prellmnary
oscillation, Weissenberg, and preoessmn photographs
showed 2/m Laue syrrrret gave the systemratic

hydrogen bonokd ring inwhich it partlupates

TABLE I: Experimental Details for PC3P

Formula: (CH, )3(P03H3)2

Formula weight: 204.06 g equiv

Space group: Pc [Cs2, no. 7]

Extinctions: hOl, 1 = 2n + 1

Cell constants: a = 9.540 (2), b =9.964 (2), c =9.705 (2)
A,0 =118.90 (1)°

Cell volume: 807.67 A3

Calculated density: 1.68 gcm"3

Measured density: 1.66 gcm"3 [by flotation in HCC13 +
HCBr3]

Number of molecules in the asymmetric unit: 2 (z = 4)

Radiation: (data collection) Mo Ka, X=0.71073, 2°
take-off angle

Absorption coefficient: 5.214 cm"1

Maximum 20: 50°

Scan width: 1.6°

Scan speed: 0.1° steps

Counting time: 4 s/step (background 16 s each side of
peak)

Crystal: b axis mounted
Volume =0.296 X 10"4 cm3 (0.038 x 0.038 x 0.025

cm)

Maximum transmission factor = 0.90
Minimum transmission factor = 0.86
Number of reflections above o = 1391
Number of independent reflections = 1412

R factor for all reflections = 0.024

f?F factor for all reflections above 1 0 = 0.024

wRf* = 0.057

absenoss ashol fori = 2 n + 1, Whichis consistent with the

two monodlinic space %rome.Pc no. 7] ande 2/¢ [cih,
no Accurate unit-cell lattice constants were deter-

mrg by least-squares analysis of x-ray poader diffraction
Tre Jourd ot Physicd Chenisty, ML 81, M 5 1977
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TABLE II: Final Positional and Isotropic Thermal
Parameters for PC,!*1

Atom X y 2 Bo

P() 0.6384b  0.2892 (1) 0.7396b

P(2)  1.2070 (2) 0.4817 (1) 1.2176 (2)
P(3)  0.0624 (2) -0.0124 (1) 0.2769 (2)
P(4)  0.6341 (1) -0.1850 (1) 0.7818 (1)
0(1) 0.4642 (4)
0(2) 0.6447 (4)
0(3)  0.7199 (3)
0(4)  1.2620 (4)

0.2596 (4) 0.6992 (4)
0.3809 (3) 0.6143 (4)
0.1575 (3) 0.7551 (3)
0.5450 (3) 1.1124 (4)
0(5) 1.2572 (4) 0.3326 (3) 1.2550 (4)
0(6) 1.2783 (4) 0.5631 (3) 1.3736 (4)
0(7) -0.0139 (4) -0.1543 (3) 0.2421 (4)
0(8) 0,0206 (3) 0.0673 (3) 0.3830 (4)
0(9) 0.0052 (4) 0.0646 (4) 0.1196 (4)
0.6625 (4) -0.0528 (3) 0.8748 (3)
0.5528 (3) -0.2834 (3) 0.8369 (3)
0.7976 (4) -0.2439 (3) 0.8119 (4)
Cc(l)  0.7349 (5) 0.3860 (4) 0.9154 (5)
C(2) 0.9137 (6) 0.4023 (5) 0.9769 (5)
C(3) 0.9956 (6) 0.4765 (4) 1.1340 (5)
0(4)  0.2725 (5) -0.0433 (5) 0.3604 (5)
C(5)  0.3503 (5) -0.0967 (5) 0.5277 (5)
0(6) 0.5179 (5) -0.1507 (4) 0.5769 (5)

H(l) 0.686 (6) 0.461 (5) 0.885 (6) 3.3 (11)
H(2) 0716 (5) 0.349 (5) 0.984 (6) 2.9 (10)
H(3) 0.928 (6) 0.438 (5) 0.909 (7) 3.6 (11)
H(4) 0964 (6) 0.305 (5) 0.992 (6) 3.6 (11)
H(G) 0.954 (7) 0584 (6) 1.122 (7) 5.4 (14)
H() 0983 (6) 0.428 (5) 1.214 (6) 3.4(11)
H(7) 0308 (5) 0.035(5) 0.352 (5) 2.3 (9)
H() 0.293 (5) -0.111 (4) 0.294 (5) 2.7 (9)
H() 0358 (5) -0.028 (4) 0.594 (5) 2.6 (9)
H(10) 0.281 (5) -0.164 (4) 0.536 (5) 2.4 (9)
H(Il) 0516 (5) -0.223 (5) 0.530 (5) 2.7 (9)
H(12) 0.584 (5) -0.084 (4) 0.555(5) 1.8(8)
H(13) 0429 (9) 0.308 (7) 0.684 (9) 5.6 (23)
H(14) 0614 (6) 0.333 (5) 0.537 (6) 3.2 (11)
H(15) 1.340(8) 0.326 (6) 1.270 (8) 4.9 (15)
H(16) 1.283 (8) 0.530 (6) 1.441 (7) 4.2 (15)
H(17) 0.008 (7)  0.022 (6) 0.075 (7) 3.0 (16)
H(18) -0.099 (7) -0.161 (6) 0.235 (7) 4.3 (14)
H(19) 0.681 (6) 0.003 (5) 0.847 (6) 2.5 (11)
H(20) 0.870 (6) -0.188 (4) 0.836 (5) 2.2 (9)

“ Estimated standard deviations are given in
parentheses. 6 Thex andy coordinates were fixed in the
least-squares refinement because of the polar
axes alongx and z.

data. The crystal mounted along the crystallographic »
axis wes placed on a GE 90 automated diffrac-
tometer for data collection. Details specific to data col-
lection and analysis are given in Table I. - Specific details
on the instrumentation used in this data collection have
been described previously:s

Solution and Refinement of the Structure. The
structure wes solved by the application of direct methods
using the program muican-746 Phillips, Howells, and
Rogers statistics 7 and \e2- 1] and \a\ values supplied by
muLTAn indicated that the noncentrosymretric space
groupr ¢ is preferred, and thus two unigue PCsP molecules
per asymetric unit are indicated. muLTan supplied the
coordinates of 26 for a solution whose cormbined
figure of merit wes 2513 Analysis of the inte
distances and angles permitted assignment of all 22
non-hydrogen atorrs.  Sulbsequent Fourier and isotropic
full-matrix least-squares refinements converged at ry =
012 The positions of all hydrogen atorrs were located
fromaifference Fourier meps, Several (%desofmstxmplc
full-metrix least-squares refinenrent of all non-hydrogen
atonrs and positional refinenent of the hydrogen atons
with fixed isotropic thermel parameters @ = s.o A)
convergedatrr = Q28 Further refinerment varying the
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TABLE I1l: Final Anisotropic Thermal Parameters*
«x 104) for PC3Po
Atom 0.1 02 B3 0.2 O1s (02}

P 56 1) 41 (1) 62 1) 0 ()] 28 (@) -1 )
P(2) 61 (2) 53 (1) 57(1) -7 (1) 30(1) -7 (1)
P(3) 57(2) 61 (1) 58 (1) 4(1) 30 (1) 6(1)
P(4) 55 (1) 47 1) 59 (1) 3(1) 24 (1) 5@
0(1) 63 (4) 65 (4) 112 (5) -1 (4) 38 (4) 3 (3)
0(2 122 (5) 59(3) 72 (4) -19 (3) 47 (4) -5 (3)
0(3) 76 (4) 52 (3) 114 (4) 4(3) 52(3) -1 (3)
0(4) 88 (4) 92 (3) 66 (4) -19 (3) 43 (3) -8 (3)
0(5) 75 (5) 59 (3) 146 (6) 4@3) 45 @4) -
0() 105(5) 78 (3) 58 (4) -22 (3) 36 (4) -12 (3)
0(7) 94 (5) 69 (3) 133 (5) -2 (3) 71 (4) -2 (3)
0(8) 1&71 4 ;g (3) 894 -
0(9) (6) @ 71 (5 7((3) 3#A @4 8 (4
0(10) 111 (5) 55 (3) 83 (4) % o &

0(11) 73 (4) 71 (3) 78(4) 15 (3) WB(3) -16 (3)
0(12) 64(4) 62(3) 129(5) 7(3) 32(4) 8(3)
Chy 67(6) 72(5) 72(5 -4 (4..42(5). -7 (4)
0(2) 79(7) 84 (5) 58 (6) -11 (4) 36 (5)-;-16 (4)
CEd) 70(7) 73(5) 75(6) -1 (4) 43(5) -11 (4
C@4 71(7) 75(5) 70(6) 11 (4) :35(5) 14 (4)
C()  64(6) 92(5) 66(5) 13(4) 40(5) 15(4)

0(6) 72(6) 73(5) 60(5) -84 32(5) 2@
0 The form of the anisotropic thermal parameter is
exp[-03u/P + Q22k2 + OBP + 20i2nhk + 2I33A +

2(33ni)]. 6 Estimated standard deviations are given in
parentheses.

A e b L i
for 1412 unigue reflections, where

Rt =2z \\Fo\- IEd]|l2 IEQI

RWF*= [Xw (FO2- Fc2)2/Zw F02]112

E2=1 Lw{F02- F c2)2/(NO- N R)]in

N oS the number of independent observations and R IS
the nunber of parameters varied. A final difference
Fourier mep revealed no peaks above 033 /A3 No
pararreter varied by nore than a/cr =028inthe last cycle
of the refinement. The very satisfactory measures of
agreerrent which were achieved are attributed to the
extensive hydrogen bonrd#g which knits the nolecules
tightly and restricts the disorder.

A comparison of the oloserved and calculated structure
factor anmplitudes is available as suppl neterial

e at end of text regarding suppleme
( pglrglgraph egarding supplementary

Scattering factors for neutral atos were taken fromthe
compilation of Cromer and Wabers The phosphorus,
oxygen, and carbon atorrs were corrected for anonmelous
dispersion using the values of Croner.s Computational
prograns used for these structural determinations were
rémon,l[) data Lgrollr?étloar;]d andI r_ezgtuctlon; r&?_tal-
iBnabsorption, Lorentz, arization correctiors;
datasort,12 daIaSOYtII’g, ssxfl_st,)JS Ieast‘sqwres I’efII’E-
ent; ssFour,13 Fourier Synthesis; orrres, 13 distance and
a&:;les calculation; and o r-tepii, 14 Molecular drawing. All

culations were carried out on the Xerox Signa V
oor&nter of the Chemistry Division, ANL, and the IBM
e ﬁf bk f’pp"edofme FrEd posiione) porans

ell isalisting ¢ final positional parameters

of all atons and the i c thermal px rs for
hydrogen atorrs in PCsP.  Final anisotropic thermal pa-
IrIaImEfters for all non-hydrogen atorrs are given in Table
The Molecular and Crystal Structure. Interanmc
distances for PC3 are givenin Table IV, while interatonic
angles are given in Table V. Torsion angles are shown
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TABLE 1V: Interatomic Distances for PC3Pa
Bond Distance, A Bond Distance, A
(a) Intramolecular Distances
P()-0(3) 1.495 (3) P(3)-0(8) 1.499 (4)
P()-0(1) 1.540 (5) P(3)-0(7) 1.551 (4)
P()-0(2) 1.545 (3) P(3)-0(9) 1.553 (s)
P(2)-0(4) 1.495 (5) P(4)-0(I) 1.500 (4)
P(2)-0(5) 1.549 (4) P(4)-0(10) 1.545 (3)
P(2)-0(6) 1.554 (7) P(4)-0(12) 1.556 (4)
P(H-C() 1.780 (10) P(3)-C(4) 1.789 (10)
P(2)-C(3) 1.774 (10) P(4)-C(6) 1.781 (13)
C(2)-C() 1.519 (9) C(5)-C(4) 1.518 (10)
C(2)-C(3) 1.526 (10) C(5)-C(6) 1.528 (8)
C(h-H() 0.85(5) C(4)-H(7) 0.88 (5)
C(H-H(2) 0.86 (5) C(4)-H(8) 1.02 (5)
C(2)-H(3) 0.82 (s) C(5)-H(9) 0.92 (5)
C(2)-H(4) 1.06 (5) C(5)-H(10) 0.97 (5)
C(3)-H(5) 1.13 (s) C(e)-H () 0.85 (5)
C(3)-H(6) 0.97 (5) C(6)-H(12) 1.01 (4)
fa) Non-Hydrogen Bonding Interactions
0(1)-Q(3) 2.449 (7) 0(7)-0(9) 2.533 (5)
o (I)-0i2) 2.544 (7) 0(7)-0(8) 2.534 (5)
0(2)-0(3) 2.527 (5) 0(8)-0(9) 2.488 (5)
0(4)-0(6) 2.470 (5) O(10)-O(ll) 2.478 (4)
0(4)-0(5) 1= 2.541 (4) 0(10)-0(12) 2.534 (5)
0(5)-0(6) 2.533 (5) 0(11)-0(12) 2.493 (5)
P(D-P(2) 5.505 (2) P(3)-P(4) 5.558 (2)
P()-P(2)" =4.620 (2) P(2)-P(4)' 4.824 (s)
P(1)-P(3)' ; 4.763 (3) P(2)-P(2) 4.866 (1)
P(D-P(4)" +4.543 (2) P(3)-P(4) 4.556 (2)
P(D-P(4)" 4.745 (2) P(3)-P(3)" 4.859 (1)
P(3)-P(4)' 4.874 (4)

a Estimated standard deviations are given in paren-

theses.

Figure 1. Sixteen-membered ring formed by PC3P asymmetric unit

a0
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TABLE V: Interatomic Angles for PC3P°
Angle Deg Angle Deg

(a) Interatomic Angles

o()-P(1)-0(2) 111.1(6) 0(7)-P(3)-0(9)  109.4 (5)
o()-P(1)-0(3) 107.6 (2) O(7)-P(3)-0(8)  112.4 (3)
0(2)-P(1)-0(3) 112.4 (3) 0(8)-P(3)-0(9)  109.3 (2)

0(4)-P(2)-0(5) 113.2 (2) O(10)-P(4)-0(12) 109.6 (5)
0(4)-P(2)-0(6) 108.2 (2) O(10)-P(4)-O(ll) 108.9(2)
0(5)-P(2)-0(6) 109.4 (4) 0(11)-P(4)-0(12) 109.3(2)

C(I)-P(1)-0(1) 110.0(6) C(4)-P(3)-0(7) 104.3 (3)
C()-P(1)-0(2) 103.6(2) C(4)-P(3)-0(8) 113.1 (5)
C()-P(1)-0(3) 112.1 (5) C(4)-P(3)-0(9) 108.3 (5)
C(3)-P(2)-0(4) 113.4 (5) C(6)-P(4)-O(10) 109.1 (3)
C(3)-P(2)-0(5) 103.5 (3) C(6)-P(4)-0(Il) 111.9 (4)
C(3)-P(2)-0(6) 109.0 (6) C(6)-P(4)-0(12) 108.0 (s)
P()-C(I)-C(2) 113.4(6) P(3)-C(4)-C(5) 114.0 (7)
P(2)-C(3)-C(2) 113.0 (7) P(4)-C(6)-C(5) 114.2 (7)
C()-C(2)-C(3) 112.3 (7) C(4)-C(5)-C(6) 110.7 (7)
H()-C()-H(2) 111 (5)  H(7)-C(4)-H(8) 109 (4)

H(3)-C(2)-H(4) 106 (5)  H(9)-C(5)-H(10) 107 (4)

H(5)-C(3)-H(6) 112 (4) H(Il)-C(6)-H(12) 107 (4)
a Estimated standard deviations are given in paren-
theses.
TABLE VI: Torsion Angles for PC3P°
Angle Deg

P(I)-C(1)-C(3)-P(2) 2.7 (8)
P(3)-C(4)-C(6)-P(4) -42.6(s)
P(1)-C(1)-C(2)-C(3) -175.7 (3)
P(2)-C(3)-C(2)-C(1) 174.0(3)

P(3)-C(4)-C(5)-C(6) 166.9 (3)
P(4)-C(6)-C(5)-C(4) 168.3 (3)

“ Estimated standard deviations are given in paren-
theses.

in Table VI. Table VII lists the hydrogen bonded dis-
tances and angles. Atom labels and bond distances are
shown in Figure 1 while molecular packing and hydrogen
bonding are shown in Figure 2.

The crystal structure of PC3 consists of two crystal-
lographically unrelated and unique molecules of (C-
Hz%s(Po sH2)2- The atoms in each molecule are oriented
to form P-C-C-C-P chains which are linked by hydrogen
bonded bridges, 0(3)-H(18)-0(7) = 2.603(4) A and
0(I-H (15)-0(5) = 2.580(10) A, forming the asymmetric
unit of the unit cell (see Figure 1). Analysis of the torsion
angles (Table V1) of the two independent PC3P molecules
clearly shows that they adopt differing conformations. The
torsion angles P(1)-C(l)-C(3)-P(2) = -2.7°, P(l)-

pigure 2. Stereoview of the packing of PC3 molecules within the unit cell. The hydrogen bonding is clearly shown.
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TABLE VII: Intermolecular Hydrogen-Bonded
Distances and Angleso

Ring system
Angle, (no. of

Bond Distance, A deg members)
o()-H(13)-0(4) 2579 (8) 168 (10) 12
0(1)-H(13) 0.57 (7)
0(4)-H(13) 2.02 (7)
0(2)-H(14)-0(11) 2.584 (10) 159 (5) 12,14
0(2)-H(14) 0.81 (5)
0(11)-H(14) 1.81 (5)
0(5)-H(15)-0(11) 2.580 (10) 169 (7) 12,16
0(5)-H(15) 0.73 (7)
0(11)-H(15) 1.86 (7)
0(6)-H(16)-0(4) 2628 (5) 171 (7) 12
0(6)-H(16) 0.72 (s)
0(4)-H(16) 1.92 (s)
0(9)-H(17)-0(8) 2.711 (5) 161 (s) 14
0(9)-H(17) 0.62 (5)
0(8)-H(17) 2.12 (5)
0(7)-H(18)-0(3) 2.603 (4) 168 (¢) 10, 14,16
0(7)-H(18) 0.78 (s)
0(3)-H(18) 1.83 (s)

0(10)-H(19)-0(3) 2.580 (5)
0(10)-H(19) 3.68 (5)
0(3)-H(19) 1.90 (5)
0(12)-H(20)-0(8) 2.585 (7)
0(12)-H(20) 0.83 (5)
0(8)-H(20) 1.75 (5

° Estimated standard deviations are given in paren-
theses.

176 (5) 10

178 (5) 10, 14

c(l = and - -C(]) =
17(4)0((:8 )for( 3u)nlt 1153 (7)( " (P)( )(3)(-33(0)(]21n%$c)zﬂte
a nearly planar molecular

angles P(3)-€(4)-C(6)-P(4) = -42.6°, P(3)- C(4)-€(5)-C(6)
= 166. 9(3)° and P(4)-C(6 85) C(4) = 168.3(3)° for unit
2[P( )-C(4)-C(5)-C(3)-P(4)] show a distinct nonplanar
conformation attributed to rotations about the C(4)-C(5)
and C(5)-C(6) bonds. This result may be contrasted with
the related (CH2)2(Po sH2)2, PC2P, molecules where the
P-C-C-P chain unit is planar.

The coordination around the P atoms is essentially
tetrahedral as indicated by the interatomic angles given
in Table V. Each P is bound to three oxygen atoms and
one carbon atom. Two P -0 bond distances represent P -0
single bonds while the third shows considerable double
bond character (see Table 1V). Average P =0, P-O(H),
and P-C distances are 1.497(3), 1.549(9), and 1.781(8) A,
respectively. The C-P-0 angles show small deviations
from a tetrahedral value depending upon the environment
of the oxygen atom. The C P =0 angles have an average
value of 112.6(8)° whereas C -P -0 angles, where the oxygen
is hydrogen bonded to phosphonyl oxygens 0(11) or 0(3),
average to 105.1(10)° and those C-P -0 angles where the
oxygen is hi/]drogen bonded to 0(4) or 0§8) average to
108.9(13). The latter differences seem to indicate a greater
amount ofstraln present for hydrogen bonding involving
0(11) and 0(3). The 0(3) and 0(11) atoms are involved
in eight hydrogen bonded ring networks while the 0(4) and
0 (s?] atoms are involved in only five ring networks.

The average C-C distance, 1.523(5) A, in PC3P is ap-
preciably shorter than the C-C distance, 1.544(4) A, ob-
served for PC2P. This difference may be attributed to a
shielding of the carbon atoms from the electron-with-
drawing phosphonic acid groups. In PC2P, both carbon
atoms are adjacent to phosphonic acid groups, while in
PC¥ the central carbon is shielded by the additional
methylene groups. Average P-C-C and C-C-C angles in
PC3P are 113.7?7) and 111.5(8)°, respectively.

Table 1V shows the P— P interactions within the unit
cell. The average P—P interaction distance within a

),

c(n-c

5) ackbone. However, the torsion
) =
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Figure 3. Fourteen-membered ring formed by hydrogen bonding involving
three of the four phosphorus atoms. The / coordinate for each atom
is given in the circle.

Figure 4. Twelve-menbered ring formed by hydrogen bonding. The
y coordinate for each atom is given in the circle.

Figure 5. Ten-membered ring formed by hydrogen bonding involving
only two of the four phosphorus atoms. The y coordinate for each
atom is given in the circle.

molecule of PCsP, 5.53(3) A, is larger than the close in-
termolecular P—P interactions of average distance, 4.72(3)
A. This compound represents a crossover point within the
series (CH2),,(Po sH2i2 where members with n > 3 will show
closer intermolecular P—P contacts than intramolecular
contacts.

The hydrogen bonding observed in the crystal structure
of PC3P is quite similar to that previously observed for
PCP and PC2P. Each P =0 oxygen participates in two
hydrogen bonds, while each P- O?H) group Is active in a
single hydrogen bond (Table VII). Ofthe eight hydrogen
bonds which are formed, two participate in linking two
PC3P molecules into a 16-membered ring (Figure 1).
However, these hydrogen bonds also participate in smaller
H-bonded rings (see Figure 3-5). Figures 3-5 show hy-
drogen-bonded rings of 14-, 12-, and 10-members, re-
spectively, which are formed by the eight hydrogen bonds.



Structural Investigation of Methylenediphosphonic Acids

TABLE VIII: Physical and Chemical Data of
Methylenediphosphonic Acids (CH, )n(PO3H2)2C
P=0 P-OH
AP stretching.s stretching,s
n Mp, °C NMR® cm' 1 cm'1
i 200 -16.7 1215 2695,2273
2 220-223 -27.4 1220 2690, 2272
3 178 -28.2 1208 2660, 2336
4 217-220 -31.6 1205 2690, 2326
5 155 -31.9 1212 2625,2326
6 206-208 -30.6 1170 2675, 2309

0 3ip jvjMR chemical shifts in ppm relative to 85%
H3P04. 6 KBr pellets. ¢ Reference 3.

Several hydrogen bonds are unique to only one of the ring
systems. Seven of the eight hydrogen bonds are quite short
and lie within the range of 2.579(8) to 2.628(5) A; the eighth
bond shows a distance of 2.711(5) A. This latter distance,
which is significantly longer and therefore weaker than the
other hydrogen bonds, is found only in the 14-membered
ring, the largest of the rings which contain unique hy-
drogen bonds.

Discussion

Two different conformations of the same molecule
existing together in the same crystal is structurally unusual.
The conformational differences result from group rotations
about C-C single bonds in the nonplanar conformer which
are undoubtedly in response to hydrogen bond and packing
forces. The phosphonic acid moieties of the nonplanar
PC3 backbone contain atoms P(3) and P(4), which are
part of the 10- and 14-membered ring (Figures 5 and 3).
The 10-membered ring is highly nonplanar and shows
considerable strain in the puckering of the P(4)~
0(10)-H(19)-0(3) part of the ring. The phosphonic ring
group involving P(4) rotates about the C(5)-C(6) bond to
form the strong 2.580(5)-A, 0(10)-H(19)-0(3), hydrogen
bond. The phosphonic acid group containing P(3) must
be rotated also in order to form the strong remaining
2.585-A, O(12)-H (20-0(s), and 2.603-A, 0(7)-H (18)-0(3),
hydrogen bonds of the 10-membered ring. Thus, the
rotations of the phosphonic acid groups to achieve strong
hydrogen bonds lead to the -42.6° dihedral angle between
P(3) and P(4) as viewed down the C(4)-C(6) vector.

In this study of PC3 and in the previous study of PCP
and PC2P, the longest hydrogen bonds are part of the
largest throgen-bonded rings. As the ring size decreases
so does the length of the longest hydrogen bonds observed
in the ring until very short (~2.50 A) hydrogen bonds are
observed for the eight-membered rings and spiral hy-
drogen-bonded units.is In PCP, the 16-membered rings
contain 2.604(3)- and 2.677(3)-A hydrogen bonds, while the
eight-membered ring and spirals show 2.542(3)- and
2.565(3)-A hydrogen bonds, respectively. In PC2P, spiral
bonds of 2.527(2) and 2.543(2) A were observed. In PCsP,
as was discussed above, similar trends hold. Therefore,
the trend that the smaller the ring size the stronger the
hydrogen bonding seems to hold in these unsubstituted
polymethylened(ifhosphonic acids.

Moedritzer and Iranis have measured the melting points,
the 3P NMR chemical shifts, and the IR spectra for
(CH2),(P0sH22 molecules of n = 1, 6 (see Table VIII).
The structural parameters which we have deduced by x-ray
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diffraction for n = 1-3 show correlations with this chemical
and physical data. The strongest hydrogen bonding occurs
in PC2 corresponding to the highest melting point, 223
°C, the weakest in PC3 corresponding to a low melting
point of 178 °C, while PCP shows an intermediate hy-
drogen bond strength and a melting point of 200 °C. It
is quite clear that for n = 4, 6, since the melting point has
again increased, the molecules may have a center of
symmetry and strong spiral hydrogen bonds may be
formed. For n = 5, the melting point drops to 155 °C
indicating a very loose hydrogen-bonded system.

The 3P NMR data indicate that for n > 3 the influence
of one phosphonic acid group on the other is completely
shielded by the methylene carbons. For n = 3, the
phosphorus atoms are 5.5 A apart and are not completely
shielded by the methylene carbons. It might, be speculated
that, if a similar hydrogen bonded network is established

>

1
J

in solution, the intermolecular phosphorus atoms whicfcP 11
have an average distance of 4.72 A are actually influencing™

the chemical shifts.

1

The IR P =0 stretching frequency shows a constant ' |
value for n = 1-3 confirming what has been observed ||

structurally that all P =0 bond distances in each of the m
three materials fall within a very small range of
1.493(2)4.502(2) A. The P-0-H frequency remains
constantat n = 1,2 but increases 60 cm-1 for one vibration
and decreases 30 cm-1 for the other vibration for n = 3.
Structurally, all P-O-(H) distances are similar for all three
molecules where a range of 1.540(5)-1.556(4) A is observed;
however, the minimum and maximum distances listed are

observed in PC® and the P-O(H) frequency changes may .

be indicative of this deviation.
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A Urey-Bradley type force field was calculated for bromochlorofluoromethane from previously reported vibrational

data. Many of the ambiguities inherent in the previously reported general valence force fiel

(GVFF) are thereby

avoided. Harmonic frequencies were used to improve the fitting of ig. Calculated frequen(:le_s and potential
energy distributions obtained from the two force fields are compared. Differences in the descriptions of v. and

J3 between the two force fields are discussed.

I. Introduction

We recently reported vibrational assignments and
normal coordinate analyses of bromochlorofluoromethane:
and 1-bromo-I-chloro-I-fluoroethanez as part of an effort
to stud?/ the normal vibrations of simple chiral molecules.
A problem which arises in the determination of the force
fields of these molecules is the lack of symmetry; thus the
number of force constants required for complete de-
scription of the molecule far exceeds the number of ob-
served frequencies. In the case of bromochlorofluoro-
methane, 55 distinct force constants are required to define
the potential energy in a generalized valence force field
(GVFF) yet there are only nine fundamental modes. A
GVFF for bromochlorofluoromethane, constructed by
transferring the 55 force constants from similar molecules
and fitting nine fundamental frequencies, had been re-
ported earlier by EI-Sabban and Zwolinski:s however, we
found this force field to be inadequate for the description
of the observed frequenices of the deuterated species.
Thus, a GVFF was calculated using 24 frequencies of four
isotopic species and 21 force constants.t The resulting field
was somewhat ambiguous, because selected interaction
constants had to be neglected. The choices of interaction
constants utilized, however, can influence the resulting
diagonal constants to a certain extent.

Here, we report an alternative apﬁroach to the force field
of bromochlorofluoromethane. The Urey-Bradley force
field (UBFF) provides a useful formalism for dealing with
the ambiguities inherent in the GVFF treatment of this
molecule, since 45 off-diagonal elements in the force
constant matrix

= a2Was,as,-  1%*] (D
are replaced by six quadratic terms of the formag
FArVI/dr,2 (2)

where S, and Sj are internal coordinates, Fi; is a nonbonded
quadratic interaction constant, and ri; is the corresponding
nonbonded distance. The redundancy introduced by
adding ri; as a coordinate leads to the necessity of including
six linear, nonbonded interaction constants, F'ip in addition
to a linear bend-bend interaction constant, p, the
“intramolecular tension».#6 With the widely used
assumptiona7

Fu =-0.IFij (3)

Present address:Department of Chemistry, Syracuse University,
Syracuse, N.Y. 13210.
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a pentatomic molecule of tetrahedral or similar structure
can be described by 17 force constants. Thus, the
Urey-Bradley formalism seems especially suitable for the
treatment of a molecule of Ci symmetry since the rather
arbitrary omission of certain interaction constants is
avoided.

Il. Experimental Section

Synthesis of HCBrCIF and DCBrCIF, structural data,
instrumentation utilized, as well as Raman and mid-in-
frared data were previously reported. Near-infrared
spectra (4000-6300 cm4) were obtained on a Cary 14
spectrophotometer. Samples were contained in a 10-cm
gas cell equipped with Infrasil windows. Sample pressure
was ca. 300 Torr for the near-infrared measurements.

The Urey-Bradley z matrix was calculated using a
slightly modified version of the Schachtschneider program
ubzm.8 The Kinetic energy matrix elements computed
previously: were utilized. The force field was perturbed
to reproduce the observed frequencies using standard
procedures.s All computations were carried out on a
Univac 1110 computer.

I1l. Results and Discussion

The observed fundamental frequencies for HCBrCIF
and DCBrCIF are listed in Table I, along with calculated
frequencies and differences between observed and cal-
culated values using both GVFF and UBFF.

Although the overall frequency fit is better with the
Urey-Bradley field (0.50 vs. 0.60%), the accuracy of the
calculated C-H and C-D stretching frequencies remains
unsatisfactory. In an attempt to improve this situation
the restrictions of eq 3 were removed for F'HF, and
F HBr and these constants were varied independently.
Although the overall frequency fit improved slightly, the
discrepancies between observed and calculated frequencies
persisted in the C-H stretching modes.

Scherer and Overendo reported a similar problem with
the UBFF description of the C-H and C-D modes of
methyl halides. For these molecules, the error, A, could
be reduced drastically by the use of harmonic frequencies,

instead of the observed frequencies, v,. For HCBrCIF,
sufficient data to calculate all harmonic frequencies are
not readily available due to Fermi resonance between
several overtones ar.d fundamentals.: Thus, the C-H
stretching mode was treated as the only S|gn|f|cantly
anharmonic vibration.

Values for wi were obtained from the overtone 2»u
observed at 5930.3 (d<) and 4475.0 cm 1 (d”, by a diatomic
approximation of the mode. The harmonic frequencies are
found to be 3146.8 and 2317.0 cm 1 for do and di com-
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TABLE I: Observed and Calculated Frequencies (cm"1) for HCBr3sCIF and DCBr3ClFe

Calculated frequencies

Observed frequencies GVFF A UBFF6 A UBFF* A
HCBr3CIF
v, 3025.7 cj, 3146.8d 3039.4 -13.7 3058.4 -32.7 3162.7 -15.9
v2 1310.9 1301.7 9.2 1312.8 -1.9 1311.9 -1.0
y31205.0 1203.3 1.7 1206.4 -1.4 1206.3 -1.3
v, 1078.3 1073.8 4.5 1081.4 -3.1 1082.0 -3.7
y5 787.8 795.2 -7.4 791.7 -3.9 791.4 -3.6
(y5 784.4) (791.2 -6.8) (789.2 -4.8) (788.8 -4.4)
y6 663.8 669.7 -5.9 653.1 10.7 652.5 11.3
vV, 426.7 425.9 0.8 427.2 -0.5 427.3 -0.6
(y, 422.8) (422.0 0.8) (423.5 -0.7) (423.5 -0.7)
v, 314.5 309.8 4.7 314.2 0.3 314.2 0.3
y, 225.7 225.1 0.6 225.7 0.0 225.7 0.0
(y, 222.6) (221.7 0.6) (222.2 0.4 (222.2 0.4
DCBrFC1F

y, 2264.0 u, 2317.0d 2251.1 12.9 2218.0 46.0 2295.3 21.7
v2 974.6 977.3 -2.7 972.5 21 972.2 2.4
y3 919.2 9225 -3.3 917.1 2.1 917.4 1.8
y,, 1083.0 1088.4 -5.4 1081.8 1.2 1082.3 0.7
ys 749.7 743.8 5.9 745.9 3.8 746.5 3.2
(ys 746.3) (740.1 6.2) (743.0 3.3) (743.5 2.8)
y6 620.7 614.0 6.7 629.3 -8.6 627.4 -6.7
y, 4249 422.9 2.0 424.6 0.3 424.8 0.1
(y, 421.4 (419.2 2.2) (421.0 0.4) (421.2 0.2)
y8 313.0 309.2 4.1 314.1 -0.8 313.6 0.3
Y, 2242 224.7 -0.5 224.7 -0.5 224.7 0.5
(y, 2211 (221.3 -0.2) (221.2 -0.1) (221.2 -0.1)

° A = l'obsd _ Scaled 6 Standard UBFF. ¢ UBFF, using tu, instead of y,. d Harmonic frequencies. e Frequencies for

31Cl1 species in parentheses.

TABLE 11: Potential Energy Distribution in Terms of Diagonal Force Constants”

Mode  Frequency, cm 1 Description: GVFF Description: UBFF
HCBrCIF

v, 3025.7 0.99 C-H 1.01 C-H
2 1310.9 0.68 HCC1; 0.26 HCF 0.83 HCF; 0.27 HCBr
v3 1205.0 0.50 HCF; 0.45 HCBr 0.64 HCC1; 0.49 HCBr
VA 1078.3 0.95 C-F 111 C-F

787.8 0.83 C-Cl; 0.22 FCC1 0.77 C-Cl; 0.35 C-Br
\v 663.8 0.56 C-Br; 0.21 FCBr; 0.17 CICBr 0.45 C-Br; 0.20 C-ClI; 0.17 CICBr
\2 426.7 0.50 FCC1 0.56 FCCl
y8 3145 0.50 FCBr; 0.42 C-Br 0.58 FCBr; 0.24 C-Br
\9 225.7 0.65 CICBr; 0.21 FCC1 0.73 CICBr

DCBrCIF

v\ 2264.0 0.97 C-H 1.04 C-H
V7 974.6 0.39 HCC1; 0.21 C-F; 0.20 HCBr 0.85 HCF; 0.27 HCBr
\3 919.2 0.68 HCF; 0.27 HCBr 0.59 HCC1;0.27 HCBr; 0.24 C-Cl
VA 1083.0 0.78 C-F; 0.20 HCC1 111 C-F
S 749.7 0.68 C-CI; 0.14 FCC1; 0.14 HCC1 0.58 C-Cl; 0.21 C-Br
\b 620.7 0.46 C-Br; 0.22 HCBr; 0.20 FCBr 0.45 C-Br; 0.15 CICBr
vn 424.9 0.50 FCC1 0.57 FCC1

313.3 0.50 FCBr; 0.43 C-Br 0.58 FCBr; 0.24 C-Br
\0 224.2 0.65 CICBr; 0.20 FCC1 0.73 CICBr

“ Only major contributors are listed.

pounds, respectively gable ). Itisapparent that the use
of the C-H harmonic frequencies shifts the calculated C-H
frequencies in the right direction and improves the overall
frequency fit (0.38 vs. 0.50%), although discrepancies
between observed and calculated values still persist.
Otherwise, the agreement between observed and cal-
culated frequencies in the UBFF is good for the heavy
atom bending, the hydrogen-carbon-halogen bending as
well as the C-F and C-CI stretching modes. The only
other mode exhibiting a sizable difference between ob-
served and calculated frequencies is 6, the C-Br stretching
fundamental. We attribute this difference to extensive
Fermi resonance of vs with 2ysand vt + yo in the do and
with 2ys in the d, species,1 which prevents an accurate
determination of the unperturbed frequencies.

The potential energy distributions (PED) of the two UB
fields are not significantly different although Kcli differs
by ca. s%. The main contributions of internal coordinates
to the normal modes (cf. Table 1) are similar for UBFF
and GVFF for vvand vathrough pg, although the mixing
between internal coordinates differs to some extent for the
two force fields. As expected, the agreement is good
particularly for the three low frequency bending motions.
There are, however, some differences in the PED of v2and
ys as decribed by GVFF and UBFF. It is these modes
where difficulties in the calculations are expected, because
these two modes are combinations of three internal co-
ordinates; the other seven fundamental modes can be
described by one internal coordinate as the major con-
tributor.
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TABLE I1I: Relative Raman Intensities (v, = 100) and
Depolarization Ratios of v2and#3of
Bromochlorofluoromethane-dOand -d,

HCBrCIF DCBICIF
/ p [ p
V2 6 (L40 19 005
vV, 4 0.30 7 0.24

In the do species, v is calculated to be a mixture of the
HCC1 and HCF internal coordinates (0.68 and 0.26, re-
spectively) in the GVFF, whereas in the IJBFF approach,
this same mode is described as a mixture of the HCF and
HCBr coordinates (0.83 and 0.27, respectively). For the
deuterated species, the UBFF description of v. is the same
as it is in the do compound, whereas the GVFF description
of this mode changes appreciably between doand dj due
to the introduction of the C-F mixing. Similar behavior
is exhibited by va Here, however, the GVFF predicts a
similar composition of v for both do and di compounds
(0.50 HCF and 0.45 HCBr; 0,68 HCF and 0.27 HCBr,
respectively), whereas the UBFF predicts different
compositions (0.64 HCC1 and 0.49 HCBr for doand 0.59
HCC1, 0.27 HCBr, and 0.24 C-CI for dj).

The above-mentioned changes in the description of v.
and v: pose some interesting questions about the validity
of the calculated force fields. It should be pointed out that
in the Urey-Bradley calculations, there is little compu-
tational ambiguity since no force constants were omitted.
Before comparing the UBFF results with the ones obtained
using the GVFF, one has to ascertain that the GVFF PED
obtained in ref 1 is not dependent on the choice of the
interaction constants. Both available GVFF calculations,i3
however, agree in the overall description of v. and v3 v
is a mixture of HCF and HCC1 coordinates and v is a
mixture of HCBr and HCF coordinates, aIthou?h the
composition varies between the descriptions in ref 1 and
3. Inspection of Table Il reveals that the differences in
the descriptions of v. and v3 for both the doand dj species,
can be explained as an interchange of composition by v.
and v: between GVFF and UBFF approaches. Similar
effects are not uncommon in force field calculations when
new interaction constants are introduced or interaction
constants are varied strongly. Since the hydrogen-
carbon-halogen interaction constants in the UBFF are well
within the range of previously published values (cf. Table
IV), and no constants were omitted, the UBFF PED might
prove to be more reliable.

Unfortunately, it is virtually impossible to distinguish
experimentally between the different descriptions of v. and
v3 However, an attempt was made to clarify the nature
of the change in the character of . and v upon deuteration
as suggested by the GVFF results. If indeed a sizable
change occurs upon deuteration, gas-phase IR band en-
velopes as well as Raman depolarization ratios should be
indicative of this change. The relative Raman intensities
as well as the depolarization ratios are indeed different for
v. and v of the do and di compounds (cf. Table IlI).
Depolarization ratios are only very qualitative indicators.
The gas-phase infrared band envelopes should be much
more sensitive, since different contributions to a normal
mode should alter the direction of the dipole change within
the inertial axis framework, thus giving rise to different
rotational-vibrational envelopes. The analysis of the band
shapes, however, is complicated by the fact that in this
molecule, none of the inertial axes coincides with any bond;
thus all bands are hybrids of A, B, and C type envelopes.
Preliminary results indicate that the observed band shapes
are rather similar for doand dxcompounds. The situation
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TABLE IV : Refined Urey-Bradley Force Constants” for
Bromochlorofluoromethane

UBFF6 UBFFC Lit. values
K-cci 2.0398 2.0315 2.09d
KcF 4.0867 4.0867 4.10e
KcH 3.9207 4.2783 3.906¢-4.37¢c4
K es, 1.8813 1.8813 1.72d
oaicr 0.4814 0.4814 0.24e
Wi 0.1132 0.1132 0.027-0.29d
RCICBF 0.2886 0.2886 0.08e
R foh 0.0272 0.0248 0.1U-0.27d
H Br 0.5988 0.5936 0.21e
4HCBr 0.1988 0.1995 0.25d
Fq-f 0.8430 0.8430 0.72e
Fa- H 0.6418  0.6626 0.57d-0.93f *
Ed- Br 0.5246 0.5246 0.55e? *
FE H 1.3763 1.3836 1 .1 2 =
EF -Br 0.4445 0.4445 0.55e - re- e=
En- Br 0.6302 0.6009 0.480-0.95f
P -0.2307 -0.2307 =(-0:2)-(-0.3)e

“ For nomenclature of the force constants, see ref 12.
All values are reported in mdyne/A. The bending
constants are not normalized. 6 UBFF, observed fre-
quencies. ¢ UBFF, harmonic frequencies for vt. d Ref-
erence 9. e Reference 10. f Reference 11. 'e Reference
12.

is further complicated by the presence of Fermi resonance
between v and » + v in the df, species. Thus, the question
of whether the changes in v. and w are real cannot yet be
answered unambiguously. This ambiguity is another
consequence of the asymmetry of the molecule; i.e., without
substantially more data, some aspects of the field will
remain indeterminant.

Table IV shows the refined Urey-BradIe¥ force con-
stants along with a range of values of published force
constants for halomethanes.e2 The standard errorss
calculated for the force constants are ca. 7% on the average
for stretching and nonbonded constants and ca. 25% on
the average for the generally very small bending force
constants and for p. Most of the stretching and nonbonded
force constants seem to transfer well between bromo-
chlorofluoromethane and previously reported molecules;
even methyl halide force constants agree reasonably well
with the refined constants obtained for HCBrCIF. For the
halogen-carbon-halogen bending constants, however, a
similar trend is observed in both GVFF and UBFF cal-
culations: these constants must be increased considerably
to fit the observed frequencies. Table 1V also shows the
value of Kc_h, the carbon-hydrogen force constant, ob-
tained from the harmonic frequencies. Three other force
constants, namely, the nonbonded interactions Ff.n. F ci-n,
and FBrHwere varied after the harmonic values for v were
introduced; however, the overall frequency fit could not
be improved significantly since v. and v depend very
critically on the values of these three constants. Use of
harmonic frequencies for v. and v certainly would improve
the overall frequency fit; unfortunately, - v and . v were
observed in the cf) compound, but not in the dj molecule.

In summary, the UBFF has been shown to yield a better
overall frequency fit than the GVFF (0.38 vs. 0.60%) for
amolecule as complex as bromochlorofluoromethane. The
definition of the potential energy by only 17 force constants
eliminates most of the ambiguities inherent in other force
fields. Significant additional improvement of the force
field would require further harmonic and band contour
analyses.
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Introduction
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Monte Carlo quasi-classical trajectories have been used to study the reactions Cl + HBr  HC1 + Br at 300
and 1000 K. A semiempirical valence-bond (London equation) formulism was used to represent the poten-
tial-energy surface. The surface was not adjusted for this reaction system, but was computed using parameters
adjusted with kinetic information for related systems. The distributions of product molecules among vibrational
and rotational states were computed and compared with experimental results (at 300 K); the agreement is good.
The computed thermal rate coefficient is in good accord with the reported measured value. The effect of reactant
vibrational energy on product distributions and reaction rate was investigated. The principle of detailed balancing
in quasi-classical trajectories was also examined for a limited set of conditions for this system.

We present here the results of a quasi-classical trajectory
study of the forward and reverse reactions Cl + HBr *
HCL + Br. The main purposes of this study are to examine
the influence of reactant, vibration, and translational
energy on the reaction rate and product energy parti-
tioning, and to test the principle of detailed balancing
applied to quasi-classical trajectories. The potential-energy
surface (described in detail in section Il) is of the sem-
iempirical valence-bond formulism of Raff, Stivers, Porter,
Thompson, and Sims.1 Since the surface is obtained from
atomic parameters adjusted to give agreement of the
energy barriers with the activation energies of other
reactionsz (H2 + Br —“aHBr + H and H2+ Cl — HCL +
H), the first step in this work was to compute results that
can be compared with experimental data to check the
validity of the surface.

Atom-diatomic molecule reactions involving hydrogen
and halogen atoms have been studied extensively. Polanyi
and co-workers,s using infrared chemiluminescence
techniques, have obtained extensive detailed information
about the distribution of energy among internal states of
products in exothermic reactions and about the effects of
reactant vibration and rotation on endothermic reactions

t Current address: Department of Chemistry, University of
Toronto, Toronto, Ontario M5S1A1, Canada.
*0On leave from the Los Alamos Scientific Laboratory, 1975-1976.

by application of the principle of microscopic reversibility.

There have been several experimental studies of the
reaction considered in this work. Maylotte, Polanyi, and
Woodalld have reported results of infrared chemilu-
minescence measurements of reaction product energy
distributions and reaction rates for this and similar re-
actions. Aireya has studied this system in relation to the
Cl + HBr puked chemical laser. Wodarczyk and Moores
have measured the reaction rate for this system when the
reaction is initiated by the laser photolysis of Clz in a
flowing C12/H X gas mixture. Bergmann and Mooree have
studied the isotope effect on this reaction rate for the
substitution of deuterium; they found that DBr reacts
more slowly than HBr. There has also been a great deal
of experimental data reported for related reactions.
Cowley, Home, and Polanyis studied Cl + HI — HC1 +
I at enhanced collision energies using infrared chemilu-
minescence, and Polanyi and co-workersso: have measured
the effect of reactant vibration on the rate and product
ener(];y partitioning in F + HCl —HF + CI.

Polanyi and co-workersap7 have made use of the prin-
ciple of microscopic reversibility to extract information
about endothermic reactions from experimental chemi-
luminescence data of the reverse, exothermic reactions. It
is reasonable to question whether the results of quasi-
classical trajectories obey the principle of detailed bal-
ancing since the forward and reverse processes are not the
same in the calculations. This was the subject of a detailed
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three-dimensional trajectory study for the case of F + H2
—% HF + H; the results indicated that microscopic re-
versibility would yield dependable information concerning
the endothermic reaction, if the exothermic data referred
to room temperature reagents.z Kuppermann and co-
workersso found discrepancies between the forward and
reverse reaction probabilities computed from collinear
quasiclassical trajectories for F + H20=0) HF(u=23)
+ HandH + H20 = 0) <*H2d= 1) + H. Because of the
limitations of available computer time we were not able
to carry out extensive calculations to check detailed
balance; we have, however, included in this work some
examples to illustrate the degree to which the principle
is obeyed for this reaction system.

Il. Potential-Energy Surface

The potential-energy surface was obtained from the
semiempirical formulation of Raff et al.. This nonionic,
valence-bond formalism, which treats the systems as
consisting of three electrons moving in the potential of a
proton and the nonpolarizable Br+ and Cl+ cores, contains
atomic parameters for each of the halogens. We make the
assumption that these atomic parameters are the same for
the atoms regardless of the chemical environment in which
they are considered.

The analytical form of the potential is the London
equation:

V= Qab * Qobe *+ Qac -~ {N[(Nab -

+ (¢BC “ ~Ac)2 + (PAC ~ ~Ab)2] M2 (1)
where Qy and Jy are the Coulomb and exchange integrals,
respectively. They are defined in terms of the singlet- ('Ey)

and triplet-state (sEy) energies using the Heitler-London
equations:

“bc)2

QG=h[% +¥ ] (2)
and
Jy="I2[1E y -3Eij] (3)

Overlap terms are neglected in eq 1-3. The singlet-state
energies are given by the Morse function

‘Ey = 'Dy {1 - eXp[-ay(Ry - Rey)]}2
- >Du (4)

and the triplet-state energiesare given by the Peder-
sen-Porterio functions:

% =3 [{l +exp[-oy(Ry - Reij)] ;2

-3 )

for fly < Agyand
Ey = Cy(Ry + ~y) eXp(-OyRy) (6)

for fiy > ficy.

The values of the atom-pair potential parameters are
listed in Table I. The parameters for HC1 and HBr were
taken from ref 2. The singlet-state parameters for BrCl
were obtained as follows: 1D was taken from the com-
pilation given by Herzberg.iu The Morse exponential
constant a was computed from

a = oje(2n:cixBtC/Deh) 1. (7)

where ¢Brd is the reduced mass of BrCl, ¢ is the speed of
light, De is the dissociation energy (from ref 15), h is
Planck’s constant, and ce(= 440 cm")) is the fundamental
vibrational frequency reported by Clyne and Coxon.i2 The
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TABLE I: Potential-Energy Surface Parameters

Atom pair

Param-

eter HBr* HCP BrCl
'D, eV 3.91825 4.61534 2.275b
a, au"l 0.95878 0.95848 1.0373°
3D, eV 1.3668678 1.34956 1.51172
0, au"l 0.8360 0.79 0.32402
Re, au 2.673 2.41 3.11720d
C eV au 12312.0 17634.0 12434.72
A, au - 2.9774 - 2.88770 - 2.&3518
a, au™ 2.366 2.561 2.196
Rc, au 3.7 3.5 3.4

“ From ref 2. b From ref 11. ° Computed from data
reported by Clyne and Coxon, ref 12. “ From ref 13.

Figure 1. Contour map of the potential-energy surface for collinear
collision paths of CIHBr. Contour energies are in units of kcal/mol.

equilibrium internuclear separation Rewas taken from the
semiempirical calculations of Pohl and Raff.i3

The remaining BrCl parameters were computed by the
method described by Raff et al.1 In this formulation the
potential-energy surface is parameterized through the
electron core integral

rx = <ox(i)bzZx/Axlb x(i)> (8)

where ¢xis the aﬁpropriate atomic orbital. The value of
the integral fx the adjustable parameter in this formu-
lation, was obtained by adjusting the barrier in the
minimum potential-energy reaction pathway of

X+ H2- HX+H (X=ClorBr)

to be in slight excess of the experimental activation en-
ergy.2 These atomic parameters are assumed to be
transferable for descriptions of the forces in other reac-
tions. The atomic parameter (fx) values used are those
computed by Porter et al.2

Figure 1 is a contour map of the potential-energy surface
for collinear configurations of CIHBr. There isa slight well
in the CI—HBr reactant valley. This well increases in
depth slightly as the CIHBr angle goes to 90° as can be
seen by examining the contour map for this configuration

in Figure 2.
I11. Computational Methods

The basic methodology and equations for the classical
mechanical problem have been described in detail by
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Figure 2. Contour map of the potential-energy surface for collision
paths with the Br-H-CI angle equal to 90°. Contour energies are in
units of kcal/mol.

Porter, Karplus, and Sharma.ia A fourth-order Runge-
Kutta-Gillis integrator was used to integrate the 12
coupled, first-order differential equations; a constant step
size of 4 or s X 1016 s was used, depending on the initial
conditions. The integration accuracy was checked by
varying the step size, back integrating, and constancy of
total energy. The statistical error in samples of trajectories
was computed as previously described.is

To define the initial states of the collision trajectories
values must be specified for the following variables: the
impact parameter b, the relative translational velocity vT
the internal energy quantum numbers v (vibration) and
J (rotation), the diatomic vibrational-phase p, the reac-
tion-shell radius Rs(a constant), and the orientation angles
«,s>and y (the angles . and o describe the orientation of
the diatom bond and y the orientation of the plane of the
diatomic angular momentum). Most of the variables were
assigned values b?/ Monte Carlo selection from the ap-
propriate probability density functions.iz However, since
we wished to study the effect of nonequilibrium values for
certain of these variables most of the calculations reported
here were done by arbitrarily assigning values to either or
both v and vt and averaging over the other variables by
the Monte Carlo procedure.

The Monte Carlo selection procedures have been de-
scribed elsewhere.;7 Briefly, the procedure we used is as
follows. The values of the relative velocity are selected
from the appropriate distribution:

f(V1) = AV exp(~nVi: [2KT) (9)

between the limits Venin(= 9.8 X 10acm/s) and Ve (=
1.47 X 10scm/s) ineq 9, A is the normalization constant,
p is the atom-diatomic molecule reduced mass, k is the
Boltzmann constant, and T is the temperature. Impact
parameter values were selected by choosing random values
of the orbital angular momentum quantum number | from
a flat distribution on the range o to Ima, where (maxis given

hy
bmax = [Lxfimax + 1)J]U2(h/2npVXx) (10)

(We found that emax = 7 au includes all reactive collisions
for the conditions considered here.) The impact parameter
values are given by

4l
b=W + 1)]:/:(h/2npVr) (11)

The vibrational phase was selected using the method of
Porter, Raff, and Miller.is The orientation angles -, > and
y, and the internal states (when averaged over) were se-
lected in the usual way.iz The value of the reaction-shell
radius Rswas fixed at 10 au; at this separation the in-
teraction of the atom with the diatomic molecule is
negligible. The vibrational state v was held constant in
most of the calculations and the rotational state J was
selected by playing the Monte Carlo game.iz

The rotational energy of the product molecule is
computed using

Et’:lelzprez (12)

I/, the angular momentum of the diatom, can be computed
exactly. In eq 12 p and re are the reduced mass and
equilibrium separation, respectively, of the diatom. The
final state rotational quantum number Jis given by the
closest integer solution of

Et=B[J'(J'+ 1)] -D[I\JI'+ 1)]2 (13)
where B and D are constants.z The product vibrational
energy Ev is given approximately by

Ev = EM - Ex (14)

where E ' is the total internal energy of diatom; Ev can
be computed exactly. In using eq 14 it is assumed that
the vibrational-rotational coupling energy is small relative
to the vibrational energy. The product vibrational
quantum state v' is then the closest integer solution of

Evi= (v + ‘¢ k - (vi+ 1A)2k"eXe (15)

where <e and wexe are constants.is

IV. Results and Discussion

We have carried out a series of quasi-classical trajectory
calculations for the reactions Cl + HBr ;B r + HCL. One
of the objectives of this study was to compare the relative
effectiveness of reactant energy in different vibrational
states for promoting reaction. Also of interest is the testing
of detailed balancing in quasi-classical trajectory calcu-
lations; these comparisons are made at 300 and 1000 K
with the HCL or HBr molecule initially inthe u= 1, 2, 3,
or 4 vibrational state. The distribution of energy among
the various product molecule modes was also examined.
The reaction rates and product energy distributions are
compared with experiment.

The thermal rate coefficient k for Cl + HBr -*e HC1 +
Br has been measured by Wodarczyk and Moores at 295
K by the laser photolysis of Clz in a flowing CIZHBr gas
mixture; they obtained k = 4.5 x 1012 cm3molecule s. The
value obtained in these trajectory calculation is 30.2 x 1012
cmdmolecule s. This comparison indicates that the
potential-energy surface used in this work is a reasonable
one. It should be noted that this surface was not calibrated
using kinetic data for this reaction.

Arnoldi, Kaufmann, and Wolfrume have measured the
effect of reactant vibration on Br + HC1 —* HBr + CI.
They report that at room temperature that exciting HCI(i>
= 0) to v = 2 gives a rate enhancement of 1011 We did
not compute the v = o rate because of the very low reaction
probability (based on the Arnoldi et al.1o results a rate
coefficient of about 10 cm3molecule s is estimated). We
can, however, compare our computed rate coefficient of
(5.6 £ 3.2) x 10Zcm3Imoleeule s at 300 K for HCI(u = 2)
with the experimental valuew for v= 2 of (s.s £ 3.1) X 101
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Figure 3. Computed distribution of final vibrational states for Cl + HBr
—* HCI(v") + Br at 300 and 1000 K; initial vibrational and rotational
states thermally distributed.

Figure 4. Computed distribution of final vibrational states for Cl + HBr(v
= 1) —» HCI(v') + Br at 300 K; initial rotational states thermally
distributed.

cm3Imolecule s. The agreement is good.

The distribution of product vibrational states has been
measured for the reaction Cl + HBr — HCL + Br by
Maylotte, Polanyi, and Woodall3d using an “arrested
relaxation” variant of the infrared chemiluminescence
technique. They found N (v'= 2)/N{v' = 1§ = 0.4 with a
reactant gas temperature of approximately 300 K. [Here,
N (v' = i) is the number of product molecules in the tth
vibrational state.] Our calculations gave N(v'= 2)/N (v
= 1) = 0.38 at 300 K. This close agreement again supports
our choice of the potential-energy surface. The overall
distributions of HC1 molecules among the final vibrational
states are shown in Figure 3 at 300 and 1000 K, with initial
v and J selected from thermal distributions; N(v 0 is the
number of molecules formed in the o'vibrational state.
There is a definite temperature effect on the product
vibrational distributions. Particularly noticeable is the
shift in the relative populations of the v: =0 and v' = 2
states; at both temperatures approximately half of the
product molecules are in the v' = 1 state.

The effect of initial vibration on the product vibrational
distribution is shown in Figure 4 for the case of Cl + HBr(u
= 1) * HCI(i>0 + Br at 300 K. For these conditions the
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Figure 5. Computed distribution of final rotational states for Cl + HBr
—% HCI(V', J") 4- Br at 300 K; initial vibrational and rotational states
thermally distributed. The points are" the computed results; the solid
line is a smooth curve fitted to the points.

final vibrational states 1, 2, and 3 are about equally
populated, in contrast to the peaking that occurs under
thermal conditions as shown in Figure 3.

The rotational states of the product molecules were
computed by solving eq 13 for J. The distribution of
products among rotational states at 300 K is shown in
Figure 5 for final vibrational states (v') equal to 0,1, and
2. Due to the large number of product rotational states
available, the statistical fluctuations of the data points in
Figure 5 are large. A solid line was drawn through the
points by taking the average between the value for two
successive J states and then visually drawing a line through
the points so obtained. The curves should be considered
only qualitatively correct. Maylotte, Polanyi, and
Woodall3dmeasured the most probable rotational quantum
number 0*) for vt = 1to be 13 £ 1 compared to 12-13
found here and for u'= 2to be 3+ 1compared to 9 found
here. Figure & shows the effect of increasing reactant
temperature on the rotational state distribution. The
increased temperature shifts the rotational distribution to
higher J* values but the most dramatic effect is the de-
creased breadth of the J* distribution.

In Fi?ure 7 comparisons of the partitioning of the energy
available to products ET among rotation EK vibration Ew
and translation ETi are illustrated for various conditions.
The reaction probability is also given in Figure 7 for each
set of conditions. There is not a significant change in the
partitioning of the available energy for the processes Cl
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Figure 6. Computed distribution of final rotational states for Cl + HBr
—»-HCI(Vv', J") + Br at 1000 K; initial vibrational and rotational states
thermally distributed. The points are the computed results; the solid
line is a smooth curve fitted to the points.

Figure 7. Computed partitioning of the energy available to the products
in Cl + HBr —»HCI + Br for various concitions. The reaction probability
Pris given for each case: (a) 300 K, vand Jthermally distributed; (b)
300 K, v= 1, and Jthermally distributed; (c) 1000 K, vand Jthermally
distributed; and (d) £, = 0.65 eV, vand Jthermally distributed.

483

TABLE Il: Computed Rate Coefficients for the Reaction
Br + HCI(u) -* HBr + CI for 300 and 1000 K

T, K fe(t 0 13 cm:i/molecule s)

300
0.56 + 0.32
2.12 £0.94
2.96 +0.92
1000 b
0.56 + 0.56
4.34 +1.52
3.88 +1.88
7.06 +1.74

a Only 150 trajectories were computed forv =1, T =
300 K; no reactions occurred. s No reactions were
observed out of the 250 trajectories computed for v = O,
T = 1000 K.

1000 "K

Figure 8. Computed product vibrational state distributions as a function
of initial vibrational state at 300 and 1000 K for the reaction Br + HCI(v)
— Cl + HBr(v).

+ HBr (uand J thermal) and Cl + HBr (v =1 and J
thermal) as can be seen by comparing Figures 7a and 7b,
however, the reaction probability is doubled. Changing
the temperature from 300 to 1000 K produces a change in
the partitioning, see Figures 7a and 7c, and about a 30%
increase in the reaction probability. A dramatic change
in energy partitioning is brought about by fixing the
relative translational energy at 0.65 eV (which corresponds
to approximately the energy difference in the v = o and
u = 1states of HBr) as illustrated in Figure 7d in which
the internal states are thermally distributed for 300 K. It
is interesting to note that the increased translational
energy causes a decrease in the reaction probability.
The rate coefficient and the distribution of energy
among various product modes with HCI in the vibrational
statesv=0,1, 2, 3, and 4 at 300 and 1000 K were com-
puted for the reaction Br + HCI. The calculated rate
coefficients are given in Table Il. The distributions of
product vibrational states for different initial reactant
vibrational states are shown in Figure s for T = 300 and
1000 K. In these calculations, increasing the initial vi-
brational energy shifts the distribution of product mol-
ecules to higher vibrational states. The fraction of the total
available energy in the vibrational modes of the products
also increases with v at 1000 K but does not at 300 K.
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Figure 9. Computed partitioning of available energy among product
modes as a function of initial vibrational state at 300 and 1000 K for
the reaction Br + HCI(v) —CIl + HBr(Vv').

The partitioning of the available energy from the Br +
HCI(o) reactions for v = 1, 2, 3, and 4 is shown in Figure
9 for the temperatures 300 and 1000 K. At both tem-
peratures, changes in v cause significant changes in energy
partitioning. At 300 K, vibration is the dominant mode
for deposition of the available energy for u = 2 and 3 with
translation becoming more important for v = 4. However,
at 1000 K vibration is more important than rotation and
translation for only v = 4, being essentially comparable to
translation for v = 3. Perhaps, the most interesting facet
of these results is the dramatic shift in the relative im-
portance of rotation and translation as v goes from 2 to
4.

Because of the combination of quantum mechanical
rules (for assigning initial states) and classical mechanics
(for computing the motion and thus assigning the final
states) it is reasonable to question the validity of detailed
balancing in quasi-classical trajectory calculations. Since
we have computed rate coefficients for the forward and
reverse reactions

Cl+ HBr Br + HC1

we have the information to check detailed balancing in this
case. A completely unequivocal statement on detailed
balancing in quasi-classical trajectories would, however,
require results of greater statistical accuracy than the
computer time available for the present work permits. We
should be able to detect a gross violation of the principle
with the present results.
The equilibrium constant is

K = kt/kr = e'AGIRT

where AG = Aif- TaS is Gibb’s free energy. If we make
the assumption that the entropy change As is negligible
then we can write

kf = kr exp(~AH/RT)

Let us consider the process Cl + HBr(i> = 0) — Br +
HCI(u = 1). The heat of reaction is-16.5 kcal/mol for Cl
+ HBr(o = 0) =»Br + HCIl(u = 0), and thus for the process
we are considering the equilibrium constant computed
from K = exp(-AH/RT) gives 54.8 at 1000 K. The tra-
jectory computed forward rate coefficient is 5.12 x 1013
cm3molecule s and the reverse 5.6 x 1012 cm3molecule
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Figure 10. Computed differenital scattering cross section for Cl + HBr
—mHCI + Br at 300 K. The angle 0 is the angle between the final
molecule velocity and the initial atom velocity.

Figure 11. Computed differential scattering cross section for Cl + HBr
—% HCl + Br at 1000 K. The angle 0 is the angle between the final
molecule velocity and the initial atom velocity.

s. We obtain from these results Ktm = 9.2.

Product angular scattering distributions were also
computed for thermal distributions at 300 (see Figure 10)
and 1000 K (Figure 11) for Cl + HBr -»HCI + Br. Plotted
in Figures 10 and 11 are the differential scattering cross
sections { :)/sin .), where , is the angle made by the
product molecule velocity and the initial reactant atom
velocity. Therefore small ovalues correspond to scattering
into the forward hemisphere. There are, to our knowledge,
no published results for the scattering distributions for this
reaction. There are results (unpublished) by McDonald
and Hershbachzo for scattering in CI + HI =»HCI + 1,
which strongly peaked in the forward direction for the two
sets of conditions studied: relative translational energies
of about 5 kcal/mol and thermal collision energies for 400
K. As can be seen in Figures 10 and 11 the trajectory
results predict definite forward scattering for Cl + HBr
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—amHC1 + Br at 300 and 1000 K. We are not certain how
close an analogy there is between the Cl + HBr and Cl +
HI systems, though it does seem reasonable to expect
qualitative similarities in the scattering. Trajectory cal-
culations on Cl + HI -*¢ HC1 + 1 using a surface of the same
formulation as used here gave forward scattering at
temperatures of 1000 and 2000 K, but isotropic to
backward scattering at 300 K .21

Acknowledgment. D.L.T. wishes to express his gradi-
tude to the Departments of Physics and Chemistry at Ole
Miss for their hospitality during the course of this work.
This work was supported in part by the U.S. Energy
Research and Development Administration.

References and Notes

(1) L. M. Raff, L. Stivers, R. N. Porter, D. L. Thompson, and L. B. Sims,
J. Chem Phys, 52, 3449 (1970).

(2) R. N. Porter, L. B. Sims, D. L. Thompson, and L. M. Raff, J. Chem
Phys., 58, 2855 (1973).

(3) See, for example, (a) K. G. Anlauf, J. C. Polanyi, W. H. Wong, and
K. B. Woodall, J. Chem. Phys., 49, 5189 (1968); (b) K. G. Anlauf,
D. H. Maylotte, J. C. Polanyi, and R. B. Bernstein, bid., 51, 5716 (1969);
(c) L. T. Cowley, D. S. Home, and J. C. Polanyi, Chem. Phys Lett,,
12, 144 (1971); (d) D. H. Maylotte, J. C. Polanyi, and K. B. Woodall,
J. Chem. Phys, 57, 1547 (1972); (e) L. J. Kirsch and J. C. Polanyi,
Ibid., 57, 4498 (1972); (f) A. M. G. Ding, L. J. Kirsch, D. S. Perry,
J. C. Polanyi, and J. L. Schreiber, Faraday Discuss, Chem. Soc.,
55, 252 (1973).

(4) J. R. Alrey, J. Chem Phys, 52, 156 (1970).

485

(5) F.J. Wodarczyk and C. B. Moore, Chem Phys Lett, 26, 484 (1974).

(6) K. Bergmann and C. B. Moore, J. Chem Phys, 63, 643 (1975).
D. S. Perry, J. C. Polanyi, and C. W. Wilson, Jr., Chem Phys Lett,
24, 484 (1974).

(8) J. M. Bowman and A. Kuppermann, Chem Phys Lett, 19,166 (1973).

9 J. M. Bomman, G. C. Schatz, and A. Kuppermann, Chem Phys Lett,
24, 378 (1974).

(10) L Pedersen and R. N. Porter, J. Chem Phys., 47, 4751 (1967).

(11) G. Herzberg, “Molecular Spectra and Molecular Structure. 1. Spectra
of Diatomic Molecules”, 2nd ed, D. Van Nostrand, New York, N.Y.,
1950.

(12) M. A. A Clyneand J. A. Coxon, Proa R Soa (Londori), Ser. A 298,
424 (1967).

(13) H. A. Pohland L. M. Raff, Int J. Quantum Chem, 1, 577 (1967).

(14) E\/I Ka;plus, R. N. Porter, and R. D. Sharma, J. Chem Phys, 43, 3259

1965).

(15) S. Gill, Proa Cambridge PhiL Soc., 47, 96 (1951).

(16) H. H. Suzukawa, Jr., D. L. Thompson, V. B. Chang, and M. Wolfsberg,
J. Chem Phys, 59, 4000 (1973).

(17) L. M. Raff, D. L. Thompson, L. B. Sims, and R. N. Porter, J. Chem
Phys, 56, 5998 (1972). For a comprehensive description of Monte
Carlo methods for quasi-classical trajectories, see R. N. Porter and
L. M. Raff, “Classical Trajectory Methods in Molecular Collisions”,
in “Modem Theoretical Chemistry, Volume 111, Dynamics of Molecular
Callisions”, W. H. Miller, Ed., Plenum Press, New York, N.Y., 1976.

(18) R.N. Porter, L M. Raff, and W. H. Miller, J. Chem Phys, 63, 2214

1975

(19) D. Amald!, K. Kaufmann, and J. Wolfrum, Phys. Rev. Lett, 34, 1597
(1975).

(20) J. D. McDonald and D. R. Hershbach, “Molecular Beam Kinetics:
Reaction of Chlorine Atoms with Hydrogen lodide”, unpublished; J.
D. McDonald, Ph.D. Thesis, Harvard University, 1971.

(21) H. E. Bass, L. S. Kenton, and D. L. Thompson, Chem Phys Lett,
44, 452 (1976).

Coupling between Tracer and Mutual Diffusion in Electrolyte Solutions

Pierre Turg,* Marius Chemla, Habib Latrous, and Jalel M'halla

Laboratoire d Electrochimie, ERA 310, Université Pierre et Marie Curie, 4, Place Jussieu-75230 Paris Cedex 05, France
(Received December 1, 1975; Revised Manuscript Received November 2, 1976)

Publication costs assisted by Université Pierre et Marie Curie

The coupling between tracer and mutual diffusion in electrolyte solutions is experimentally realized and
theoretically analyzed. The essential coupling terms are the electrical diffusion potential gradient, and the
activity coefficient gradient, arising from the individual excess chemical potential of each ion.

I. Introduction

Self-diffusion processes are among the most simple
transport phenomena occurring in a given medium and are
generally measured by special techniques using isotopically
or spin-labeled compounds. On the other hand, the
phenomenon of mutual or chemical diffusion, which can
be easily observed experimentally, has been studied by
many classical techniques. However its complete analysis
involves a detailed consideration of several complicated
effects.

The relationship between the chemical diffusion coef-
ficient of an electrolyte and the separate ionic self-diffusion
coefficients is simple at infinite dilution (Nernst Hartley
relation) but becomes more complex for finite values of
the concentration. The equation describing these two
phenomena requires different polynémes, and the terms
beyond the limiting laws in Cu2 were calculated only a few
years ago.is

The problem considered in the present study is the
interdependence of tracer diffusion and of mutual diffusion
in electrolyte solutions when these processes occur si-
multaneously.

~With the technical conorkship of Yvette Roumegous.

Self- and mutual-diffusion processes are closely related
in the following ways: (a) They are both consequences of
the thermal motion of the particles and are expressed by
the square-average displacement by unit time, (b) In an
electrolyte solution, the value of the self-diffusion coef-
ficient depends essentially on the ion-solvent interaction;
other interactions give only a small contribution when the
solution concentration is below 1 M.

Therefore, the tracer diffusion coefficient in the presence
of a concentration gradient of electrolyte will depend not
only on the local and instantaneous values of the con-
centration in the solution, but also on the fields of forces
involved in the electrolyte diffusion.

In this case, we shall have together a tracer and an
electrolyte flow which can occur in different directions.

We shall assume that a steady state will be locally es-
tablished after a very short time; this means that the
potentials and the corresponding fields take well-defined
values at any place and any time. Also, in each elementary
volume of the solution, an electrolyte flow and a tracer flow
(of same or opposite direction) occur simultaneously. The
tracer diffusion process, which has only a small dependence
on the electrolyte concentration, occurs even in the
presence of a countercurrent flow of electrolyte. In fact,
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it can even be accelerated by this countercurrent move-
ment.

All these processes are generally nonstationary on the
time scale of a diffusion experiment; consequently, a
complicated set of differential equations is obtained, the
solution of which is nonanalytical and only available
through the use of numerical methods.

The coupling of tracer and mutual diffusion has several
features and the most important of them are listed as
follows:

The flow of the solvent which corresponds to the mutual
diffusion of electrolyte and solvent in the chemical gradient
of concentration. This solvent flow is negligible in dilute
solutions, and its contribution to the tracer flow, in C12,
is only a small electrophoretic effect.:

The electrical field which is established in the chemical
gradient of concentration, if the ions of the diffusing
electrolyte have different mobilities. This phenomenon
leads to the largest coupling effects, even in dilute solu-
tions; it was analyzed and observed by Plonkas in mem-
?ra_nes and independéntly by Turg and Chemlas in so-

utions.

The gradient of the activity coefficient of the tracer
which exists for both lbns independently of their respective
mobilities. This leads to a new effect not observed pre-
viously.

The aim of the present study is to distinguish between
these different effects in a few experimental cases. For
this purpose, we shall give briefly the mathematical ex-
pressions of flows and forces involved in these processes.

Il. Flows and Forces
The equation giving the flow J, of the particle i is

1 k

where C, is the concentration of the particle i, VLis its
velocity, Bt is the mobility of the particle i, and Y.kFf is
the sum of all the forces applied to the particle i.
The forces acting on the particle i are the following.
(1) The Gradient of the Chemical Potential:

hi= + KT In (Crfi)

Hei is the standard chemical potential of the species i, 7,
is its activity coefficient, and kT is the Boltzmann factor.
The corresponding force is
Ve
KTA-% -
Ci
In a given medium, the standard chemical potential p°, is
a constant and the first term V/n°, vanishes. The term
kT(yCi/CO represents the ordinary diffusion process and

feTV In 7; the effect of the gradient of activity coefficient.
In the Debye-Huckel approximation

e-X
n7i” " 2DkT(I + Ka)

where K is the Debye K and D the dielectric constant of
the solvent, and

y -y
Ff=-Vp° - kT Vinz:

2DKT (I + Ka)

(2) Coulomb Forces, (a) An electrical field exists in a
solution if the ions of the diffusing electrolyte have dif-
ferent mobilities:

F:e eiE
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e, being the charge of the particle i.

The system we consider is composed of a solvent, an
electrolyte dissociated into v. ions 2 and v ions 3, at the
concentration C and a tracer 1 at the concentration Cy «
C.

In the expression of the electrical field s, we shall neglect
the perturbation coming from the diffusion of 1.

The chemical potential of the solute 2-3 is

h = Vefl2 + V3H3

The flow of the particle 2 is

-y -y -y t—y
J.=C:u: =-B:C2Vh: + B:C.eZE + C:AV:

where Aoz is the electrophoretic effect on this.particle 2.
(This effect will be developed further) /

The analogous expression for J. is obtained by replacing
2 by 3. The electroneutrality of the solution prevents any

charge separation, then v
-y -m '
J. = Js ~ 1
- -y I ¥
£ = vyByvhy - v.B" P2 |, VyAijy- y:Av:
v:B.e2- vyB3e3d v:B:.e\- vyBye:

For.a symmetrical electrolyte v. = v, and v. = v3

For dilute solutions (Debye-Huckel domain), it will be
possible to make the following extrathermodynamic hy-
pothesis '

Vp2=Vps

which is equivalent to assume the equality.of the activity
coefficients of both ions of the electrolyte. We shall have
in this case

- (By' BZ)VJU + Aus - Av:
(Vz + Va)(Bzez - BsES) E.e: - B:es

(b) The tracer species 1 is allowed to move separately
from the other ions and must drag its ionic atmosphere,
in the so-called relaxation field a X i with

F™" = el AXi

The evaluation of the relaxation field requires the use of
a convenient system of continuity equations.

By examining these cpntinuity equations it can be seen
that the only effect of the coupling between self- and
mutual-diffusion for the relaxation effect in the diffusion
of the tracer species is to replace the tracer diffusion term
kiBi by
- =
kiBi - KkjBj
(where ktis the external force acting on the particle i). kjBj
= v for both 2 and 3 species. In the linear response region

ByAv2+ B:Aus
B. + By

and for the limiting law contribution

V B:.+ By

Jilel=CB: -1-Vpi + erg- VN €12

gjapkt K- 9
with
q: = d(nj)
and
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K2= .
m ri

D is the dielectric constant of the medium.

(3)  Forces Resulting from an Electrophoretic Term.

The calculation of AV2and ALBis classical as far as the
limiting law is concerned.s We obtain the following values

B3A iR+ B2 VpK(B3- B 22

B3+ B2 < 1271417(1 + Ka)(B3+ B 2y
and
Av3- Av2 , Vp f K(B3- B2 +
B222- BEs e2(B2+ B3)j67rr2(l + Ka)(Bs+ B2)J

The above expression deals with the limiting law and
involves the finite size correction 1 + Ka.

Expression of the Total Tracer Flow. We are now able
to write

Jx=-CAB.Vju, + C[B,exE + + C.AV:

In the next section we shalfconsider how it is possible to
realize at a practical level an experiment of coupled self-
and mutual-diffusion in electrolyte solutions.

I11. Experimental Section

We have used the open-end capillary method of An-
derson and Saddingtonz which we have used previously in
the determination of self-diffusion coefficients.s9

A capillary tube of small cross section and open at one
end is filled with a solution-containing the isotopic tracer.
This capillary tube is immersed in a vessel, the volume of
which is very large in comparison with the inner volume
of the capillary tube. In a self-diffusion experiment the
electrolyte concentration in the capillary tube and in the
external vessel are identical.

In the coupled self- and mutual-diffusion processes, the
electrolyte concentration in the capillaries and in the vessel
differs. The concentration can be either higher in the
capillary tube or in the vessel.

The tracer flow from the capillary tube will be coupled
to an electrolyte flow of the same or opposite direction.
What is measured in the experiment is the perturbation
of this tracer flow from the coupling with the electrolyte
flow.

The main difficulty in the interpretation of the results
arises from the fact that this process is ijonstationary, with
a diffusion coefficient varying in time and space, because
the different diffusion coefficients depend on the con-
centrations, and the flows on their gradients.

In order to simplify the treatment of the results, all the
experiments were performed in capillaries of constant
length and for diffusion times always very close to one
another for a given tracer ion. Under these conditions, it
is possible to measure the hulk tracer flow (or more
precisely the ratio of the radioactivity in the capillary after
diffusion over the initial radioactivity).

From this ratio 7 we can define an “apparent diffusion
coefficient” for the tracer. This coefficient is not really
a diffusion coefficient, because the tracer flow is not simply
proportional to the concentration gradient of the tracer.

This “apparent diffusion coefficient” is simply a con-
venient way of describing the influence of the coupling on
the tracer flow.

For long diffusion times, we have
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where 1 is the capillary length, t the diffusion time, and
7 the ratio mentioned above. For small diffusion time, the
apparent diffusion coefficient is given by

It is recognized in studies on self-diffusion that both these
expressions give the same numerical result over a large
range for 7.

IV. Numerical Solution of the Problem Using the
Finite Difference Method

In order to obtain a quantitative treatment of the
phenomenon, we have integrated with a finite difference
method the partial derivative equations corresponding to
the coupled diffusion process:

9oCi

—dt-' + V3Ji=0 for the tracer

dc .

o * V= 0 for the supporting electrolyte

The calculations were made for a capillary 3 cm in length;
the diffusion time corresponded to the operating conditions
of each experiment.

The corresponding Fortran programs were executed on
the 10070 CII computer of the University of Paris VI.

Two kinds of computation were made: (a) calculations
with only zeroth order terms (without Debye-Huckel's
correction of activity or transport coefficients) (rinzer);
(b) calculations includingi all electrostatic corrections for
the Cui2 terms (limiting laws) (finfrsv).

The principle of the finite difference method is very
simple: we cut time and space in sufficiently small in-
tervals in order to replace the partial derivative equation
by a finite difference equation. For practical reasons, in
order to limit the price of such a calculation, the ele-
mentary space intervals are equal to 17100 of the total
length of the capillary. We have verified that this fraction
was sufficiently small to allow the diffusion process to be
correctly simulated.

Having chosen the space interval, the time interval
cannot be selected in an arbitrary way; an upper limit is
fixed by the self-diffusion coefficient of the considered
species. This time step must be shorter than the char-
acteristic diffusion time in the previously chosen space
interval. This characteristic diffusion time is given by

t=AI2D

for Al = 3 x 10<2cm, D = 10«5 cma/s; t =: 102 .

Practically, a At of 100 s is sufficient to obtain the right
convergence of the process. The choice of a smaller At does
not noticeably improve the results. The physical meaning
of this condition is very simple: to apply the finite dif-
ference method, we need a time step smaller than the
diffusion time of the particles through the space steps.
This time step varies as the second power of the distance
step.

I‘r)1 our coupled diffusion problem, we must remark that
we cannot treat the electrolyte flow and the tracer flow
symmetrically. In fact, the electrolyte flow is not modified
by the tracer, present only at very low concentration, and
it is only the tracer which undergoes the coupling effects.

We shall calculate successively these two flows; this
means that the tracer flow will be adjusted at each time
and at each point to the conditions arising from the
electrolyte flow. We shall now give the algorithm of the
finite difference method: we need the first and second
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derivatives of the concentrations
tj) = [C(Xitl, tj)- C(xi-1 tj)] I2A]

02¢ = [C(Xit], tj) + C(Xi-u tj)

- 2C(x,, £)] 1AL

We also need the divergence of some supplementary flows.
Al x )] = Lis(xi, ) - Is(x,.u t))] 12A1

In addition the fundamental algorithm is written as

C(* () -

_ dJIS(Xj, tj)
dx

The calculation of the concentration increments is made
at each time step for the supporting electrolyte and for the
tracer. After the calculation has been made, the obtained
concentrations permit the evaluation of the total flow of
the tracer through the capillary and the calculation of its
apparent diffusion coefficient.

V. Electrical Diffusion Potential (EPG)

By taking a supporting electrolyte the ions of which
present a great difference in electrical mobilities, it is
possible to realize an electrical diffusion field sufficiently
intense so that the corresponding effects predominate and
exceed all other contributions (namely, the relaxation and
electrophoresis effects, gradient of activity coefficient).
Under these conditions, the essential coupling term be-
tween tracer and mutual diffusion is the term of the
electrical potential gradient.

For very high dilution, we can neglect the concentra-
tion-dependent effects and we obtain

C<*, ()= At ,»**e

JE=-cIB,vn1
2e2B3+ B?2)

and, by replacing the chemical potentials at the same
approximation
e.C.jB,- B¢
le2C2(B3+B 2y L2
the coupling term is precisely
e.C"B.-B,)
leXC2{B3+ B2)

Sum Rules. Some simple sum rules can be derived for
this limiting value. If we consider the flows JioDand Jj°R
of a given tracer in the presence of two opposite gradients
of supporting electrolyte VCz and -v C 2 we have

(B3-B 2)elC I»
I (B3+ B2)e2C2V 2
. (B3- B2elC! IT

J,OR ——PiVCl + Di
(B3+ B2ex2 2

*xF=-DVC,-D

VC2

Jtu =-D.VC:

and

7rD + i oR = 2Ji°s

This means that the sum of the direct and reversed
perturbed flows of the tracer is constant and equals twice
the flow of tracer in self-diffusion. We can see that in a
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TABLE I: Verification of the Product
Rule in the EPG Effect
27y o~ (1-7-°)-
c2 Cc2 T (- 7R)
10-’ 102 0.29869 0.22219
5 X 10-2 10"2 0.30030 0.22168
2 X 1(T2 10-2 0.2909 0.21919
10-2 10°2 0.2874 0.21940

steady state experiment, for the same gradient of con-
centration of tracer, the sum of the apparent diffusion
coefficients equals twice the value of the self-diffusion
coefficient.

Df +D,R=2D,s

In the semi-infinite case of the open-end capillary metho” :
the integrated flow out of the capillary'is proportional to*
1- 7. 7 is related to the apparent;diffusion coefficient

y)2
In this case we shall have
i-7°+i-7jR=2(-TiS)

YID+ 7R =271s
and
(D,u)12 + (D j)12= 2(Di3)\”2 (1)

for capillaries operating in the same conditions.
Product Rules. We can write in the case of low coupling:

X°D = Jx°S +V
JS* =J°S- elc
iJ10DIIt 10RI= 1J10312- 0(eic?)
then, for the open-end capillary method
= (L>s)2 (2)

which is consistent with (1) at the second order in the
coupling term. The product rules can also be writtens as

(1-7D)(1-7R)=(1-7S)2

From open-end capillary experiments performed by
Turg and Chemlas it is possible to test this product rule.
The results are given in Table | from which we observe
that products are in good agreement.

Amplification of the Effect. To refine the interpretation
of these phenomena, we can introduce the concentration
gependentterms, involving all corrections in Cl/zas in ref

To give a new amplified example of the electrical dif-
fusion potential gradient, we have carried out a set of
experiments in which the ions of the supporting electrolyte
have very different mobilities as

A°h+=349.81 and A°no3 = 71-46

We have studied the perturbation of the tracer diffusion
of Ag+ resulting from the simultaneous diffusion of HN 03
with a concentration range between 2 X 10-2and 1.1 X 10«
M. First of all, we have measured the self-diffusion
coefficient of silver in these media without any concen-
tration gradient.

The self-diffusion coefficient of the silver ion decreases
slowly with increasing concentration. The coupling shows
an important effect: a countercurrent of HN 0saccelerates
the diffusion of Ag+ tracer (Table 1) quite considerably.
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TABLE 1l: Tracer Ag* in HNO3 (D, 10" cm!/s)
Coupled Self
Inactive solution C, M AgNOj 10" AgNO,10" AgNOj 10" AgNO, 10"
HNO, 10" HNO, 10" hno3 10" HNO, 10"
Active solution C, M (Ag tracer) AgNO0310" AgNOj 10" AgNO,10" AgNOj 10"
HNO, 10" hno3 10" HNO, 10" HNO, 10"
roxp 2.21 +0.03 0.99  0.01 1.55 +0.02 1.56 + 0.02
D FINFaST (caled) 2.204 0.922 1.597 1.610
D FINZER (caled) 2.244 1.011 1.667 1.667
Av capillary length, cm 2.933 2.928 2.923 2.922
Tav 0.528 0.508 0.378 0.375
t 10-s 6.948 15.781 17.220 17.190
- The product rule is verified in a satisfactory manner: TABLE I11: _Influence of the Tracer in the Activity
HNO3 self-diffusion of Ag+ DAg = 1.55 X 105 cm2/s Coefficient Gradient Effect®
H N O 3coupled diffusion of Ag+(2 X 10 2M-NH031.1 X (An-  (An-
A0 1M): DDAgH RAgr= 1-523 X 10 scm2s Ds Ds Donty  Aut)
AThe preceeding description can become quantitative by 10" M 10" M ~gut Do expt  eale

.using the finite différence method as mentioned above. As

it is shown in Table Il we observe a qualitative and
quantitative agreement even without ionic strength cor-
rections as in the case of the first approximation.

VI. Gradient of Activity Coefficient (ACG)

It is possible, by chosing a supporting electrolyte the
ionic mobilities of which are identical, to perform an
experiment where the electrical diffusion field is zero.
Under these conditions, the essential coupling term be-
tween tracer and mutual diffusion is the activity coefficient
gradient.

The tracer flow is now written as

+ CITS-A(InT71)JvC

din7l e, / 8Ne: \12 1
dC 4nDkT(l + Kay2 \ I000DfeT > Cws

= -A/C12
The coupling term is

d*ip- Do i

This coupling term exhibits an increment of the tracer flow
in the direction of the electrolyte concentration gradient.
Important is that this effect is proportional to Cv2 and
therefore dependent upon ionic strength. We can, as for
the electrical potential gradient effect, define some sum
and product rules:

10+ IR = 2jjs

in a steady state experiment and for two tracer species :
and Y in the same gradients of the tracer and of the
supporting electrolyte

Uipl = Dipl I\
DI D\

and therefore the couplin? term is proportional to the
self-diffusion coefficient of the tracer.

Experimental Determination. As for the electrical
diffusion potential (EPG) effect, we must distinguish two
kinds of experiment: “out” diffusion. The supporting
electrolyte concentration in the capillary is larger than in
the external vessel; “in” diffusion. The electrolyte con-
centration in the capillary is lower than that in the con-
tainer.

Dirgpand D outgp are calculated from the experimental
ratio 7.

Na* 129 1.32 125 1.38
Ag2 157 1526 149 168 0.19+3 0.16
r 1.99 2.02 197 217 0.20+3 0.20

_"“ Nat, Ag\ I" in agradient of KN03 D]10" cmps.
0 The calculated values are obtained by the finite differ-
ence method.

0.13+3 0.13

TABLE 1V: Verification of the Proportionality Rule
for the ACG Effect*

Na* Ag” T
AW Adf 0.958 0.963 0.983
An/Aelf 1057 1.085 1.082

* The ratios -DoutADself and An/Aelf are independent
from the nature and the charge of the tracer ion.

TABLE V: Influence of the Supporting Electrolyte
in the ACG Effect”

(An- (A, -
A

0(10" D(10"

Salt M) M)  Aut An expt caled
KNO, 129 132 125 1.38 13+3 13
CsBr 130 126 128 135 07+2 10
Csl 132 133 126 139 133 11

“ Na+in KNO3, CsBr, Csl. D, 10" cm’/s.

In order to verify that the activity coefficient gradient
(ACG) effect is the essential term, we have taken an
electrolyte with only a small residual EPG effect as KN 03,
First, we have determined that the ACG effect is mainly
independent of the nature and of the charge of the tracer
ion, but proportional to its self-diffusion coefficient as
verified for Na+, Ag+, and T (Tables Il and IV).

The concentration in the supporting electrolyte varies
from 10 2 to 10 1 M and that of the salt containing the
element of the tracer is equal to 10 2 M in order to prevent
any adsorption.

We have also verified, as shown in Table V, for a given
tracer, that the ACG effect is, for dilute solutions, only
sli%htly dependent on the nature of the supporting elec-
trolyte, if its ionic mobilities are close to one another. This
has been done for Na+in KN 03, CsBr, and Csl (for Csl,
the ionic mobilities are identical to the precision of the
experimental determinations). Detailed values are given
in Table VI with the results of the finite differences
method.

In order to separate the contribution of the residual EPG
effect and the ACG effect we will now examine in the next
section the exact balance between these two effects in the
experimental cases studied above.
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TABLE VI:

Tracer Na+in CsBr and Csl (D, 10'5¢cm’/s)

Turq et al.

Coupled Self
Na+in CsBr
Inactive solution NaCl 10'2 NaCl 10'2 NaCl 10'2 NaCl 10"
C, M CsBr 102 CsBr 10" CsBr 102 CsBr 10"
Active solution Na*Cl 10'2 Na+Cl 10'2 Na+Cl 10'2 Na+Cl 10"
C, M (Na tracer) CsBr 10'1 CsBr 10" CsBr 102 CsBr 10"
D(expt) 1.28 +0.01 1.36 + 0.02 1.30 +0.02 1.26 + 0.01
D FINZER 1.336 1.334 1.335 1.335
D FINFRST 1.230 1.3299 1.280 1.279.
Capillary length, cm 2.930 2.930 2.930 2.930-
t, 104s 15.670 9.231 15.710 15.280
Na+in Csl
Inactive solution NaCl 10'2 NaCl 10'2 NaCl 10'2 NaCl 10"
CM Csl 102 Csl 10" Csl 102 Csl 10"
Active solution Na+Cl 10'2 Na+Cl 10" Na+Cl 10" Na+Cl 10"
C, M (Na tracer) Csl 101 Csl 10" Csl 10" Csl 10"
D(expt) 1.38 + 0.02 1.26 + 0.01 1.31 + 0.02 1.31 £ 0.02
D. FINZER 1.332 1.338 1.335 1.335
D FINFRST 1.225 1.335 1.280 1.279
Capillary length, cm 2.930 2.930 2.930 2.930
t, 104s 15.750 9.836 15.192 15.020
Comparison between the EPG and the ACG Effect. TABLE VII: Influence of the Residual
The electrical field takes the simple form EPG on the ACG Effect
E=j-(2t2 - 1)“ n 6C1'2] Vp Electrolyte t°2 (J,E/J1A>
KNO3 0.5070 0.279
KT K CsBr 0.4970 -0.119
_ Too. 5 v Csl 0.5012 0.051
=M.212°- 1)1 9+ ofp 1+ KaDZ + DT P and
In aqueous solutions at 298 K for 1-1 electrolyte dinx _ -2Cuw2
kT i +
" K= 8.07 X 1(TeCrr2 dinz+Ax
= g We obtain for the relative values of the EPG and ACG
Taking flows:
kT K
P=(2t2 - 1) 5 + N
( )[]2 67177, 1 + Ka D:° +753°] e: \ 6|n7+)/
kT f d In 7+ 1 ‘m 2C
E=— A = 23 i = 90— o - _
2 P e L dinCJ o JiA 2e2(2t2 11-+ 6C1 1
The EPG contribution to the tracer flow is therefore with
r dlims -1
Xe=2C .B "~ — VC 5C1
ee CL dinC]J 6707 )2 + D3
The ACG contribution to the tracer flow is therefore A seil
. cidlInzi -
ejA =-C.B.V (kTlayl)=-kT, 5,vC Xy-\vkT 107t ¢2'-C.
C diInC vel
cidlIn7t C(fr - 1) - -
= - kT -BjvC 2 A(C2r2 + C2112)
CdinC
o . m /2 rCz2'tl2-m 12
The last equation is written assuming that the Debye- .
Huckel approximation where 7* = "is valid. A(C.'-C 2 C2U2- mue
In the experiments, to prevent adsorption phenomena C21/2
we need a certain amount of an electrolyte having one ion N t M c23/2
in common with the tracer. The concentration of this C2'1/2+ mue -Cc?2

electrolyte will be m mole/s, the total electrolyte con-
centration will be ¢ = m + x mole/i, where x is the con-
centration of the diffusing electrolyte.

| We have the following relationship for vp and d In X /d
nrt

U ->
Vp = 2feTV In (*74) = 2|<T—Xr + KTV Iny+

VP r dinx 1
kKTA In7t ‘1+din7+J

In7+=- ACu2=- A(Xx + m)

The Journal of Physical Chemistry, Voi 81, No. 5, 1977

~miIn((C2'- m)/(C2- m
A A (C2'-C 2)

We have the following values for (JiEJiA) (Table VII).

It is always difficult to eliminate the electrical field effect
completely and we must in any case separate the con-
tribution of this effect to the total coupling.

VIIl. Conclusion

In this study we have considered a self-diffusion process
_cougled with a chemical diffusion phenomenon occurring
in the same or in the opposite direction.
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The first conclusion drawn from this work is that the
transport of a given ion is only slightly influenced by a
simultaneous chemical flow, which gives support to the
description of the phenomenon by a random walk model.

The mathematical analysis and the experimental results
show that the perturbation occurring through the chemical
gradient comes essentially from the electrical diffusion
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a ionic activity coefficient gradient, experimentally as well
as theoretically.

This opens the way to measurement of the individual
ionic chemical potential, or at least of its gradient in the
presence of several types of interactions.
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The interaction of 0 2with polycrystalline Pd was investigated; above 250 °C a significant amount of oxygen
is incorporated into the bulk at pressures far below the dissociation pressure of PdO. The rate of uptake into
previously unexposed Pd foil was pressure independent, suggesting (1) that penetration into the bulk occurred
from an oxygen-saturated surface and (2) that the rate was limited by the process in which chemisorbed oxygen
moved out of the surface layer toward the interior of the Pd. The temperature dependence of the uptake rate
in this pressure-independent region was characterized by an Arrhenius A factor of 5.2 x 1020 atoms cm-2 min«
and an activation energy of 17 kcal mol-1 (71 kJ mol“]). After about 100 monolayers of oxygen were incorporated,
the uptake rate began to decline and became unobservable after about 350 monolayers were incorporated.
Equilibrium oxygen pressures above such extensively oxygen-treated samples were much lower than the reported
dissociation pressures of PdO indicating that the palladium-oxygen system under these conditions should be
characterized as a solid solution of oxygen in palladium. The role which this incorporation of oxygen may play

in catalytic processes is discussed.

1. Introduction

Pd has received considerable attention as,a catalyst,
especially in studies of the oxidation of carbon monoxide.
The interaction of oxygen with Pd is a key feature in such
reactions, but one that has not been fully understood.
Investigatorsis have cited evidence for some incorporation
of oxygen into the bulk of Pd (above 250 °C) upon ex-
posure to o2 at pressures well below the dissociation
pressures of PAO at these temperatures.ss4s Attempts to
characterize and understand this phenomenon have been
few and far from conclusive.sse Raub and Plates discuss
their results in terms of a solid solution of oxygen while
Chastons disagrees, suggesting that the oxygen uptake
results from the oxidation of base metal Impurities.
Schmahl and Minzle showed that Pd is not soluble in PdO
but reported some data which support limited solubility
of O in Pd. The possibility that the catalytic activity of
Pd depends on oxygen uptake has been aptly demon-
strated,12,14<16 and experimenters have resorted to pro-
longed pretreatment of the heated substrate with o2 to
achieve a stable catalyst.i141517 20

The importance of oxygen incorporation into transition
metals under conditions far removed from those where
bulk oxide is stable has recently received renewed attention

in the catalysis and surface science literature. Excellent
work on Ptai,22 and Irzs24 has underscored the importance
of studying the role which this oxygen incorporation plays.

The purpose of the work reported here was to extend
and clarify our previous work: by examining the rate,
extent, and reversibility of oxygen uptake and the de-
pendence of these quantities on the substrate temperature,
gas phase pressure, and substrate history. We have de-
veloped a qualitative model of the uptake which is con-
sistent with our data and that of others. The results
appear to follow the trend already established for Pt2y,2
and lrzs24 and point to the importance of investigating
thoroughly the role of incorporated oxygen in influencing
catalytic properties.

2. Experimental Section

Experiments were performed in a bakeable, stainless
steel, ion-pumped vacuum chamber equipped with a
calibrated capacitance manometer, the reference side of
which WaSJ)umped with a small oil diffusion pump.
Background pressures in the 730-cm3 experimental
chamber were determined with a Bayard-Alpert type
ionization gauge. Gases were introduced through a variable
leak valve to selected pressures (measured with the ca-

The Journal of Physical Chemistry, VoL 81, No. 5, 1977



TOTAL UPTAKE/(monolayers 0)

Figure 1. Uptake rate at 750 °C of oxygen on polycrystalline palladium
as a function of the total oxygen uptake. The ordinate is arbitrarily scaled
to 100 and this value corresponds to the rate shown in Figure 2 for
750 °C (1.06 X 1017 atoms cm-2 min']). One monolayer is taken as
equivalent of 2 X 10150xygen atoms/cm2of surface (macroscopically
determined).

pacitance manometer) after the experimental chamber was
isolated from the ion pump with a gold-seal high vacuum
valve. Reagent grade gases were used throughout.

The substrates were polycrystalline Pd foils, usually 100
x 10 x 0.127 mm, mounted between insulated stainless
steel feedthru leads which provided for resistive heating.
Substrate temperatures were calibrated as a function of
the applied voltage using an iron-constantan thermocouple
spot-welded to the palladium. The thermocouple was
attached and this calibration procedure was carried out
after the oxygen uptake experiments were completed.
Effects due to the oxidation of walls or feedthrus were
proven negligible, as the rate of oxygen uptake at a given
temperature was found to be proportional to the geometric
Pd surface area over the range 6-20 ¢cm2  Spurious
pressure variations due to gas temperature changes were
proven negligible in background experiments with N2

3. Results

Prior to measuring the rate of oxygen uptake, the sample
was gradually heated to 750 °C while pumping to keep the
total pressure below 2 x 107 Torr (1 Torr = 133.3 Pa).
Upon reaching 750 °C the temperature was fixed until the
pressure dropped below 3 x 10 s Torr; then the sample was
cooled to room temperature. The experimental chamber
was then isolated, the ion gauge was turned off, and o 2was
introduced to a pressure of 3.5 x 10 2 Torr. After exposure
for a period long enough for weakly bound CO to be
displaced by oxygen.is the experimental chamber was
evacuated to a pressure of 10« Torr, isolated again, and
refilled with a known pressure of 02 usually 3.5 x 10<
Torr. The substrate was then heated while monitoring
pressure as a function of time with the capacitance ma-
nometer.

In preliminary experiments reproducibility was a serious
problem because the oxygen uptake rate (dP/dfg] was a
strong function of substrate history. However, when the
above preliminary recipe was followed with samples from
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Figure 2. Arrhenius plot of the temperature dependence of the rate
of oxygen incorporation into new palladium. The gas phase oxygen
pressure at the start of each experiment was about 3.5 X 10"2Torr.

the same stock, reproducibility was satisfactory, although
still not excellent. Auger analysis of the starting material
revealed small amounts of carbon and sulfur on the surface;
however, the first heating in oxygen, at pressures as high
as those used here, removes nearly all of this contami-
nation.zs

Figure 1 shows the variation of the rate with the total
amount of 0 2taken up at 750 °C. Here we have used the
convenient units of monolayers, assuming 2 x 1015 atoms
cm-2 and a surface area based on a smooth surface of 20
cm2 At this temperature the rate was constant for about
100 monolayers and then began to fall off quite sharply.
Note particularly that continued uptake of oxygen Is
observed to the extent of about 345 monolayer units from
gas phase 02 at a pressure of about 3.5 x 10«2 Torr, well
below the reported dissociation pressure of 45 Torr.713
After 345 monolayers, the rate of uptake became too slow
to measure reliably with our apparatus.

We attempted to measure the equilibrium pressure of
02 over the 150 and 345 monolayer substrates by heating
at 900 °C for up to 4 h. The pressure attained over the
150 monolayer substrate was around 2 x 103 Torr. For
the 345 monolayer substrate, equilibrium pressures were
inconsistent but on the order of 10-2 Torr. This is to be
compared with the dissociation pressure of PdO which is
greater than 1 atm at 900 °C.7 U In addition, heating (900
°C) of the 345 monolayer substrate for up to 2 days under
high vacuum effected no return to the starting conditions
of Figure 1. Instead, after the quick uptake of a few
monolayers, the Pd behaved much like a 230-monolay-
er-old substrate in its capacity to incorporate oxygen.

With relatively new substrates (left side of Figure 1)
below 750 °C, we observed a linear decrease in pressure
with time from the starting oxygen pressure (~3.5 x 102
Torr) down to below 2 x 10'3 Torr, at which point the
pressure levelled off. By varying the pressure we noted
that the rate below 740 °C was independent of 0 2 pressure
between 3.8 x 10 1and 2 x 10 3 Torr. Pressure effects
above 750 °C were not determined. Figure 2 shows, in
Arrhenius form, rates observed on new substrates at
various temperatures. Below 350 °C the rate dropped off
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Figure 3. Electron micrograph of a new Pd surface (X 5200).

Figure 4. Electron micrograph of Pd which has taken up 345 monolayers
of oxygen (X 5200).

to some unobservably small value (cf. ref 26). For the
temperatures and pressures discussed here, the rate, R, is
well represented by

R=(521t24)X 1020 atoms cm=2 min-1
X exp(-17 £ 1 kcal moTI/RT) (1)

Electron micrographs of the new and the extensively
oxygen-exposed Pd are shown in Figures 3 and 4, re-
spectively. A considerable increase in surface roughness
appears to accompany the oxygen penetration. This seems
reasonable when we consider that penetration of oxygen
must really involve some exchange of positions for the
oxygen adatom and a Pd atom is the underlayer. The
crevices might result from this exchange occurring pref-
erentially at grain boundaries, as discussed by Uliman and
Madix.2z One thing seems clear, the uptake of oxygen is
Eoltksimply chemisorption followed by diffusion into the

ulk.

4, Discussion

The fact that below 750 °C the rate of oxygen pene-
tration into a new substrate is independent of pressure in
the range 3.8 X 10+ to 2 X 10«3 Torr indicates that ad-

48

sorption is a fast step under these conditions and that the

surface is saturated with almost a complete monolayer of
adsorbed oxygen. The disappearance of oxygen T.EFT)

spots as well as a decrease in the work function of the Pd

(111) surface unaccompanied by any o 2 desorption caused

Ertl and Koch2 to conclude that chemisorbed oxygen

moves into the bulk of Pd above 250 °C. It must be this

movement away from the surface which is the rate-limiting

step for the work reported here. They also report an

activation energy for this process of 20 kcal mol-1,2 which

is in reasonable agreement with our value of 17 kcal mol'l

It can be expected that pressure will begin to affect this

rate at very high temperatures, when oxygen surface

coverage decreases. In passing it is worth noting that

penetration into the bulk has been reported on the Pd

(11 1? surface but has not been carefully studied on other
single crystal surfaces.ezs2

The change in rate with the amount taken up (Figure
1) is not exactly what would be predicted by ordinary
homogeneous diffusion kinetics, although the latter portion
shows the expected “reciprocal” shape.so The departure
from simple diffusion kinetics on new substrates is ex-
pected considering the energy barrier and the step-by-step
character of the process.

The fact that the equilibrium pressure of oxygen above
the Pd with 345-monolayers of oxygen is drastically smaller
than the equilibrium (dissociation) pressure of PdO,
coupled with the fact that Pd is insoluble in PdO,s leads
us to conclude that we are dealing with a solid solution of
low concentration of oxygen in Pd, rather than stoichio-
metric PdO mixed with Pd. The 345 monolayers of oxygen
thus corresponds to a maximum solubility of about s x
10-s atoms of O/atom of Pd based on the total number of
Pd atoms in the sample. It is believed that this is not a
true saturation solubility, as kinetic factors probably
precluded further oxygen uptake. For example, consider
a situation in which the Pd Is truly oxygen-saturated near
the surface but the oxygen concentration gradually drops
off into the bulk: the diffusion-limited rate of uptake
would be extremely small in this case. As expected for
solution thermodynamics, the equilibrium pressure of o 2
was lower after 150 monolayers of uptake than after 345
monolayers.

We expect that this solid solution is a precursor to the
formation of the bulk stoichiometric oxide. Consider Pd
at 400 °C with a pressure of 5 x 10-5 Torr of 0 2 in the gas
phase above it. Ertl2 showed that the Pd surface is es-
sentially saturated with adsorbed oxygen under these
conditions. Since the bulk senses almost unit activity of
oxygen at the surface, we must ask why the bulk oxide is
not formed. Although the small departure of the surface
coverage from unity might be responsible, it seems more
logical that the saturation concentration of the solid so-
lution of oxygen increases rapidly but smoothly with
surface coverage and when the dispersed oxygen atoms
become dense enough to strongly sense one another,
stoichiometric PdO microcrystallites result. This corre-
sponds to the dissociation pressure and any further in-
crease in oxygen content will not change the chemical
nature of this oxide, only the crystallite size. This explains
the constant dissociation pressure found by Schmahle over
a wide range of oxygen/Pd atom ratios. The formation
of such uniformly dispersed microcrystallites has been
directly observed in the initial oxidation of Ta by Na-
kamura et al.st We should note that the formation of an
essentially saturated surface layer of oxygen under con-
ditions where the bulk oxide is unstable Is by no means
limited to Pd. Chesters and Somorjai,s2 for example, have
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recently observed a structured surface oxide on gold well
below the dissociation pressure of gold oxide.

Finally we should remark that our observations are
consistent with the break-in period associated with the use
of Pd in the catalytic oxidation of CO.1214'16 Baddour et
al.1a observed an increasing rate of C0s formation with
time during the fcreak-in period, after which the rate
stabilized. This break-in was also achieved using only
oxygen pretreatment.1a Considering the tendency of
adsorbed oxygen to migrate into the bulk of new Pd, and
the variation of the rate with total uptake and, therefore,
with time (Figure 1), it is easy to see how this phenomenon
could arise. The rate of C02production on these catalysts
is proportional to the surface coverage of oxygen and,
under steady-state conditions for a new catalyst, the
oxygen coverage can be depleted by both the reaction to
form C02 and by penetration into the bulk. After long
exposure to oxygen, the latter becomes insignificant. We
should clarify that, under the conditions used,: the oxygen
coverage was very small, while under our conditions here
itis ver?/ large. The change in the rate of C 02 production
could also be attributed to a change in surface properties
as the oxygen concentration increases. We thus conclude
that many reports of oxidative catalysis over Pd could
probably best be referred to as being over Pd containing
a significant amount of oxygen in solid solution near the
surface.
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cCc OM M UNICATIONS TO T H E E D

Temperature-Jump Study on the Aquation of the
Iron(l11l1) Complex by Dodecylpyridinium
Chloride-Solubilized Water in Chloroform

sir: In recent years reactions in reversed micelles have
attracted much attention, especially with regard to their
similarity to enzymatic functions.: Reversed micelles are
formed in nonpolar and less polar solvents such as benzene
and chloroform. It has seemed therefore impossible to
apply the Joule heating temperature-jump (T-jump)
technique to rapid reactions in these media, because this
method has been thought to require high conductivity for
the sample solution.2

In the present communication we obtained successfully
detailed information regarding the dynamic properties of
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metal ions solubilized in reversed micelles, that is, the
aquation of the 1:1 complex (DP-FeCl3) of anhydrous
ferric chloride with dodecylpyridinium chloride (DPC1) by
DPCl-solubilized water in chloroform by means of the
T-jump technique.

Monomeric DPC1 undergoes a 1.1 complex formation
with FeCls in chloroform below the critical micelle con-
centration (cmc) of DPCL; cme = (45t 0.2) x 10-M. The
formula and dissociation constant for this complex were
determined spectrophotometrically by the molar ratio
method: Kd= (6.6 + 40) x 1010 M at 20 °C .34 It was
similarly confirmed that above the cmc, FeCls also formed
a 1:1 complex with DPC1.4

In order to interpret the observed water effects on (i)
the absorption spectra, (ii) the relaxation time, and (iii)
the relaxation amplitude of T-jump signals obtained above
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Wavelength ( rm)

Figure 1. Water dependence of the difference spectra for the
chloroform solution of 0.50 M DPCI and 3.0 X 10 3M FeCl3at 20 °C,
using a pair of cells with 0.2-cm pathlength. The concentrations of
water, b, were as follows; (a) 0.02 M, (b) 1.1 M, (c) 1.7 M, (d) 2.2 M,
and (e) 2.8 M.

the cmc of DPCI, the following simple mechanism was
assumed:

DP-FeClj + HD é DP-FeCI3(OH2 1)
DP-FeCI3(OH2) + H2D % DP-FeCI3(OH2) 2)
KeQ= kIK /k: 3)

(i) Figure 1shows difference spectra taken from 320 to
450 nm at 20 °C, using a reference cell containing constant
concentrations of FeCls (3.0 X 10 sM) and DPCI (0.50 M)
in the absence of water and a sample cell containing the
same amounts of FeClsand DPCI and a variable amount
of added water (1.0-2.8 M).5 The observed decrease of
absorbance was essentially caused by the aquation of
DP-FeCls because adding water without FeCls did not
change the spectrum in this wavelength region.

The following equation was derived from mechanism
1-2:

0.20

+ 1

AA  Aea\K”b. @
where AA is the measured difference absorbance with a
cell 0f0.20 cm pathlengith, At = tDP-Fecis- CDP-Feciso H2a
and b are the analytical concentrations of FeCls and Hz0
(a « b), respectively.

A straight line was obtained from the plot of-0.20/AA
at 380 nm vs. -2 as shown in Figure 2, leading to K egAe
= 6.2+ 0.6 M«cm 1at410 nm.

(ii) The T-jump measurements were performed with a
Union Giken temperature-jump apparatus.s Relaxations
were observed at 410 nm for a solution containing 3.0 X
10-3M of FeCl3 0.50 M of DPCI, and 1.0-2.8 M of water.
The solution was thermostated at 15 °C before temper-

{M"2)

Figure 2. Plot of -0.20/AA at 380 nm against the reciprocal square
of water concentration (b 2.

1/f2

Figure 3. Plot of 1/r2against the square of water concentration (b2).
The line is drawn by the least-squares fitting using Yokogawa Hew-
lett-Packard calculator. Sample solutions contain 3.0 X 10 3M FeCI3,
0.50 M DPCI, and 1.0-2.8 M of H2 in chloroform.

ature rise of 5.0 £ 0.5 °C. Two relaxation times (r, and
r2) were observed under this condition. The faster re-
laxation time (fi) coincided with the calculated rise time
of the temperature of solution.ez This relaxation might
arise from reversed micellation. It would be concluded that
the relaxation due to reversed micellation is much faster
than the observed one due to the temperature rise. 1/ex
was independent of the water concentration (1.0-2.8 M):
1t = (3.8-4.3) x 1045 1

Another slower relaxation time (r2) was due to the
aquation of DP-FeCls by DPCl-solubilized water. The
following expression was derived for r2, assuming that
reaction 2 was the rate-determining step:

I/r2= kXb: + k. (5)

As shown in Figure 3, 1/r 2was linearly proportional to
the square of the water concentration (2. From the
intercept and the slope of the straight line constructed by
least-squares analysis, we obtained kx = (2.0£ 0.3) x 10
M2siand k.= (7.8 0.5) x 1025 I. Usingeq3,  was
determined to be (2.6 £ 0.3) x 10~2M 2 Inserting this
value into K*At = 6.2+ 0.6 M scm-1, A«in eq 4 became

(iii) ~ The amplitude measurements of the slower re-
laxation could yield information on the reaction enthal-
pies.2* The following expression was derived for the overall
equilibrium of eq 1 and 2:
AAm'=-(RT22.30AeAHdTa”l/K" b. + 2) (&)
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Figure 4. Plot of AAn“lat 410 nm against if2.

where AAmis the measured relaxation amplitude at 410
nm, AH = HDP-FeCNOHo2“ 2f/H20 - HDP RO3 dT = 5.0 £
0.5 K, and T = 293 K. It was noted that a plot of AAm1
gainst b.. gave a straight line, as shown in Figiure 4. Since
Ae and Kegare already known, the enthalpy could be
estimated from the slope: AH =-38 + 15 kcal mol“L This
value was in agreement with the enthalpy of the aquation
of free Fe(l11) ion evaluated by Bernal and Fowler.o

Acknowledgment. We are grateful to Professor M.
Fujimoto for his encouragement and to Professors K. Yagi
and S. Nishida for their permission to use the apparatus.
We also wish to express our thanks to Professors T. Tsuji
and T. Furukawa for their valuable discussions.J

Supplementary Material Available: Appendices I, Il,
and I11 contain the three derivations for eq 4, 5, and 6 (3
pages). Ordering information is given on any current
masthead page.

References and Notes

(1) J. H. Fendler and E. J. Fendler, “ Catalysis in Micellar and Macro-
molecular Systems”, Academic Press, New York, N.Y., 1975.

(2) M. Eigen and L. DeMaeyer in “ Techniques of Organic Chemistry”,
Vol. VIII, 2nd ed, Part 2, S. L. Friess, E S. Lewis, and A. Weissberger,
Ed., Wiley, New York, N.Y., 1963, p 895.

(3) A. E. Harvey, Jr., and D. L. Manning, J. Am Chem. Soc., 72, 4488
(1950).

(4) T. Masui, F. Watanabe, and A. Yamagishi, submitted for publication.

(5) The apparent aggregation number of DPCI (h) in chloroform was
determined by the vapor pressure depression method; n= 5-7 at
0.50 M DPCI.

(6) The T-jump apparatus used has a coaxial cable of 157 m length as
a capacitor. The characteristic impedance of the cable is 50 2

(7) (a) F. Watanabe, Doctoral Thesis, Hokkaido University, Japan, 1976.
(b) It was found that discharge of electrical energy stored in the cable
into the sample solution is determined substantially by the resistance
of the solution. Taking into account this finding, the rise time of the
temperature was calculated. More detailed representation of the
calculation will be given by F. Watanabe, T. Masui, and A. Yamagishi,
to be published.

(8) F. Guillain and D. Thusius, J. Am Chem Soc., 92, 5534 (1970); D.
Thusius, ibid., 94, 356 (1972).

(9) J. D. Bernal and R H. Fowler, J. Chem Phys,, 1, 515 (1933).

Takeshi Masui
Fumiyuki Watanabe’
Akihlko Yamagishi

Department of Chemistry
Faculty of Science

Hokkaido University

Kita-ku, Sapporo, Japan 060

Received August 30, 1976

The Journal of Physical Chemistry, Vol. 81, No. 5, 1977

Communications to the Editor

Solubility Product Constant of Calcium Fluoride

Publication costs assisted by the National Science Foundation

sir: In a paper appearing recently in this journal, Steams
and Bemdt: present evidence that the classical solubility
product of calcium fluoride is not a constant at a given
temperature and pressure but changes as a function of the
composition of the solution phase. Some thermodynamic
arguments in support of this finding were offered. The
implications of this conclusion are so far-reaching as to
demand further consideration.

Stearns and Berndt used a fluoride-selective electrode
to measure the concentration of free fluoride ion in a.
solution containing a known stoichiometric concentration
of added calcium ion and excess solid calcium fluoride. In
effect, the concentration solubility product constant K 'sp,
was calculated by

tf'sp =([Caztadded] + ‘M F “])[F=12 (1)

and was found to increase by a factor of 2 over a range of
added calcium ion from 0 to 0.01 M, after which it de-
creased to near its original value with further additions of
calcium ion. Anomalies in the value of K spderived from
measurements with the fluoride-selective electrode have
been reported before.2

We have now repeated the measurements of Steams and
Berndt (at 25 °C rather than at 20 °C) using the calcium
ion-selective electrode as well as the fluoride electrode. Our
measurements suggest that the activity solubility product
is indeed a constant within the experimental error inherent
in the electrode system. The results suggest that the
variability observed by Steams and Bemdt (and confirmed
by us when the fluoride electrode alone was used) may he
due to adsorption of ions on the solid CaF2. Under these
circumstances, the system can no longer be defined by
measurements of the fluoride ion concentration alone.

The cell can be represented by

F-(ISE)ICaF2(s) + Ca2{m)ICa2{ISE)

where m is molality and s represents a solid phase. Ifboth
electrodes respond in Nernstian fashion, one can write for
the emf E of cell A

E=£f£°%a -E \ + klog (ctCaa F-2)
= constant - fcpk sp (2)

where k is (RT In 10)/2F. The emfof the cell should thus
be constant if the activity product is a constant. The
measurements were made at an ionic strength of 1.0 mol
kg“l maintained by addition of appropriate amounts of
KCL. In this way It was hoped that the liquid-junction
potentials would be stabilized and that changes in the
activity coefficients of Ca2+and F“ would be minimized.
It was therefore possible to monitor independently the
molalities (rather than the activities) of the two ions by
measuring the potentials of the calcium-responsive and
fluoride-responsive electrodes individually with respect to
a saturated calomel reference electrode (SCE). By
measurements in solutions of KF/KC1 and in solutions of
CaCl2/K Cl, the standard emfvalues for the cells SCE|ISE
were found to be-177.9 and 108.0 mV for the fluoride and
calcium electrodes, respectively, at 25 °C. The corre-
SJ)onding Nernst slopes were 59.42 and 29.74 mV per
ecade.

The salts used (KF, KC1, CaCl2 and CaF2 were of
reagent quality. Calcium fluoride was digested repeatedly
under successive portions of boiling distilled water over
a period of 2 days. Potassium fluoride was dried to
constant weight, and a solution of recrystallized calcium
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TABLE I: Equilibrium Data for Solutions of Calcium
Chloride Saturated with Calcium Fluoride at 25 °C

10>- 1016
Added 104 .o ksp Ef(cell A),
CaCl2m 103nCa2t mp- (eq 1) (eq 3) mvV
0 0.855 6.36 4.8
0.000 431 1.16 541  2.05 3.38 4.5
0.001 030 166 463 271 3.57 5.2
0.001 997 250 3.76  2.94 353 4.4
0.003 108 351  3.22 3.38 3.64 5.4
0.005 279 546  2.63  3.74 3.77 5.9
0.009 155 9.00 1.99 3.66 3.56 5.2
0.013 27" 12.8 1.76 413 3.95 6.5
0.023 72 22.3 1.36 441 4.14 7.1
0.037 96 m  35.6 1.06 429 4.01 6.7
0.055 33 - \52.0 0.868 4.18 3.92 6.4
0.079 30 75.9 0.715 4.06 3.89 6.3
0.100 1 96.9 0.625 3.90 3.78 5.9
0.116 8 115 0.563 3.70 3.65 5.5
0.130 3 129 0.529 3.64 3.61 5.4

chloride was standardized. An Orion 96-09 lanthanum
fluoride electrode was used. The calcium ion-selective
electrode made use of amembrane incorporating a neutral
ligand carrier.s The electrodes were mounted, together
with a commercial saturated calomel reference electrode,
in the top of a water-jacketed titration cell provided with
amagnetic stirrer and maintained at 25.0 °C. The cell was
charged with a weighed quantity of 1 m KC1 and known
excess of calcium fluoride. After the emf (measured b
a Corning Model 112 pH electrometer) between eac
indicator electrode and the SCE had reached a constant
value, successive weighed portions of a CaCI2K C1 solu-
tions (ionic strength 1.0) were added and the measure-
ments repeated. The ion-selective electrodes were cal-
ibrated on the molality (m) scale by emf measurements
in solutions having the compositions CaClz(m), KC1 (1 -
3m) or KF(m), KC1 (1 - m), where m was varied over the
range encountered in the reported experiments. Although
as much as 12 h, with stirring, was sometimes required for
equilibrium, the calibration remained essentially un-
changed over the series of measurements.

The results of the measurements of ion molalities in
solutions of calcium chloride saturated with CaFz are given
in the first three columns of Table I.  From these data,
it is possible to calculate an apparent solubility product
(K'ap= mGa+mF2 in three different ways. The first is by
use of eq 1, as was done by Stearns and Berndt.i The
others follow from the equations

K'sp = mCat(measured)mF-2(measured) (3)
and
l0g K 'sp={E -E °di + E°F)/k (4)

The fourth column shows that our measurements of mr
confirm the variability found by Stearns and Berndt.
When K's, is calculated from the measured molalities of
both Ca2* and F ions, however, K'sp is more nearly
constant (fifth column).

The emf of cell A is listed in the last column of Table
I. Itis evident that the data are adequately represented
by anemfof5.5+ 1 mV, leading to a value 0f 3.31 x 10 1
for K Pin 1 m KC1. When an estimate of 7 £(CaF2) by the
Brnsted-Guggenheim equation with interaction pa-
rameters appropriate to an ionic strength of 1.0 is applied,
one finds 3.1 x 10-u for the thermodynamic activity
product. This is in acceptable agreement with 4.9 x 1011,
the literature value for this equilibrium constant.4

It is noteworthy that the residual liquid-junction po-
tentials in the measurement of the calcium and fluoride
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ion molalities cancel in the calculation of log K gby eq
4. Although the fluoride electrode is very suitable for
measurements of this type, the stability and reproducibility
of the calcium ion-selective electrode leave something to
be desired. For this reason, an uncertainty of 1 mV does
not seem unreasonable for this design of the experiment.
We therefore conclude that Kgpis in fact constant over a
significant range of solution compositions but that the
system cannot be completely defined by measurement of
the fluoride ion molality alone.

A possible clue to the reasons why the system defies
simple definition is to be found in the results given in
Table 1 for the first solution, which contained no added
Ca2+ For this solution, one should be able to calculate K's
from either of the experimental parameters, mCator mF,
as follows:

K'P = 4m Ca2s (5)
or
K'sp=0.5mer-3 (6)

The values of mCa and mF determined experimentally
for this saturated solution are in fact 8.55 x 10~4and 6.36
x 10 4 mol kg'L respectively, far removed from the an-
ticipated stoichiometric ratio of 1.2, so that eq 5 and 6
would lead to highly disparate values for k*  The product
mGCa+ne - IS nonetheless in reasonable accord with the main
body of data, indicating that there is no serious experi-
mental error. This observation suggests that F' is being
adsorbed on the surface of the solid phase.

Another illustration of this same effect is given by an
experiment in which CaF2was added to a solution already
in equilibrium with a known amount of the solid phase.
In the absence of any surface effects, one would expect no
change in the composition of the aqueous phase. Nev-
ertheless, a rapid significant increase in mCat with a
compensating decrease in my, was found, consistent with
further surface adsorption of fluoride ions. The possibility
that inclusion of soluble calcium in the CaF2 was re-
sponsible for this result was minimized by repeated ex-
traction and digestion of the CaF2 added. Anion ad-
sorption would explain an initially low apparent Kep
calculated from a measurement of the free fluoride ion
concentration alone but cannot account for the decrease
observed at higher molalities of calcium ion.

At the pH of our solutions (about 6.0), ion pairing
between H+ and F" is negligible and, furthermore, is
relevant only to those calculations based on mF alone.
Steams and Berndt controlled both the ionic strength and
the pH with an acetate buffer, thus introducing the further
complication of Cazt-Ac~ ion pairing. This may be ex-
pected to reduce their calcium ion concentrations by a
factor of 5 but probably did not alter their conclusions. In
both their study and ours, the existence of Caz+-F~ ion
pairs has been ignored. Again this simplification is ir-
relevant when both mca and mF are measured inde-
pendently. Although this equilibrium would alter the mass
balance considerations necessary to the Stems and Berndt
method of calculating K 'sp, the effect is not serious.

Finally, Stearns and Berndt: give as their criterion for
saturation equilibrium the relations

MCa2+aq = Mca2+s (7)
and
UF~aq = MF's (®)

where n is the chemical potential. We believe that these
equalities apply only to the electrochemical potential or
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when the potential difference between the two phases is
zero. In the words of Guggenheim s “For the distribution
of ionic species i between two phases a, f) of different
chemical composition the equilibrium condition is equality
of the electrochemical potential...”. On the other hand,
the classical definition of the solubility equilibrium

PCa2+aq + MF- = McaF2,s

is valid for both the chemical and electrochemical po-
tentials. Furthermore, it is well established that activities
of electrolytes derived from the emf of cells containing
electrodes of the second kind (as, for example, Ag|AgCl or
Pb|PbS04) agree with those calculated from vapor pressure
measurements or other colligative properties. If the Gibbs
energy of the solid varied appreciably with the ionic
concentration of the solution, agreement would not be
found. Equation 9 does not lend support to the idea that
acarF29 varies with the solution composition or that the
activity product is merely an approximation to the true
constant.

The study of Stearns and Bemdt draws attention to the
need for complete characterization of systems containing
finely divided solids. Surface adsorption of ions in the
calcium fluoride system, a function of both specific surface
area and the ionic strength of the solution in equilibrium
with the solid phase, can account for the apparent vari-
ability of the solubility product constant.

Note Added in Proof. Since this communication was

A D D I T 1O N S A N D

cC O R R ECT IO N

Additions and Corrections

submitted, we have been able to make surface area
measurements on the digested CaF2 used in these ex-
periments. The specific surface area was 5 m2 ([;1 or
probably large enough for surface energies to influence
solubility and adsorption properties. Furthermore,
electrophoresis measurements on colloidal CaF2 suspen-
sions with and without added Ca2+ and F showed the
particles to be carrying significant charge. The authors
are grateful to John Horn and James Adair of the De-
partment of Materials Science and Engineering for co-
operation in these measurements.
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p.p -Di-n-hexyloxyazoxybenzene, whereas the article is
concerned only with p,p-Di-n-heptyloxyazoxybenzene.
The same error occurred in the table of contents for the

issue.—R. A. Orwoll

The Journal of Physical Chemistry, VoL 81, No. 5, 1977



By buying the December 16,1976
J. L Franklin issue for the regu-
lar price of $4.75, you can get
the three other special issues for
only $10.00!

The Franklin issue consists of a
collection of papers in theoreti-
cal and applied research, espe-
cially thermodynamics and ener-
getics.

The other issues are:

e Coiloque Weyl IV.
Electrons in Fluids— The Na-
ture of Metal-Ammonia Solu-
tions

= Michael Kasha
Symposium— Electronic Proc-
esses and Energy Transfer in
Organic, Inorganic, and Bio-
logical Systems

you

can buy all four
special issues of
The Joumal of Physical Chemistry

and save money on three of them.

e Richard C. Lord
Issue consists of contributions
from colleagues, former stu-
dents, and associates of Dr.
Lord. Papers are on spectros-
copy and related subjects

You can order just one or two of
the issues instead of all three. In
that case, the price is $4.00 per
issue. But please remember, it is
necessary to buy the Franklin
issue at the regular price before
you can take advantage of the
lower price.

Just fill out the form and mail it
back to us today. We'll see that
you receive the issue or issues of
your choice just as soon as we
can process your order.

MAIL WITH REMITTANCE TO:

Business Operations
American Chemical Society
1155 16th Street, N.W.
Washington, D.C. 20036

Please send me the following JOURNAL OF
PHYSICAL CHEMISTRY SPECIAL ISSUES

J. L. Franklin issue O $4.75
Coiloque Weyl IV. Issue O $4.00%
Michael Kasha Symposium O $4.00*
Richard C. Lord Issue O $4.00%
*All three 0O $10.00
lam enclosing-----------------
O Check O Money Order

Please print clearly.

NAME

ADDRESS

CITY,

STATE/
COUNTRY

ZIP



A C s C U

The key feature of this service
will be a comprehensive selec-
tion of articles of interest to you
from all the ACS journals except
C&EN and CHEMISTRY. You'll
receive the complete articles (on
microfiche) and not a list of refer-
ences. Along with these you'll
receive monthly hard copies of
ENVIRONMENTAL SCIENCE &
TECHNOLOGY or the JOURNAL
OF MEDICINAL CHEMISTRY de-
pending on your choice of sub-
ject area. And in addition, we’'ll
send you the semimonthly ACS
SINGLE ARTICLE ANNOUNCE-
MENT.

The number of articles you re-
ceive is expected to average
between 20 to 30 in each semi-
monthly package. All in all, you'll
be getting a really significant
amount of information for the
modest sum of $75 a year!

m

s T O M

m

on th Iy s e r v ice called

Iz E D A R T I C L E S E R V I C E

All you have to do to start this valuable service in January 1977 is
to fill out the form at the bottom of this ad and send

it back to us

today. The IMPORTANT thing is to make sure you are one of the

charter subscribers to ACS CUSTOMIZED ARTICLE SERVICE. We'll

take care of the rest.

American Chemical Society
1155 Sixteenth Street, N.W.
Washington, D.C. 20036

Yes ... lwould like to start the new service called ACS CUS-
TOMIZED ARTICLE SERVICE, in January 1977.

PUAS,
u.s. Canada, Other Nations
One Year $75.00/per $100.00/per subject

ACS MEMBERS ONLY subject area area

Please indicate to which subject area(s) you want to subscribe:
Environmental Chemistry ( )
Medicinal Chemistry ()

O Please send me information on Microfiche Readers
NAME
ADDRESS

CITy STATE ZIP

26.Wfl.2520



	THE JOURNAL OF PHYSICAL CHEMISTRY 1977 VOL.81 NO.5 MARCH
	Contents
	Correlation between the Inhibition of Positronium Formation by Scavenger Molecules, and Chemical Reaction Rate of Electrons with These Molecules in Nonpolar Liquids

	Quenching of: Benzene Fluorescence in Pulsed Proton IrradiationT

	Kinetic Isotope Effects and Intermediate Formation for the Aqueous Alkaline Homogeneous Hydrolysis of 1,3,5-Triaza-1,3,5-trinitrocyclohexane (RDX)

	Photoionization and Recombination Luminescence of N,N'-Disubstituted Dihydrophenazines in 3-Methylpentane at 77 K
	3. The System HBr + (Pr)4NBr + H2O at 25 °C. Application of Pitzer’s Equations

	Monomer Concentrations in Binary Mixtures of Nonmicellar and Micellar Drugs

	Identification and Localization of Cluster and Hydroxylated Forms of Divalent Cation Oxide in Y Zeolite

	4T2 State Lifetimes and Intersystem Crossing Efficiencies in Chromium(lll) Complexes
	The Contribution of Higher Order Cluster Terms to the Activity Coefficients of the Small Ions in Polyelectrolyte Solutions

	Excited State Chemistry of Indigoid Dyes. 5. The intermediacy of the Triplet State in the Direct Photoisomerization and the Effect of Substituents¹
	Solvent-Induced Polarization Phenomena in the Excited State of Composite Systems with Identical Halves. 1. Effects of Solvent Medium on the Fluorescence Spectra of 1,2-Dianthrylethanes

	Solvent-Induced Polarization Phenomena in the Excited State of Composite Systems with Identical Halves. 2. Effects of Solvent Polarity upon the Fluorescence of [2.2](1,3)Pyrenophane
	Charge Transfer Triplet State of p-Nitroaniline

	Thermodynamics of Nonpolar Mixtures Exhibiting Liquid-Liquid Phase Equilibria. Aliphatic and Aromatic Esters with Alkanes

	Electron Paramagnetic Resonance of Rare Earth Ions in ZeolitesT

	Electron Spin Resonance Studies of Anisotropic Ordering, Spin Relaxation, and Slow Tumbling in Liquid Crystalline Solvents. 2¹ª

	An Electron Spin-Lattice Relaxation Mechanism Involving Tunneling Modes for Trapped Radicals in Glassy Matrices. Theoretical Development and Application to Trapped Electrons in  y-lrradiated Ethanol Glasses

	Nuclear Magnetic Resonance Relaxation Studies of Carbonic Anhydrase Derivatives in Frozen Solutions
	Structural Investigations of Unsubstituted Polymethylenediphosphonic Acids. 1. The Crystal and Molecular Structure of Methylenediphosphonic and Ethane-1,2-diphosphonic Acids ¹
	Structural Investigations of Methylenediphosphonic Acids. 2. The Molecular and Crystal Structure of Propane-1,3-diphosphonic Acid¹

	A Urey-Bradley Force Field for Bromochlorofluoromethane
	Monte Carlo Quasi-Classical Trajectory Study of Cl + HBr. Effect of Reactant Vibration*iron Refaction Rate and Product Energy

	Coupling between Tracer and Mutual Diffusion in Electrolyte Solutions

	Oxygen Penetration into the Bulk of Palladium

	COMMUNICATIONS TO THE EDITOR
	ADDITIONS AND CORRECTIONS


