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The reactions of Si+, SiH+, SiH2+, and SiH3+with CF4and the reactions of F+, CF+, CF2+, and CF3+with SiH4
have been investigated by tandem mass spectrometry. In related experiments the reactions of SiH3+ with CF3H
have been studied also. Reaction cross sections have been determined over the range of 1-4 eV in the laboratory
system and phenomenological rate constants for a reactant-ion energy of 1 eV are reported. The major reaction
of positive ions containing fluorine with SiH4is H abstraction and the major reaction of positive silicon ions
with CF4is F~ abstraction. Also observed in the reactive encounters of CF3+and CF2+ with SiH4are products
in which extensive redistribution of F and H between carbon and silicon centers has occurred. These redistribution
reactions, which involve the breaking and reforming of up to six bonds, must occur within a single collision
complex. A mechanism for this redistribution, in the case of the reaction of CF3+ with SiH4, is proposed in
which the collision complex is held together by alternating hydrogen and fluorine bridges.

Introduction

Hydrogen is generally bonded to silicon more weakly
than to carbonz9 while the reverse appears to be true for
corresponding bonds of fluorine to silicon and carbon.10,11
Accordingly, mixtures of silanes and fluorocarbons should
be very reactive systems with a strong thermodynamic
tendency for the fluorine and hydrogen atoms to exchange
their binding partners. As part of a general program
concerned with the effects of ionizing radiation on volatile
silicon compounds, we have had occasion to study ion-
molecule reactions characteristic of SiH4+CF4 mixtures and
thereby to examine the ionic pathways of such an ex-
change. This paper is a report of our findings.

Experimental Section

The tandem mass spectrometer used in these studies has
been previously described.12 Basically, the instrument
consists of two quadrupole mass filters separated by a
collision chamber and ion lenses mounted in an “in-line”
configuration. Mass-selected reactant ions having kinetic
energy variable down to about 1 eV are injected into the
collision chamber containing the neutral reactant molecule
at 0.001 Torr and the product ions are drawn out of the

281

chamber and mass analyzed by the second filter. Re-
tarding field measurements indicate that the energy spread
of the reactant ion beam entering the collision chamber
is about 1 eV.

General operation of the instrument was checked by
examining the energy dependence of the cross section for
the formation of ArD+ in Ar+D 2 collisions over the range
1-10 eV (laboratory energy). The dependence of the cross
section on the kinetic energy of Ar+ was found to be in
satisfactory agreement with that found by Teloy and
Gerlichiz over the given energy range.

Relative reaction cross sections, computed from the
intensities of reactant ions and product ions and collision
chamber pressure, were determined for reactant-ion en-
ergies in the range of 1-4 eV (lab). Conversion of the
relative cross sections to absolute cross sections was made
by comparison, at 1 eV (lab), with relative cross sections
for reactions 1-3, the cross sections or rate constants of

CD/ + CD4-» CD/ + CD3 (1)
CH/ + SiH4-» SiH3++ CH, )
CF/+CF,- CF/+CF3 3)

which have previously been reported.14 17 The agreement
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TABLE I: Reactions of Silicon-Containing
lonsO with CF,b
Re-
act-
Cross section in A2for formation
lon . of product ion having m/e:
g) reactant ion 47 48 49 50 51 69
28 28Si+(100%) 3.9 0.36

29 28SiH+(96%) 0.43 0.06 0.53
30 28SiH2(98%) 0.14 0.09 1.1 0.17 0.03 4.4
31 28SiH3+ (94%) 0.68 0.40 7.2

° Reactant-ion enérgy of 1.0 eV (laboratory). b Col-
lision-chamber pressure of 1.0 X 10'3Torr.

from the three calibration reactions was within £10%.
Both mon.osilane and tetrafluoromethane were pur-
chased from thé Matheson Co. The %ases were subjected
to several fréeze-pump-thaw cycles before use and mass
spectrometric analysis revealed no impurities.

Results-.

Weihaive investigated the reactions of all singly charged
fluorine-containing ions in the primary mass spectrum of
CF4with SiH4 and of all the primary ions derived from
SiH4with CF4 Reaction cross sections at 1 eV reactant-ion
energy (lab) are shown in Tables I and Il and these cross
sections refer to the 285i isotope.

With the exception of the reaction (m/e 29)+ + CF4—
(m/e 48)+ in Table I, all corrections for the naturally
occurring 29Si (4.7%) and 30Si (3.1%) isotopes were less
than 7%.

In Tables I and Il the reactant ion, thé reactant mol-
ecule, and the product ion are clearly identified for each
ion-molecule reaction. Complete reaction identification
requires also knowledge of the electrically neutral products.
Thermochemical considerations aid in making a choice
between various stoichiometrically possible sets of neutral
products, particularly if one knows if the reaction forming
the given 1on is exothermic or endothermic. As described
previously,1819 the shapes of the reaction cross section vs.
energy curves have been used to differentiate between
exothermic and endothermic reactions. The cross sections
of endothermic reactions generallh/ rise, with increasing
reactant-ion energy, from zero at the energy threshold to
a broad maximum several electron volts above the
threshold. The cross sections of exothermic reactions
usually decrease for all values of increasing ion energy,
although exceptions to this can arise when symmetry and
spin properties of the molecular orbitals of reactants and
products prevent the reaction from occurring on the lowest
potential energy surfaces. 021

The predominance of CF3+ (m/e 69) as a product ion
in Table | indicates that the major process involved when
silicon-containing ions attack CF4is F~ transfer. Similarly,
the predominance of SiH3+ (m/e 31) and SiD3+ (m/e 34)
in Table Il shows that H transfer is the principal reaction
that takes place when fluorocarbon ions attack SiH4 The

TABLE Il: Reactions of Fluorine-Containing lons“ with SiH4b
React-  Target
ant ion molecule 15 28 29 30 31
F+ SiH4 0.5 1.0 0.5 0.9
CF+ SiD4
cf2+ SiH4 0.38 33
cF3t SiH,, 0.67 37

J. R. Krause and F. W. Lampe

Figure 1. Kinetic energy dependence of reaction cross sections: (O)
SiH3+ + CF4— CF3+ + SiH3; (OJ) CF3+ + SiH, — SiH3+ + CF3H;
(A) SiH3+ + CF4 —»(m/e 50)+ {see text).

tendency of CF4toward F transfer to attacking positive
ions and of SiH4toward H transfer to attacking positive
ions has been reported previously.1719 The energy de-
pendences of the cross sections of these major F and H
transfer reactions are shown in Figure 1.

Discussion

In this section we discuss the characteristics of the
individual elementary reactions that take place when the
various reactant pairs are brought together.

(@) SiH3++ CF4 Asshown in Table | the reaction of
SiH3t ions of 1 eV kinetic energy (laboratory) with CF4
yields product ions having m/e values of 49, 51, and 69,
of which the latter predominates by an order of magnitude.
These ions are clearly SiHZ+, CFH+, and CF3t, re-
spectively.

On the basis of the dependence of cross section on
reactant-ion energy it is concluded that the processes
forming m/e 49, 51, and 69 are exothermic. If we write
the neutral products of each reaction as those that yield
the largest exothermicity, the reactions forming these ions
are as shown in (4)-(6). The standard enthalpy changes

SiH3++ CF4>SiHZF++ CFH 4)
SiH/ + CF,”mCF2H++ SiHZF2 AH°=-69kcal (5)
SiH3++ CF4>CF3++ SiHF  AH° =- 24 kcal (6)
of (5) and(6) have been calculated from published

thermochemical data,51023 S and, in agreement with our
conclusion from the energy dependence of the reaction
cross sections, these reactions are seen to be exothermic.
The standard enthalpy of formation of SiHZ+ is not
known but, on the basis of our observation that (4) is
exothermic, we may assign the upper limit: Aiff(SiH2F+)
< 183 kcal/mol.

At higher collision energies m/e 50 is observed as a
product of the collisions of m/e 31 from SiH4with CF4.

Cross section in A2for formation of product ion having m/e:

32 33 34 47 49 51 80
0.7
2 15 13 C.18
13c 10c 0.08
1.0 0.1 1.7 10

0 Reactant-ion energy of 1.0 eV (laboratory) unless otherwise indicated. b Collision-chamber pressure of 1.0 X 10"5Torr

unless otherwise indicated.

The Journal of Physical Chemistry, Vol. 81, No. 4, 1977

e Estimated from data at 4 eV (laboratory) for CF3++ SiD4system.
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As shown in Figure 1, the dependence of cross section on
energy indicates the reaction to be endothermic. The
intensity of m/e 50 at 1 eV seen in Figure 1 is due to the
ions 28iH2F+ and CF2+ that are formed by the exothermic
reactions of 25iH2 (6% of the m/e 31 beam) with CF4.
Since parent molecular ions are not found in the mass
spectrum of SiH-jCl,2it is not likely that the endothermic
product of m/e 50 is SiH3+ and, on the basis of this
admittedly weak analogy, we conclude that CF2+ is the
endothermic product observed. Assuming that the most
energetically stable neutral products are formed the re-
action would be as in (7).

SiH3++ CF4 CF/ + SiFH + H2 )

The standard enthalpy of formation of SiF2H is not
known but estimation of it from bond energy datall in-
dicates that reaction 7 is endothermic by 63 kcal/mol.

(b) siH2- + CF4 The predominant product of this
reaction pair is also CF3+, as may be seen in Table I, and,
in addition, smaller amounts of SiF+ (m/e 47), SiFH+ (m/e
48), SiFH2+ (m/e 49), CF2+, and.CF2H + are produced.
With the exception of CF2H + all product ions appear to
be formed in exothermic reactions and, again writing the
neutral products as those most feasible on energetic ,
grounds, the reactions involved are those shown in (8)—12).

SiH2++ CF4 > CF3++ SiHF " (8)_
SiH2++ CF4> SiF++ CF3H + « -&H° = - 6 kcal 9)
SiH2* + CF4* SiFH++ CF3H; (10)
SiH2* + CF4 > SiFH2+ + CF3 (11)

SiH2+ + CF4-> CF2+ + SiF2H2

On the basis of our observation that (8), (10), and (11) are
exothermic, we may derive the following upper limits to
standard enthalpies of formation: Aiff°(SIH2Z) < -38
kcallmol; A/If(SiFH+) < 226 kcal/mol; and A/7f(SiFH2+)
<175 kcal/mol. In view of the very low intensities of
CF2H +, it was not possible to obtain reliable measurements
of the cross section as a function of energy. No dramatic
increases in its intensity were noted at higher ion energies
so the reaction forming it is probably exothermic.

(c) SiH++ CF4 Three product ions are observed as a
result of collisions of SiH+with CF4 namely, SiF+, SiFH+,
and CF3+. SiFH+ is formed only in very small amounts,
and there is reason to doubt that it is formed at all since
~80% of the intensity observed at m/e 48 (before isotope
correction) is due to the isotope 28iF+. The cross sections
of all ionic products decrease with increasing ion energy
over the entire range studied, so it is concluded that all
reactions are exothermic and may be written as shown in

aH° =-18 kcal (12)

(13)<15). As in the reactions of SiH3+ and SiH2+ with
SH++ CF4 CF3++ SiHF (13)
SiH++ CF4-mSiF++ CF3H aH°=-46 kcal (14)
SiH++ CF4-+ SiFH* + CF3 (15)

CF4, F transfer to the attacking Si-containing ion, (13),
is the most probable reaction of SiH+ and CF4 but the
absolute cross section for the latter pair is lower by about
an order of magnitude.

The exothermic nature of (14), calculated from ther-
mochemical data, agrees with the conclusion drawn from
the cross section energy dependence. The indicated ex-
othermicity of (13) then leads to the upper limit of
Alif'(SiHF) < -55 kcal/mol. This value implies that the
bond dissociation energy D(FSi-H) is greater than 109
kcal/mol and this is surely too high. It seems likely,
therefore, that (13) is actually endothermic for ground-
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state reactants and the apparent exothermicity is due to
the presence of internal excitation energy in the SiH+
reactant ions. This is not surprising in view of the fact that
SiH+ is produced from SiH4 by electron impact and the
involvement of excess energy in this process has been
previously noted.3 Such effects of internal energy, which
have been noted before in ion-molecule reaction stud-
ies,2rB are usually accompanied by small reaction cross
sections and this is consistent with the data in Table I.
Little can be said about the energetic characteristics of (15)
since for this reactant pair the product ion observed at m/e
48 is predominantly 2SiF+.

(d) si+ + CcF4 Only two products result from the
collision of 1-eV Si+ ions with CF4, namely, SiF+, the
product of F-atom transfer, and CF3+, the product of F~-ion
transfer. The dependence of cross section on energy
suggests that both reactions are exothermic processes and

may be written as shown in (16) and (17). Standard
Si++ CF4-mSiF++ CF3 aH° =- 21 kcal (16)
S++ CF4 CF3++ SiF aH°® = +25 keal 17)

enthalpies of formation1024% indicate that (16) is exo-
thermic for ground-state reactants, as suggested by our
cross-section energy dependence, but that (17) is endo-
thermic. The exothermic dependence of the cross section
for (17) on ion energy must therefore pertain to excited
Si+(4P) ions which have an energy of 5.5 eV in excess of
the ground-state Si+(2°) ions.2 The relative magnitudes
of the cross sections for (16) and (17) in Table I are
consistent with (17) being restricted energetically to Si+(4P)
ions while (16) may be undergone by Si+(2P) and Si+(4P)
ions. Previous studies of the Si+(D2D) SiD+ reaction,d
in which the technique3l of collisions! attenuation of the
ion beam was used, indicate that about 38% of the Si+ ion
beam is Si+(4P).

(e) CF3+ + Siu4 As may be seen in Table II, the
collisions of 1-eV CF3t ions with SiH4 result in the for-
mation of product ions having m /e values of 15, 31, 33, 49,
and 51 of which 31 is by far the most abundant. Ob-
servation of the mass shifts that result when SiH4 is re-
placed by SiD4 enable us to make the following assign-
ments: CH3+ (m/e 15), SiH3 (m/e 31), CFH2 (m/e 33),
SiHZ+ (m/e 49), and CFH+ (m/e 51). In addition, but
not shown in Table I, a small amount of SiF2H + was also
detected. Again writing the most energetically stable set
of neutral products for each reaction (with the exception
of (21)), we arrive at the elementary reactions shown in
(18)—23). The enthalpy changes shown in (18)—21) were

CF3++ SiH4-> CHj++ SiF3H A//0=-106 kcal  (18)
CF3++ SiH4+=SiH3++ CF3H A//0=-34 kcal (19)
CF3++ SiH4-> CF2H* + SIHF AH°=-69 kcal (20)
CF/ + SiH, > CFH2++ SiF2H2 AH°=-92 kcal (21)
CF3* + SiH4-* SiH2F++ CF H2 (22)
CF3++ SiH4-* SiF2H* + CHF (23)

calculated from available thermochemical data.31045 The
assumption of exothermicity and the assumed neutral
products in (22) and (23) lead to the following upper limits:
AlIf(SiH2ZF+) < 214 kcal/mol and Afff°(SIFH+) < 174
kcalimol.

The major reaction of CF3+ with SiH4, namely (19), is
clearly that of H abstraction and, since this reaction is
only 34 kcal exothermic, the neutral product must be as
written. On the basis or our experience with the kine-
matics of H abstraction from silanes,233 it is most
probable that (19) occurs mainly by a direct mechanism,
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Figure 2. Proposed reaction mechanism for the redistribution of F and
H in CF3+-SiH4 and SiH3+-CF 3 collisions.

as opposed to a long-lived intermediate complex .34

The nature of the other products of this reaction is most
interesting because of the extensive redistribution of
fluorine and hydrogen that occurs between the carbon and
silicon centers. Keeping in mind the fact that at the
pressures used all products must result from a single
collision of CF3+ and SiH4 the formation of CH2F+,
SiF2H+, and CH3t is quite remarkable. For example, to
form CHS3t a collision complex must be formed that holds
together long enough for six bonds to be broken and six
bonds to be formed. In view of the tendency of positive
carbon centers to abstract H ions from silanesi9,35-37 (cf.
reaction 19) and the tendency of positive silicon centers
to abstract F from CF4 (cf. reactions s and 8), we propose
a mechanism (shown in Figure 2) for this extensive re-
distribution of F and H that involves a long-lived complex
held together by F and H bridges. As the CF3+ ion
approaches SiH4, a hydride bridge forms between carbon
and silicon and the center of positive charge moves toward
silicon. As silicon becomes positive the fluoride bridge
begins to form, eventually replacing the hydride bridge,
as the positive charge becomes associated with silicon. At
some intermediate stage the complex passes through the
double-bridged structure, only the first of which is shown
in Figure 2. This “flip-flop” mechanism continues driving
the system toward the final products, CH3+ and SiHF3 (or
SiF2 + HF), with random unimolecular dissociation of the
intermediate yielding the other observed products, as
shown in Figure 2.

The mechanism receives support from the fact that we
observe the same set of H and F redistribution products
to be formed in collisions of SiH3+ and CF3H, a system
which produces the same collision complex as the CF3+~
SiH4 system. Entrance into the proposed mechanistic
sequence by the reactants SiH3+ and CF3 is shown in the
upper right of Figure 2. It is of interest to note that the
extensive redistribution products CH3+, CFH2+, etc. are
definitely not formed in SiH3+CF4 collisions. We do not
understand this fact in a mechanistic sense but it does
indicate the uniqueness of the intermediate complex that
contains three F atoms and four H atoms.

The dependence of the relative yields of the various
reaction products on collision energy is complex and we
do not understand the fine details. However, since CH3+
is the end dissociation product of a complex that yields
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Figure 3. Relative yields of redistribution products as a function of
collision energy: (O) /(CH3+)//(CF2H+); (O) /(CH3+)//(SiIH3+); (A) /-
(CH3+)//(SiHZ2F+).

other products of lesser redistribution, the yields of CH3+
relative to the other dissociation products should decrease
with decreasing average lifetime of the complex (i.e., with
increasing barycentric energy of the reactants.) As shown
in Figure 3 the yields of CH3+ relative to CF2H +, SiH2F+,
and SiH3+ . “crease with increasing energy, in accord with
expectations from the mechanism of Figure 2.

As noted earlier, the predominant mode of formation
of SiH3+ is probably via a direct mechanism, i.e., not
involving the complex. It was not possible to examine
quantitatively the yields of CFH2+ and SiHF,+ because of
interference from the much more intense SiH3+ and CF3+
beams.

Whatever mechanism is proposed it must involve a
collision complex that accounts for all the products ob-
served and that holds together long enough for all the F
atoms on CF3+ or CF3H to be replaced by H atoms. We
think the mechanism proposed in Figure 2 is a very
plausible one because it does meet these requirements and,
at the same time, incorporates the known tendencies of
~ C +to abstract H- from silanes and =S i+ to abstract F"
from CF4 as well as utilize the known bridging properties
of hydrogen and fluorine in inorganic and organosilicon
compounds.38,39

) CF2+ + SiH4. The reaction of CF2+ with SiHa yields

predominantly SiH3+ (m /e 31) but significant amounts of
CH3+ (m/se 15), SiF+ (mse 47), CF2H+ (m/r 51), and
CF2SiH2 (m /e 80) are also formed, as may seen in
Table Il. All reactions appear to be exothermic processes
which, if we write to yield the maximum exothermicity,
must be as shown in (24)—28). In these equations the

CF/ + SiH4-wSiHj* + CF2H AH® =- T6kcal  (24)
CF/ + SiH4»OH,* + SiHF2 (25)
CF/ + SiH4-» SiF* + CHZF + H2 AH°= - 84kcal (26)
CF/ + SiH4->CF2H* + SiH3  an°- = -57 keal (27)
CF/ + SiH, "mCF2SiH2r + H2 (28)

indicated standard enthalpy changes are those calculated
from available thermochemical datasz24 26 The fact that
(25) and (28) are exothermic allow us to assign the fol-
lowing limits: AHP(SIHF2 < -15 kcal/mol; AH®-
(CF2SiH2+) < 245 kcal/mol.

The formation of CH3+ by (25) shows that extensive
redistribution of F and H between carbon and silicon
centers occurs also in single collisions of CF2+ and SiH4
This reaction must then occur via a collision complex that
holds together long enough for the breaking of five bonds
and forming of five new bonds. We suppose the mech-
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anism to be similar to that shown in Figure 2 for CF3+-
SiH4 collisions; however, the bonding in the CF2+-SiH 4
complex is probably more complicated, due to the present«
of at least one unpaired electron on CF2+ and the avail-
ability of low-lying 3d orbitals on Si. The observed for-
mation of CF2SiH2+ via (28) is consistent with some type
of C-Si bonding in the complex.

(9) CF++ SiZ)4 These reactions were studied using

SiD4 since the reactant ion CF+ has the same (m/e) as the
expected H -transfer product SiH3+. As shown in Table
I1, the products of this reaction are SiD2+ (m/e 32), SiD3+
(m/e 34), SiF+ (m/e 47), and SiFD2 (m/e 51), with the
predominant product being, as expected that of D

transfer. The dependence of cross section on the kinetic
energy of CF+ indicates that SiD3+, SiF+, and SiFD2+ are
formed in exothermic processes. Due to mass interference
from the CF+reactant ion (m/e 31) it was not feasible to
examine the energy dependence of the cross section for
SiD2+ (m/e 32) formation but the magnitude at 1.0 eV
(laboratory) suggests that the reaction is exothermic. The
indicated reactions and the standard enthalpy changes
(calculated where sufficient data exist) are shown in
(29)—32). Obviously it is possible for the neutral products

CF++ SiD4-» SiD2+ CFD2 AH° =-15 k c (29)

CF++ SiD4-» SiDj++ CFD  AH° = - 24 kcal (30)
CF* + SiD4-+ SiF++ CD4  aH °=-134 keal (31)
CF++ SiD4-» SiIFD2++ CD2 (32)

of 231) tobe CD3+ D or CD2+ D2but the neutral products
of (29) and (30) must be as written. The fact that (32) is
exothermic yields the limit: A//P(SiFD2+) < 190 kcal/mol.
Small yields of C+, CH+, and CH2+ are observed in
addition to very small amounts of CH3+. Energetic
considerations indicate that such products as the former
must be due to the presence of considerable amounts of
internally excited CF+ ions in the reactant beam.

(h)  F* + siH4 F+ ions react with SiH4to form Si+,

SiH+, SiH2+, SiH3+, and SiF+. The cross sections for
formation of SiH+ and SiF+ have been examined as a
function of energy and they show very little dependence
on kinetic energy of F+. The nature of the reactant and
products, however, leaves little doubt that the reactions
are exothermic. Based on the established dominant role
of H abstract from SiH4by positive ions, we suggest that
the forr - ion of Si+, SiH+, SIH2+, and SiH3+ occurs by the
very ex( ilermic hydride transfer followed by dissociation
of energy-rich SiH3+ ions. SiF+ is assumed to be formed
by (37).

P + SiH, -* SIH3#* + HF aH° =-229 keal (33)
SiHj** > SiH2++ H (34)
SilV* -» SiH* + H2 (35)
SH,** *mS* + H2+ H (36)

F + SiH,, > SiF* + 4H aH® = 53 kcal (37)

(i) Total Cross Sections and Phenomenological Rate
Constants. Phenomenological rate constants, determined
from the cross sections at 1 eV (laboratory), for the total
reaction of the various ions with CF4and SiH4 (SiD4) are
shown in Table I1l.  Also shown in Table Il are the
theoretical rate constants for orbiting encounters according
to the Langevin theory.40 All observed rate constants are
considerably below the Langevin value except for the rate
constant for reaction of CF2+ with SiH4which approaches
the_theoretical value. _

) Thermochemistry. For a number of reactions ob-
served in this study enthalpy changes could not be cal-
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TABLE Ill: Total Reaction Cross Sections and
Phenomenological Rate Constants*
“ Total) 10*fe ~Langevin
Reactants A2 cm’/s cm3s
Si++ cf4 4.3 1.1 8.6
SiH++ CF4 1.0 0.3 8.5
SiH2* + CF4 5.9 1.5 8.4
SiH3++ CF4 8.7 2.2 8.3
F + SiH4 3.6 1.1 15.8
CF++ S1D4 19 4.7 134
CF2++ SiH4 57 11 12.4
CF,++ SiH4 39 6.5 11.7

“ At 1-eV reactant ion energy (lab).

TABLE 1V: Upper Limits of Standard
Enthalpies of Formation
Upper limit
to AH{ ,
Species kcal/mol Reaction
SiH2F -38 8
SiHFj -15 25
SiHF* 226 10
SiHjF’ 175 11
CF2SiH2+ 245 28

culated because of the lack of some standard enthalpies
of formation. In such cases it was possible to assign limits
to standard enthalpies of formation of some of the ions and
neutral species involved. The upper limits so derived and
the pertinent reaction number are collected in Table 1V.
All values are consistent with estimates from thermo-
chemical bond energies.ll
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The Temperature Dependences of the Ultraviolet Absorption Cross Sections of CCI2F2
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The photochemical absorption cross sections of CC12/2and CC13F have been measured between 1900 and 2200
A for stratospheric temperatures in the range from 212 to 257 K. The cross sections are monotonically lower
with lower temperatures, with larger decreases for the longer wavelengths. The calculated photodissociation
coefficients at each stratospheric altitude are correspondingly lower than previously estimated. The atmospheric
residence times for CC12F2are 8-17% longer than estimated from room temperature absorption cross sections.
The changes are much smaller for CC13F, corresponding to about 3-6% increases in residence times.

Introduction

The primary known terrestrial process for the de-
struction of the widely used chlorofluoromethanes CC1:F:
and CCIsF is through stratospheric photolysis by solar
ultraviolet radiation, as in (1) and (2).12 The release of
CC1¥2+ hv” Cl + CC1F2 1)

CCLF + nhv - Cl + CC1F @)

Cl atoms at stratospheric altitudes initiates the 00,-chain
removal of O and 03 by reactions 3 and 4, providing

Cl+0,~C10+02 3)
ClO + Cl+02 (4)

substantial environmental importance to the details of
reactions 1and 2.1“3 In previous estimates of the altitudes
for photodissociatior. and of the average atmospheric
residence times for these molecules, the calculations have
been based upon the absorption cross sections measured
at about 296 K, even though actual stratospheric tem-
peratures range as low as 210 K.2 Measurements by
Rebbert and Ausloos of these absorption cross sections at
2139 A over a range of temperatures have shown that
absorption can be appreciably less at lower temperatures,4
introducing some error into the earlier estimates. However,
the temperature effect is observed to be largest near the
threshold for absorption (about 2200 A for CC122and 2300
A for CCI3F), with lesser effects at shorter wavelengths.
Since the stratospheric absorption of ultraviolet by CC13F
and CC12-2is spread rather evenly over the wavelength
range from 1900 to 2100 A5 the variations measured at

t Alfred P. Sloan Fellcw.
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2139 A clearly represent more change with temperature
than can be expected in the actual stratosphere. Fur-
thermore, since ultraviolet intensity changes very rapidly
with altitude in the 20-40-km region important for
chlorofluoromethane photolysis, even a decrease of a factor
of 3 in average cross section would lead only to an increase
of about 2 km in average altitude of photolysis, and to an
increase of about a factor of 1.5 in the average atmospheric
residence time.6

Preliminary measurements of the temperature depen-
dence of these ultraviolet cross sections have indeed shown
that the average decrease in cross section, weighted by
stratospheric ultraviolet fluxes, is much less than a factor
of 3, and that the overall effect on lifetimes and altitudes
of photolysis is relatively minor.78 Although some
statements to the contrary have appeared,9 the primary
effect of reduced stratospheric cross sections is an increase
in the estimated potential for destruction of stratospheric
ozone per molecule of CC12=2 or CC13F, since the CIO*
decomposition products are thereby estimated to be re-
leased at higher altitudes. In general, of course, the higher
the altitude of injection of a potential stratospheric pol-
lutant, the greater the destruction per molecule during the
longer time required for diffusion to the troposphere and
removal there by tropospheric processes such as rainout.2
Although our preliminary estimates gave only about 10%
as the overall increase in potential destructive capability
of CIO* released from CC12~2'-8we have refined both our
measurements and our calculations to provide a reasonable
prototype of the importance of stratospheric temperatures
on such absorption processes. The more detailed study
described here confirms the semiquantitative estimates
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Figure 1. Ultraviolet absorption cross sections for CCIZ2and CCIF
at 296 K: (O) this work; (X) measurements by Robbins and Stolarski,
ref 10.

made earlier that the errors introduced by using mea-
surements of ultraviolet absorption cross sections made
at 296 K rather than 210-275 K are rather small, especially
relative to the other errors inherent in sttch calculations.

Experimental Section

Absolute Cross Sections at 296 K. OUI basic absorption
measurements have been made with a nitrogen-purged
Cary 14 ultraviolet spectrometer and a temperature
controlled absorption cell equipped with a cooling jacket
and Suprasil quartz windows. The temperature of the cell
was controlled by circulating refrigerated liquid (methanol
or ethanol) through the cooling jacket. The temperature
of the gas within the cell was measured to be within 1
°C of the temperature of the refrigerant at its emergence
from the cooling jacket.

The absorption cross sections of these molecules vary
by as much as a factor of 103 over the wavelengths in-
vestigated here, thereby requiring a range of filling
pressures for optimum cross section measurements. While
no difficulties are encountered at room temperature, for
which both CC1Z2and CC13 have high vapor pressures,
serious limitations are found (especially for CC13¥) in the
amount of gas available at 210-240 K. (The vapor pressure
of CC13F at 210 K is 7 Torr.) The overall procedure which
was adopted involves (a) evaluation of the absolute cross
section for ultraviolet absorption at 296 K for all wave-
lengths; and (b) evaluation of the averages of the relative
absorption cross sections for temperature T K vs. 296 K
for each particular cell-filling. Experimentally, of course,
it is possible to obtain an absolute cross section at tem-
perature T K directly from the measurement of trans-
mitted light for a particular filling. However, the re-
producibility of the relative cross sections at T K vs. 296
K was better, since possible errors in composition were
automatically cancelled. Measurements of absolute cross
sections were considerably easier at 296 K and were
consequently much more numerous, leading to quite re-
liable estimates of absolute cross sections at that tem-
perature.

The absolute cross sections for absorption of ultraviolet
radiation between 1850 and 2272 A are summarized in
Table |, expressed as cross sections at the midpoint of
500-cm lintervals. We have also included for comparison
purposes the earlier values given by Rowland and Molina.
Our new data are graphed in Figure 1 together with the
data of Robbins and Stolarski.l0 Direct absorption
measurements at 296 K have also been recently reported
by Bass and Ledford,1l with essential agreement to the
data of Table I. In our earlier review article, we also
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TABLE I: Absorption Cross Sections for CC12F2and
CCIjF in the Wavelength Range 1850-2272 A at 296 K
(Units of 10'20cm?2)

Mid-  Inter-
point  val
of bound- .

inter- aries, cClF2 CCLF

vai, V,103 This This

X, A cm"' work ref 2 work ref 2
44.0

2260 <0.05 0.8 0.9
445

2235 <0.05 1.2 1.3
45.0 m

2210 0.05 .21 1.8
455 )

2186 0.10 3.0 3.4
46.0

2162 319 <o0.2 4.9 5.1
46.5

2139 0.32 0.30 7.8 8.0
47.0

2116 0.53 0.70 11.6 125
475

2094 0.90 1.36 17.3 18.5
48.0

2073 1.53 1.81 24.8 25.0
48.5

2051 2.66 3.11 34.1 34.5
49.0

2030 4.37 4.9 457 46.0
495

2010 6.96 7.2 59.0 59.0
50.0

1990 10.9 11.3 74.3 73.0
50.5

1970 16.8 16.4 93.2 88.5
51.0

1951 24.9 24.6 115 113
515

1932 36.7 34.5 141 137
52.0

1914 51.4 49.1 (164)° 164
52.5

1896 66.1 65.5 (297)° 197
53.0

1878 86.5 86.5 (227)« 227
53.5

1860 105 91.2 255b 241
54.0

“ Not remeasured. b Interpolated from measurement
at the 1849-A resonance line.

included the measurements by Doucet, Sauvageau, and
Sandorfy, which are not in good agreement with those of
Table 1, and which are now excluded as inaccurate in this
wavelength range. The direct measurement of absorption
cross sections, as shown in Table |, is consistent with those
determined by electron-scattering experiments.22 The
slight revisions in cross sections found between ref 2 and
the present work are negligible in their stratospheric
impact, as are the small differences between these results
and those of ref 10 and 11.

The absolute cross section at 2139 A has also been
measured by Rebbert and Ausloos with a Zn line ultra-
violet source,4who obtained a cross section of 0.27 X 10 20
cm2at 295 K. Our best current value at 296 K in Table
1is0.32 X 10'Dcm2 The discrepancy in measured cross
section between the present work and that of ref 4 becomes
progressively larger at lower temperatures as discussed
later and shown in Figure 3.

Relative Cross Sections at Stratospheric Temperatures.
The ratios of measured cross sections at T K to those at
296 K are shown in Figure 2 for CC122 for six different
temperatures between 212 and 257 K. The absorption
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TABLE |I; Ratios of Absgrption Qrass Sections at 252

and 212K Vs. 226 K for Different OC1F, Pressures®
252 K 212 K

19 61 149 604 19 61 149
x, A Torr Torr Torr Torr Torr Torr Torr

2186 0.61

2162 0.63 0.64

2139 0.63 0.62 0.65 0.43
2116 0.65 0.65 0.68 0.46
2094 0.67 0.68 0.69 0.49
2073 0.68 0.70 0.74 0.54 0.52
2051 0.72 0.72 0.73 0.51 0.58 0.58
2030 0.73 0.76 0.75 055 0.61 0.60
.2010 ' 0.78 0.78 0.62 065 0.61
1990 0.79 0.80 0.64 0.68

1970 0.82 0.82 0.70 0.71

1951 0.85 0.74

1932 0.87 0.80

“ Pressures are given for 296 K, and the cross sections
are measured at different temperatures without changing
the composition.

Figure 2. Temperature effect on ultraviolet absorption cross sections
of CCI"H. The cross sections are expressed relative to Ihe cross section
at 296 K (0) 257 K; (0) 252 K; (A) 244 K; (*) 236 K; (m) 231 K;
(A) 212 K The lines have been calculated from eq 5.

ratios measured at several pressures for two tenperatures
are shown in Table 11, illustrating the use of different
res for different wavel . The average values

of the ratics are used in Hgure 2 ]
At each termperature, the cross section ratio becores
nonotonically larger as the wavelength gets shorter; at each
V\avelength, the ratio becorres monotonically larger as the
termperature increases. Al of these relative values can be
fitted with reas e accuracy by a three-parameter
equation in which the ratio, r, Of a1/02%is given by eq

R = —
296

5 for wavel

=exp[E(X-XO)(T- Toy ®)

, X (in Angstrom mits?, and absolute
tengerature, . The calculated values of r fore =+3.6
X 10 3 X 1849, and To = 296 are shown as the solid lines
onHgure2 Equation 5is enpirically based onthe overall
pattern of the data, and has been devised solely for
convenience in providing a nurrerically accessible

of aX 1) interms of the values of a2%in Table 1, and the
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Figure 3. Temperature effect on ultraviolet absorption cross sections
of CCIZ2at 2139 A: (X) ref 4, using a Zn resonance lamp; (O) this
work.

Figure 4. Temperature effect on ultraviolet absorption cross sections
of CCIN at 223 K (expressed relative to cross sections at 296 K): (O)
measurements of ref 11. (—) calculated in this work from eq 5 fitted
to our measurements between 212 and 257 K

three constants of eq 5 for CCLF2 )

A systeratjc discrepancy exists between the line source
data at 2139 A« and our measurenrents for the comparable
band pess, as shown in Fgure 3 The solid lire is cal-
culated fromeq 5 )

Bass and Lediord have measured cross sections at both
223 and 26 K.n The agreenent between our eq 5 and
gﬂraosssecnmratl(slsexnellert,amlltstratedlnﬁgre

The ratios of measured cross sections of T K to those
at 26 K are shoanin Hgure 5for CCLF- for three different
1L res between 252 and 213 K. The aross sections
for have been measured at 223 and 26K by Bass
and Ledford, and these ratios are also shown in Hgure 5=
The values of r are all doser to unity for CClsF than for
CCLF atj[he?geterrperatugl I?/rnV\avelengm This is
expected since the stratospherically i wavel
are further fromthe threshold for thanforCeIE]gztlsz
and therefore less perturbed by the termperature effects
onabsorption. Since nore than 90% of the stratospheric
alsorption by CCL3- ooours with 1950 A < X< 2100A, tre
average Cross section reduction is obviously not more than
afactor of 0.85-09. The calculation in Table 111 shons
08at 25 K

Stratospheric Calculations for CCU F2 and CCI3 Ul-
traviolet Absorption. Earllerqalwl_atlpm indicated that
the peak altitudes for photodissociation of CCLF. and
CCIsF were about R and 27 km respectively. The



UV Absorption Cross Sections of CCIZ=2 and CCI3F

TABLE I I: Calctjated Values for Photodlsaoaanon
gl J, 8@% at 2H K, Dkm

Altitude, with’
Mid  Solar
IOO'Pt f'UX QCLF2 CCIiF
inter- %j[ri] 0% 0°ZE VI 2F

3 st1 X s-1x s1X

\A " 1o¢ 00 o 1os 108
2235 030 <0.01 <001 004 003
2210 11 006 003 023 0.19
2186 2.4 024 011 072 056
2162 54 104 052 27 21
2139 88 2.8 15 6.9 5.6
2116 132 7.0 39 153 127
2094 13.9 125 73 241 203
2073 93 14.3 87 231 198
2051 56 15.0 96 192 167
2030 41 47.9 121 188 167
2010 35 243 171 206 186
1990 2.9 316 232 215 197
1970 17 20rl m 223 161 150
1951 085 213  17.0 9.8 9.3
1932 030 11.0 9.1 4.2 4.0
1914 022 11,3 9.8 « .36 35
1896  0.13 8.6 78+ 26 25
1878  0.03 2.2 21 058 058
1860 0003 0.3 0.3 007 007
Total 210 - = 152 190 168

weighted effect of using the cross sections at actual
stratospheric ratures is illustrated in Table 11, for
30km 235 K, and overhead sin. For these condiitions the
value of s found for CCLF- with fizss is reduced tg
28% from that found using <& while that for is
b]y about 12 %. This calculation can then be
repeated for zenlth angles and altitudes with the
propriate solar fluxes, and new average values of
talned These averaged photodissociation coefficients,
T Ih?{/vuththeoverheadsmvaltm are compared in
e IV.
The awel photodissociation coefficients have then
bee&sed (le? a Steady-state cglfwlatlon 01(;(tL§/ de-
scribedinref 2, usingavari suggested
et s T e e
0 0ns Wi
by eqs and 7, using 26 x 10 10 cm3nolecule s and 33

CC1F2+ 0('D) -
CC1,F + O(D) -
x 1010 arB/molecule s as the respective rate constants for
reactions ¢ and 7.13

The overall effect onthese calculations can e described
by the changes in average iC residence tinmes or

by the percentage reactlmby;mtdws, asshoaninTable

CIO + CC1F2 (6)
CIO + CCI2F (7
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Figure 5. Temperature effect on ultraviolet absorption cross sections
of CCI3F (expressed relative to cross sections at 296 K), this work:
(*) 252 K; (m) 232 K; (A) 212 K; (O) ref 11 at 223 K

(Since several minor procedJraI have been
made in the computing process since the calculations of
ref 2, all have been repeats in so that the only dif-
ferences bet\/\eenthe |nd|V|d rsofTabIeVarethe

result of using <ss in onecaseand aT inthe other)) As
expected, the calculated altitudes for ition are
slightly higher. ly, the lifetinmes for QCLF are
8-17% longer, and for CCL3F- 3-6% longer. Since the
values of 5 are loner than before, the importance of de-
corrposmml\gy O(D) ators bgﬂoorres ha11‘\Eeacth|]gnnal ly nore
inportant. No terrperature variations neasured
for O('D) reactions with CCLF> or OCLsF, but such effects
must be very sirell since the odllamefﬁuemesapproach
unity at room termperatures.

At steady state, the concentration of CLX, the chlo-
rine-containing decorrposmon from CCLF> and
CClsF, will be jonal to the ic lifetimes
?lvenflxedl uxes. Since the fraction of CLXto be
ound as CIQ, etc.,, is mlxgsla/\] varying function of the
amount of CIX itself, eao¥ state estimate of CIO
concentrations from each noleculle will be increased by
approxumtelythe ratios of atrmospheric residence tines.

e estimete of the overall effect at steady state
can ke obtained by summing the CLX concentrations at
4)kmfromCI:lez and CCLsF. The calculated percentage

TABLE |V: Caleul Values for Photodissociation Coefficients, 4, for CC1,F2and GCLF Vs. Altitude, Using Termperature
Dependent AbSOt‘ptl%tﬁdOCBS Sections ’ &
Photodissociation coeff, 5,2 S

twde, Tenp, Owerfead sn Oeread sn
km K - 7B - T

5 208 1 —10) 20(-9

20 2189 5, 6.2(-8

S 2i1 498 48—

D B2 21 -9(—6

> XK/ 5i— 4.8(-6

40 282 I.I(-6 8.7(-6

b5 2715 16(-6 . 1.2(-5
01.5(-10) Signifies 1.5« 1010
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TABLE V: Comparison of Atmospheric Residence Times
Calculated Using Absorption Cross Sections of CC1Z2and
CCIjF at 296 K and at Actual Stratospheric Temperatures

Stratospheric* mixing rate
CC1F2 Temp A B C D

Lifetime, years (296 K)b 71.9 98.5 155 143
(T K) 78.0 106.7 182 157
(296 K) 914 90.9 88.7 89.6

(T K) 893 88.6 85.2 86.7

% photolysis*

CC1F

Lifetime, years (296 K) 424 580 594  77.9
(TK) 437 600 629 80.8
(296 K) 982 979 972 971
(TK) 981 977 970 96.9

“ The eddy diffusion coefficients used by stratospheric
modelers are frequently adjusted to give better fits to new
data as acquired. These models are those of Wofsy (A),
Crutzen (B), Chang (C), and Hunten (D) as described in
ref 2. Each has been modifed since, but the effects are
generally applicable. 6 All cross sections at 296 K, or at
actual stratospheric temperatures. ¢ Remainder is re-
moved by reaction with O('D).

% photolysis

TABLE VI: Calculated Percentage Increase in
»Steady-State C1X Concentrations at 40 km
(units of 10" cm 1)

CC1F2 A B C D
[CIX]2ZK 3.08 4.39 7.30 6.72
[CIXJInc 3.26 4.66 8.54 7.34
% increase 5.8 6.2 17.0 9.2

CCIjF
[C1X]296K 1.35 1.85 1.90 2.54
[CIXj~"K 1.39 1:92 2.01 2.63
% increase 3.0 3.8 5.8 35
Total
[C1X]2oK 4.43 6.24 9.20 9.26
[CIXA™ 4.65 6.58 10.55 9.97
% increase 5.0 55 14.7 7.7

increases in C1X at 40 km for each of the eddy diffusion
models is given in Table VI.

The increases in C1X range from 5 to 15% and therefore
represent increases in estimated depletion of ozone at
steady state by similar amounts. However, such changes
are well within the estimated accuracy of such calculations,
and do not materially alter the understanding of the
situation. The calculated variations are of the magnitude
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that is neither of major importance nor completely neg-
ligible, indlicating that some assessiment of tenperature
variations of cross section should be mede for any other
fluorocarbon nolecule with an absorption threshold less
than Z20A )
These calculations have also been performed without
any feedback, and are actually applicable only in situations
P porrbot T e MR S, TS et
situation au
of release of CCLF> and CCLF were permitted to continue

to concentrations aﬁproechltg st state, then the
depletion of azore at high alti would be so severe that
much larger amounts of 1900-2200-A radiation would
penetrate to lower altitudes and the values of the pho-
todissociation coefficients would be appreciably increased
at many altitudes. This variation ina with tine is au-
tomatically progranred into most long-termestinmates of
ozore depletion.  Typically, however, the change in
stratospheric termperature with loss of azore in the 40-
S0kmrange is not included in such calculations. The
stratospheric mixing processes (e.g., eddy diffusion
coefficients in one-dinersional calculations) are also as-
suned to be unchanged despite rather drastic modifica-
tions in the' physicochemical structure of the upper

stratosphere.
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The flash photolysis resonance fluorescence technique was employed to investigate the temperature dependencies
of the reactions Cl + CH4 — HC1 + CHs (s,); Cl + CH3sCL— HC1 + CHzC1 (K3, Cl + CH3F - HCL + CHXF
(63);.Cl + CHsFf —HC1 + CHZF (k3), Cl + C,Hs —* HCL + C2Hs (k4. The following rate expressions were

in units of cms molecule: S'T 6,(218-322 |Q = (7.93+ 153) X 10 2exp[-(2529 + 101)/RT]; 6,(233-322
IQ = (336 0.71) x 10 1 exp[-(2484 + 113)/RTJ; 63216-296 |Q = (4.79 £ 1.05) X 10 2 exp[-(1535 + 107)/RT\;
64(222-322 |Q =(7.29 + 1.23) X 10 11 exp[-(121 + 81)/RT] where R =1.987 cal deg 1 moll At 227 and 296

K k3 7k3 was observed to be <1.3.

Introduction

The recent inquiry into the possible role that neturall
occurring or men-made chlorine containing
might play in detem"lnég;_me chemistry of the earth's
stratosphere hes resulted in an upsurge of interest in
chlorine atomgss phase reactions . Of principle concem,
is the question of the perturbation of the stratospheric
ozore layer by a sequence of reactions which includes

Cl+03- ClIO+02
O+ Clo -* 0, + CI
Cl + RH >=HC1 + R
OH + HC1- H2 + CI

The first two reactions represent the predominant se-
quence of Cl “catalyzed” _ c!oredic:ted_tobere-
sporsible for Os de_p?gtlm olloning Cl production by the
photolysis of chlorine Q]’lta_lnll’%ﬁiles of either natural
or anthr ic origin (viz. C and CFCL3. Inter-
ruption of the CI-CIO chain can occur via the third re-
%cgm, the reaction ofd_%vg& aNIC Or i ”!8
rogen containi €s, is i
less reactive HCL %n is thus disrupted until HCL
is reconverted into Cl (predominantly by reaction with
. Since inany chain reaction , determinetion
of chain length reguires accurate knowledoe of the rete of
termination, loss of stratospheric azore is quantita-
tlv[a(I}/1 on the rate constants for those reactions
which destroy or “tie up” Cl. The nost lagical candidate
for a reactant (RH) is methane which is abundant at

midstratospheric levels with a rrixirrgl ratio (VAV) of 106.2
CH:Cl, the nost abundant natural halocarbon, is thought

to be considerably less important due to its much loner
mixing ratio (sore three orders of megnitude sieller).
Until recently, however, the only direct reaction rate data
for Cl atons With either of these species were obtained for
t ratures at or above 28K 34 Unlike the reactions
of O atorrs with CH: and CH:CLs the Cl reactions were
omengi\t&lmvastjydl;feremMEnwA Of]zgt(::tlorsdarllli4
equal ON energies. recent studys +

from218to 401 K is In reas&eag_reelmwmﬁet\/\o
earlier studies at 28 K but differs significantly fromthe

~NRC NBS Postdoctoral Associate, 1975-present.

values predicted by the only other published tenmpera-

ture- st@{ For these reasons we decided to
undertake a sy: Ic studly of Hatom nretathesis by Cl
atorrs for a series of halogenated rethanes with particular
asis on conditions applicable to stratospheric
nmockling. e herein the results of our studies of
reections 1 (218-32 K), 2(233-322 K), and 3 (216-2%6 K).
Cl + CH4 HCL+ CH3 M
Cl + CHX1~ HCl + CH2ZCL )
Cl + CH¥ — HCL + CHZ 3)

]nﬂe_i{_\/ns_tigatim of reaction 1 it\I/d\Bs otsﬁrved that C(zjl—fls
impurities in ocould result in mejor dif-
ferbrces i the TEstLIe rate constart. Hence reaction

Cl + CH6— HClL + CH, 4

4 wes studied from 222 to 32 K. The effect of reactant
vibrational energy on the rate of reaction 3 wes investi-
gated at 227 26 K

Experimental Section

All experinments were perforred using the flash
tolysis resonance fluorescence technique. Pri ral
descriptions as well as details conceming the flash lanmp,
resonance Iarrg1 and reaction cell are given, in earlier
publications7 Chlorine atonrs were produced via the flash

olysis of 13 mTorr of OCls (1 mTorr = 0133 Pa =
16587 x 105/ T(K) nolecules cm'3 at wavele above
either the Suprasil (165 nm) or barium fluoride (135 nm)
cutoff, In the initial experiments the flash larmp output
intensity wes varied from3 x 102 to 3x 10s lash
producing initial Cl atom concentrations, [A]Qof 3 x 1010
tos X 10u cm'3 The asence of any perceptible de-
pendence of the atom decay rate on initial atom con-
centration wes viewed as evidence for the lack of inter-
ference from secondary atom+radical reactions and the
mejority of the experiments were conducted with a flash
intensity of 1 x 10 quanta/flash ([Cho =1 x 10u o).
Reactions mixtures were floned through the cell at 5 Torr
total pressure with a flow rate of approxinmetely 150 cme
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TABLE I: Rate Constants for the
Reaction Cl + CH4 s» HCI + CH3

10 4k ,,a cm3molecule 1s 1

Temp, Meas- Cor- Meas- Cor-
K uredb rected6 uredc rectedc
218 2.68 + 249 +
0.14 0.18
224 551+ 2.73 +
0.60 1.40
235 3.69 + 3.49 +
0.38 0.42
250 5.04 + 4.83 +
0.36 0.40
254 743 + 4.56 *
0.40 1.40
263 6.36 * 6.15 +
0.36 0.40
277 7.56 + 7.35 +
0.62 0.66
285 8.79 + 8.58 +
0.52 0.56
296 10.62 £ 10.39 + 12.64 + 9.68 +
1.02 1.06 0.38 1.35
313 14.28 + 14.08 +
0.96 1.00
322 16.86 + 16.66 +
0.45 0.49

a Uncertainties expressed are +20 bands (i.e., 95% confi-
dence limits). 6 CH4containing 34 ppm of C2H6. Cor-
rected using data in Table 1V. ¢ CH4containing 500 ppm
of CH,,. Corrected using data in Table IV.

TABLE I1I: Rate Constants for the Reaction
a + CIRCI - HCI + CILC1
10,3f,,c cm3 10,3fc,,acm3
Temp, K molecule 1s 1 Temp, K molecule 1s"
233 167 +0.14 278 3.86 £0.30
244 2.00 £ 0.08 296 5.10+0.14
256 2.49+0.18 308 5.86 £ 0.54
263 262+021 322 6.93 +0.40

a Uncertainties expressed are +2a bands (i.e., 95% confidence
limits).

s . Inthisway the reaction cell wes flushed every three
flashes thereby avudlr? any substantial deconosition of
reactants or buildup of products.

The chlorine atom fluorescence resonantly scettered
fromthe micronave di resonance lan was viened
without wavelength resolution and wes assuned to be
linearly proportional to the atomooncentrations Analysis
of the atom decay carves assumed pseudo-first-order
kinetics since 0 < reaﬁeggo/[Cho <106 Hrst-order
decay rates were calculated to have less than a 5%
standard deviation from an experirented least-squares
analysis of these curnves.  Second-order rate constants were
then obtained from a linear least-squares fit of the
first-order %\5 substrate concentration plots.
These fitswere 0 ned taking into accounta +a error
band for each first-order decay rate.

Temperature of the reaction mixtures wes controlled and
measured to within 05 K. Gas mixtures were prepared
inglass bulls using calibrated capacitance manoeters and
Bourdon mf]mre Reaction concertrations during
Rt ol ur SYRaTE Skl Ay PSSl

-2% 1 possible systerratic
error is seller than the 5-10% (#2x 95% oorfidence
limits) uncertairities for each binolecular rate
constg_ntln'!l.'glbles 11 %p@gl%\graphatendofteﬂ

ing supplementary naterial).
re%e I(;?fea of vibrational energy in CH3= on k3 wes
determined using a procedure outlined in a previous
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TABLE IlI: Rate Constants for the Reaction
a + CH3- HCl + CHZF
1013fc3acm3 10*3fc3acm3
Temp, K molecule™ s"1 Temp, K molecule™ s™
216 1.35 £ 0.12 264 2.29 £ 0.10
227 1.55 + 0.08 278 3.12 + 0.18
2276 1.68 + 0.06 296 3.61 +0.10
233 1.85 £ 0.10 2966 3.82 +0.16
245 2.07 +0.12

a Uncertainties expressed as +2a bands (i.e., 95% con-
fidence limits). 6 Value obtained using infrared laser ex-
citation of CH3F. See text for details.

TABLE 1V: Rate Constants for the Reaction
Cl+ CH6- Ha + CH5

10“f4,° cm3 10"fe4a cm3

Temp, K molecule"ls” Temp, K molecule™ s™
222 5.45 + 0.46 267 6.11 + 0.36
232 5.48 + 0.46 280 5.74 £ 0.28
243 5.76 £ 0.24 296 5.93 + 0.44
255 5.90 £+ 0.28 322 5.92 + 0.50

“ Uncertainties expressed are +2a bands (i.e., 95% con-
fidence limits).

publications Briefly, a continuous wave CO: laser tured
to the 2520) 9.6-mline wes used to excite CH3F- into the
v3 moce. Under conditions of mininel deectivation'
to 30% of the CH3= could be maintained as CH:F.
decay rate of Cl atoms wes then observed in this
non-Boltzmann mixture at 296 and 227 K and conrpared

with the thermal rete.

used were as followns:

ngg.lriti% of all ! argon
99.999%) used directly from cylinder; CH: (98 ad
.97%) anal(\ézed t;yrgaschrormtog to contain 500
+75 ppmof CHs and 34+ 5%1T‘|0f 2HG respectively,
and used after degassing at 78 K; CHsCL (99.5% nin)
analyzed to contain 20+ 5 ppmaf CH: + air, 15+ 5ppm
of C:H:CL and 30+ 5ppm of CHBr used after |r'8
at 78 K; CH3= (29.0% min) analyzed to contain 20 + X
of CH: + air and 35 + 10 ppm of C:HF- used after
ing at BK; CzHs (99.9% nin) analyzed to contain
10 + 3 ppm of CH: and s + 3 ppm of C2H: used after
Oegassing at 78 K

Results and Discussion

(@ c1 + cHa The values of k] obtained for the two
purities of CH: used in these studies are tabulated \s.
tenperature in Table I. At each tenperature a correction
hes been applied to account for reaction of Cl with the
CoHs inmpurity using the values of «4 dbtained inthis studly.
As can be seen, these corrections are nrore significant at
the lover termperatures and can be as high as 25% for 100
ppmof Ca+ at stratospheric . The corrected
rate constants obtained using the less pure CH: cormpare
reasonably well with those calculated from the purer
methane data indicating the validity of the correction
procedure. Honever due to the larger uncertainties in the
corrected values fromthe less pure methane these points
were not used in the Arrhenius fit of the data.

_ The corrected values of k x are plotted in Arrhenius form
in Fgure 1. The solid line represents a least-squares
analysis of all the data and is given by

fei = (7.93 £ 1.53) X 10-Rexp[-(2529 + 101)/RT]
in units of am molecule: s°L The uncertairties are one
; deviation, taking into account the + <rassociated
with each individual point in Table 1. Within the ex-
perimental uncertainties, all points seemto ke fairly well
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' .Figure 1. Arrhenius plot of the rate constants for the reaction Cl +

QH4 measured in this study: (—) Arrhenius fit of all data; (------- )
Arrhenius fit of four highest temperature points.

represented by the exporential fit. The observation that
the highest e% lowest termperature points lie above the
., linewhereas the mi ints lie belowit does honever

the possibility of slight curvature. Indeed if onl
mhﬁwﬁmg poinlsareanalyzeda"eﬁrrg
(deshed lire in Fgure 1)
fej(277-322 K) = (2.77 £1.28) X HTu

(3273 £274)1

Xexp . 7
Al the slight scatter (or trend) in our data is really
too sl to justify any claim about this change in the

egression parareters, the observation is interesting in
light of the current controversy over the tenperature
> of &4 A review of all studies of reaction 1
(both published and unpublished) has recently been
red by Watson o All of the absolute data fromthis
conpilation are shown on an Arrhenius plot in Figure 2
Ore's initial inclination might be to average the data
according to a sinple Arrhenius fit. Honever, such an
averaging would neglect the estimated confidence limits
of the various studies. The seven absolute rate deter-
minations (six as a function of temperature) divide into
two groupings; - those performed inthe of excess
metharg, [ and those with [AJo/[CHao » L Inthe
first group are the present work, etal s Davis et
al s @l by flash photolysis resonance fluorescence), and
Zahniser and KaL 1
fluorescence). While these tech :
yleld_eacgr ﬂb%trﬁm systé””reCIat$e klmtl%ﬂ'] available, one rru%'yt
corsick iC erors impuri
levels inthe CHA At 298K the first three of these studies
Ive corrected values of 107, 1.15, and <1.28 (CHs and
Hsi U$V\erernttotallyam11tedfor) x 103 omy
molecule: s The fourth study avalueof k1 =
09 x 1013 o nolecule 1 s1.1u Thus, all four deter-
minations agree quite well and point to an average value
very close to that measured in this study. )

e three investigations pe under “Cl rich”
conditions:,i213 all involved di flow mess spec-
trometric techniques. The values reported for «1 at 298
K are from 10 to 20% higher than the resonance
fluorescence data.  Typically, fewer data points were
accunulated for the rate constant determinations, resulting

discharge flow resonance
have in recent years
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25 35
IO TK

Figure 2. Arrhenius plot of all absolute rate constants for the reaction
Cl + CH4 () this work, (0) Zahniser and Kaufman (ref 11), (V) Watson
et al. (ref 6), (m) Davis et al. (ref 3), (O) Leu and De More (ref 12), (A)
Clyne and Walker (ref 4), (O) Poulet et al. (ref 13).

in lower precision. In addition, heterogeneous loss of Cl
can be aproblem A third consideration, indicated inthe
study of Poulet et al.,1s is the necessity to IOésec—
ond-orcer kinetic analysis to the data for F(ElT]EJ/[ H4,
ratics as highas 20,1 due to high reaction stoichion'etries.
Unfortunately any second-order correction p used
for these studies raises « { at 28K even higher. Inany
case, initial Cl concentrations were specified only in the
study of Poulet et al. whose data to be of the
poorest precision of the three. The room re data
nevertheless do overlap the resonance fluorescence results
R Vgt ey o
k x WouUId Wel
work, Watson et al., and iserandKau)%lmntogive

k,29+= (1.07 £0.20) X 10- 13 cms molecule : s

A conparative analysis becones nore exwhenoe
corsicers the rature of &4 The level of
agreenent (or disagreenent) of the six absolute tem-
R%ratur&dependent studies is not entirely evident from
calculated values of the Arrhenius pa&maneters. This
re

is principally due to the sirell ten overlap between
the mess ronetric and optical techniques. Between
A0and 300K the results of the present studly agree very

well with those of Watson et a. and Zahniser and
Kaufman, with the total spread in the data being 20% at
This OB B B5 SAronGl EPTES GRten e B

is [ erratic error
inaryaga’eofthe studiies Or?ciljlg%?ll_sirmthedataatﬂe
temperature extrenes of most kinetic studies tend to be
the least certain). The current resullts lie virtually midwney
between these other two studies and data averaging
procedures would yield the herein reported Arrhenius

paraeters over this tenperature range.
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Figure 3. Arrhenius plot of the rate constants for the reaction Cl +
CHXJ: (O and —) this work, (O and — ) Clyne and Walker (ref 4).

_Above 30K these three studies predict values of k x
significantly lower than the results of the three mess
spectrometric investigations (although, as mentioned, the
precision of Poulet et al. is not %gd enough to meke a
strict quantitative cormparison). excellent agreenent
between the studies of Clyne and Walker and Leu and De
More indlicates the alosence of any Bitic error in the
eSS Spectrometric experiments, insight into the
variation in the reported activation energjies s given by
the study of Zahniser and Kaufrman in which nonlinear
Arrrenius behavior wes dsenved. Their data between 30
and S00K curve upward and yield the somewhet steeper
Arrhenius expression

M300-500 K) =2.25 X 10" exp(-3225/JRT) cns
molecule 1 S 1

(which is dose to that derived fromour data between 277
and 32 K). However, while curvature over the 200500
K termperature range Is not unexpected for a reaction of
siell effective activation er(%/ the rate constants inthe
high tenerature region of « still do not agree within
the quoted confidence linits of the individual studies. It
is possible that a ing mechanism could result in
discrepancies between the experimental methods outside
of these estimated confidence limits. Until agrglz%xsjt%
of sufficient precision is performred spanning the
K termperature range the absolute megnituce of the Ar-
rhenius curvature remains uncertainis Below 300K there
is, as mentioned, excellent agreement of all studies with
the data of the present study seerming to represent the
mean. Between 300 and 500K a reasonable choice of k
would ke bracketed by the expressions of Zahniser and
Kaufrman: and Leu and De More
_ (M c1 +cHact. The tenperature data for «2 are listed
inTable Il and plotted in Arrhenius forminFgure 3 The
rate constants are fit by the expression
fe =(3.36 £0.71) X 10 u exp[- (2484 £113)/rT]
cms molecule 1 S
taking into account the 22 uncertainty ineech point. The
equation is virtually identical with the fit of Watsonet al 1
(3.7 £04) X 10 u exp[- (2557 £300)/rT] CMs
molecule 1 s
obtained from245-350 K but significantly different from
the expression given by Clyne and Walker of
(2.1 £04) X 10 10 exp[-(3551 £140)/rT] CNMB
molecule 1 S 1
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Figure 4. Arrhenius plot of the rate constants for the reaction Cl +
CH3F measured in this study: (O) laser off, (O) laser on.

from3Dto A K. All three studies agree within the cited
error linits around 3DK. The data of Clyre and alker
be contrasted with our resonance fluorescence data
inHgure 3 (The data of Vétson et al. were not included
inthis plot due totheir virtual su tion on the pres
data) While there is no immediiately dovious explanation
for the differences, it is rather interesting that all three
absolute studies abtain over their respective tenperatures

el = (4.5 +0.45) exp[60 +65/rT]

rar%. This result may st an inherent error in e
of the two technigues. » Nonlinear Arrhenius behavior
similar to that indicated, by temperature dependence of
kx might be involved for the present reaction but would
require an Arrhenius A factor at high temperature nmuch
larger than the 21 x 1010 cme nolecule: S: already

inthe rress spectrometric study. Until a detailed
systermetic study is_performed over a wide range of
temperature, no confirmnation of curvature can ke mace

nor canal ion for k2 above 30K be

Below this termperature the flash photolysis resonance
fluorescence data can be subjected to a common least-
squares fit to give a preferred value of

(34 £0.8) X 10 u exp[-(2496 +120)/ieT] cms
molecule 1 S :
from2Bto K

¢l + cHa. The results obtained for reaction 3are

C
Iisgj inTable 111 and plotted in Arrhenius formin Fgure
4 Alinear least-squares analysis of the Arrhenius fit gives

k3= (4.79 £1.05) X 10 = exp[-(1535 +£107)/rT]
cms molecule 1 S 1

There are no other alssolute rate measurerents withwhich
We can conpare our results for this reaction. It is in-
teresting to note, however, that the Amrhenius A factor for
reaction 3is quite low (similar to that associated with the
data for reaction 1 over the sane temperature range).
While this observation could once again imply curvature
in the Arrhenius plot, one might altermatively Suggest that
within this range of tenperature the reaction interrediate
is different from that associated with simple H atom
abstraction from CHsCL and C:Hs which exhibit larger A

In an attempt to gain further insight into the reaction
eneretics, the effect of excess vibrational in CHY
0N k3 Wes investigated at 227 and 26 K. The values
obtained for the binolecular rate constant under laser-on
conditions are also plotted in FHgure 4 The conplete
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Figure 5. Plot of the measured and calculated R-ratio values (eq |)
vs. CHF pressure for the reaction Cl + CH3t; 13 mTorr of CCl4to
5 Torr total pressure with Ar. Laser power of 5.1 W at P20 line, 9.6-fi
band.

analysis for the laser enhanced rate data hes been given
ina previous paper. Briefly, at any given concentration
of CHsF, the ratio-of laser-on to laser-off first-order atom
decay rates (corrected for the decay at [CHF =0 isgiven

R = exp -E (Tt- T2)\

R T, T" )
x | [chsf+ (fest- fe3)\
[CHsF] &3 ) M

wheree is the activation energy (essurred to be uraltered

by vibrational excitation), T, Is the termperature of the

reaction mixture when the laser is off, T2 is the tenper-

ature of the mixture when the laser is on (laser heati

Biroduoed by V-T deactivation), and «3 Is the act
nolecular rate constant for the process

Cl + CH,Ft HC1 + CHZF (31)

The valaliﬁ of T2 wes (Ijetermned relcz;\ti_ibvgzto the known
rature rise in a laser purmped systemn usi

}Tern%mratiosoflaserpw\pgr, absa‘bantoamtratiorrtg
and alosorption coefficients. The experimental points (at
256 K) and theoretical curves (fromeq I) are presented
inFAgure5 Thew jk = 10lire defines the case of purely
thermal heating. The flared shaded area represents the
%qR pressu detvrguon OI& in the att Atdtg«%lzor?

res, the uncel in om e
due to diffusion contributed srigliﬁcantly to the error in
R result&n the flaring outward of the error curves. At

higher [CH:F] the erTor inr is determined primariI?{by
the least- error indecay cunves. Other parallel liness
are drann for the various rate constant enhancenents. As

is evident from Figure 5 a ratio k~/k3 = 13 would be
clearly discemnible outside of the error bands. Unfortu-
rmelﬁeM/\ever, all the data points lie below this and in
fact the mejority of themare indistinguishable fromthe
boundaries associated with a purely heating phenomenon
Thus we can confidently place an r imit of 30% on
the increase in k3 due tO vibrational excitation of CHsF.
The aralysis at 227 K is nearly identical with that for 296
K and again an upper limit of kc k7 < 13 can be set
These results can be compared with sone recent results
on the reactiono

Cl + CH,f HC1 + CH3 (1+)

which report that over the tenperature range 148298 K
feUffc, < 30

viom jm
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Figure 6. Arrhenius plot of the rate constants for the reaction Cl +
C2H6: (O and —) this work, (A) Davis et al. (ref 3), (0) Watson et al.
(ref 14).

Even nore recently it wes observed that in the reaction
of Cl with CHBr only a 2-3% isotopic enrichrment of
brominated hydrocarbon products wes ooserved whenthe
CH®Br wes excited with a CO2 laser..s All of these resulits
are consistent with our earlier observations that there is
little effect of reactant vibrational energy on the rate of
reactions having “early” activation barrierse
((%)abu c1 +ce The values dbotained for k ain this study
are tabulated vs. terperature in Table 1V and plotted in
Arrhenius formin FHgures.  The data can be fit to the
equation
fer = (7.29 £1.23) X 10. u exp[- (121 £87y/r 1]
cms molecule-: s:

The result dbtained inthis study at 226 K of 593 X 10 u
oms nolecule 1 S 1 is in excellent a?reerrmtvuth the only
other measured values at 28K of 60: and 55 x 10 +.14
No other absolute determinations of the activation
of reaction4 have beenmecke. The lowvalue reported here
seerTs nore reasonable than the : keal determined via
%I%%tltlve chlorination techniquesio since this higher
r, when coupled with the confirmed room tem-
perawmre rate constart, yields an unusually high Arrhenius
A factor.

Summary
The rate constants reported herein for the Cl + CH:
reaction are corsistent with Arhenius A ande Pararreteus
significantly lower than those calculated from ness
apectrmetnc flow data above roomtenperature. These
differences can be explained at least in part by curvature
in the Arrhenius plot. Below roaﬂte%ature there is
substantial agreerment anong the data anumber of
riments enploying optical detection of Cl. _
of the possibility of curvature inthe Arrhenius
plots for reactions having loweffective activation bearriers,
comparison of the A’s and E’s for reactions 1-4 can be
misleading. Nevertheless, the A factors for CHsCL and
CoH are inthe ratio of approximetely 1:2 (the ratio of the
nuner of abstractable hyd%s) are of e
megnituce tothe A factors dotained for the corre: ]
reactionwith Oatarrs. Itis ted thet the limiti ng
termperature A factors for reaction of Cl with CH: and
CH3J would also fall in lire with the O atomvalues, The
enhanceent

lack of a rate fromvibrational excitation in
CH3- is corsistent with the exothermicity of the reaction.
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Kinetics and Mechanism of the Gas Phase Reaction of OH Radicals with Aromatic

Hydrocarbons Over the Temperature Range 296-473 K

R. A. Perry, R. Atkinson,* and J. N. Pitts, Jr.
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Absolute rate constants for the reaction of OH radicals with a series of aromatic hydrocarbons in the gas phase
have been determined over the temperature range 296-473 K using a flash photolysis-resonance fluorescence
technique. In all cases it was observed that for temperatures between ~325 and ~380 K the OH decays were
nonexponential. For the temperature regions 380 K < T < 473 Kand 296 K < T < 325 K the OH decays were
exponential, with the rate constants at ~380 K being a factor of 4-12 lower than those at ~298 K. The observed
behavior is explained by the occurrence of both OH radical addition to the aromatic ring and H atom abstraction
at room temperature, while the abstraction reaction is the sole reaction observed above ~380 K due to the
rapid decomposition of the OH-aromatic adduct within the time scale of the observations. In the temperature
region where nonexponential decays are observed it is postulated that the OH-aromatic adduct, formed by
OH radical addition to the ring, is decomposing back to reactants. The rate constants for the reaction of OH
radicals with toluene-ds substantiates this reaction scheme, being within 5% of that for toluene at 298 K, but
being a factor of ~2.5 lower at 432 K than that for toluene. The overall room temperature rate constants
determined ranged from 1.20 x 10 12 cmsz molecule 1 s ' for benzene to 6.24 x 10N cms molecule 1 s'1 for
1,3,5-trimethylbenzene. Rate constants for both addition and abstraction for benzene, toluene, toluene-d8, o-,
m-, and p-xylene, and 1,2,3-, 1,2,4-, and 1,3 5-trimethylbenzene are given. Heats of formation of the OH-aromatic
adduct are derived, leading to a calculated stabilization energy of the OH-aromatic adduct (if a o bonded moiety)
of 16.5 £ 5 kcal mol-1.

Introduction

The reactions of the hydroxyl radical with aromatic
hydrocarbons are of fundamental interest as well as being
of importance in chemical models of photochemical air
pollution.12 Absolute rate constants have recently been
determined at room temperature for the reaction of OH
radicals with benzene and tolueness and with a series of
aromatic hydrocarbonss using flash photolysis-resonance
fluorescence techniques. In addition, rate constants for
the reaction of OH radicals with aromatic hydrocarbons
have been obtained from the initial rates of disappearance
of the aromatic hydrocarbons relative to that of n-butane
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in an environmental chambers;s at 304-S05 K.

However, rate constants for these reactions are not
known as a function of temperature, nor are there direct
product studies of the reaction of OH radicals with aro-
matic hydrocarbons. However, the rate constant data for
benzene and toluene obtained by Davis, Bollinger, and
Fischers indicated that at room temperature in the limiting
high pressure region OH radical addition to the aromatic
ring is at least as important a reaction pathway as that of
abstraction.

In this work absolute rate constants for the reaction of
OH radicals with a series of aromatic hydrocarbons have
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Figure 1. Time dependence of the OH radical resonance fluorescence
signal intensity accumulated from 400 flashes of a benzene (0.002 25
Torr)-HD (0.021 Torr)-argon (101.1 Torr) mixture at 322.7 K with a
multichannel scaler width of 100 ps and a flash energy of 50 J per
flash, (a) Observed OH resonance fluorescence signal intensity for the
first 20 ms after' the flash, (b) Scattered light signal from the OH
resonance lanp,

been determined over the temperature range 296-473 K
using a flash photolysis-resonance fluorescence technique.

Experimental Section

The apparatus and techniques used have been described
previously,47 and hence only a brief summary will be given
here. OH radicals were produced by the pulsed vacuum
ultraviolet photolysis of HXD at wavelengths longer than
the LiF cutoff (>1t)50 A). OH radical concentrations were
monitored as a function of time after the flash by reso-
nance fluorescence using a cooled EMI 9659QA photo-
multiplier fitted with an interference filter transmitting
the 3064-A band of OH(A22 +,t/= 0— X2ll,v" = 0). The
intersection of the detection system aperture and the
resonance radiation beam defined a fluorescence viewing
zone at the center of the reaction vessel, whose cross
section was ~ 2 cm in diameter. This region was well
separated from the reaction vessel walls, thus minimizing
wall losses of the OH radicals. The reaction cell was
enclosed in a furnace which could be held constant to
better than +1 K over the temperature range 295-475 K.
The gas temperature was measured by a chromel/alumel
thermocouple mounted inside the reaction vessel.

The flash lamp was typically operated at discharge
energies of 25-50 J per flash at repetition rates of one flash
every 3 s. Signals were obtained by photon counting in
conjunction with multichannel scaling. OH radical decay
curves such as that shown in Figure 1 were accumulated
from 20-1200 flashes, depending on the signal strengths.
OH half-lives ranged from 1.54 to 161 ms, and the OH
radical concentrations were followed over at least three
half-lives. In all cases the flash duration was negligible in
comparison to the OH radical half-lives encountered.

In order to avoid the accumulation of photolysis or
reaction products, all experiments were carried out under
flow conditions so that the gas mixture in the reaction
vessel was replenished every few flashes. The partial
pressure of HD in the reaction cell was ~0.02 Torr. The
argon and oxygen used had purity levels of >99.998 and
>99.99 %), respectively, according to the manufacturers.
Gas chromatographic analyses of the aromatic hydro-
carbons used showedss them to have purity levels of >
99.0%, except for m-xylene (98.6%) and 1,2,3-tri-
methylbenzene (97.6%). The impurities observedss were
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other aromatic hydrocarbons, and for the xylenes- and
trimethylbenzenes were mainly their isomers. The tol-
uene-ds had a stated D atom purity level of >99%.

A known fraction of the total flow was saturated with
the aromatic vapor at 251-293 K, depending on the
aromatic hydrocarbon used. Aromatic hydrocarbon partial
pressures in this fraction of the total flow were determined
by their ultraviolet absorption using a 9.0-cm pathlength
cell and a Cary 15 spectrophotometer. The absorption cell
was calibrated using known pressures of the aromatic
hydrocarbons as measured by an MKS Baratron capa-
citance manometer. All flows were monitored by calibrated
flowmeters and the gases were premixed before entering
the reaction vessel.

Results

Under the conditions used, the aromatic hydrocarbon .
concentrations were in large excess of the initial OH radical
concentrations (~10n molecule cm'3. If the products of
the reaction of OH radicals with the aromatic hydro-
carbons are stable, or if they decompose to fragments other
than OH radicals, then the OH concentration is given by

-d[OH]/dt = (fco + k [aromatic]) [OH] )
and
[OH]fo/[[OH]i = sO/st

© = exp[(/e,, + fe[aromatic])(i - £0)] (L))

where [OH],nand [OH], are the concentrations of OH at
times =0 and f, respectively, SOand St are the corresponding
resonance fluorescence intensities, k 0 is the first-order rate
constant for removal of OH in the absence of added
reactant (primarily attributed to diffusion out of the
viewing zone and to reaction with impurities), and k is the
rate constant for the reaction

OH + aromatic -m products

However, if this reaction is reversible then, depending on
the half-life of the product with respect to reformation of
OH and the time scale that OH radicals are being observed
over, the OH decays will no longer be exponential (vide
infra).

OH radical decays were determined for the reaction of
OH radicals with benzene, toluene, toluene-d8 o-, m-, and
p-xylene, and 1,2,3-, 1,2,4-, and 1,3,5-trimethylbenzene over
the temperature range 296-473 K at a total pressure of
~ 100 Torr of argon (total pressures up to 200 Torr of
argon were used in the case of toluene). In all cases, as
the temperature was increased from ~298 K the following
characteristics were observed:

At room temperature (~ 298 K) the OH radical decays
were exponential over at least three half-lives and the
decay rates R, defined asrR = (t - t9'1 InsS/S, were a
linear function of the aromatic hydrocarbon concentration:

R = k0 + /i[aromatic] (U]

Similar behavior was observed up to ~325 K with the rate
constant k changing only slightly with the increasing
temperature.

For temperatures between ~325 and 380 K the OH
decays were no longer exponential, with the decay rate
decreasing with time after the flash (Figure 2). The rate
constants k obtained at ~380 K from the initial OH decay
rates were a factor of 4-12 lower than those at ~298 K.

For temperatures £380 K the OH decays were again
exponential with a linear dependence of the decay rates
on aromatic hydrocarbon concentration. The rate con-
stants k obtained in this temperature regime generally
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Figure 2. OH radical decays, plotted as In [OH], against time after
the flash, for the reaction of OH radicals with toluene at 297.9, 338.5,
354.2, and 424.4 Kwith ~ 100 Torr total pressure of argon diluent.
Data points are plotted at every eleventh channel (100- or 200-ps
channel widths). The toluene concentrations are: 297.9 K, 4.95 X
1013 molecule cm'3; 338.5 K, 4.68 X 1013 molecule cm-3; 354.2 K,
6.11 X 1013 molecule cm-3; 424.4 K, 5.22 X 1013 molecule cm-3.

Figure 3. Plots of the OH radical decay rate against aromatic hy-
drocarbon concentration for toluene at 297.9 and 424.4 K and for
toluene-of, at 298.1 and 432.2 K. Total pressure ~ 100 Torr of argon.

increased with tenrperature up to the highest tenrperatures
used (420470 K).
2done L eLica (s, ot o 1 (O gt
i : asln t,
for a toluene concentration of ~5 x 10 rmlewfggna at
279, 3385 A2 and 4244 K, while Fgure 3shons plots
of the OH rate against toluene concentration for the
termperatures 297.9 and 4244 K. ]

Rate constants k_were determined as a function of
temperature fromeither (@) the of the OH
radical de%ra\:]e_m the aromatic hydrocarbon concen-
tration, as in Fgure 3 for toltere, or (D) asingle
OH decay rate r at a known arormatic :
concentretion using eq 111. The latter method ooviously
hes a somewhat larger degree of uncertainty, partially

associated with the estinmation of the OH rate inthe
absence of reactant, r = kq However, for OH decay rates

>200 S'1, any error associated with the estinmation of k0
(Whichwes typically ~ 10-20s') wes ;S5% Values of k0
were estimated using values obtained by method (@) for
the sae aromatic hydrocarbon at similar termperatures.
The error limits given in Table 1 (see paragraph at end of
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Figure 4. Arrhenius plots of log k against 1000/7(K) for benzene and
m-xylene: (O) exponential OH radical decays observed; (X) nonex-
ponential OH radical decays observed. The dashed lines merely reflect
the trend of the data in temperature regions where nonexponential
decays are observed.

Figure 5. Arrhenius plots of log k against 1000/ T[K) for toluene and
1,2,3-trimethylbenzene: (O) exponential OH radical decays observed;
(X) nonexponential OH radical decays observed. The dashed lines
merely reflect the trend of the data In temperature regions where
nonexponential decays are observed.

text regarding supplenentary material) and shoan in
Hgures 4-7 an?e thepgstinated overall err%nr limits, which,
for method (8), include the least-squares standard devi-
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Figure 6. Arrhenius plots of log k against 1000/ 7fK) for o-xylene and
1,2,4-trimethylbenzene: (O) exponential OH radical decays observed,;
(X) nonexponential OH radical decays observed. The dashed lines
merely reflect the trend of the data in temperature regions where
nonexponential decays are observed.

ations (1-7%) aswell as the estimated accuracy limits of
other such as total re and the aromatic
rocarbon concentrations in the reactant mixture. In

all cases using method (a), the experinmental rates
in the range %éplcall used for method () (R >200S )
were within 5% of calculated from least-squares
m of the data._ Hence this spread is indicative of the
I errors associated with method (b), and is included
in the owverall error limits for (Table 1 and
Fgures 4-7). For benzene at temperatures K the
experimental conditions were limited by the low rate
constants so that the OH rates were <100s: and
hence the error limits for berzere above ~380K are much
higher than those for the other aromatic hydrocarbors.
the reaction of OH radicals with toluere, additional

experiments were carried out to verify the observed be-
havior. Avariation inthe flash afactor of 2hed
no effect on the rate constants within the experimental

errors, indicating that secondary reactions of the OH
radicals with reaction products were regligible, as expected
fromthe initial OH concentrations (~10n nolecule cm?
%'ml_lthle arometic hydm oomenEratluEl_lm).
milarly, anincrease in %&ure argondi
from 100+ 2to 20+ 2Torr at 32533784, and 4244 K
had no effect on the rate constants within the experinental
errors (£5-10%) when the OH decay rates at 35.3 and
3784 K were cetermined from the initial OH decays.
Furthermore, the addition of 20Torr of 0z at 3874 K and
23 Torr of 02 at 326 K had no effect (within £10-15%0)
on the rate constants. In these cases the presence of 02
el Ao 0 Qe O e OL e ) . T2
y ing .
extensive rate data for the reaction of OH radicals with
tol similar behavior. Thus the rate con-
stant at room temperature wes within 5% of that for
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Figure 7. Arrhenius plots of log k against 1000/7{K) for p-xylene and
1,3,5-trimethylbenzene: (O) exponential OH radical decays observed;
(X) nonexponential OH radical decays observed. The dashed lines
merely reflect the trend of the data in temperature regions where
nonexponential decays are observed.

toluene, while the rate constant determined for toluene-ck
at 4.2 K wes a factor of 25 loner than that for toluere
at 4244 K. The rate constants obtained for toluene-ck are
iven in Table 1, while Figure 3 shows plots of the OH
rate against toluene and toluene-ck at room tem-

ure and at ~428 K )

Table 1 gives the rate constants obtained at the tem
peratures used for the aromatic hydrocarbons studied,
while Figures 4-7 showthe data plotted in Arrhenius fom
el e Kt s

-souires fitting in re
regines, while the dashed lines between these
regions nerely reflect the trend of the data.

Discussion

From the initial OH radical concentrations and the
arometic hydrocarbon concentrations used, it can ke
estimateck that errors in the measured rate constants due
to reaction of OH radicals with reaction products would
ke typically <5-10%, using an assued rate constart of
10 10 oy olecule 1 S 1 for the reaction of OH radicals with
all reaction products. This conclusion wes substantiated
by the fact that a variation of a factor of - in the flash
energy had no effect, within the experirmental errors, on
the rate corstants. Similarly, the reaction of OH radlicals
with reactant inpurities can be calculated to cause errors
in the measured rate constants of <5%.

Kinetics and Mechanism. FOr the reactions of OH
radicals with an aronetic hydrocarbon the initial reaction
can be (using toluere as an exanple) either abstraction

reaction : ) or addition to the arorretic ring (reaction 2).

he rate constants « obtained for benzene and the sub-
stituted berzeres at t of ~3804/0K indicate
(see below) that at these tenperatures Hatom alostraction
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TABLE II: Comparison of the Room Temperature Rate Constants, k, for the Reaction of OH Radicals with Aromatic
Hydrocarbons from the Present Work with Literature Values

Aromatic hydrocarbon This work* Ref 4b
Benzene 1.20 £ 0.15 1.24 £ 0.12
Toluene 6.40 + 0.64 5.78 + 0.58
Toluene-d8 6.13 + 0.63

o-Xylene 143 £ 15 153 +15

m -Xylene 240+ 25 236+ 24
p-Xylene 153 + 1.7 12.2 1.2
1.2.3-  Trimethylbenzene 33.3 +4.5 26.4 + 2.6
1.2.4- Trimethylbenzene 40.0 + 4.5 335+34
1.3.5- Trimethylbenzene 62.4 + 7.5 472 +4.8

“ Total pressure 100 + 2 Torr (Ar).

1012t cm3molecule*' s**
Ref 5C Ref 6C

<3.8
42+ 15

Ref 3d

159 +0.12
6.11 + 0.40

Ref 14*

12.8 £ 3.8
232+ 17
123+ 25
23%5
33%5
515+ 6.5

215+43

b Total pressure >50 Torr (Ar). c Total pressure 1 atm of air at 304 + IK (ref 5) or

305 + 2 K (ref 6); rate constants placed on an absolute basis using a rate constant for OH + ii-butane of 3.0 x 10“2cm3
molecule“1s“1. d Total pressure 100 Torr (He). e Total pressure ~ 1 Torr (He), mixture of isomers.

occurs meinly fromthe substituent CH: %gg_'ratherihan
from the arometic ring.  Addition of t radlical is
shown for attack at the ortho position by analogy with the
reaction o;dod(sl?) atorrs with aromatic hydrocarbonss-u
obviously addition of OH radiicals may oocur at any of the
carbon atons of the aromtic ring, forming a variety of
OH aromatic adducts which initially contain the excess
energy due to the exothermicity of the reaction.
Such an erergy-rich OH-aromatic adduct can either
deconmpose or be stabilized, as wes observed by Davis,
Bollinger, and Fischers for berzene and toluere:

A further reaction step _iS that the thermalized OH-
aromatic adduct could uninolecularly deconose back to
the reactants

However, it is also possible that the initial reaction could
involve the formation of a ir conplex, which could either

back to the reactants or evolve to a.a bonded
O TEIaDiS, it St s b sucied by

ion i

Mejer, Phillips, and Robbr. who investigated the reaction
of CRCl radicals with berzere. The CRCl-benzene
adduct wes olserved to deoonrpose back to reactants above
373 K with an activation energy of 11.4 +0.s kecal nol*],
while the activation erergy Tor the addition of CRCL
radlicals to benzene wes determined to be 53 + 04 keal
nmol“L Similar results were obtained for the reaction of
CFCL radlicals with berzene-tig 1 for which an activation
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energy for the deconrposition of the adduct of 107 + 04

In a previous determination: of the rate constants for
the reaction of OH radicals with a series of aromatic
hydrocarbors, it was ooserved that the rate constants for
berzene and toluene were independent of the total
pressure _(argon, dlluent% over the ranges 50600 and
100620 Torr, respectively. This wes inagreement with
the data of Dawvis, Bolli rf a%jerllzzlmgrsdwtn? obsenved
apreswredei)embmeo k for benzene and toluene over
the range 3-10(T Torr of helium but concluded from
Lindenmann plots that the rate constants nmeasured at 100
Torr of heliumwere essentially the high pressure limiting
values. Dawvis, Bollinger, and Fischers deduced from this

pressure dependence that over half of the total reaction
at room tenmperature via addition (k2 > kj.
Table 1l the present room t rature rate

constants k with literature values s-e14 1t can be seen that
the agreerent with the literature data is generally good
and that the present rate constants are m_gqeneral
g%tr?m within the experimental error linits, with those

ned previouslys in this laboratory. The agreerment
between the rate constants from this and the previous
study: for berzene, toluene, and o- and mxylere is seen
to be excellent. The E)reﬁem rate constants for p-xylene
and 123, 124 and 1,3 5-trinethylberzere are, ,
~ 20-30% higher than those determined previously.s and
this may reflect a systerretic error in the ous cal-
ibration of the arometic absorption, which was weak under
the condiitions used. The somewhat increased overall error
limits in the work (10-14%) take into
account ore reglistically the higher errors assodiated with
such calibrations. However, the reproducibility of the data
fromthe two studies is indicative of the likely overall error

limits as the studies V\eraperfomﬁd il;ﬁﬁr[br‘lﬂy, with
complete recalibrations of flowreters and the alsorption
cell-Cary 15 spectrophotormeter combination.
The fact that the previous: and present alosolute rate
constants k_for the xylenes determined at ~ 100 Torr total
ure of argon are consistent with that obtained by
s and Nikt4 for amixture of isorers at ~: Torr total
pressure of helium shows that « for the xylenes must be
at, or dose to, the limiting high pressure regionat ~ 1 Torr
total pressure. This is corsistent with uninolecular theory
which predicts that the falloff region should shift to loner
total pressures as the conplexity, or nunter of vibrational
Cdegrees of freedom of the OH-aromatic adduct increases.
As has been noted previously ++s the rate constants k at
roomts re show the sarre trend with degree and
pasition of alkylation as for O(sP) atom reactions dem-
onstrating the electrophilic character of the OH radical.
This further suggests that at roomtermperature the mejor
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reaction path is one of addition to the arongtic ring.
The lack of a of « for toluere on total
re of argon over the 100-200 Torr at 35.3
3r7§tdifeam 4aI2I44 o them OHtol adduct is rapidll
t initi n toluere is
thermalized uﬂery emrgythese condiitions. rpey
The experimental results are thus consistent with the
oocurrence of reactions 1-3 with the OH aronetic adducts
being stable within the tine frame of the OH radical
observations (—<1-30 ) at rcomtenperature, and being
unstable for temperatures £380 K. Hence at room
termperature the messured rate constants are those for both
addition and abstraction, « = kx+ k2 While at £380K only
fd, the rate constant for abstraction, is measured. These
conclusions are confirmred fromthe reaction of OH radicals
with toluene-d8 at roomtenperature the rate constant
k for toluene-ck is within 5% of that for toluene, while at
43 K the rate cdnstarit for toluene-dgis afactor of —25
loner than that for toluene. These dbservations are in
accord with mainly OH radlical addition to the aromatic
ring at room termperature, as a small isotope effect is
expected for addition (thus rate constants at roomtem
perature for the reactions of OH radiicals vvlth
ene-Gb, 1415 Of o IWith el’E-dzua

of O(sP atorrsvwm ene-cb, etﬁ ne-d4 |so
(3 ) mnzeﬁfelg! 17 18,19

1areallvuﬂ1|n—zo%oﬂmse
forthe

ﬁcant g;pected ith % Ceuteri .
asigni |soto?e is Wi um
|sot%pe reacting slover than the hydrogen isotope, as hes
been olosenved previously for the reaction of OH radicals
With D222« and DClzs as compared to H: and HCL, re-
spectively, and for the reaction of CHs radicals with
toluene-a-dj, toluene-d3 and toluene-ck.2s

As the OH-aromatic adduct is deactivated to an es-
sentially therrel erergy. Pop.llatlon at the total pn
used in thls study, then the rate constant k 2 is given by

fe2=A-2-E~iIRT >v)

With the present experinental techni OH radlicals are
nonitored for —1- 30 s after the Significant
nonexponentlallty of the OH curves wes absenved
at temperatures from ~325 to K and hence the
half-life of the OH-aromatic adduct nmust be of the order
of —5-10 s inthis t ra;?e
fto —100s: at FK A2~3 stl(of'rhesarna
orderof megnitude as the a fact: ition of
cac?/clohexadlenylze and methylcyclohexadlenyl
the activation energy for reaction -> can be
oalculatedtobeE 2-18 nmol  (Data for the in-

dividual amrratlcgﬂaﬂ‘m's \ven |nTabIeV The
initially formed aromatic ao%uct will contal)n ap-

goxmatel y this anmount of excess and should thus
rgyadll% g)le_lr_rmlléfed inatime Stalehas
ns by —100 Torr as
rermove vibrational arga?)fﬂnargonorderofl keal mol 1 per
odllisionwith a number of photochemically and chemically
activated nolecules s
Hom |V\MThA_2=3 XlQaSHi_fﬁE 2 = 18 kel
mol: the half-lives of the OH-aromatic adduct can be
estimated tobe 037 sat 28K, Dnrsat 35K, 052 1s
at 30K, and 0.16 s at 40K, These values of A 2 and
e.i thus give half-lives of the OH-aromatic adducts which
are totally consistent with both the reaction scherme
discussed above and the experinental observations. Thus
the t ratures at which the ance of nonexpo-
nential ior in the OH radi oocur Will de-
pend on the technique used and the observational time
scale emmployed.  For instance, if the OH radiicals were

work further indicates
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TABLE 1]1; _Abstraction Rate Constants ft, angl the Ratio
ft/(ft, +ft. ormeReactlonofOHRad s with
omatic Fydrocarbons at Room Temperature
10'2k, cms
molecule’t
Aromatic hydrocarbon S 10 kj(k i+ ft)
Benzene 0.06ts:;° 0\|7%?7?
Toluene i01?2:t 0.i6tS:;
Toluene-ds <0.5b <0.08b
o-Xylene -2 0.20!?2,[?
m-Xylene 68)’737 0.04!?;E'
p-Xylene 1y +K| 0.0717;?7?
12,3 Trimethylbenzene 1 927 0.03517:7?
1,24-Trimethylbenzene 1 V122 0.03172:2?
1,35 Trimethylbenzene &Y 4@ 0.0212,7?

a Extrapolated from T £ 380 to 298 K using the
Arrhenius lines in Figures 4-7 and given in Table IV.
b Upper limit from the rate constants obtained at 432.2
and 298.1 K, as the rate constants for T > 380 K in-
crease with increasing temperature (Table I).

observed over atine scale of ~10-100 ns, amstyplcally
the case with flash photolysis-resonance absorption
terrs(ralferthanwermetlrmscale ~[-30 ns in
the present work), then the low temperature onset of
Wlal behavior would move up from —325 to
The rate constant data of Doyle et al s and Lloyd et al s
are in good agreement with those obtained bytheflash
photolysis-resonance fluorescence technlqueSa4 %
y Wi

that the OH-aromatic adouct must react, presunebl
02 NO, or NOZ in their system before |t|on
I—b/\e\/er the lack of an effect of 02 at 397.4 and

F26 K aloasan upper limit of 1 x 10 15 ames molecule:

S 1 tobe set, at these termperatures, for the Nt rate

constant for the reaction of 0 with the toluene

adduct. However, the CHsCsHs(OH)(02 radical may

at elevated tenmperatures which would give a

low rate constant for the addition of o - to the
OH-toluene adduct. _

Tablelllgmsrocm re values of k1t obtained

by extrapolation of the above ~330 K, and the
fraction of the reaction proceeding via H (or D) atom
abstraction, k17 (k] + k2), for the aromatic hydrocarbons
slujed It can be seen that the anount of reaction at room
re proceeding via abstraction is of the order of
2 /odependlngon individual hydrocarbon. The
values of k xand k i/ (k1 + k2) given for benzene are subject
to large uncertainties, but the extrapolated value of k x
(e&)x 101« ome molecule : s 1 at K can e compared
th roomtenperature rate constants for the reaction of
C]—Iradlcalsvuth CHs and NHs of — & x 10 152035 and
~1.6 x 1013 oy molecule: S 3641 respectively. CH: and
e it i
+2 1 42 0110.2 20
nol fortheCHbondene in benzene «; and hence a
i b et B m“%rﬁem
inlirewi Ive es.
benzeres, respeatd en?r% rate constants
Z%Karemx:hlar?erthank{ bmzem\/\hlchlstobe
detothe loner C Hborderil[gesmmermthyl
gr‘(l.mng%"' 1)) kcal nol.: for Cs H)] » Forthe
in this study, abstraction from
ﬂmeal atedarorratlchydrooar‘oonsocmrs ascanbe
mﬁanﬁeobtalnTablelardH%?4r? meinly from
me&bstltuentCI—lsguxs fromthe arometic
due to the differences in C-H bond energies.
able IV gives the Arrhenius for reactions
1 and 2 for the tenperature ranges 28K < T ;S35 K
and T £ 30K as determired fromthe data in Table | and
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TABLE 1V: Arrhenius Parameters for the Reaction of OH Radicals with a Series of Aromatic Hydrocarbons"

12 + log A,(cm3

Aromatic hydrocarbon moleculels'1)

Benzene 16+ 16
Toluene 0.7+05
o-Xylene 0.7 +0.8
m-Xylene 17 +0.8
p-Xylene 1.8+ 0.8
1,2,3-Trimethylbenzene 25+13
1,2,4-Trimethylbenzene 2208
1,3,5-Trimethylbenzene 21+£08

13 + log A2cm3

,, kcal mol'l molecule'ls'") e 2, kcal mol 1
4+3 1.7+0.7 09+10
09+10 05+ 07 -16+10
03+15 16+14 -07+20
23+15 23+ 14 01+20
24+15 18+ 0.7 -06+1.0
33+25 0814 -23+20
28+ 15 13+14 -17+2.0
27+15 16+14 17 £20

0 The indicated errors are the estimated overall error limits derived from Figures 4-7.

TABLE V: Activation Energjes for Reactions 2and - 2and Heats of Formation Aw+ for the OH-Aromatic and

CF2C1-Aromatic-

*

AHi, kcal mol'l
OH-aromatic adduct

' : Aromatic
Aromatic hydrocarbon E2 kcal mol"l E_2a kcal mol'l hydrocarbon5 Exptc Calcdd
Benzene 09+1 187 £ 2 19.82 + 0.12 105+ 3 11.8
Toluene -1.6 £1 181+ 2 11.95 + 0.15 08+ 3 15
o-Xylene -0.7 £2 184 + 2 4.54 + 0.26 -6.1 +4 -6.8
m-Xylene -0.1 +2 179+ 2 412 +0.18 -5.4+4 -6.8
p-Xylene -0.6 +1 187 + 2 429 + 0.24 -6.5+3 -6.4
1,2,3-Trimethylbenzene -2.3 %2 186 £ 2 -2.29 +0.30 147 +4 - -147
1,2,4-Trimethylbenzene -1.7 £2 183+ 2 -3.33 £0.27 -148 £ 4 m -15.0
1,3,5-Trimethylbenzene -1.7 £2 181 +2 -3.84 £+ 0.34 -15.1+ 4 -14.7
OH-CF;jCI adduct

i BExptr Calcdd

Benzene 5.3 + 0.4e 11.4 £ 0.8e 19.82 + 0.12 -51.3 +2 -51.1

° E_20btained usinga_2= 3 X 1013s'], k_2= 100 s'lat the temperature corresponding to the midpoint of the dashed lines

in Figures 4-7.
dashed lines of Figures 4-7. b Reference 56.
adduct) = AH f(aromatic) + AiffN(OH) - (E_2- E2+ RT).

Indicated error limits are equivalent to a factor of 100 inA _J k2 at the temperature of the midpoint of the
¢ Calculated using AHNOH) = 9.2 + 1 kcal mol'1£2 and AHf(OH-aromatic
d Calculated from group additivity rules, using a stabilization en-

ergy for the radical of 16.5 kcal mol"L The calculated values of AH f refer to the following cyclohexadienyl radicals: for
toluene, I-methyl-2-hydroxy; o-xylene, |,2-dimethyl-3-hydroxy; m-xylene, |,3-dimethyl-2-hydroxy; p-xylene, 1,4-dimethyl-
2-hydroxy; 1,2,3-trimethylbenzene, 1,2,3-trimethyl-4-hydroxy; 1,2,4-trimethylbenzene, 1,2,4-trimethyl-3-hydroxy; 1,3,5-
trimethylbenzene, 1,3,5-trimethyl-2-hydroxy. These radicals were obtained by assuming that OH radical attack occurs

ortho to the substituent methyl groups, analogous to 0 () atom reactions.9-11 ¢ Reference 12.

AHf(CF2c\) =-64.3 * 2 kcal mol'l5

Hgures 4-7. Because of the simell termperature S in
eachorlgglgwhtehe erroreol limits are large and egﬁ zlitlon
outside of termperature will give
uncertainties iﬂtﬁtle values dbtained. 'sassi%n ofa%
individual values of the p onential factors and Ar-
rhenius activation erergies hes little merit inview of the
large error limits, except to point out that reaction : hes
inall cases a positive activation energy of ~0-4 keal ol
V\hl|?]t[’§ﬁctlm 2 hasr %Iaept in thetaase of;t)emeggf)ean
essenttially zero or slightly negative tenperature depen-
dence, as has been previously observed for the addition
of O(sP) 4326 and S(zP)4 atorrs, and OH radicals s to
olefins. It can also be seen from Table 1 and FHgures 4-7
that at ~3804/0 K the values of «i obtained increase
approximetely linearly with the nunoer of substituent
mathﬁll groups, being similar for the three xylenes and for
the three trimethylbenzenes. o )

Thermochemistry. KrangﬂE a:tl\/a_tlm erErgeSfd
reactions 2 and -2, the heats of formation of the OH-
aromatic adducts can be obtained ass.

A//f(OH-aromatic adduct)

= AHf(aromatic) + AHF(OH) - An 2
where An 2 is the enthalpy of reaction 2 and
AH~A E-2—bh2TRT

where e 2 and e 2 are the activation ies for reactions
-2 and 2, respectively. Except for berzene, the experi-
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f Calculated using

mental Arrhenius activation erergies for reaction 2 are zero
or negative. However, the observed Arrhenius activation
erergies are not necessarily equivalent to the activation
energies e 2 for the addition reaction as the preexponential
factors mey be tenperature dependentss: ssar+~ sis3 and it
is in fact likely that ooserved negative termperature de-
ies have a zero actlvat!glnfa%twerg% V“EQ a tem-
perature-dependent preexponenti or. Inthe absence
of a km\Metge of ar%Eerrperature dependence of the
preexponential factors for reaction 2 the activation erergies
e 2 have been set equal to the experimental Arrhenius
activation energies for reactionz. )
Table V gives the Arrhenius activation jese 2 and
E 2 used, together with the experimental and calculated
heats of forretion AHF of the OH-aromatic adduct. The
calculated values of A ¢ (OH-aromatic adduct) were
obtained as falloas (using 1l as anexarmple): A of 1 wes

I |
calculated using group additivity ruless. and that for the
radical 11 wes derived fromre.
AH((Il) = AHf(I) + D(tertiary C-H)
-A/Tf(H)-SE
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where D(tertiary C-H) is the tertiary C-H bond energy
and SE is the stabilization erergy of radical 1l.

Table V shows that there is good agreerrent between
calculated and experimental values of AH(OH-aromatic
adduct) within the experimental error limits of £3 kcal
nol-. using a best fit value of the stabilization energy of
16.5 keal mol“l Furthermore, as also shown in Table V,
the data of Mjer, Phillips, and Robbx. on the addition of
CRCl radicals to berzene (e =53+ 04 kecal nol“) and
the deconasition of the CFCl-benzene adduct (e =114
+ 08 kecal nol ) at >373 K leads to equally good
agreement between calculated and experinmental values of
A+ ¢ for the CFCl-benzene radical using SE = 165 keal
nmol“L  Hence the present work leads to a stabilization
energy for these substituted cyclohexadienyl radicals of
165 * 5 keal nol-: where the error limit includes the
experinmental error-limits as well as an estimeate of - 2 keal
nol-: for the calculated values of Aflf(OH-aromeatic ad-

duct).
isvery close to the value of 154

ThIL?:aIStarkr]rl)llzat(I)%]tal for the pentadienyl radical by
+ : or ie i

: : and Suarts

radical of 5

Eoger and Bensony 3 Honever, James arn
astabilization energy for the cyclohexadienyl
CEoomTpotion of Reaien Terbcly, Wil STow
ition of cyc i icals, while |
Cruickshank, and Bensonss quote a value of 246 + Q7 keal
mol“L It hes been ech2s that the tenperature
C of the addition of CFCl to benzene can be
interpreted as a x cormplex which could either dissociate
back to the reactants or evolve to a nmore closely bonded
< conplex. If the addition of OH radicals to aromstic
hydrocarbons proceeds via x complex formation

OH + aromatic -» n complex @
n complex > OH + aromatic (b)
-* 0-bonded adduct (©)

and if back dissociation to reactants is rapid at room
temperature, the observed ~18 kecal nol-: activation
energy for decormposition must refer to the m-bonckd
ex. However, ifkn»  «, the dbserved activation
energy of addition 1s given by (ea+ ec- b andwould
not refer to the reverse of reaction -2. However, if the 18
kcal mol 1 deconposition activation energy refers to the
x conplex, then both «n and «c must be slow at room
tenperature and the activation energy of adaiition is given
byea Inthis case the x complex would be a stable entity
(Onlysones-10 kecal nol-: less stable than the tr-bonded
adduct, calculated using a stabilization energy of the
tr-bonded adduct of 25 kcal mol-1) 2656 .
Obviously, further work is needed to nore tﬁeremsely
determrine such stabilization erergies, inviewof the rather
substantial uncertainties inherent in the present deter-
minations.
Conclusions
The reaction of OH radicals with a series of arommstic
rocarbons proceeds via two patiways: (@) abstraction
of an H atom from the aromatic ring or (except for
benzene) from the substituent CHs groups, and (D) ad-
dition to the aromatic ring to form an adduct which is
readily thermalized at total pressures of ~100 Torr of
argon but which can, in the absence of other conmpeting
reactiors, back to reactants at >325 K inthe
time scale <30 s, For substituted berzenes, the rate
constarnts ated to roomtenrperature for abstraction
show (Table 111) that abstraction occurs meinly fromthe
CH: groups at room but that alostraction from

the ning becorres nore inportant att elevated teneratures.
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The present data enable an estimate of 165 + Skcal

nol 1 to be made for the stabilization energy of the
OH-aromatic (or CFRCl-benzene) adducts, which is lower
than previously values of ~25 keal nmol-1 2655 but
is close to the stabilization energy reported for the pen-
tadienyl radical s«

At room t rature uncer simulated atrmospheric
conditions the OH-aromatic adduct reacts further, pre-

sumebly with 02 NO, or NO2 as shown by_the?md

reeent between the rate constants obtained from
relative rate studies in an environmental chamoerss with
those obtained by flash photolysis-resonance fluores-
cences« However, at elevated termperatures (for instance,
>400 K) it appears that, unless the-adduct can react
further in <._n's, the reaction wifi via abstraction
onacoount of the short lifetine of the OH-aromatic adduct
with respect to deconpasition back to reacgants;*
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Radiolysis of Adenine in Dilute Neutral Aqueous Solution
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Solutions of adenine, 0.2 to 2 mM, have been radiolyzed at constant dose rate in air-equilibrated and in
oxygen-saturated phosphate buffer, pH 7. The radiochemical decomposition yield is 1.94 + 0.1 molecules/(100
eV). The progress of the radiolysis was monitored by a highly specific colorimetric method for determining
the adenine, and by measurements of the absorption spectrum at wavelengths between 290 and 220 nm. The
results show that the radiolysis products absorb in the wavelength range investigated; this explains why previously
reported values of G( Ade), which had been calculated from the rate of decrease of the absorbance with dose,
are lower than that reported here. The spectra are unusual in that isosbestic points develop at 280 and 238
nm and persist to >50% decomposition. Analysis by thin-layer chromatography and mass spectrometry shows
that urea is one of the products, and it confirms the formation of g-hydroxyadenine and of 4,6-diamino-5-
formamidopyrimidine, which had been reported previously. None of these products interfere with the colorimetric

determination of adenine.

Introduction

This investigation is one of a series aimed at elucidating
the chemical reactions that take place when ionizing ra-
diation interacts with living organisms.12 Our attention
has been directed, in particular, to the bases which occur
in DNA, inasmuch as this substance indubitably plays an
important role in the development of radiation injuries.3
A previous paper2 describes our general approach and
methods, and their application to the radiolysis of cytosine;
here we report their extension to the radiolysis of adenine.

Adenine possesses an intense and fairly sharp absorption
maximum at 260 nm, which decreases on irradiation. The
changes can be easily measured with relatively good ac-
curacy, and such measurements thus provide a very
convenient means of following the progress of the reaction.
This approach was first utilized by Scholes et al.,4 who
came to the conclusion that the products of radiolysis did
not absorb at 260 nm; on that basis they calculated the
radiolytic decomposition yield, G(-Ade), to be 1.1 mole-
culess(ioo0 eV). G values ranging from 0.65 to 1.2 have
been reported subsequently by other investigators.s'7

However, these results are inconsistent with the reports
that some of the radiation products have a substantial
absorbance at 260 nm.s68 As we have shown in a previous
paper.:2 if the products have an appreciable absorbance and
this fact is neglected in calculating the value of G from
spectrophotometric measurements, the result inevitably
will be lower than the true value.
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These considerations prompted us to reinvestigate the
question, and to use a highly specific colorimetric method
to determine the adenine.s Moreover, we undertook to
measure the complete spectrum of the irradiated solutions,
not only the absorbance at the maximum. The results
show that the radiolysis products do indeed absorb at 260
nm, so that the decrease in absorbance does not measure
the amount of adenine decomposed.

The spectra of the irradiated solutions exhibit a rather
strange and interesting feature, namely, two isosbestic
points, at which the absorbance remains sensibly constant,
to at least 50% decomposition. The development of one
isosbestic point at 236 nm had been noted earlier by Uliana
and Creac'h,10 but they did not offer an explanation of the
phenomenon. We shall show what conditions are necessary
for this phenomenon to develop.

Experimental Section

Adenine (Sigma and Schwarz Biochemicals), [8-14C]-
adenine (New England Nuclear), and isoguanine (Sigma)
were commercial samples. s-Hydroxyadenine and 4,6-
diamino-5-formamidopyrimidine were synthesized.u1 The
solutions were prepared in 0.05 M phosphate buffer, pH
7.0. The radiation source was a 80Co Gammacell-200
(Atomic Energy of Canada); dose rates were 3300-2800
rads/min.12

The course of the radiolysis depended on the ade-
nine/oxygen ratio. In air-equilibrated solutions, the
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concentration of oxygen is about 025 MV in solutions
saturated with oxygen at : atmit is 1.3 mMis The so-
lutions IgonlOltajlt?kl)lng 2 g\/l adenine vver? stja:turaterz]d with
oxygen by ing the ges continuously through them
attherate of;-» rri_/s;mthewtraobtalyned uncer these
conditions differed substantially from those which de-
veloped in initially air-equilibrated solutions without
enishing the . Insolutions containing 02 MVl
e, the sare results were obtained for air-equilibrated
samples as in those saturated with oxygen Usually, the
volurre 021:2 the irradiated sanples wes the surface
drea 2
The adenine concentration wes determined by the co-
lorimetric method developed by Davis and Morriss The
procedure is &s follows; toa 3-mL e containing <3
¢ of adenine add 400/x. of 9 M H:S04 sheke, add 20
itL. of 02 M KBr, shake again, add 600 ¢L of 02 M
KMnO4 wait 5min, rermove excess MnOs with 20,1 of
s % H02 add sotre H0, shake well to expel ges bubbles,
adjust the volume to exactly 600 mL, and nreasure the
absorbance within 15 min against a reagent blank. The
adenine concentration is estimeted from a calibration
curve, which is established with the sae reagents.

Chrometographic analysis of the radiolysis Wes
dore on sarrprtlj\gsh of 2 rrﬁ [6-14 —adeni%, -2 7°Ci/mL,
which had been exposed to krads. A micro-

crystallire cellulose platey 10 x 10 cm wes used (Brink-
mann Avicell Plate No-22). A S0/L aliquot of the ir-
ragdiated solutionwes spotted on the plate, oped first
with solvent system A (14:9:10 |-butanol:pr IC
acid:H:0) and then orthagonally with system B (6:31
2-propanol:NH:OH:H:0, .15 The plate wes radioauto-
%raphed with GAF nonscreen X-ray film exposed for

4-48 h Finalltﬁeme radlicactive spots were scraped off
the plate and their radioactivity wes measured with a
Tri- liquid scintillation (Packard Instrument

Co., Model 3200). ) ]

The mess ra were determined by evaporating a
I-AiL aliguot of solution ona 3 X5 cmistainless steel gare,
which wes then mt(rl(_)%éoed |nt(|) the dlr_le_rct]e[t)robe of the
eSS spectrometer , Vodel 9000). enperature
wes raised from 25 to 230 °C, and the ness spectra were
recorded at appropriate intervals; the nominal electron
energy wes 10 eV, the trap current ria, and the ion+
source termperature 180-230 °C.

Results and Discussion

The besic ion which relates the initial alossorbance
of a solution of soe substance S at wavelength X AQ\ to
the alosorbance after some given dose, AD\ IS

Ad* =AF - G (-s)Ev (es* - EiX) (1)
where G(-S) is the radiochermical yield for decormposition
ofS e W_IS‘E) alosoroed per u}llilt\du‘re, isxthe nmolar
absorption coefficient of S, and eU the “equivalent ab-
sorption coefficient” of the products U:

= SG(U;)e>/G(-S) 2

Clearly, G(-S) can be calculated from (i) for any wave-
length at which dJ = o; and, conversely, if cU > o, the
fractional change in albosorbbance will define the loner limit
to G-9):

G(-S) > (AOX- A vK)/Ev es x )]

In order to interpret the spectra of a systemin which
only sore, or possibly nore, of the radiolysis products are
oAN, the above relationships must be gpplied in reverse,
If it is found experimentally that, over some wavelength
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Figure 1. Spectra of irradiated 0.2 mM adenine solutions, air equilibrated:
(curve A) 0 krad; (B) 15.5 krads; (C) 31.0 krads; (D) 62.0 krads; (E)
93.0 krads.

TABLE I: Fractional Change in Absorbance at Various
Wavelengths (0..2 mM Adenine after 62.0 krads)
Wave- Wave- S
length, (A /- Ask) length, e A "
nm \V nm Al
280 0.0 245 0.177
260 0.288 240 0.050
255 0.275 238 0.0
250 0.238
range, the fractional abosortance is independent of X i.e.
{AOX - A DK)/AOk ¥/(X) @
it can ke inferred to a very high degree of probability that
(A =Q This conditionwes fulfiilled Inthe case of cytsine 2

which is therefore es(peciallyfavorable, but rather spedial.
Fgure 1 and Table | show representative results, ob-
tained by irradiating 02 mMagenire. It may be seen that
two well-defined isosbestic points develop at 280and 238
nm  Clearly, the fracti in alosorbance varies
ly with X and eq 4 does not hold in the present case.
It follons immediiately fromeq 1 that the condiition for
an isoshestic point is
esx = ®)

It should be noted that eq 5 is equivalent to that derived
by Cohen and Fischers intheir general treatrent of the
isoshestic phenomenon; radiolytic reactions are a special

case.

The development of (ore or nore) isosbestic points
oconstitutes by itself unequivocal proof that the radiolysis
products alosorb. Moreover, it defines the values of esxat
the isosbestic wavelengths; they are 1100 at 230nm and
5800 at 238 MM ively.

However, the results so farr discussed do not allow us to
determine the value of G(-Ade). Obviously nothing can
ke learmed about this value from measurenrents at the
isoshestic points, and at the other wavelengths the value
of ivxis not known; as wes shoan above, all one can obtain
fromsuch data is the loner limit to _—Adg. The results
ofmlsaraclgslsareslmmnﬁgjrez, ine ﬂEC%Jparem
values dogg extrapolate to about 1 nolecule/(100 eV) at
Zero dose.

As we have mentioned, Scholes et al » obtained, by the
sare method of analysis, a Gvalue of 1.1 In other wordk,
our experimental resUlts are in dose agreement with theirs,
andwe differ only inthe |rter||oretat|m; this hinges entirely
onthe question of howstrongly the products alssorb at 280

The Journal of Physical Chemistry, VoL 81, No. 4, 1977
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Figure 2. (Left ordinate, curve A) Absorbance of irradiated 0.2 mM
adenine solution at 260 nm. (Right ordinate, line B) G(-Ade) calculated
from results of the Davis-Morris method; (line C) apparent G(-Ade)
calculated from (dA280dD) assuming tv 260 = O.

nm
_ Inorder to resolve this question, we took recourse inan
independent, highly specific method for cletermrg::‘(g];|
adenine, the colorimetric test devised by Davis
Morriss The inventors of this procedure nstrated
that 14 purine and pyrimidine derivatives did not interfere
with the determination of adenirne, and we have ascer-
OO OO +-yErDGECEITe, 46 GATID.
itional compounds, s-hydra ine, 4,6-diamino-
5-formamidopyrimidine, and isoguanire.
_ The resullts of applying the Davis-Morris procedure to
irradliated adenine solutions are illustrated by line B in
Hgure 2, which isalinear leest-souares fit to the calculated

ues of —A\dﬁ. Inthis instance, extrapolation to zero
dose gives ue Go(-Ade) = 184 nolecules/(100¢€V).
Eight i determinations of Go(-Ade)

194+ 01 1.e, the reproducibility is quite satisfactory. It
is of course to be expected that this result should be larger
than the values reported previously. _

i0n 2can now ke to determire the value
of the average of sorme 40 determinations wes 5500
+ 1100, This result is not very precise because it had to
ke derived frommeasurerrents of (Ao - AD at low dosss,
which are inevitably subject to large errors. Honever the
T i SpEroeen o o iy O T Teckohas of

r 0 0 iolysis
biologigglr@ irr%nt compounds hes been to ]‘oc):ﬁs at-
tention on the deconposition yield of the original sub-
stance, because that Is the phenomenon of critical im+
portance fromthe biological point of view:. The identity
of the is of lesser inportance, although insore
cases they may have a biological effect of their oan In
the present context, it wes also pertinent to knowwhether
the products might interfere with the Davis-IVorris test.
For these reasors, a Famal analysis of the products wes
carried out by thin-layer chromatography and by rmess
TG0l G ot Wl Loy o0k, BeSchs
eight we , esi

that of ade?l?re (¢ ga\l/e) %he abservation confins our
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TABLE Il; Chromatography and 10-eV Mass Spectra of
Radiolysis Products

Thin-layer chromatography Spectrometry
Rf Vale Probe
Spot System System Mass/  temp,
no. A B Yield“  charge °Cc*
179 30
1* 0.70 0.51 -3 +1 15 20
2g 0.61 0.63 0.15 46 30
60s 55
39 0.58 0.42 0.5 66 130
4 0.54 0.52 0.15 88 130
96 130
5 0.51 0.51 0.3 108g 130
6« 0.43 0.50 0.4 111 210
125¢g 120
7 0.39 0.32 0.3 129 130
8 0.38 0.55 0.2 135« 130
1519 150
9 0.35 0.27 0.2 153g 140
Rf value Principal ions*
Sys-  Sys- Probe
tem tem temp,
Compound A B e X% m/e °cd
Adenine 0.70 051 13400 135 (100) 130
108(31)
Urea 0.61 0.63 60(100) 55
17 (15)
8-Hydroxy- 0.58 0.42 10100“ 151 (100) =220
adenine
1f 0.43 0.50 4600* 153 (100) 170

125 (32)

“ (Counts in spot)/(chatige in counts in adenine spot);
approximate values, averaged over the range 130-540
krads. b Temperature at Which ion first appears. “ Num-
ber in parentheses is the abundance of the ion relative to
the principal peak; only ions with relative abundance > 10
are listed. d Temperature at which the molecular ion is
most intense. “ In agreement with Cavalieri and
Bendich.” f 4,6-Diamino-5-formamidopyrimidine.

g ldentified with known compound in bottom part of
table.

supposition that to determine all the radiolysis Lcts
would be a laborious undertaking. \Nehave?/crjsentﬁ)iri%gore

of the products (Spot 2) as ureg; to our knowledge, this
Ict hed not been reported ously. Since the urea
IS radioactive, it must core, at least in part, fromthe C-s

atom of adenire. Two other products are s-hydroxy-

PGS (1 Soct ) (b6 FrorL e PR e epr
midire (I, spots);

pyn'ws_lys,e Ass?%ttedam/e, I and 11 do not interfere with
Davis-Moirris test.

The ess spectrophotormetric results cannot be inter-
preted unarmbiguously.  However the mess spectra are
consistent with the presence of the aforermentioned
mdent’f’ec’iam of soe additional ones which we have not
Identified.

I 'and 11 account for a mejor fraction of tZ8) Their
contribution can be estimated by substituting the ap-
propriate values of G(U)) and e from Table Il and the
value of G(-Ade) = 19 Into eq 2, as followns;

el + I1) = (1/1.9)(0.5 X 10100 + 04
X 4600)= 3600 G)

This leaves a remainder of some 1900 for the equivalent
absorbance of all the other products, which account for

about half of the adenine deomposed._
The results thus provide a self-consistent and largely
unabiguous interpretation of the radiiolysis process.
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only uncertainty concerns the identity of sore of the
products. It should be noted that, if any of the uniden-
tlfle\%[)rod.m sore color in the Davis-Morris test,
the value of G(- a%av\ngdbee\mh her than that which
hes been quoted >, This possibility cannot be ab-
solutely excluded, but it is very unlikely in view of what
is known about the radiolysis process and the unidentified
products.
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-lTE“

chrometographic” partition coefficients of eleven solutes at infinite dilution were rmeasured as a function
of compasition ip four binery sohvenis at 45 °C. The birery liquid pheses were formred by utilizing a concersable
inthe carmer ges. The nolecular sizes of the were di

and the systens

were
| t0 test several nonelectrolyte solution theories. It isshoan anell’s“mmcmrﬁﬁmﬂmy’

for most of the

studied and that the Hory-Huggins theory provides a

although i perfect, Cescription of (e perticUlar SysterTs imestcpie

In the last decade, gas-liquid chrometography hes
proven to be an a_oclJ_ratgéjsa_nggllI convenient tgn que for
measuring vapor-liquid equilibria data for norelectrolyte
systervs, This is especially true in the low concentration
ranges (infinite dilution) normally inaccessible by static
Vapor pressure measurerents. The primary data usually
obtained are the “chromatographic” partition coefficient
and the Raoult’s law activity coefficient of the volatile
solute in the stationary liquid Fme ) )

Binary liquid Rteweses have also been investigated by
several authors. There are two rmain purposes for this type
of investigation. Ore is the attempt to control the se-
lectivity of a chrormt(%g;amlc colum by using mixed
liquid phases and the other is an attermpt to messure the
equilibriumcorstants for the weak type of conplexes, such

as charge transfer, it bonding, or H bonding conplexes,
bet\/\eenﬂwesolutearrﬁorero%qwentofa inary liquid
phese. The latter type of investigation hes i agreat

deal of controversy, e iaIIE/ iInvolving the 1SON
of compl exfom"atrsi‘ym et dattafromng ol ,

UV-visible spectrophotometry, and nuclear megnetic
resonance Spectroetry. )

_ Pilgrimand Keller: reviewed the general area of mixed
liquid phases in 1973 and pointed out the multiplicity of
empirical and theoretical eguations which “fit” the par-
R g 2 et irst uggstetasi

i asi
between the “chromatographic” partition

e relation
cient ofa

solute, i, ina binary solvent, A + S, and the composition
of the liquid pfngg Several authorss s have used the

equation

CRDAYS - (RDA
-J L
1\wA + Ws i @)
where (iR)j is the retention tine of solute i in liquid phes
J and w;j is the weight of conponent j in the mixed liquid
. This equation wes shoan to be accurate for over
100 %htrorratogradﬁ}csyst%nt}s]eb[ypl%ttlng (Exyars vs. e
weight percentage of one 0 Iquid phase components.
V?alenundzkl, Soczewinski, a% SUPryNOWiCZs 7 pro-
posed an equation of the form

In (fe)Ais = & 1« (fé)A + $sin (fei)s ()
where () is the partition ratio (noles of i in the liquid
phese per nole of | inthe ges phese) of solute, |, insolvertt
J, ad j is the volurre fraction of j inthe liquid
phese.” The partition ratio is equal to the ratio of the
retention time of a solute to the retention tine of air or
another inert solute. Thus, eq 2 predicts a linear relation
between In |Rarrjlhe_|_\t/1olu"refra_ctlm oforeoﬁ{\e&qjld
phase components.  This equation wes shoan to be ac-
curate for 17 chrometographic , although the
authors laters nodified eq) > to include a termto account
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for the excess free energy of the solvent mixture,
A third form of equation wes derived by Reznikovs 1o
fromthe Van Laar equation for the activity coefficient as

a function of solvent ition. This wedaform
of relative partition icient and utilized the folloning
expression

In(Aelats=oa (Krel)a +05:° (Krel)s

+ pA@s In (ta)s (©))
VA

Where Syﬁ)s is the activity coefficient of AinSand __is
the nolar volurme of component j and the subscript STD
is used to denote the standard. 6, is an “effective” volume
fraction. If u, and o5 are sl relative to va, the cor-
relation term of eq 3 can be neglected and Reznikov
showed that this simplified version of eq 3is valid for 75
chromatographic system ]

Recently, Purnellii-4 investigated a large number of
systenrs and found that a sinple ion Wes adeguate
10 describe the vast mgjority of the systens involving two
nonvolatile liquid pheses over the entire range of com-
position
(V) )m”™ aM a+ « | s 4)

where (k ~), is the chromatographic partition coefficient
of solute i at infinite dilution in solvent {).etguwmell ﬁosr
tulated a nmodkl to explain this type of ior which
involved the idea that the two liquid pheses “exist in their
necrascopic solutions as microscopically inmiscible grous
of like nolecules- 13 ) )

_ Martiress hes criticized Purnell’s “Microscopic Parti-
tioning Theory” and 1 an alternate modkl for
complexing systens 16,17 ire suggested that the as-
sociation constants measured chromatographically were
actually a combination of termrs measuring both chermical
(conmalexing) and physical (solution) effects.  This resulted
in an equation of the form

|n£i|'i5;’ S| _AfAT a:CA ®
y mmJ

=— (ys“ uva)+ MxOs - M xDa + «2
us

«2= - ¥a(xX)s

(y ™) is the infinite dilution activity coefficient of the solute
I'in solvent j; CAis the nolar concentration of the nod-
erator or agditive, A,_and (X)j is the Hory- ins in-
teraction reter for i in sol 1 The
partition coefficients are related to the activity cients
and conplex formation constant, k u by thé equation

(KROM M Vs
(Kﬁo)s (7m [1 + X, (7A)mca] (6)
In systerrs where strong cherical interactions or conplex

formmation is not favored the partition coefficients can be
related directly to .« anda2 )

Under certain conditions, Martire’'s equatiors (eg5and
s) Wil re((ine4§o a}?%antlon Ofcﬂ;%same fc;"rmﬂ?glg.l&_ﬁws
equation . If (aC™ + a2CA) « is a
Iinearfun'([:toeiqmofCAi.e, (VANVE T+prca theneqband
6 IECLDE

(" r)m

1+ ki1+ai)CA+
(*Ri°)S

+ rii)

, T az Ca (7
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TABLE |I: Physical Characteristics of the
Chromatographic Columns
%  Liquid
Coat-
Liquid phase Solid support ing vol, ml
1. Dinonyl-  Gas Chrom Z (60/80) 115 236
phthalate

2. Squalane  Gas Chrom Q (60/80) 134 259

3. Squalane  Gas Chrom Z (60/80) 107 228
TABLE II: Molar Volumes and Partition Coefficients of

the Solutes in Pure Benzene and n -Heptane at 45 °C

Molar Partition coefficients

Solutes vol, M1 Benzene n-Heptane
n-Pentane 0.120 122"
rc-Hexane 0.135 345b
n-Heptane 0.151 977e 1,140
Ethanol 0.060 136d 8.7~
Acetone 0.076 295d 45
Acetonitrile 0.054 326d 24.8«
Nitromethane 0.055 763d 53
2-Butanone 0.092
Cyclohexene 0.110 521e 540
Cyclohexane 0.104 545
Benzene 0.091 402.8«

“ Reference 20. b Reference 21. c Reference 22.
d Reference 23. ¢ Reference 24. f Reference 25. « Ref-
erence 26.

If the terminvolving Caz is simell and the volurre of nixing
Is zero, so that OA=c aua, then eq 7 becormes identtical in
formwith eq 4

1+|'| <A 8
(*Ri°)s ()

Because of the fact that both the micrascopic partitioning
theory of Pumell and Martire’s additive contribution
predict a linear variation of GkrOnwith oA under

the condiitions given abowe, it hes not been possible to test
these two S by chromatographic studies alore.

Previous ges chrometographic investigations of this
nature have always involved the use of two high nolecular
weight, nonvolatile liquid a5 0o AandS
sothat w «  va~ vs S0 the conmbinatorial contribution
to issmall. The interaction parameter contributions
t0 <i and a2 are also sall for mixed liquid phases:s and
(rﬂ?a)pr‘ms gererally observed to be a linear function of CA
oro

A chromatographic investigation could be used to
distinguish between the two models if the conditions were
rerroved which allowthe reduction of eq 7 to alirear form
(egs). This_can be dore by utilizing a low nolecular
retiapric 40 Proga Loty ks ity S o 1

ic lioui riform n
this Gose v —vh« e, both te am'lnatoria}llgard
interaction pararreter contributions to a, and a2 are larger
than for mixed liquid pheses.

Experimental Section

The experinments were carried out |
chromatographic technigquess using different nole frac-
tions of berzere or n- in helium as the binary

carrier The ical characteristics of the

oolumsg?re gi_vm%able I. The partition coefﬁgj@d
of the solutes in pure berzere and n-heptare aloggvmh
the molar volunres of the solutes are given in Table L.
The nolar volumes were calculated the density-

tenperature relations given by Dreisback.r and others s

(K rD)M

normral frontal
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TABLE III: “Chromatographic” Partition Coefficients for a Series of Solutes in Squalane Plus Barzere at 45 C

Solute Partition coefficient
n-Pertane 807 44 708 740 24 812 874 871
nHexane 1717 1832 1902 231 287 2302 2408 231
n-Heptane 4815 5110 5714 6036 5/28 6004
Ethanol 197 215 6 276 20 65 432
Acetore 238 31 402 453 430 66.0 669 09
Acetonitrile A7 25 05 A9 04 Q06 819
Nitromethane 372 465 629 23 &0 1273 1285 1710
2Butanone 89 1005 127 1384 1457 1.7 L6
Ca,M 00 0% 131 213 2% 4 512 122
CA(Lit.),M 00 0% 1.20 190 242 510 475 745
A 0.0 00 0.11 Q16 019 031 032 040
T TR B T
Ya 0.0 o (01074 (010°) 0.11 018 017 018
TABLE IV: Partition Coefficients in Squalane Plus nHeptane at 45 C
Solute Partition coefficient
nPentane 807 68.1 734 Ml 87 &H6
RHexane ‘%Lg 1938 211.6 251 2276 2434
EthanolI 197 203 203 21.6 07 20.0
Acetore 238 236 36 X2 4
Acetonitrile 207 191 199 04 04 20.2
Ni 37.2 38 402 411 414 411
2Butanone 89 31 B6 1003 102.8 1104
ohexane 3229 368 359 36 3B7 402
ohexene D3 3306 4068 4152 4230 4362
/89 2729 2337 207 209 330
@M 00 Q73 19% 207 329 [
CA(Lit,),M 00 080 189 198 32 6/5
A 0.0 0.10 023 Q24 033 050
*A 00 (0] 051 053 oA 078
vL,ml 228 252 295 29 341 4%
Ya 0.0 0.02 0B 0105} 006 (0102]

The partition coefficients of the solutes in pure benzene
were calculated from published activity coefficient datazo-24
from the simple relation

RT
(E“0* =< ~ x 9)

There is little data in the literature for systems involving
n-heptane at 45 °C. van Ness et al.25 studied ethanol in
n-heptane and Palmer and Smith2s presented data for
acetonitrile and benzene in n-heptane. The additional
partition coefficients in Table Il were estimated from the

detector was used for all the studies and the sensitivity loss
was not serious because the mole fraction of additive in
the carrier gas never exceeded o.2. The nonvolatile
component was not stripped from the column by repeated
saturation and the HEPT values for the solutes with a
binary carrier gas were very close to the values at the same
velocity for pure helium as the carrier. The instrument
was equipped with a detector at the inlet of the column
and another at the outlet so the detector response was
negligible when there was no concentration gradient in the
column.

relative retention volumes (based on benzene) of the so- Results
lutes on a column of uncoated solid support with a binary The partition coefficients of eleven solutes at 45 °C in
carrier gas containing n-heptane. At high n-heptane four binary liquid phases are given in Tables I11-VI.

pressures an unknown amount of n-heptane condensed on
the uncoated support and the ratio of partition coefficients
could be estimated from the relative retention times of the
solutes compared to benzene or any of the other solutes
for which an independent measurement of the partition
coefficient was available.

The amount of additive (benzene or n-heptane) dis-
solved in the nonvolatile stationary liquid phase was
calculated2s from the retention volume of the sharp
boundary or “break through curve”. After the columns
had equilibrated with the binary carrier gas, the solutes
were injected in the normal elution mode with sample sizes
in the range 0.2-0.5 til. The partition coefficients were
calculated from the net retention volumes by the relation
X R = VN vL The flow rate of the binary carrier gas was
measured from the residence time of an air peak in an
empty column.2o

The gas chromatograph was a Beckman GC-65 modified
for frontal chromatography.a1 A thermal conductivity

These tables also give the measured values of the con-
centration of moderator in the binary liquid, CA in units
of moles per liter of component S; the volume fraction, oA
and mole fraction, x A, of the moderator; the total volume
of the binary solvent; and the mole fraction of component
A in the gas phase, YA The range of mole fraction, X A
covered in the experiments was relatively high, 0 < x A <
o. 8, however, the range of volume fraction was much lower
due to the low molar volumes of the moderators compared
to the nonvolatile chromatographic liquid phases. The
total volume, v L, was calculated on the assumption that
the volume of mixing of the solvent was negligible, i.e., VL
= nAvA + nsvs.

The net retention volumes could be accurately measured
with a precision of about 1-3%. However, the value of CA
measured from the retention time of a sharp front, was less
precise. Ashworth and Everetts2 studied the same systems,
1 e, benzene and n-heptane in squalane and dinonyl-
phthalate at 20, 30, and 40 °C in a static system. These
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Volume Fraction of Benzene
Figure 1. Chromatographie partition coefficient of rvhexane as a function
of liquid phase composition: (O) squalane; (O) dinonylphthalate; (O)
value calculated from the infinite dilution activity coefficient of n-hexane
in benzene.

Volume Fraction of Benzene
Figure 2. Chromatograph c partition coefficient of n-heptane as a
function of liquid phase composition: (O) squalane; (O) dinonylphthalate;
(O) value calculated from the infinite dilution activity coefficient of
n-heptane in benzene.

data extrapolated to 45 °C are included in Tables 111-V1

and the deviation of the chromatographic and static CA
values is usually less than 5% with a maximum deviation
of 12%.

Both Purnell’s microscopic partitioning theory (eq 4)
and the simplified version of Martire’s additive contrib-
ution theory (eq 8) predict a linear variation of (K k ()m with
the volume fraction of the moderator, cpa. The experi-
mental data are limited to $A < 0.5 because of the basic
limitations of frontal chromatography. In this range, most
of the systems exhibit a linear or nearly linear variation
of the partition coefficient with $A There are some
systems which are obviously nonlinear even over this
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Volume Fraction of Additive
Figure 3. Chromatographic partition coefficient of ethanol as a function
of liguid phase composition: (O) benzene in dinonylphthalate; (O)
benzene in squalane; (m) n-heptane in dinonylphthalate; () n-heptane
in squalane; (O) value calculated from the Infinite dilution activity
coefficient of ethanol in benzene; (¢) value calculated from the Infinite
dilution activity coefficient of ethanol in n-heptane.

Volume Fraction of Additive

Figure 4. Chromatographic partition coefficient of acetone as a function
of liquid phase composition. The symbols are the same as in Figure
3.

restricted range, e.g., most of the solutes in the system
benzene/squalane.

It is obvious that, even though the systems may be linear
at 6 < 0.5, most of the experimental data do not follow eq
4 and s, because the linear relation at low concentrations
does not extrapolate to the correct value at $A = 1, as
shown in Figures 1-6.

Theory

For noncomplexing systems, the ratio of the partition
coefficient of an infinitely dilute solute in a binary solvent,
M, to that in a pure nonvolatile liquid phase, S, is given

by

(Kri®)m _ (7°°)s”s ,im

As long as the concentration of solute in the solvent is very
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TABLE V: Partition Coefficients in Dinonylphthalate Plus Berzene at 45 C

Solute Partition Coefficient
n-Pentane 41.4 46.2 50.1 52.1 56.5 58.9 61.7
n -Hexane 112.2 127.8 140.2 144.6 159.9 164.8 175.7
n-Heptane 303.8 351.1 387.3 399.9 447.0 465.7
Ethanol 98.9 101.1 105.6 103.2 113.0 104.3 102.8
Acetone 96.5 113.1 120.9 121.5 131.2 134.2 148.6
Acetonitrile 150.6 166.1 180.2 186.9 201.2 193.0 206
Nitromethane 378.3 533.2 618.4 483.2
2-Butanone 255.1 305.8 329.0 335.2 368.4 365.9 411.0
Cyclohexane 219.0 261.1 278.2 286.5 305.7 310.3 339.6
Cyclohexene 299.4 352.2 375.6 385.6 411.4 417.4 458.7
Benzene 354.5 526.1 631.0
ca,m 0.0 1.87 2.52 3.15 4,15 5.50 8.81
CA(Lit.), M 0.0 1.78 2.45 3.03 3.62 5.54 8.80
-Pa 0.0 0.15 0.19 0.22 0.28 0.33 0.45
0.0 0.45 0.53 0.58 0.65 0.71 0.80
VL, mi 2.36 2.76 2.90 3.04 3.25 3.53 4.26
0.0 0.07 0.08 0.09 0.11 0.13 0.15

TABLE VI: Partition Coefficients in Dinonylphthalate Plus nHeptane at 45 C

Solute Partition coefficients
n -Pentane 41.4 42.1 50.4 50.8 55.3 57.9 66.2
n-Hexane 112.2 116.2 138.9 143.6 154.3 164.4 188.6
n-Heptane 303.8 329.5 542.5 581.0
Ethanol 98.9 97.0 91.7 94.8 91.2 82.8 78.1
Acetone 96.5 94.4 92.4 94.9 91.6 85.2 84.7
Acetonitrile 150.6 146.9 134.4 137.0 130.1 114.6 108.1
Nitromethane 378.3 375.5 343.3 339.9 323.2 284.1 276.4
2-Butanone 255.1 256.3 253.8 259.6 256.4 243.9 240.7
Cyclohexane 219.0 229.0 261.1 269.2 281.1 296.4 330.2
Cyclohexene 299.4 324.7 337.7 347.1 358.7 368.8 407.9
Benzene 3545 368.1 378.2 386.3 386.1 380.2 390.8
Ca,M* 0.0 0.15 1.00 1.04 151 2.74 3.40
CA(Lit.),M 0.0 0.15 0.90 0.95 1.30 2.40 3.00
oA 0.0 0.02 0.13 0.14 0.19 0.29 0.34
*A 0.0 0.06 0.31 0.32 0.40 0.55 0.60
VL, mi 2.36 2.41 2.72 2.73 2.90 3.33 3.57
0.0 0.01 0.04 0.04 0.05 0.07 0.07

Volume Fraction of Additive
Figure 5. Chromatographic partition coefficient of acetonitrile as a
function of liquid phase composition. The symbols are the same as
in Figure 3.

low, i.e., infinitely dilute, the Flory-Huggins theorys2 can
be used to describe the activity coefficient even for systems
which may have very complex free energy relations at
higher concentrations.

IN(7@*)s=In™- +1- ™~ + (X)s (11)
Vs us

Volume Fraction of Additive

Figure 6. Chromatographic partition coefficient of nitromethane as a
function of liquid phase composition. The symbols are the same as
in Figure 3.

If a similar relation holds for the binary solvent

(Kr°)m r“L
(K R°)s WA

In = Uisa + (Xi)s “ (xOm (12)
/\Sj
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Tompa i! has suggested that (x,)m is a simple function of
dA and oS for systems in which us > va

(xOm = (X)s<i>s + (X)AdA * —  (xA)s<i>A0s (13)
VA

Substitution of eq 13 in eq 12 gives

1 ARi )M . ‘r 2 1"l \
In'tv o1 =tt' + a20A (143
Ari)s
a,=— - — + (XOs “ (Xi)A“ o-i
VA VS

,  -Vi,
a2 - . (XA)S

Equation 14 has been derived previously by Martire:s in
a slightly different form.

The experimental data are not sufficiently precise to
evaluate and a{. However, all of the experimental
parameters necessary for the calculation of a { and a { are
available in this case. The interaction parameters (xi)s can
be obtained from the retention volumes of the solutes on
a column containing only pure S. The (x;)a values can be
obtained from the static activity coefficient data, and (xA)s
can be obtained from the retention volumes of benzene and
n-heptane on pure squalane and dinonylphthalate. The
parameter (xa)s > VEry difficult to directly evaluate for
systems involving two nonvolatile components in the liquid
phase.

The interaction parameters of the solutes on each of the
pure liquid phases were calculated from eq 9 and 11, and
are presented in Table VII. The data from Tables Il and
VIl can be used to calculate the (KR)M= f(0A) data for
those systems for which (D a is known. The results of
these calculations are shown as the solid lines in Figures
1-6. These figures show that eq 14 is a relatively good
representation of the observed data although there are
obviously systematic deviations. However, there is little
doubt that the simple relation given by eq 4 or g is not
adequate for these systems. The data can be fit exactly
to an expression of the form of eq 14, by using a.{ as an
adjustable parameter, however, this term then loses it's
physical significance. Because of the limited range of
volume fraction, the values of a { obtain by curve fitting
techniques are very imprecise and of questionable value.
Although eq 14 is not exact it is a far better model than
any previously proposed.

The use of relative partition coefficients as suggested
by Reznikovy'io can be very useful and the system can be
described by a much simplier model. The expression for
the relative partition coefficients is

In (*Ri°®)M _ (*Ri°)s
(A Rj )m IA R )s
+ (R2.i- azjKoA (15)

“1Lj= (yi- l’%)'_;a - A—Sjl + (Xi)s - (Xj)s
- (XDA + (XDA + (a2i- a2J

«2.i- <2)= g/J-—————\—{I)(’XA)’S
VA

In a case where v, ~ u} or if (x a)s is small, the term in-
volving o0A2 is negligible and eq 15 reduces to a linear
equation. In particular, if the partition coefficients are
measured relative to a series of normal hydrocarbon so-
lutes, the retention indexss of a solute should be a linear
function of 6A and extrapolate to the value calculated for

pure benzene or heptane, if a2;- aj is small compared to
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TABLE VII: _ Interaction Paranreters of the Sdlutes in the
Pure Liquid Prhesss and Pure Additives
Dinon;il-
- Benr
Solutes ‘Tg“g ae zee
i
nHexane ]
n#%re (o7 07 0307
= 38l 222 242 383
o M 1R D 4%
itri
NCt?onemane 38 148 16 36/
2-Butanone 1% 0

0116

%éohexane
ohexene
0] 0218 oo

2

Volume Fraction of Benzene

Figure 7. Plot of the retention index of three so utes as a function of
the volume fraction of benzene insqualane: (O) 2-outanone; (A) ethanol;
(O) acetone. Open symbols for squalane. Closed symbols for di-
nonylphthalate.

«l i- a,j. Figure 7 is a plot of the retention indices of three
polar solutes as a function of the volume fraction of
benzene as the additive. In all three cases the plots are
linear, however, this is not generally observed. The same
type of plots for the other solutes and moderator were
generally not linear.

The fact that the retention index is a linear function of
dA in some cases suggests a very convenient method for
measuring partition isotherms. The retention index is a
very easy parameter to measure experimentally and could
be used to measure the concentration of the additive in
the liquid phase from data for the solute in the two pure
components (liquid phase and additive).

Discussion

The main difference between binary liquid phases with
two nonvolatile components and those with one volatile
component is the significant disparity of the molar volumes
of the liquid phase components. This causes a large
contribution to the configurational or athermal portion of
the activity coefficient of the solute, which will be a
sensitive function of the liquid phase composition. In the
case of mixed (nonvolatile) liquid phases, va ~ vs, and the
configurational contribution to the solute activity coef-
ficient will not vary significantly with 6A. This means that
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a/ will be smaller and a ¢ Will not be significant because
ua» ur AlSo, the distinction between weight, mole, and
volure fractions is obscured mtheczaseofblnarysolvents
with components of similar molecular weight and size.
The matherretics is sinplified corsi y by the use
of mixed (mrwolatlle) Ilqu ecFm and thls may be the
pli fo(r)fﬂe 0frfg’hermdel I%
ication “m C partitioni "
other solution theorcﬁggczofg| pert
In tlhls study the rrﬂfaé\iolurgm of the solutes and the
voatleoonponento iquid phase were conparable
and nmuch smller than the nolar volunre of the nonvolatile
liquid phese, ie, v, ~ va« LB, Inseveral cases, v: > va,
ada( > (xa)s. Theay termissignificant in this caseand
the plot of In (AFPYNI(ARs will be nonlinear. A distinct
of this type of experimental approach is the
ability to measure (xa)s directly which is difficult, if not
imposSsible, for mixed (nonvolatile) liquid pheses. How-
ever, it is only possible to measure an unanbiguous value
of X for erms in which the solute exists in an un-
complexed form in the pure solvent or additive. If the
solute exists in a conplexes form then it is inpossible to
separate (>d)afor the uncorrplexed solute from the for-
on constant for the conlex and the measured (iU
vuII be a_function of both as pointed out by Martire v
There is an dovious, systerretic deviation of the data
fromthe lire prediicted by eq 14 in several cases where a
< Q i.e, for ethanol, acetonitrile, and nitromethare. In
these cases the a{ value calculated is too large and the
experinental data appear tofit a linear equation inwhich
a{ =Q However, in many other cases it is obvious that
a2 is finite and the linear relation between the partition
coefficient and volunre fraction conrposition dboserved by
Purrell is not a universal characteristic of nonelectrolyte
solutions. The Urarylquldthes oorrpaaedaftv\o hlgh
nolecular weight, nonvolati a special
class of solutions in which a ¢ is negllglble The well-
studied Hory-Huggins theory provides a reasornable ook
for nonelectrolyte solutions and can be used to inte
all of the observed data, It is not necessary to i a
nodkel involving “micro-immiscibility” of the conporents

of a binary liquid phase.
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An extension of group additivity techniques has been applied to the prediction of standard gas-phase heats
of formation, intrinsic entropies, and heat capacities for polycyclic aromatic hydrocarbons (PCAHSs) consisting
of six-membered rings. The proposed method is easy to apply, is more accurate than previous estimation methods,
and converges to known thermochemical properties of graphite for very large, highly condensed PCAHs. The
average difference between predicted and measured A H ° 298 for eleven PCAHSs is <2 kcaFmoT: and generally
falls within experimental uncertainties. The largest deviation, 6.7 kcal moll, occurs for perylene; this may
be due to the inability of the proposed scheme to account for “destabilization” of aromatic systems due to the
presence of rings that contain only exo-type bonds. The group additivity method has also been shown to reproduce
measured AH°.m values for substituted naphthalenes with an average deviation of 1.2 kcal mol 1 compared
with an average experimental uncertainty of 1.4 kcal mol'l Predicted entropies for gas-phase species agree

with the rather limited existing data.

Introduction

The chemistry and properties of polycyclic aromatic
hydrocarbons (PCAHSs) have been of practical and the-
oretical importance for many years. These compounds are
of special current interest as key intermediates and
products in carcinogen and soot formation processes and
in coal conversion processes.

To begin to develop mechanistic models for these
processes, we must have reliable values for standard
gas-phase heats of formation (AH °:m ), intrinsic entropiesl
(Sint°298)> and heat capacities (cp°T). Gaseous heat of
formation data are available for a number of ortho-fused
PCAHSs (rings oriented as chains, as in chrysene), and for
two peri-fused PCAHs (pyrene and perylene). Accurate
5°208 and c ° T values are available for very few PCAHs.

Several schemes of varying accuracy and complexity are
available for estimating A H ° 2gs for substituted and un-
substituted PCAHSs,2 5 none of which can be used to de-
termine Sintc298 and cpP° T. We report here an extension of
group additivity (GA) methods67 for estimating the above
three thermochemical parameters. This extended GA
method not only allows a straightforward prediction of
entropy and heat capacity of PCAHSs, but also reproduces
known A H °m values with smaller average deviation than
any other comparable method.

Method

The present GA scheme uses four groups for unsub-
stituted PCAHs.s The C-H group in benzene [CB(H)]
is used unchanged from previous group values.s Three
groups associated with carbon atoms located at the border
of two or three fused rings, CBF, are distinguished;10 these
are [CBf~(CB2(CBF)], [CbfMCb)(Cbf)2}>and [CBit~(CBr)3].
The first CBF group may be recognized as the unsubsti-
tuted carbon in naphthalene and anthracene and inher-
ently contains 1,5 H,H repulsion energy. The simplest

§ This workwes performred for the United States Energy Research
and Development Administration under Contract No. E(49-18)-2202.

1 Present address: Department of Chemistry, West Virginia
University, Morgantown, W.V. 26506.

I Present address. Department of Chemistry, University of
Southem Califormia, Los Angeles, Calif. 90007.
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illustration of the second CBFr group is found in phenan-
threne; each of these groups contains half of the 1,6 H,H
repulsion energy. The third CBPgroup is identical with
a carbon atom present in a layer of graphite, free of in-
terplanar interactions; each of the two interior carbons in
pyrene are members of this group.

Additivity values for these three groups, presented in
Table I, were based on thermochemical data reported in
or derived from the literature. Figure 1 illustrates these
groups in benzo[a]pyrene.

For the [Cbf(Cb)2(Cbf)] and [CBr(C b)(Cbf)2] groups,
Alto298 values were derived from the measured values for
the heats of formation of the ortho-fused PCAHSs listed
in Table II.

In the calculation of entropies and heat capacities, the
contributions of these two groups are assumed to be
equivalent. That is, the group values for S°28and cp° T
for these two groups are the same, which is equivalent to
the assumption that the intrinsic entropies and heat ca-
pacities of anthracene and phenanthrene are equal. Values
of s~ for these groups were obtained by fitting calculated
entropies to entropies derived from experimental data (see
later).

Heat capacity values for the [CBf_(Cb)2(Cbf)] and
[CBr(Cb)(CBRNZ groups were simply derived from the
published values for naphthalenell by subtracting the
contributions from the eight CB(H) groups.

Since the [Cbf(C Bf)3] group is similar to a graphitic
carbon atom, and since little data are available for PCAHs
containing this group, values for this group were derived
from graphite. Thus, convergence of calculated ther-
modynamic quantities to a “gaseous” graphite layer for
very large highly condensed PCAHSs is assured. Since the
heat of formation of graphite is defined as zero, and the
heat of sublimation per carbon atom for large, fully
conjugated PCACs have been measured to be 1.45 + 0.10
kcal mol1,1213the heat of formation for this group is set
at 1.45 kcal mol'l

The value of Smt° z)8 was derived in the following manner.
Consider a very large layer of graphite in the bulk phase.
The entropy per carbon atom is141.36 cal mol'1 K 1 If the
bulk graphite is cleaved so that this layer becomes a surface
layer, the entropy gain per carbon atom,15 AS°298bulk —»
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TABLE I: Group Additivity Values
S° 2%, ca
keal mol 1 cpoT, calmol 1 K1
Group mol-t K" 300 K 400 K 500 K 600 K 800 K 1000 K
Cb-(H) 3.30 11.53 3.24 4.44 5.46 6.30 7.54 8.41
CbfHCbMC-bF) 4.80 -5.00 2.99 3.66 4.22 4.64 5.23 5.55
Cbf_(Cb)(CBFf)2 3.70 -5.00 2.99 3.66 4.22 4.64 5.23 5.55
tBF“(tBFh 145 1.82 2.08 2.85 3.50 4.03 4.75 5.14
TABLE II:  Statc203(gas) for PCAHs (cal mol" K*1
. AN298
Compound Se20g (solid)a  (sublim)/298 R InPvb R Inac Sint De@XPY) ®INt°29s(GA) A
Naphthalene 83.0+71° 82.2 -0.8
Phenanthrene 50.63 72.85e -29.57 1.38 953 %2 95.3 0.0
Anthracene 49.58 81.54e -38.71 2.75 952 £3 95.3 -0.1
Pyrene 53.75 81.00n -37.02 2.75 1005 + 3 98.9 - 1.6
J A_ 98.1 + 1* 98.9 +Os .
Triphenylene * 60.89 98.68c -50.5 3.56 108.6 + 3 108.4 -0.2
o Reference 11. b Py = vapor pressure at 298 K in units of atmospheres, see Table Ill. ¢ o = symmetry number.

d 3°208 (gas) = S%9, (solid) + aH 28 (sublim) + R InPv. e From ref 18.

' Reference 17. g From molecular properties

(see text).
TABLE I1I: Comparison of Extrapolated Vapor Pressures (Torr) at 298.15 Ka
Compound A, a2 C D Chosen value
Phenanthrene 13X 10" b 76x 10" 17 x 1074 2.6 X 10"
Anthracene 23 x 10" 11x 10 _ 10" 6.2 x 10"° 26x 10"
Pyrene 51x 10" 25x 10 22x 10" 6.6 X 10' 4.5 x 10 6.1 X 10"
Triphenylene 1.7 x 10 28 x 10" 70 x 10"

a Sources A,. H Hoyer and W. Peperle, z. Elektrochem., 62, 61 (1958); from Figure 4 in this reference.

A2 From

Table la in above ref. Theireasons for the discrepancies between this and source A, above are not known. B. Reference

12a,b. C. R S. Bradley and T. G. Cleasby, J. Cchem. Soc., 1680 (1953).

D. Reference 13. b An apparent typographical

error in Table la of this reference made it impossible to extract a vapor pressure for this compound.

A A

A = [Cb-(H)]

B = [Cbf_(Cb)2(CBFf)]
C= [CbF-(Cb)(Cbf)2 1
D= [CBf~(CBFf)31

Figure 1. Benzo[a]pyrene consists of 12 [CB{H)], 4 [Cor{CB(CHy],
2 [CB-(CB(CB)2, and 2 [CB-(CBJ3] groups.

surface) (identical with the grqmite basal plane surface
entropy), is 023cal nol 1 K *. This value wes derived by
T 7ramm' a Icareful ar_lalt)ﬁés of the surface
rties 0 ite. Its N context,
as&propem that %II of the surfla;%ﬁtropy ié)r@ent deposited only
in the layer at the surface. The sum of the change in
entropy per carbon in the surface layer upon ion
of this layer, ASBRsurface - ggs), and the surface and
bulk entropy (1.59 cal mobr K1), yields the ent C@
carbon atom in a graphitic layer in the ges Et‘eseropfl
(CBok).  Since no exerimental value for AS®ZRsurface
— opo) is available, 1ts value must be estimated. If the
assunption is mede that cleaving a graphite crystal just
belowthe surface plane to forma gaseous layer

as much asad within the crystal,
then AS°ZRsurface -»» ggs) = AS°® Ik — surface) =
QZ3CIa|I’Tﬂ31K'afﬂS°298C3\_( ] ]=1—&C&|I’T‘d1

K1 W\e choose this assumption in viéw of the relatively
sl interplanar interactions (145 kecal nob: per carbon

Since the surface heat capacity hes been calculated as
<0V @ cal mobr K-\ Go°t]GoH Cof)s] is taken to be equal

to publishedks values for raphite).
e Tor p o) cerived from

literature sources. Calculations with the “third-law’
method require accurate values for the entropy of the salid
heat of sublimetion, and vapor pressure, all at 28K, The
choice of the best value for the vapor pressure at 28 K
wes based on the different experimental values listed in
Table 111 and wes taken to be the geormetric mean of all

values.

From published vibrational frequenciesis and assumed
geonretry (C-C bond distance of 14 A and C-H distance
of LOBA), we have derived Sirt°o8for pyrere. This value,
given in Table 111, is 132 cal nol : K 1 higher than that
calculated by othersi» on the besis of equivalent data. W\e
are uncertain of the cause of this discrepancy.
reerrent between predicted and measured en-

able 1) falls within the uncertairties of the

MESSUrETENts. es for higher PCAHs could not be
calculated because of a lack of reliable experimental debta
W\ find that the predictions of c - by this GA method
for pyrere agree with c e 7 values k onthe vibrational
assignent of Bree et al 1 to within 04 cal mol: K 1 over
the range 300-1000 K i

This GA mrethod is expected to apply directly only to

The
tropies

PCAHSs containing six-mermber rlr%%lnoe groups Were
derived from compounds.  When nonhexagonal
aromtic rings are present (such as in fluorene and bi-

phenylene), additional “strain” is introduced into the
nolecule, resulting inan incresse in andalowneri
(Fs megag and cpe 7. Because of the. lack of reliable
data, and the meny different varieties of such strain, these
sfrechCQJr&mvembeemmorporatedlrtoﬂeprwentGA
technigue.

C)reanSditiorlal point conceming the applicability of
these groups to PCAHs needs to be dlarified. Somayajulu
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TABLE 1V: Comparison of CalculatedO and Experimental AH{ (kcal mol'])
AHP28(calcd)- AHFZB(expt)
Laidler-type Resonance o
Compound Allfe(expt)b GAC bond additivity'l theory® Expt precision
Benzene 19.8 0.0 0.0 +1.6 +0.13
Naphthalene 35.8 +0.2 0.7 -1.0 +0.25
Anthracene 54.4 -2.2 -1.1 -2.6 +1.1
Phenanthrene 50.0 +0.5 +0.4 -0.5 +1.1
Tetracene 67.8 +0.7 +2.4 +2.4 +1.1
Benz [a (anthracene 66.0 +0.2 +0.7 -1.5 +1.0
Chrysene 62.8 +1.2 +0.5 +1.2 +1.2
Triphenylene 61.9 -0.1 -2.0 +2.2 +1.1
Pyrene 51.6 +3.6 +5.0 +1.8 +0.4
Perylene 73.7 -6.7 -7.0 -3.0 +1.1
Benz [c (phenanthrene 69.6 -4.2 -6.3 -10.7 +1.2
Average 18[15]f 2.4[2.0/ 26[18yY 09 V

° All three schemes use four parameters. 1L Experimental values used are the same as those used in ref 2, except for the
application of the most recent measurement of the heat of sublimation of pyrene (ref 17). ¢ Group values as given in
Table I. d Bond additivity values as given in ref 20. ° Calculated inref 2. ¢ These average values exclude
benz[c] phenanthrene because of its unique 1,5 H,H repulsion. 4

TABLE V: Calculated* aH {°29 (kcal mol'l) for Large PCAHs

Group Bond Resonance Triatomic

additivity additivity® theory0 additivity™
Coronene 77.1 80.2 72.6 81.3
Ovalene 99.1 103.8 98.2 115.1
Circumanthrene 1211 127.3 119.0° 1475
Anthanthrene 74.2 76.8 76.1 74.0
Pentacene 84.6 89.0 86.8 93.9
Benz[a (pyrene 69.1 70.0 69.7 73.2
Benz [e (pyrene 67.0 66.7 67.9 70.9
Dibenz [a, c (anthracene 78.0 76.6 78.7 811
Dibenz[a,h (anthracene 80.2 80.0 77.8 825
Dibenz[a,j (anthracene 80.2 80.0 77.8 e 825
Benzo[1,12 (perylene 72.2 73.4 70.4 77.4
Dibenzo [a,1 (pyrene 85.2 86.3 91.4 95.0
Dibenzo [a,h (pyrene 83.2 83.4 88.1 89.8
Dibenzo [a,c (pyrene 81.0 80.0 84.7 90.5
Dibenzo [a, ¢(pyrene 83.2 834 85.9 89.8
Quaterrviene 129.0 127.0 142.2 160.4

° The first three methods are all effectively five-parameter methods, since they use a 1,5 H,H repulsion term derived
from benz[c]phenanthrene in the dibenzo [a,;(pyrene calculation. The triatomic additivity method uses nine parameters.

b Uses bond additivity values given by ref 20, p 587.
nance energy parameters given in ref 21, except where noted.

¢ Based on the five-parameter technique given in ref 2, using reso-
d Uses eight parameters given in ref 3.

° Resonance

energy contribution calculated to be 82.7 kcal mol'l, using the method of ref 21b normalized for use in calculations de-

scribed in ref 2.

and Zwolinskis have derived a formula, based on the ar-
guments of Nelander and Sunner,18 which point out that
AE, not AH, should be used in discussing ring strain, for
applying acylic groups to PCACs. They add /evRT to
AHf 208 to correct for this effect, wherev =6 + n -
for PCACs of formula C,,Hm

For PCAHSs containing six-membered rings, v is generally
equal to the number of [CB*(CBH3J] groups and is thereby
intrinsically incorporated into this group value. For
molecules where this equality is not perfect, errors will be,
generally, <o.2 kcal mol 1 in the calculated A H ° 29g.

Results and Discussion

Differences between measured A H f° 208 and values cal-
culated by our scheme and by three other schemes are
given in Table IV.

A four-parameter Laidler type of bond additivity
schemeis using values suggested by Cox and Pilcheras gives
less accurate heats of formation than the present GA
scheme. The superior predictive ability of the proposed
four-parameter GA scheme results from fitting its group
values to a larger data base; otherwise, of course, they
would be equivalent.4

The GA approach yields generally very accurate values
for all ortho-fused systems. The errors in pyrene and

2m,
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perylene are more substantial, and all these methods
predict pyrene to be less stable and perylene to be more
stable than observed. Such errors may arise from the
imperfect accounting for resonance energy by these
schemes. We expect relative errors of the present GA
scheme for larger peri-fused PCAHSs to be smaller because
of its forced convergence to graphite.

It is interesting to compute A H ° 2y for perylene as-
suming that the two nonaromatic bonds connecting the
naphthyl moieties are of the biphenyl type. Using groups
derived from biphenyl-type compounds by Benson et al.,7
A7/F2R8 is overestimated by 5.0 kcal mol”]; this assumption
leads to an underestimate of perylene stability.

A different approach to AH°.m calculation has been to
sum atom additivity terms, hydrogen atom repulsion
terms, and calculated resonance energy. The most accurate
such scheme has been reported by Herndon,2 who used a
startlingly simple extension of resonance theory,21 in which
resonance energies are related to the number of stable
KeKule structures. In Table 1V, this scheme, while it has
been shown to describe resonance energies as well as the
best current quantum mechanical calculations, is actually
less accurate than our more naive method. While
Herndon’s scheme vyields somewhat better values for
pyrene and perylene (even though the errors are still in
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TABLE VI: ison of Prgi(x ' rimental
aH{ leicalI mol™1) for Substrtut et%e

Aiff%8  Stated
Naphthalene Ai/f°2S (GA)- expt un-

substituent (expt)“ AJf°(expt) certainty Ref

1-CH3 27.2 +0.8 +0.5 b,c
2-CH3 26.4 +1.6 +0.6 b,c
1-NH2 37.7 -0.7 +1.7 b
2-NHj 35.5 +1.5 +1.3 b
1-OH -7.14 +1.0 +0.26 d
2-0H -7.18 +1.1 +0.27 d
1-cl 28.6 +0.3 +2.3 b
2-Cl 32.8 -3.9 +2.4 b
1-1 55.9 +0.8 +2.1 b
2-1 56.2 +0.5 +2.2 b
Av,dev +0.9 +1.2

0 Derived using substituent groups developed for
substituted and biphenyls in ref 7, along with
GA values in Table I. 6 See ref 13. ¢ R Sabbah, R.
Chastpl, and M. Lafitte, Thermochem. Acta, 10, 353
(1974*). d M. Colomina, M. V. Roux, and C. Turrion,
J. Chem. Thermodyn., 6,571 (1974).

the sarre direction as for the group and bond additivity
schenes), |t|smlya1meexperseofamderabl_lypoorer
fit to ortho-condensed systens.  Therefore, while we do

not ion the ral correctness of this approach,
basegﬁ%ereener%evr\fm available experimental evidence
we prefer the GA . Group additivity is easier to
use, especially for molecules with a very large number of
Kekule structures, and it nmore naturally fits into existing,
e 1o oot A - vl icted by
ISi ive to > values predi
different calculational schermes for PCAHs V\pg heats of
formation have not been experimentally measured. Table
V gives such a ison which also includes values
derived froma recent triatormic additivity methods using
eight paraneters to describe the PCAHSs (additional pa-
rameters were derived for less conmmon interactions).
Predicted values are gererally somewhat hlgiher
than for the three previously nmentioned schenes. The lack
of convergence to graphite for large PCAHS is a defect of
this schene. ] o
The GA theory results differ from bond additivity,

resorance t}‘eogl and triatormic additivi an averaFe
of21, 29 and 83 keal ol 1 per ty,byr&spectivey.
The nmost striking differences are for quaterrylene, a
nolecule that, like perylene, contains rings for which only
exo-bond structures may be written. _
PCTE&G@ m_ethq(dmls easily _gtxetended t(():ie\s/lé%;ggdmfeo?
. LSINg 1ale grous ceve

substituted berzenes. Table VI prediicted A °
with measured values for substituted lenes. The
resulting average deviation of 1 > kcal nol 1 is less than
the average experimental uncertainty of 1.4 kcal nol"L
There is no substantial difference inmessured A+ °m for
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a and Bsubstitution, except, perhaps, in the case of Cl
substitution. ) ) )

The question of the magnitude of substituent inter-
actiors hes fewquantitative arsners. However, inapplyi
known and assued interaction heats to the present
method, it must be recognized that a Cof-(Cb)(Cox)2
AH < m group inherently contains half of a 1,5 HH re-
pulsion term’ Thus, the additive interaction termfor the
15 HH repulsion in benz|c] threre is only 4.2 keal
not- (Table 11). The actual Interaction heat is prediicted
to be higher than this value by a 1,5 HH repulsion heat

term (given as 24 keal nol-: by He onmng to the
two C SEBF)Z groups used in the calculation for
A/ff°08 ly equal interaction terms for 1,5 CH3H
and 1,5 CHs,CHs repullsion termrs of 12 + 2 keal nol: can

ke derived from measured a + - ws for several substituted
three- and four-ring ortho-condensed PCACs »
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The chemical activity of boron has been measured for compositions throughout the Mo-B system between 1800
and 2200 K using a mass spectrometer. A complete thermodynamic analysis is given. Based on this data and
previously reported work, the Mo-B phase diagram has been refined. A value of 137.4 + 0.2 kcal/mol (574.9
+ 0.8 k-J/mol) at 298.15 K was determined for the second law enthalpy of vaporization of elemental boron.
A photon counting pyrometer is described which permits temperatures near 2000 K to be determined with
a precision of +0.2 K. By using this instrument, second law enthalpies of vaporization can be measured with
an accuracy as good as that obtained from the third law method.

I. Introduction

The molybdenum borides belong to a series of com-
pounds which have properties of possible usefulness in
thermionic energy conversion and magnetohydrodynamic
generators (MHD). This paper reports the first of a series
of studies which will present a coherent picture of the
phase relationships and thermodynamic properties of these
materials, and which will relate the results to a bonding
model from which other properties can be predicted.

A mass spectrometer was used to measure the chemical
activity of boron throughout the boride system. This
information, in conjunction with previous studies, was used
to refine the phase diagram between 1700 K and the
melting points, and to calculate the free energy’ of the
phases.

A photon counting pyrometer has permitted the second
law enthalpies to be obtained with accuracy exceeding that
obtained using other techniques to measure the temper-
ature. Indeed, the second law method can now produce
an enthalpy value which is at least as accurate as that
derived from the third law method. Vaporization of el-
emental boron was studied using this instrument and a
new value for the enthalpy of vaporization is presented.

The phase relationship in the Mo-B system has been
studied most recently and completely by Rudy and
Windisch.1 Kiessling2 has made the structure determi-
nations. They found the system to consist of tetragonal
(C16) Mo2B; MoB having two crystal forms, tetragonal
(Bg) and orthorhombic (CrB type); “MoB2’ with a simple
hexagonal (C32) structure; “Mc”Bj” which is rhombohedral
(Dsj); and a compound near MoB12 of unknown structure.
Previous assertions of a Mo3B2 phaser4 were apparently
based on impure material. We were able to confirm the
work reported in ref 1 in many respects except as to the
positions of the phase boundaries of the “MoB2' and
“Mo2B," phases. Indeed, our work suggests that the
assigned crystal structures, from which the stoichiometry
is implied, may not be correct. However, we will use the
designations adopted by previous workers to avoid con-
fusion.

There are very little data concerning the vaporization
and thermodynamic properties of this system. Gilles and
Pollock’ measured pressures over various compositions
using the Langmuir technique. Composition gradients

X
Work completed under the auspices of the U.S. Bnergy Research
and Development Administration, Division of Physical Research
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produced by the preferential loss of boron were a serious
problem in their work. Baehren,and Vollaths studied the
reaction of Mo with BN to give Mo2B and nitrogen be-
tween 1358 and 1448 K from which the boron activity can
be derived.

Mezaki et al.‘ have reported heat capacity values from
414 to 876 K for MoB and from ~450 to ~1100 K for
MoB and MoB2 They also estimated the entropy for these
phases at 298 K. However, the’ resulting thermal functions
are too imprecise to permit an extrapolation to other
temperatures.

The accepted value for the enthalpy of vaporization of
elemental boron (A//0") is 133.8 + 3 kcal/mol (CODATA,
1975). This is based on absolute vapor pressure mea-
surements summarized in Table | and mass spectrometer
measurements by Askishin et al.13 (131.7 kcal/mol, third
law) and by Schissel and Trulsoni (132.8 kcal/mol, second
law). The large uncertainty in the accepted value made
a new study necessary.

Il. Experimental Section

A 60° sector, single focusing mass spectrometer was
combined with a Knudsen effusion cell to measure the
boron pressures over the boride compositions relative to
pure boron. This method gave direct values for the
chemical activity of boron. All measurements were made
using tungsten effusion cells having either a 6.2 X 10 3 or
a 3.8 X 10 2 cmz orifice. The cells were presaturated with
boron before they were used. Consequently, the inner
surface was tungsten boride.

Temperatures were measured at a black body hole
through the side of the cell at the level of the sample
surface. Temperature gradients were eliminated by
suitably altering the power supplied to three independent,
concentric tungsten filaments which supplied the electron
bombardment current. Details of the oven and cell design
can be found in ref 16.

Temperature Measurement. Temperatures (1968
IPTS) were measured using either a Pyro microoptical
pyrometer or a photon counting pyrometer. Although the
latter technique, proposed by Treiman,17 will be described
in detail elsewhere, some features of the design will be
given here.

A Pyro microoptical pyrometer (The Pyrometer In-
strument Co., Inc., Bergenfield, N.J.) was modified as
shown in Figure 1. Light from the black body hole was
focused onto a mirror containing ao.o10-cm hole using the
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TABLE I: Third Law Enthalpy of Vaporization for Boron at 298 K, Revised Using JANAF1s Functions

Ref Reaction Method Value, kcal/mol
8 Bs=Bg Langmuir 136.4 + 0.3
9 Bs=Bg Knudsen, weight loss ZrBz cell 138.1 £ 0.3

10 Bs—B,, Torsion effusion 136.1 £ 0.3

11 B,C = Bg+ Cs Knudsen collection 135.7 £ 0.6

12 B4AC = Bg + Cs Torsion effusion 136.4 =+ 1.3

Figure 1. Top view of the photon counting pyrometer.

abjective lers system By viewing the mirror through the
i lens system the black hole wes focused and
the hole in the mirror wes placed on the imeage where the
termperature wes to be measured.  Light which passed
through the hole wes attenuated by a choice of neutral
density filters and by an interference filter ha\ng/la
transmission band centeringat 052 x 106m The EMI
9502S photomultiplier wes cooled to reduce background.
Pulses fromthe photonultiplier mlﬁed, clipped,
reanplified, and fed to a Hewlett- 5345A courtey.
Because the pulse width from the photorrultiplier is
approximetely 72 x 109s, dead-time corrections are
m}'ﬂ the upper counting rates which approached
1 its/s. This correction as Well as attenuetion factors
for the filters were determined as folloas: The pyrometer
wes focused onto an object at some temperature which
a suitable count rate (R in the absence of a filter.

new count rate (fi wes measured with a filter in
pasition.  The attenuation factor (A) and the dead-time
(y) can be obtained froma series of such measurerments

by using the equation
Ri/Rz=A-RMA- 1)

Attenuation factors for the other filters were found ina
similar manner by using the ratio fi2/fi3rs/r4, etc. The
corrected count rate (ro) Wes calculated fromthe measured
count rate (/) using the equation

Rc={A2 A3 etC-RY/(I - yrm)

where the attenuation factors for all loner scales are
multiplied. ~ Calibration of the mter requires
(79 (2 G0 ot s LoD, s Waveergiy ot th
S int is , wavele 0
trarsrrissi% rra?qorrum in the interference filter (X), and
Planck’s second radiation constant (C2. Planck’s law
relates the count rate, r ¢, and the unknown tenperature,
Tmthrough the equation

Tm=1/((Inrs- INRe)j 7c2+ 1/T9
where C2is taken as 0014388 mK and 1/T (the gold pairt)

Av 136.5 + 0.5;571.1 = 2.1 kJ/mol

is 74762 x 104K . A further correction is inposed on
Tmfor the window, Because this device uses the

very basis for extrapolating the theng‘%g\{mnic tenmper-

ature scale above the gold point, the absolute accuracy is,
in principle, as good as can be dbtained. The II%O?A

based_odon exqerience, is bﬁ%r él%z K'ac[alf
Coomparisontoa i ical pyrometer
%?ed_to show any difference which % outside the
precision of the optical ter (32°).
~ Second lawenthelpi termined using this device are
insensitive to all the calibration factors except the
deadHtime correction.  This is because the relationship
between the photon emission rate and tenperature, and
the relatiorship between ion current and tenperature have
a similar matherratical form in this application. As a
result, the reproducibility in the enthalpy appears to be
better than 0.2 kcal/mol (0.8 kJ/nol). " It s reassuni
that the second law enthalpies obtained using a N
calibrated optical pyrometer do not differ significantly
fromthose ned fromthe photon counting technique,
although the formrer values showa much greater scatter.
Larger errors were encountered in the boride study
because of the limited tenmperature ragl;e available for
measurenent (sanple M) and possible variation in
conposboroﬂ ition caused by the preferential vaporization of

Material Preparation and Characterization. The
borides were arc-melting t r boron and
rmlybdemnpmegf% W&(A%reo%egn]eannaledas
the arc-nelted bl_ngton Sgnr%ler m”srt]utgf e%rodttxr:% aho-
NMogeNeoLs eterial. es were studied in -
trometer as 2060 rm;tldgramlaticm P

Analysis for boron and nolybdenumwes mede on the
starting meterial. The sanple Wes decormposed by sodium
carborate fusionand the rents were separated using
Donex 1 resin. Mo wes determined gravinetrically using
a-berzoin axinme and the boron content wes obtained from
the titration of mannitoboric acid. A few es ere
analgﬁeo_l for oxygen, by Pt fusion, and for carbon, by

0N INaxygen, the study. Because the carbon

The Journal of Physical Chemistry, Vol. 81, No. 4, 1977



320

TABLE II: Summary of Minor Constituents in
Certain Boride Samples
Carbon, Oxygen,
wt % wt %
MoB 256 (A) 0.098
MoB, ,, (H) 0.058
MoB,.., (J) 0.025 0.053
Boron* 0.20

“ Spectrochemical analysis found the following in ppm;
Al, 200, Si, 500; Ca, 100; Ti, 400; Mn, 200; and Fe, 200.

originated in the boron, all of the borides had a carbon
content which was proportional to the boron content. The
results are listed in Table Il.  X-ray powder patterns,
obtained using Cu K Qradiation and a 114.6-mm diameter
Debye Scherrer camera, were used for phase identification.

Vaporization Measurements and Data Treatment. The
nB vapor was ionized with 20-eV electrons. The resulting
ion current (7) was combined with the measured tem-
perature to give a linear least-squares relationship between
log IT and 1/T. The boron activity was obtained by
comparing the ion current from pure boron to that from
the boride in consecutive measurements using the same
Knudsen cell. Further details about the technique can be
found in ref 19,

Each composition was studied more than once. The
resulting second law enthalpies (A/iB) and the interpolated
log aBvalues at 2000 K were each averaged and combined
to give an equation of the form log aB= (AHK - AH%)/RT
+ ASb for each composition. These data are listed in Table
[l

Thus, AHb and log aBwere measured independently. If
all of the error is assumed to be in the temperature
measurement, typically the optical pyrometer gave a
standard deviation of the points from the least-squares line
of £3 K while the photon pyrometer gave a value of £0.2
K.

I1l. Experimental Data

Vaporization. To provide a basis for the activity cal-
culations, elemental boron was studied between approx-
imately 1750 and 2050 K. Over this temperature range the
vaporization enthalpy of boron was found to be 135.9 ¢
0.2 kcallmol (568.6 + 0.8 kJ/mol) and this value was used
for all activity calculations. The data on which this value
is based are listed in Table IV.

All of the borides evolved a large quantity of boron
between 1000 and 1200 K when they were first heated after
having been exposed to air. The amount evolved appeared
to be greater the higher the boron content and this vapor
was observed even if air exposure was less than 1 min.
Exposure to water vapor produced the greatest effect.
Only part of the boron ion signal was removed when the
shutter between the ionization region and the oven was
closed indicating that part of the boron containing gas
could diffuse around the barrier. In addition, significant
shutterable signals were observed at m/e values of 12, 27,
and 70 indicating the presence of BH, BO, and B20 3

Elemental boron continued to show the presence of BH
and BO after the initial large burst had subsided. Under
this condition, the second law enthalpy was influenced by
the energy of the electrons used to ionize the vapor. Above
approximately 25 eV the enthalpy increased as the electron
energy increased. An enthalpy of 148 kcal/mol was ob-
tained using 50-eV electrons. This effect appeared to be
most pronounced when the vacuum in the oven region was
the poorest (10 6 Torr). Below 25 eV the enthalpy ap-
peared to be independent of electron energy. An energy
of 20 eV was used for all measurements.
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Boron which had been repeatedly exposed to air and
vaporized showed a higher second law enthalpy, even at
low electron energies. This we attribute to an increasingly
thick coat of WB 12 on the boron caused by an exchange
reaction between BOgand WQg.

The boride samples gave a reproducible second law
enthalpy provided the vaporization rate from the cell was
kept below a critical value. Once the temperature was
increased so that the critical loss rate from the sample was
exceeded, the boron signal began to fall and all subsequent
measurements fell on a new line at lower boron pressures.
On the other hand, when sample E (MoBj gg) was studied
as the arc-melted button, without a previous anneal, the
boron signal declined steadily at 1800 K and eventually
reached a steady value after about 2.5 h. The signal
dropped to about 1/3 of its initial value and the sample
reached an activity characteristic of “MoB2' + “M02B5".
Before the measurement the sample contained essentially
pure “MoB2’, but afterward nearly equal quantities of
“MoB2’ and “Mo02Bs” were present. This sample also
slowly converted to “MoB2’ + “M02B5” while being stored
at room temperature. Sample F also was pure “MoB?2”
after arc-melting but contained small amounts of MoB and
“Mo02B5’ after the activity measurements...

Samples I and J were pure 0-MoB after arc-melting but
were converted to a-MoB + Mo2B by an anneal before the
activity measurements.

Lattice Parameter of “M0B?2’. Lattice parameter values
for “MoB2" are summarized in Table V. Samples in the
region of MoBj e which were cooled slowly contained three
phases and the lattice parameter of “MoB 2’ appeared to
be independent of composition. According to the phase
diagram, a fixed composition at MoBj e2 is retained under
these conditions. Average lattice parameters of a = 3.040
A and ¢ = 3.061 A were calculated for this composition.
However, higher compositions of boron can be retained if
a rapid quench is used. Increased retained boron causes
no change in the “a” parameter but the “c” parameter is
increased.

IV. Discussion

Elemental Boron. Boron apparently reacts with ab-
sorbed or gaseous water at high temperatures to vaporize
BH and BO. Measurements of the boron vapor pressure
by mass spectrometry or by an absolute technique made
under those conditions which produce BH and BO would
give pressure values that are too high and, consequently,
would give a third law enthalpy which is too low. We
propose that this has caused a slight downward bias in
previously reported, third law enthalpies. Thus, the correct
value should be somewhat higher than the average of the
values listed in Table I. The very low values obtained from
mass spectrometric studies mentioned in the Introduction
have been ignored.

In addition to the error introduced by additional boron
containing species, there is the possibility that the vapor
transport of tungsten to the boron surface would add an
additional error to the second law value.

After minimizing these effects, we observe a second law
enthalpy of vaporization for boron between 1800 and 2100
K of 135.9 £ 0.2 kcal/mol based on the data listed in Table
IV. Using the JANAFis thermal functions, this is
eKquivaIent to 137.4 kcal/mol (574.9 £ 0.8 kJ/mol) at 298.15

Thermodynamic Values for the Borides. The only
region which permits a comparison to other work is where
Mo + Mo2B are in equilibrium. Baehren and Vollathe
studied the equilibrium 2BN + 4Mo = 2Mo2B + N2 We
have converted their reported N2 pressures to boron ac-
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TABLE I1l: Summary of Boron Activity Measurements
Apparent Apparent
No. of ARb, -log aB No. of A7/b, -log °B
points kcal/mol Pyrometer 2000 K points kcal/mol Pyrometer 2000 K
A. MoB2s Mo02Bs > MoB,2
9 141.15 Photon 0.026 8 141.04 Optical 0.000
6 139.99 Optical 13 140.37 Optical 0.068
logaB=-1027/T + 0.483
B. MoB2,6 M02Bs > MoB, 2
11 144.25 Photon 0.040 9 139.55 Optical
15 142.53 Photon 0.000 6 140.82 Optical
logaB=-1288IT + 0.624
C. MoB2,, Mo02B,
11 141.67 Photon 0.172 10 141.91 Optical 0.130
logaB=- 1288/T + 0.493
D. MoB. 0o Mo2Bs > MoB2
10 157.26 Photon 0.508 14 157.67 Optical 0.559
13 157.82 Photon 0.527 9 159.54 Optical 0.550
logaB=-4845/T + 1.887
E. MoB, & MoB2= Mo2Bs
12 156.84 Photon 0.435 10 155.55 Optical 0.558
10 . 159.19 Optical 0.458 6 157.15 Optical
& log aB = - 4651/T + 1.842
F. MoB,, e2 Annealed, MoB2 > MoB > MojBj
12 151.66 Photon 0.584 12 151.06 Photon 0.570
logaB=- 3379/T + 1.113
G. MoB, $5Annealed, MoB2 > MoB = Mo,Bs
12 139.87 Photon 0.710 11 142.60 Optical 0.710
14 139.83 Photon 0.760
logaB=-1065/T - 0.194
H. MoB, 39 Annealed, MoB, > MoB > Mo,B,
12 140.21 Photon 0.840 15 140.60 Photon 0.834
10 144.49 Photon 0.840 12 139.48 Optical 0.804
6 140.15 Photon 14 141.15 Optical 0.836
logaB=-1117/T- 0.271
I. MoB, Annealed, a-MoB > MoB,
17 140.49 Photon 0.797 5 136.31 Optical 0.751
9 139.05 Photon 0.666
logaB=-5951T - 0.441
J. MoB, 0 a-MoB > MoB2
11 136.28 Photon 0.736 8 136.56 Optical 0.800
6 137.60 Optical 8 135.10 Optical
11 134.11 Optical 0.835
logaB=—7/T - 0.787
K. MoBo Mo.B = 0-MoB
21 138.84 Photon 2.22 10 164.34 Optical 2.46
12 142.85 Photon 2.08 5 156.07 Optical
9 167.94 Optical 2.52 9 162.34 Optical
logoB=-4262IT - 0.189
L. MoBo4s Mo,B > Mo
14 160.23 Photon 258 ' 13 155.90 Optical 2.49
lognB=-4845/T - 0.117
M. MoBo37 MoB = Mo
6 158.14 Optical 293 9 176.88 Optical 2.97

log aB=- 6906/T + 0.503

tivities using the free energy for BN as compiled by JA-
NAF .15 Thelr results are compared to the results from our
measurement of sample M in Figure 2. By combining
both data sets, the equation log aB= -7240/T + 0.673 is
obtained and plotted in Figure 2. All subsequent calcu-
lations will be based on this equation. Also shown on the
figure is the activity resulting from the Langmuir mea-
surements of Gilles and Pollock.s Other compositions
studied by Gilles and Pollocks gave pressures which are
in substantial disagreement with our work, owing, we
believe, to a large preferential loss of boron from this
system, and the resulting concentration gradients in their

samples.

The molybdenum activity for the various two phase
regions was determined from a Gibbs-Duhem integration
of the boron activities shown in Figures 3 and 4. Table
V1 lists the relevant data. Equations listed in Table VI
were obtained by combining the resulting Mo activities at
the two temperatures shown in Table VI.

Phase Diagram. The results of our X-ray examination,
the variation of activity with composition shown in Figures
3 and 4, and the extensive studies of Rudy and Windisch:
were all combined to produce the phase diagram shown
in Figure 5. Also shown in this figure is the temperature
range of each activity measurement. Each phase will now
be discussed separately.
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TABLE 1V: Summary of the Measured Second Law
Enthalpy of Vaporization for Boron

Enthalpy, Error No. of Temp
kcal/mol  Erroro Kb  points range, K
136.69 0.04 0.1 13 1857-2088
135.19 0.14 0.5 12 1765-2096
135.75 0.08 0.3 7
135.88 0.12 0.4 6
136.03 0.11 0.4 14 1721-2118
135.31 0.07 0.3 11 1586-2055
136.28 0.11 0.4 9
136.12 0.18 0.5 10 1752-2005
136.00 0.19 0.5 7
136.14 0.25 0.6 6
136.02 0.27 0.5 9
135.14 0.09 0.3 19 1752-2012
136.03 0.17 0.5 13 1769-1977
Av
135.89 0.14c at 1900

a Standard deviation in the enthalpy based on least-
squares treatment. b Standard deviation of a point from
the least-squares line assuming all of the error in the temp-
erature value. c¢ Standard deviation of each enthalpy
from the average. Each entry resulted from separate
boron loading. The measurements were interspersed
between the various Mo-B samples.

TABLE V: Summary of Lattice Parameter
Values (A ) for “MoB2

After mass

B/Mo Arc-melted spectrometer study
1.84 E a 3.040 +0.001 3.040 £0.001

¢ 3.072 3.060
1.62 F a 3.040 3.040

c 3.061 3.061
155 G a 3.039

c 3.062
1.48 a 3.038 3.039

¢ 3.062 3.060

Figure 2. Comparison between the various measurements of boron
activity in Mo2B + Mo.

M o28. Based on the measured boron activity, sample
L (MoBo49) was single phase over the temperature range
of measurement. However, the X-ray powder pattern
showed lines attributible to Mo metal. Thus, Mo2B ap-
pears to be a line compound at low temperatures with a
slight widening on the low boron side as the temperature
is Increased.
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Figure 3. Log boron activity as a function of B/Mo atom ratio at 1790
K.

Figure 4. Log boron activity as a function of B/Mc atom ratio at 2073
K.

MoB. Sample J restricts the high boron boundary of
a-MoB to values below MoBj 0L The position of the low
boron boundary is uncertain and has been drawn to in-
dicate a line compound. According to Rudy and Win-
disch,1 the /3 form widens on the high boron side.

“MoB2 - The composition of “MoB2’ lies significantly
below the perfect lattice composition assigned to this
compound. The maximum in the lower boundary falls
between MoBj ssand MoBiso at 2073 K (Figure 4) and the
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TABLE VI: Mo and B Activities and Free Energies of Formation for Various Phase Boundary

Compositions at 1790 and 2073 K

Lower phase boundary

Upper phase boundary

Phase Boron Molybdenum -AGfa Boron Molybdenum -AG ,“
designation B/Mo activity activity kcal/mol B/Mo activity activity kcal/mol
T =1790 K
Mo2B 0.48 4.25E-04 1.00E 00 13.26 0.50 2.69E-03 4.05E-01 13.74
a-MoB 1.00 2.69E-03 4.05E-01 24.27 1.00 1.60E-01 6.81E-03 24.27
“MoB2” 1.26 1.60E-01 6.81E-03 28.31 1.62 1.60E-01 6.81E-03 28.31
“Mo2B /)’ 2.00 1.60E-01 6.81E-03 30.79 2.16 8.10E-01 2.33E-04 31.37
MoB, 2 12.00 8.10E-01 2.33E-04 38.74 12.00 1.00E 00 1.86E-05 38.74
T =2073 K
Mo,B 0.48 1.52E-03 1.00E 00 12.83 0.50 5.69E-03 5.24E-01 13.31
a-MoB 1.00 5.69E-03 5.24E-01 23.96 1.00 1.78E-01 1.67E-02 23.96
“MoB2” 1.58 1.78E-01 1.67E-02 28.08 1.66 3.70E-01 5.12E-03 28.53
“Mo;Bs” 2.10 3.70E-01 5.12E-03 30.33 2.16 1.00E-00 6.16E-04 30.46
MoB 12 12.00 1.00E 00 6.16E-04 30.46 12.00 1.00E-00 6.16E-04 30.46

“ Based on 1 g atom of molybdenum for a composition at the phase boundary.

TABLE VII: Equations Describing the Mo Activity Vs.
Temperature in the Various Two Phase
Regions of the MoB System

logomo=A/T +
B(1790-2073 K)

Phases in
equilibrium A B
Mo2B + MoB -1467 +0.427
MoB + “MoB,” -5108 +0.687
“MoB,” + “MoB2’ +1624 -3.074
MoBI2+ “Mo,B,” -5460 -0.547
B + MoB,, -19854 +6.397

maximum in the upper boundary is between MoBj 9 and
MoB2oat the peritectic temperature. The latter conclusion
is based on the observation in ref 1 that MoBj s quenched
from the melt contained only “MoB2’ and our observation
that moB2o treated in a similar manner contained a
mixture of “MoB2’ and “M02B5". The decomposition
temperature of “MoB2" was found to be 1790 £ 15 K, by
determining the temperature at which calculated boron
activities of samples D, E, F, G, H, I, and J have a min-
imum deviation from the same activity value (Figure 3).
Rudy and Windisch: report 1793 + 50 K for this tem-
perature based on thermal arrest measurements.

“Mo02B5". Like “MoB2’, the composition of this phase
lies significantly lower than that based on its perfect lattice
composition. Samples B, C, and D place the single phase
region between MoB20o and MoB2is between 1800 and
2100 K. Both phase boundaries shift to an increased
stoichiometry as the temperature is increased but the
magnitude is uncertain. The data presented by Rudy and
Windisch: do not conflict with this conclusion.

MoB12 The temperature at which the MoB12 phase
decomposes was found to be 2080 + 50 K, obtained by
averaging the temperatures at which the boron activity in
samples A and B equals unity. Rudy and Windisch: report
~2073 K.

Structure. Boride structures are strongly influenced by
covalently bonded chains or networks between the boron
atoms. Indeed, these networks are believed to be the
dominant factor in holding the lattices of the higher
borides together. Consequently, it is surprising to find that
“MoB2" and “Mo02B5" can contain such a high concen-
tration of boron vacancies. On the other hand, a more
consistent picture of boride chemistry would result if the
structures previously proposed for both “MoB2’ and
“Mo2B6" are wrong, if the correct structures have re-
sgective stoichiometries of Mo2Bs and MoB2 and if the
observed variation in composition is owing to the presence
of vacancies in the metal sublattice. However, the lattice

expands as the atom ratio increases, a very unusual be-
havior if the metal vacancy content is increasing. These
possibilities are worth exploring in future studies.

V. Summary

The present measurements have refined the phase di-
agram of the Mo-B system and have produced thermo-
chemical data for compositions above M o2B for the first
time.

With a few exceptions the phase relationships reported
by Rudy and Windisch: have been confirmed. Our work
places the “MoB2’ and “Mo2B5’ phases at such a low
stoichiometry compared to the proposed lattice compo-
sition that there is doubt that the correct structures have
been reported for these phases.

Values for the partial enthalpies of vaporization, and
partial and total free energies of formation have been
determined throughout the composition range of the
system. The results indicate that the borides of molyb-
denum appear to be at least twice as stable as the mo-
lybdenum carbides.

The enthalpy of vaporization of pure boron has been
redetermined using a photon counting pyrometer by the
second law technique. We propose a value of 137.4 + 0.2
kcal/mol (574.9 £+ 0.8 kJ/mol) at 298.15 K.

A photon counting pyrometer is described which permits
second law enthalpies to be determined with an accuracy
equal to that obtained from third law methods.

Acknowledgment. Ms. M. Pretzel prepared the X-ray
films. J. E. Troxel, A. D. Hues, A. L. Henicksman, B. H.
Baca, and L. A. Pulliam (CMB-1) analyzed the samples.
S. R. Skaggs aided the X-ray analysis and R. G. Behrens
gave editorial advice. J. Farr, by his continued interest,
facilitated this work.

References and Notes

(1)) E Rudy and St. Windisch, AFML-TR-65-2, Part I, Vol. Il (1965).
(2 R Kiessling, Acta Chem. Scand.. 1, 893 (1947).
(3) R Steinitz, L. Binder, and D. Moskowitz, J. Metals, 4, 983 (1952).
(4) P. W. Gilles and B. D. Pollock, J. Metals, 5, 1537 (1953).
(5) P. W. Gilles and B. D. Pollock, AECU-2894 (1962).
(6) Von F. D. Baehren and D. Vollath, Planseeber. PulvermetalL, 17, 180
(1969).
(7) R Mezaki, E W. Tilleux, D. W. Barnes, and J. L. Margrave, Pro-
ceedings of the International Symposium on the Thermodynamics
of Nuclear Materials, Paper S-M26/48, Vienna, 1962, pp 775-788.
(8) R G. Paule and J. L. Margrave, J. Phys. Chem., 67, 1368 (1963).
(9) A. W. Searcy and C. E Myers, J. Phys. Chem., 61, 957 (1957).
(10) D. L. Hildenbrand, "QLR-64-10"\ Philco Corp., Calif.
(11) H. E Robson and P. W. Gilles, J. Phys. Chem., 68, 983 (1964).
(12) D. L. Hildenbrand and W. F. Hall, J. Phys. Chem., 68, 989 (1964).
(13) P. A. Akishin, D. O. Hikitin, and L. N. Gorokhov, Proc. Acad. Sci.,
USSR, 129, 1075 (1959).
(14) P. O. Schissel and O. C. Trulson, J. Phys. Chem., 66, 1492 (1962).

The Journal of Physical Chemistry, Vo. 81, No. 4, 1977



324

(15) “JANAF Thermochemical Data” , Dow Chemical Co., Midland, Mich,

(16) E K. Storms, High Temp. Sci., 1, 456 (1969).
(17) L. H Treiman, Temp. Its Meas. Control Sci Ind, Proc Symp. Temp,,

1964.

J. A. R. Renuncio, G. J. F. Breedveld, and J. M. Prausnitz

1961, 3, 523 (1962).

(18) J. K. Hulm and B. T. Matthias, Rhys. Rev., 82, 273 (1951).

(19) E. K. Storms, B. Calkin, and A. Yencha, High Temp. Sci.,, 1, 430
(1969).

Internal Pressures and Solubility Parameters for

Carbon Disulfide, Benzene, and Cyclohexane

J. A R Renuncio”™ G. J. F. Breedveld,* and J. M. Prausnitz

Chemical Engineering Department, University of California, Berkeley, California 94720 (Received March 29, 1976)

Publication costs assisted by the National Science Foundation

Densities of carbon disulfide, benzene, and cyclohexane were measured in the region 23-65 °C at pressures
to 1 kbar. The data were used to calculate internal pressures and these were compared with solubility parameters
obtained from liquid molar volumes at saturation and isothermal energies of vaporization to the ideal-gas state.
Along the saturation ling, the square root of the internal pressure is somewhat larger than the solubility parameter
(square root of cohesive energy density). For benzene and cyclohexane the internal pressure decreases with
temperature while the reverse holds true for carbon disulfide. As the external pressure rises, the internal pressures
of benzene and cyclohexane generally increase while that of carbon disulfide tends to decrease. The new data

also suggest that the Previously reported internal pressures for carbon disulfide are too low. The new data

show that the ratio o
liquids.

The role of internal pressure in liquid-solution ther-
modynamics was recognized many years ago by
Hildebrand: following earlier work by van Laar.2 The use
of this fundamental property has for a long time been
limited to descriptive or qualitative purposes. As noted
by Barton s it is only recently that its usefulness has been
explored for quantitative study of intermolecular forces.
Since the early attempts to calculate this property by the
van der Waals equation (as suggested by van Laar) yielded
only qualitative results, Hildebrand and Scatchard:
proposed the concept of cohesive energy density which is
the energy of isothermal vaporization from the liquid to
the ideal-gas state, not per mole but per unit volume of
fluid. The large advantage of the cohesive energy density
is that it can be calculated easily for liquids at normal
conditions using readily available data. The square root
of the cohesive energy density is the well-known solubility
parameter 5. This property is extensively discussed in a
review presented by Barton.s

In our work we present some new data on the internal
pressures of three common fluids and we discuss the
relation between these data and the solubility parameter.

The quantitative relation between solubility parameter
and internal pressure P, has not been completely resolved.
The formal definitions of these quantities are

6= [AU/V, . (1)

where V is the molar volume of the liquid and AU is the
molar energy of complete vaporization as indicated above.
Pjis clearly the isothermal volume derivative of the in-
ternal energy and a detailed knowledge of U as a function

~Current address: Dpto. de Quimica Fisica, Facultad de Quimicas,
Ciudad Universitaria, Madrid-3, Spain.
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internal pressure to cohesive energy density is slightly larger than unity for all three

of volume would be required to relate P, to .2 the latter
being an integral quantity and a commonly used measure
of molecular cohesion in the liquid state.

To relate the two quantities, Hildebrand: proposed the
empirical equation

AU
P =n— = rc5 3)
where n is a constant. Equation 3 was suggested by van
der Waals' equation where n is exactly equal to unity; data
by Hildebrand and co-workers: indicated that n is a little
larger than unity (within about 10 %) for typical nonpolar
liquids. For benzene and «-heptane Hildebrand found,
respectively, n = 1.05 and 1.09. Carbon disulfide gave a
surprisingly low value (0.89) which indicated either that
there was something qualitatively “different” about carbon
disulfide in the liquid state or else that the experimental
data for carbon disulfide were not reliable.

Experimental Section

We have measured the volumes of benzene, cyclohexane,
and carbon disulfide as a function of temperature and
pressure, using a high-pressure bellows dilatometer de-
scribed elsewhere.4s Measurements extend to 1000 bars
and cover the temperature region 23-65 °C. Volumes are
measured relative to those at the same temperature at
atmospheric pressure. Pressures were measured with a
precision Heise gauge with an accuracy of about £1 bar.
The high-pressure dilatometer was in a constant-tem-
perature bath controlled to +0.01 °C by a Hallikainen
proportional controller. Temperatures were measured with
calibrated thermometers with an accuracy of £0.05 °C.
The overall uncertainty in the volumetric measurements
is estimated to be £0.04%.

The liquids were of spectroquality; benzene and cy-
clohexane were obtained from Matheson Coleman and Bell
(Norwood, Ohio) and carbon disulfide was obtained from
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TABLE I: Constants in the Tait Equation of State*

Carbon disulfide

Constant This work Bridgman

B, -0.303 21 0.310 81

b2 0.986 87 x 10"2 0.361 21 X 10"2
B, -0.322 59 X 10"4 -0.110 54 X 10 4
B, 0.386 63 X 10-7 0.147 83 X 10-7
Bs 0 0

B> 0 0

C 0.143 57 0.107 69

D, 0.892 69 X 104 0.122 92 X 105
d2 0.537 27 X 10-2 0.783 92 X 10-2

Benzene Cyclohexane

1.692 0 1.018 62

-0.831 40 X 10 2 0.610 96 x 10 3
0.416 86 X 10-4 -0.110 10 x 10-6

-0.119 73 X 10-6 0.379 34 X 10"8
0.173 54 X 109 0

-0.103 24 X 10-12 0
0.978 18 x 10-1 0.925 98 X 10-1
0.108 70 X 10s 0.935 28 X 104
0.801 30 X 10-2 0.815 70 X 10 2
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a Volumes in cm3g, pressures in bars, temperatures in K.

Mallinckrodt Chemical Works (St. Louis, Mo.).

Results

Detailed experimental results are available as supple-
mentary material (see paragraph at end of text). We report
here only a summary. The data were represented by a
particular forma of the Tait equation

VIVo=1- Cln + PIF) (4)

where V is the volume of the liquid at pressure P and
temperature T and vy is the volume at P = 1 bar and
temperature T. Units are cma/g, bars, and kelvin. The
constant C is independent of temperature but the constant
F depends on T according to

F=Dtexp(-D:T) (5)

where D, and D, are constants.
For carbon disulfide and cyclohexane the volume Vowas
expressed as a function of temperature by

VO=Bi + B2T + B:T. + B4Ts (6)
while for benzene, the equation used has the form

Vo= [Bi+ B2T + B:T. + B4Ts+ BSI.
+ B+T5-' (7)

To obtain the empirical B constants for carbon disulfide,
we used data from the literature.ss1o For cyclohexane the
constants are given by Nelsonu and for benzene by
Ambrose and Lawrenson.iz All empirical coefficients are
given in Table I.

Internal pressures were calculated from the Tait
equation using standard thermodynamics. Solubility
parameters were calculated for the saturated liquids as
discussed by Hildebrand and Scott: using vapor-pressure
data, molar liquid volumes along the saturation curve, and
(small) corrections for gas-phase imperfections.

We also calculated internal pressures using Bridgman'sis
carbon disulfide data for pressures to 980 bars using his
B constants. However, Bridgman's volumetric data for this
region are extremely limited and, therefore, internal
pressures calculated from these data are not highly reliable.

Figure 1 shows internal pressures for carbon disulfide
as a function of temperature. We compare our results with
those based on Bridgman's data and note that our internal
pressures are 4-9% larger than those based on his mea-
surements. Further, we call attention to the importance
at high pressures of the second term in the definition of
the Pj (eq 2). In the literature one often finds a definition
of the internal pressure which neglects P. At low pressures,
where P << T(dP/dT)v, the second term can be neglected
without significant error but at high pressures one must
be sure to include it.

Figure 2 shows internal pressures and solubility pa-
rameters as a function of temperature for carbon disulfide,

Figure 1. Square root of internal pressure P, for carbon disulfide: (A)
this work, zero pressure; (B) this work, 1000 bars, pressure term in
P, neglected; (C) this work, 1000 bars; AB, BB, CB same as A, B, C,
respectively, but using Bridgman’s 13data, maximum pressure 980 bars.

benzene, and cyclohexane. Lines A, B, and C give internal
pressures calculated as indicated in the figure caption; lines
D give solubility parameters.

Finally, Figure 3 presents internal pressures for carbon
disulfide, cyclohexane, and benzene as a function of volume
at constant temperature. (Note the special volume scale
for cyclohexane.)

Curves A, B, and C for benzene and cyclohexane change
inconsistently with increasing temperature, in contrast with
the behavior of the curves for carbon disulfide, which show
no anomalies. Since the pressure-temperature data for
carbon disulfide are much farther below the freezing line
than the data for benzene and cyclohexane, we excluded
for the latter two substances a number of data points which
are near the freezing lines, to eliminate prefreezing effects,
if any. This exclusion produces a change of the constants
in eq 4 and 5 but no improvement in the shape of the
curves. Gibson and Loeffler,1a using Gibson and Kin-
caid’si4 equations for benzene, obtain curves without the
erratic characteristics of the ones shown in this work,
although the differences in P 12 only vary from -2 to +4%.
Their equation is similar to our eq 4 but

F=D,- D(T- 298.15) + D:(T- 298.15)2 (s)

Our eq 4 and 5, fitted to their data, result in the same
erratic curves as those shown in Figure 3. The combination
of eq 4 and their eq s fitted to our data, however, results
in properly shaped curves with ... differing between-1.7
and +0.9% from our original values. The calculated
volumes differ from -0.03 to +0.03%. The use of eq 4 and
s with our data for cyclohexane slightly accentuates the

The Journal of Physical Chemistry, Voi. 81, No. 4, 1977



326

J. A. R. Renuncio, G. J. F. Breedveld, and J. M. Prausnitz

TABLE 11:  Empirical Constant n in Eg 3
Carbon disulfide
Temp, °C 20 25
P{ from this work 1.04° 1.06“
Pi from earlier work 0.88b 0.88b

« Ac/fromref 1 and 18. b AU from a; Pi from ref 16 and 17.
and 19. “ AU from ref 17 and 21. f AU from e; Pi from ref 21.

Figure 2. Solubility parameter b and internal pressure P. Carbon
disulfide: (A) P'12, Westwater et al.,16 Allen et al.,I7 maximum 24 bars;
(B) P'12this work, saturation curve,l8maximum 1.1 bar; (C) P'/2, this
work, 1000 bars; (D) b, calculated from energies of vaporization,
Hildebrand and Scott,7 and O'Brien and Alford,18 maximum 5 bars.
Benzene: (A) P'12, Westwater et al.,16 Allen et al.,I7 Rowlinson,19
maximum 24 bars; (B) P '12this work, saturation curve,22maximum 1.8
bars; (C) P12 this work, 700-1000 bars, (smoothed); (D) b, calculated
from energies of vaporization, Hildebrand and Scott,1 Ambrose and
Lawrenson,2maximum 1.8 bars. Cyclohexane: (A) P'12 Allen et al.,I7
Bianchi et al.,20 Bagley et al.,2l maximum 30 bars; (B) P,1/2 this work,
saturation curve,2 maximum 0.97 bar; (C) P'/!, this work, 300-1000
bars (smoothed); (D) b calculated from energies of vaporization, Allen
et al.,I7 Bagley et al.,2l maximum 1.6 bars.

erratic behavior of the curves. Possibly another equation
of state or somewhat greater experimental accuracy are
required to remove the apparent unusual behavior.
Calculated internal pressures appear to be sensitive to
the experimental accuracy and to the equations of state
used for rePresentation of the data. This may partly be
due to the fact that P ... is closely related to E&P/dT)v=
~(dV/dT)P/(dV/dP) T. Therefore one cannot expect highly
reliable results if data in the particular pressure-tem-
perature range are scarce. This is the case with Bridg-
man'si3 data for carbon disulfide and also with Reamer and
Sage'sio data for cyclohexane. With the latter we obtain
proper curves with our and also with Gibson and Kincaid's
equations of state, with P12 values differing between -s
and 9% from ours. The former also do not agree with
those reported by Westwater et al.is and by Allen et al .17
The results shown in Figures 1-3 suggest, once again,
that while internal pressure and cohesive energy density
are of comparable magnitude, there is no simple quan-
titative relation between internal pressure and solubility
parameter. Along the saturation line the square root of
the internal pressure is somewhat larger than the solubility
parameter. For benzene and cyclohexane the internal
pressure decreases with temperature while the reverse is
observed for carbon disulfide. At pressures in excess of
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Benzene Cyclohexane
25 35 25 35
1.06“ 1.06“ 1.14* 1.15%
0.91b 1.06d 1.07d 1.15f 1.16f

c AU fromrefland 12. d AU from c; Pt from ref 16, 17,

Figure 3. Effect of volume on infernal pressure at constant temperature.
Carbon disulfide: (—) this work, (A) 25 °C, maximum 1000 bars; (B)
33.9 °C, maximum 1000 bar; (C) 43.3 °C, maximum 1000 bars; (*)
25 °C, (A) 33.9 °C, maximum 25 bars, Westwater et al.,16 Alien et
al.17 Cyclohexane: (....... ) this work, (A) 25 °C, maximum 300 bars;
(B) 45 °C, maximum 700 bars; (C) 65 °C, maximum 1000 bars; ()
25 °C, (A) 45 °C, (m) 65 °C, maximum 30 bars. Allen et al.,17 Bianchi
et at,DBagley et al.2L Benzene: (-------- ) this work (A) 25 °C, maximum
700 bars; (B) 45 °C, maximum 1000 bars; (C) 65 °C, maximum 1000
bars; (¢) 25 °C, (A) 45 °C, (m) 65 °C, maximum 25 bars, Westwater
et at,16 Allen et al.,17 Bagley et al.20

the saturation pressure, the internal pressure of benzene
and cyclohexane generally increase with pressure while that
of carbon disulfide tends to decrease. The new experi-
mental data for carbon disulfide are appreciably different
from those reported previously.ie17 When new data are
used, the empirical constant n (eq 3) is slightly larger than
unity, as shown in Table Il, consistent with results ob-
tained for other nonpolar fluids. Table Il also shows the
constant n for benzene and for cyclohexane; for these fluids
results obtained in this work are in good agreement with
those obtained earlier.141720 It appears, therefore, that
along the saturation curve, the relation between 5and Pu..
does not exhibit any anomalies relative to those for
benzene and cyclohexane.

Finally, the results presented here indicate that the
approximate relation given by Hildebrand and Scott:

-1/2
<(III I " {Tam>n <9)

is indeed only a rough approximation, especially if the

coefficient of thermal expansion a and the compressibility

d are measured at pressures appreciably higher than the

saturation pressure of the fluid. The approximations

!thet{ent in eq 9 are fully discussed by Hildebrand and
cott.

Acknowledgment. The authors are grateful to the
National Science Foundation for financial support, to the
Computer Center, University of California (Berkeley) for
the use of its facilities, and to a grant from the Commission
of Educational Exchange between the United States and
Spain awarded to JA.R.R. We are grateful to J. H.
Hildebrand for his sustaining interest in this work.

Supplementary Material Available: Tables containing
all experimental volumetric data (¢ pages). Ordering



Coadsorption at Aqueous Solution Interfaces

information is available on any current masthead page.

References and Notes

(1) J. H. Hildebrand and R. L. Scott, “The Solubility of Non Electrolytes”,
3d ed, Dover Publications, New York, N.Y., 1964, Chapters V, XXIl|
and Appendix .
(2) J. M Prausnitz, “Molecular Thermodynamics of Huid Phase Eqilibria”,
Prentice-Hall, Englewood dliffs, N.J., 1969, Chapter 7.
(3) A F M Barton, J. chem. Educ., 48, 156 (1971); Chem. Rev., 75,
731 (1975).
(4) S. Beret and J. M. Prausnitz, Macromolecules, 8, 536 (1975).
x (5) J. A R Renuncio and J. M Prausnitz, Macromolecules, in press.
(6) D. Tyrer, 3. chem. Soc., 103, 1675 (1913).
(7) J. Timmermans, “Physico Chemical Constants of Pure Organic
Compounds”, Vol. 1, Elsevier, New York, N.Y., 1950, p 612.
(8) “Kirk-Othmer Encyclopedia of Chemical Technology”, 2d ed, Vol.
4, Interscience, New York, N.Y., 1964, p 371.
(9) “Ullmann’s Encykiopadie der Technischen Chemie”, 3d ed, Vol. 15,
Urband and Schwarzenberg, Munich, 1964, p 534.
(10) “Nouveau Traite de Chimie Minérale”, Vol. VIII(1), Masson et Cie,
Paris, France, 1968, p 805.

327

(11) T. P. Nelson, Doctoral Dissertation, Washington University, St. Louis,
Mo., June 1971.

12) E) Ar;’brose and I. J. Lawrenson, Process Technol. Int, 17, 968

1972).

(13) P. W. Bridgman, Proc. Am. Acad. Arts, Sci., 49, 3 (1913).

(14) R E Gbsonand J. F. Kincaid, 3. Am. Chem. Soc., 60, 511 (1938);
R E Ghbson and O. H Loeffler, ibid., 61, 2515 (1939).

(15) H H Reamer and B H Sage, Ind Eng Chem Data Ser., 2, 9 (1957).

(16) W. Westwater, H. W. Frantz, and J. H Hildebrand, pPhys. Rev., 31,
135 (1928).

(17) G Allen, G. Gee, and G. J. Wilson, Polymer, 1, 456 (1960).

(18) L J. OBrienand W. J. Alford, ind. Eng. Data Ser., 43, 506 (1951).

(19) J. S. Rowlinson, “Liquids and Liquid Mixtures”, 2d ed, Butterworths,
London, 1969, Chapter 2

(20) (U Bi?ndql, G Agablo, and A Turturro, J. Phys. Chem., 69, 4392

1965).

(21) E B Bagley, T. P. Nelson, J. W. Barlow, and S. A Chen, Ind. Eng.
Chem, Furtdam., 9, 93 (1970).

(22) Vapor pressure data from T. Boubik, V. Fried, and E Hala, “The
Vapour Pressures of Pure Substances”, Elsevier, Amsterdam, 1973.
Satirated density data from Landolt Bonstein *“PhyskaSsch-Chemische
Tabellen”, Drifter Erg. Bd. (1), Julius Springer, Berlin, 1935.

Coadsorption of n-Alkyl Alcohols and Hydrogen Sulfide

at the Aqueous Solution Interface”

Graeme G. Strathdee* and Russell M. Given

Whiteshell Nuclear Research Establishment, Atomic Energy of Canada Limited, Pinawa,

Manitoba ROE 1LO, Canada (Received July 21, 1976)

Publication costs assisted by Atomic Energy of Canada Limited

Adsorption of H=S at the gas-liquid interface of aqueous solutions of three normal alcohols was found to decrease
with increased surface coverage of the n-alkyl alcohols. The free energy of adsorption of H2S calculated at
its zero-coverage limit increased with the carbon number at a fixed surface excess of the n-alkyl alcohol in the
sequence n-propyl < n-butyl < n-pentyl. Similarly, adsorption of these normal alcohols at the aqueous interface
was reduced by high pressure of H4S, that is, the free energy of adsorption of each n-alkyl alcohol at zero coverage
increased with the surface excess of H2S. Since adsorption of neither H2S nor n-alkyl alcohols is enhanced
in these three-component systems, repulsive interactions between adsorbates must be dominant. A model based
on kinetic theory is employed to explain these observations.

Introduction

This work extends our previous study of the adsorption
of hydrogen sulfide at the aqueous solution interface: to
three-component mixtures. The H2S-H2) interface is
important to us because it occurs within the Girdler-sulfide
(GS) process for the production of heavy water. We found
previously that H2S was more highly adsorbed at the
gas-liquid interface than other low molecular weight
surfactants such as C02 N20, or propane, all of which have
been examined by Massoudi and King.2 This difference
in properties suggested that H2S might have a greater
effect on other coadsorbed molecules than these related

ases.
) The coadsorption of n-propyl, n-butyl, or n-pentyl al-
cohol with H2S was studied to determine how the carbon
number n of the alkyl group affected the free energy of
adsorption of H2S. Since the free ener%ies of adsorption
of the lower homologues of this series of surfactants obey
Traube’s rule (AG® per methylene group is about -2.7
kJimol3), we expected that for a given surface coverage
of n-alkyl alcohol, (i) adsorption of H2S would decrease
with greater n if there was a net repulsive interaction with
HoS, or (ii) adsorption of HAS would increase with n if there

t Issued as AECL. 5653.

was net attraction between the adsorbates. From the
analogous work of Massoudi and King,4 in which they
studied adsorption of low molecular weight gases in the
presence of the soluble tetra-n-butylammonium halide
surfactants, we expected alternative (i) to hold.

It was also important to us to establish if H2S either
enhanced or inhibited the coadsorption of n-alkyl alcohols
at partial pressures of H2S close to its saturation pressure
Ps The cold towers of the H2S-H 20 process operate at
pressures near 2.0 MPa (0.9P9 and at a temperature close
to 30 °C. Under those conditions, about three monolayers
of HZS are adsorbed on the aqueous interface.1 Some
chemical process instabilities have been related to the
presence of trace quantities of organic surfactants in the
H2S-H2 dispersion on the sieve trays of these gas-liquid
contactors. For that reason, we desired to know if ad-
sorgtion of surface active solutes of the type likely to
stabilize the H2S-H2 froth or to inhibit bubble
coalescences was reduced in the presence of high pressure
H?2S compared to adsorption in air.

Experimental Section

Surface tensions of three-component H2S-n-alkyl al-
cohol-H2D mixtures were measured by the pendant drop
technique as previously described.1 Droplets were formed
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and contained at high pressure in either a modified 1-cm
path length optical cell (Aminco) or a chamber of ap-
proximately 73 cms total volume. In each case, extra
solution was added to ensure that the vapor space of the
cell was saturated with n-alkyl alcohol. Each surface
tension presented below was the mean of two or more
measurements which generally agreed to within 0.2 mN/m.
Droplets were photographed upon suspension for 300 s,
although no detectable change in surface tension was found
after about 15 s. The surfaces of these solutions equili-
brated rapidly and no significant aging effects were en-
countered.

The densities of the n-alkyl alcohol agqueous solutions
differed slightly from that of pure water at 30 °C 6 s and
we measured them pycnometrically. To calculate the
surface tension of three-component mixtures using

o =g(Pi~ P2)de2/H (1)

we assumed that the density was independent of H2S
pressure. Murphy and Gainess have shown that the
density of water is not significantly chan%ed upon satu-
ration with H2S gas. In eq 1, a is the surface tension in
mN/m, g is the gravitational constant, p. is the density
of the aqueous solution, p, is the density of the gas phase,
and deis the maximum diameter of the liquid drop. The
term, 1/H, was obtained from the measured shape factor
S = d9d e where dsis the diameter of the drop at the plane
normal to the axis of symmetry at dimension defrom the
drop tip, using the correlations reported by Misak.1o

The n-alkyl alcohols were reagent grade chemicals and
were fractionated prior to use. Water was triply distilled
and always had a surface tension of 71.5+ 0.2 mN/m at
30 °C. Hydrogen sulfide was CP grade. The last one-third
of the contents of each lecture bottle was rejected to avoid
transfer of traces of thiols.

Results

Surface tension data for three three-component systems
are presented in Figure 1. In each case, n-alkyl alcohol
solution surface tensions were first measured in air to
ensure that those values were reproducible and invariant
with time. Fresh droplets were employed for each mea-
surement. The data points plotted in Figure 1A-C were
the mean of at least two determinations which agreed to
within 0.2 mN/m. Surface tensions were always recorded
after raising the H2S pressure to the desired value.

For each n-alkyl alcohol solution, the surface tension
decreased linearly with increased H2S pressure up to about
15 MPa. The more rapid falloff observed for a above that
point resembled the curve for the two-component
H2S-H2 system shown as the upper line in panel 1B and
the dashed lines in panels 1A and 1C. The departure from
linearity in the H2S-H 20 system was due to multilayer
condensation of H2S on the surface.: Note that as the
molecular wei%ht of the n-alkyl alcohol increased, the slope
du/dpP of the linear portion became smaller for a given
n-alkyl alcohol initial surface pressure x = 4v- a. This
caused a crossover of the a against P plot for the H2S-
ng L;%H -H 20 system, Figure 1C, which was absent in 1A
an :

It was desirable to collect data at concentrations where
the bulk solutions were essentially ideal. For this reason,
we chose to study the change in free energy of adsorption
of HX in solutions of n-alkyl alcohols for which x was less
than 10 mN/m. Within that range, plots of a against x
(mole fraction) are linear for the lower members of the
homologous series of alcohols.sii  Also, the activity
coefficients, y*, normalized according to the unsymmetrical
conventioni2 (the infinitely dilute solution is the standard
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Figure 1. The effect of H2S pressure on the surface tension of aqueous
n-alkyl alcohol solutions. The filled circles in panel 1Bfcnd the dashed
lines In panels 1A and 1C are for H2S-H2D without nalkyl alcohol. The
other curves with decreasing surface tension intercepts in each panel
correspond to the solutions of increasing n-alkyl alcohol concentration
listed in Table I.

state) are close to unity under these conditions.is4

Experiments were done at 30 °C to make accessible the
full range of pressure up to the liquefaction point of H2S.
Below 29.45 °C the solid H2S hydrate forms.:

Free Energy of Adsorption of H.S. The free energy of
adsorption of HaS, component 2,15 from the solution to the
interface was calculated from the limiting slope m. = lim
(a2 —%0) (dir/da.,) by means of

AG° = -RT In (mjn°) (2)

where R is the gas constant, T is the absolute temperature,
and x° is the standard state surface pressure taken to be
0.338 mN/m 1617 Ross and Cheniz have presented a de-
rivation of eq 2. Solute activities a, rather than mole
fraction concentrations x, have been employed in this work
since activity coefficients y* are available for the two-
component solutionsisiais and a, = y*xr For H2S, the
slope mz is given by

The first term of the product is the slope of the best
straight line fitted to each set of data presented in Figure
1. The second term is the Henry's law constant, H2
expressed on the activity scale for dissolution of H2S in
water and is 64.8 MPa at 30 °C.1s Our values for the free
energy of adsorption of H2S at its zero-coverage limit,
AG?2, are summarized in Table | and Figure 2 as a function
of the surface excess of n-alkyl alcohol measured in the
absence of H2S, r3'

The surface excess of each n-alkyl alcohol without H2S
present was obtained from the slope of a tangent to a plot
of surface tension against In as by use of Gibbs' equation
and adoption of Gibbs’ conventionis that the surface excess
of water 1* = o:

T/ =-do/kT dIna, (4)
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I’:ﬂ)” 0 18 Molecules m»

Figure 2. The dependence of the free energy of adsorption of H2S
at its zero-coverage limiton the surface excess of /»propyl, /»butyl,
and /»pentyl alcohol.

TABLE I: Free Energies of Adsorption of H2S at the
Interface of Aqueous n-Alkyl Alcohol Solutions

-lim
(a2-
2 10 -109 0)
" o1043, r3d), lim (do/
mole mole- (P2—0) o), ¢ e
Alkyl frac- cules/ (3a/dr2), mN 0.1,
alcohol tion m2 m m"l klimoll
0 0 16.9 1095 -20.4

n Propyl 8.7 0.84 16.6 1076 -20.3
18.7 1.90 14.7 955 -20.0

n-Butyl 4.3 1.27 15.4 998 -20.1
7.2 1.69 14.0 907 -19.9

29.8 2.95 10.7 693 -19.2

60.5 3.76 8.4 544 -18.6

n-Pentyl 11 0.83 15.7 1015 -20.2
2.4 1.89 11.1 720 -19.3

“ These free energies may be converted to values for
adsorption from the gas phase to the interface with
respect to the Kemball-Rideal standard state of 0.0608
mN/m2by addition of +11.95 kJ/mol.

Our experimental data at 30 °C agreed with the data of
Clint et al .3 in the low concentration region.

For each set of experimental data shown in Figure 1
values of lim (P —»0) ea/dpP are reported in column 4 of
Table I. The error was less than 2% which corresponds
to an error in AG? of £+0.1 kJ/mol.

To employ eq 3, we have also assumed that the Henry’s
law constant//2i f°r H2 is independent of n-alkyl alcohol
concentration below 10 s mole fraction. There isa limited
amount of data for other systems which support this.
McLauchlan found that the reduction in the solubility of
H2S in water by low concentrations of added ethanol was
insignificant within our range of solute concentrations.a:
Also, Sada et al. have reported that the Henry's law
constant for the related gas N2 decreased only 0.25% in
aqueous solutions that contained 10«3 mole fraction of
methyl, ethyl, or propyl alcohols.s We therefore assumed
that H2S solubility is essentially unchanged in the aqueous
solutions which we used and that the solvent activity is
that of pure water.

Figure 2 illustrates that the free energy of adsorption
of HZS increases with the surface coverage of each n-alkyl
alcohol. This result is consistent with the finding of Clint
et al.swho have reported that the lower molecular weight

Figure 3. The dependence of the free energy of adsorption of /-propyl,
nbutyl, and /»pentyl alcohol, at their respective zero-coverage limits,
on the surface excess of H2S.

TABLE Il: Free Energies of Adsorption of n-Alkyl
Alcohols at the Interface of Aqueous H2S Solutions

108

102 () .gm AG3

mole mole- (5 - 0) 0.1,

Alkyl frac-  cules/ %30/36@, KkJ
alcohol MPa tion m2 mNm-1 moll
/I-Propyl 0.0 4.0 -23.6

0.39 6.0 2.0 35 -23.3
0.65 10.0 3.2 31 -23.0
0.99 15.0 4.0 2.8 -22.7

/I-Butyl 0.0 12.7 -26.5
0.39 6.0 2.0 10.9 -26.1
0.65 10.0 3.2 9.8 -25.9
0.99 15.0 4.0 8.8 -25.6
1.37 20.0 5.8 8.5 -25.5
1.77 25.0 9.0 7.0 -25.0
2.12 29.0 15.6 57 -24.5

/I-Pentyl 0.0 34.0 29.0
0.1 16 0.5 31.0 .28.8
0.3 4.8 13 27.0 -28.4

n-alkyl alcohols conform to Traube’s rule. At low values
of surface coverage of an alcohol, e.g., r31) = 1-2 x 1018
molecules m'2 the alkyl chains undoubtedly have exposed
their maximum projected molecular area toward the water
surface and that area increases slightly in the sequence of
Cs to C5 One might expect that coadsorption of HZXS
would modify the hydrocarbon chain-water interaction,
for example, by displacement of the chain from the surface.
This effect should be greater the larger the area of alkyl
chain on the surface, i.e., the increase of AG3" at a fixed
surface excess r:Ini should be the greatest with n-pentyl
alcohol, as observed.

Free Energy of Adsorption of n-Alkyl Alcohols. The
data presented in Figure 1 were employed to construct
plots of a against as at several partial pressures of H2S.
The slopes of these curves at infinite dilution of alcohol
yielded lim (as—#0) da/da, and, from those data, the free
energies of adsorption of the three n-alkyl alcohols at the
zero-coverage limit were calculated using eq 2. These
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results are reported in Figure 3 and Table Il as a function
of the surface excess of H2S atas = 0.1

Our values of AG® at 02 = 0 were within 0.2 kJ/mol of
those obtained by Clint et'al.s For each alcohol, AG¥
increased with H2S coverage, although the effect was
greatest for n-pentyl alcohoL Equation 2 could not be
applied reliably to data collected at high H2S pressure
because of lack of information on the variation of n-alkyl
alcohol activity coefficients y3 in concentrated H2S so-
lutions at pressures up to 2.12 MPa, and the points above
about 5 X 1018 molecules m 2 are of uncertain value for this
reason.

These data suggest that there is no marked dependence
of the relative desorption of the Cs to Cs normal alcohols
with increased H2S gas pressure, i.e., of aAGs*/ar 2D, on
the absolute magnitude of AG3. We had expected that
the slope might decrease as AG¥ (or carbon number)
increased, because reduction of the n-alkyl alcohol-water
interaction br coadsorbed H2S presumably would become
more difficult. In this regard, Massoudi and King have
reported that the surface excess of the surfactant tetra-
n-butylammonium bromide did not vary with the partial
pressure of n-butane.4 The free energy of adsorption of
that solute calculated from their data was only -27.7
kJ/mol. Thus, the difference between free energies of
adsorption of species at the aqueous interface does not
seem to reflect the interaction between the adsorbates.

Discussion

Adsorption from Multicomponent Solutions. The
surface tension of multicomponent solutions may in
principle be accurately calculated from physical and
molecular properties of the pure components. Theories
of adsorﬁtion for these systems have adopted a variety of
approaches which include the statistical mechanics of
Guggenheim 22 Prigogine,2s and Eckert and Prausnitz,s
the classical thermodynamic methods reviewed by Er-
iksson,2z and a number of semiempirical methods which
incorporate the adsorption isotherms of Freundlich,
Langmuir, or Szyszkowski. In general, the best agreement
between calculation and experiment is obtained for regular
solutions of nonpolar molecules, that is, for systems in
which the surface tensions of the pure components are
similar and the extent of adsorption of each at the interface
is comparable. Getzen has described a calculation pro-
cedure which is useful for systems which exhibit nonideal
behavior within the surface region, and has determined
surface activity coefficients from bulk-to-surface adsorption
constants and partial molal cross-sectional areas.s Because
of the nature of our system, we have selected a simple
kinetic theory aEproach to analyze our results.

The H2S-n-alkyl alcohol-water solutions possess dis-
tinctive characteristics: H2S, a volatile surfactant, readily
condenses to yield multilayers at partial pressures above
about 0.5P§ n-alkyl alcohols, readily soluble in water, are
moderateIK adsorbed at the aqueous interface. To un-
derstand the dependence of the free energy of adsorption
of H2S or n-alkyl alcohols on the extent of surface coverage
by a coadsorbent, we have adopted and modified a rather
simple apJ)roach for mixed surfactant systems which was
developed by Butleras The equations which we have
derived for our three-component system illustrate that the
changes in AG° are due to variation in one or all of the
following: bulk-to-surface adsorption constants, surface
activity coefficients and partial molal areas, and the
concentration of a second surfactant.

Dependence of the Free Energy of Adsorption of HZS
on the Activity of n-Butyl Alcohol. Assume that (i) the
rate of adsorption of H », fi2>is proportional to the product
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of its activity in solution and the fraction of unoccupied
surface:

R.= ka2l - 729" 2r A1) = ka2l - 77 2) (5)

where 7/ is the surface activity coefficient of H2S, Az is
its partial molal area, and .- is the fraction of the agueous
solution surface covered by H2S; and (ii) that the rate of
desorption of H2S, R 2 varies with its surface fraction 02

R-2= k-2l *A2r 2(1*: k-2y.9 (6)

The rate constants, k. and fe 2, have dimensions of re-
ciprocal time and the ratio k./k _. defines a bulk-to-surface
adsorption constant K2 Similar expressions are obtained
for the n-alkyl alcohols by replacing the subscript . with
3

At equilibrium, R. = R . s0 that for a three-component
system where «free+ o2 + o2 = 1 and ofteeis the unoccupied
surface fraction, we may write for component 2:

K-2y2*A: YA = Kk 2Ci2[1 - yTA . T.V)~ 73%A ar <> (7)
and for component 3.

K-syiAar s = ksas[l~ 72921 X>>- (8)
From (7) and (s) we obtain:

r0 = (kak-2y.9A 2aa/k:K-sysA a2)r (9)

Substitution of (9) into (7) yields r (1) as a function of
a. and a3

I'2<>>= f02a2/(f0'2725’\2 + kzyfAzaz
+ k-:k YfA .a:/k-3 (10)

Introduction of (10) into Gibbs’ eq 4 above, followed by
integration, yields the surface pressure = <« - a, where
an= surface tension of an H2S-free aqueous n-alkyl alcohol
solution of activity a3

*=f'" (1+£2) < >
inwhich G = 72921 + Kyi3/K, and ¢c2= y. A2 For small

a2 In @ + Coaldef) = c"/cg. Experimentally we find that
ir = m.a. (cf. eq 3), therefore

RT = y:A:

., ~M374d_2n
a 3
m: K.

(12)

From eq 2, mz2 = ir° exp (AG:°/RT). Note that eq 12
predicts that in general for any case of coadsorption, the
free energy of adsorption of one component should be
dependent on the concentration of other surface-active
species.

The effect of HZS on the adsorption of n-alkyl alcohols
is given similarly by

The validity of eq 12 and 13 was tested by usin? data
from columns 2 and 5 of both Tables I and Il. Plots of
RT/m. against as and RT/m. against c2 are shown in
Figures 4 and 5, respectively. In each case the data fall
on approximately straight lines as predicted. Note that
monolayer coverage by H2S in Figure 5 is exceeded at an
activity of 0.018. Monolayer coverage by n-alkyl alcohols
is not reached at any of the concentrations used. liquation
5 does not hold, if &. + 03> 1, but this occurs only in the
three highest H2S pressure cases with aqueous n-butyl
alcohol. We now derive numerical values for the pa-
rameters of this model for coadsorption.
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Figure 4. Test of eq 12 with data from Table |. Cnisthe carbon number
of the n-alkyl alcohol.

Figure 5. Test of eq 13 with data from Table II. C,, is the carbon
number of the n-alkyl alcohol.

Adsorption and Surface Activity Coefficients. We have
selected as the standard reference state the adsorption of
each surfactant at zero coverage of the other. Each ad-
sorption constant, K. for H2S and K. for the n-alkyl al-
cohols, is therefore equivalent to that for each two-com-
ponent system. To account for nonideal interaction be-
tween coadsorbed molecules, we have considered that the
surface activity coefficient for species i varies from 1 at
zero-coverage of that adsorbate to the value which allows
the standard state constant ff, to be retained upon
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TABLE Ill: Adsorption and Surface Activity
Coefficients and Molar Areas for the H2S-n-Alkyl
Alcohol-HjO System

Parameter
a3
(x10°),
m2
Surfactants K, K, mol'1 ¢ s
H2S + n-propyl 395 2290 144 0.031 0.073
alcohol 2 380“
H,S + n-butyl 395 8 320 165 o0.021 0.077
alcohol 7 990“
HXS + n-pentyl 395 24800 184 0.081 0.19
alcohol 25 600

“ Calculated from adsorption data in ref 3.

coadsorption of H2S and an n-alkyl alcohol. The coeffi-
cients have been evaluated in the following way.

The bulk-to-surface adsorption constant K. was cal-
culated at as = 0 from the intercept of Figure 4, assuming
7%= 1. The molar area of H2S, A2 was obtained using
the general expression A, = ArA/;,(Ti)y2/3 in which NATS
Avogadro’s number of the solute. For H2S, VZ = 35.1 x
10 sm3mol reported by Murphy and Gainess and this
gave A. = 9.1 x 10smz2mol '. The intercept at a; = 0 for
each set of n-alkyl alcohol data in Figure 4 was taken to
be the value for the two-component H2S-H2) system, K.
= 395. This dimensionless constant is related to the
experimental slopes m. given in column 5 of Table I by
K: - A2m:/RT.

The adsorption constants K. for the n-alkyl alcohols
were obtained in a similar way using eq 13 and the in-
tercepts at a2 = 0 taken from Figure 5. These results,
together with the molar areas of the n-alkyl alcohols
calculated from the partial molal volumes v reported by
Friedman and Scheraga,' are presented in Table IlI.

A surface activity coefficient was derived from the slope
2 of each line in Figures 4 and 5. For H2S, the plots of
RTfm. againstasgavey. =K, I,/K:A. in which K. and
K are the standard state adsorption constants discussed
above. Similarly for the n-alkyl alcohols, the plots of
RTjm. against a. gave 735$= K.1,/K:A3 These results are
also summarized in Table IlI.

The significance of these surface activity coefficients is
that all of the nonideality of the interaction between H2S
and the n-alkyl alcohols, as defined by the deviation from
the adsorption characteristics of the separate two-com-
ponent systems, is included in 72s and 7/ for each
three-component case. These factors are essentially pa-
rameters required to fit the present coadsorption model
to our data and they reflect the result stated in Figures
2 and 3, namely, that the free energies of adsorption of
each surfactant increase with increased coadsorption of the
second species.

The Nature of H.S-n-Alkyl Alcohols Interactions. Our
reported values of AG° at the zero-coverage limit in
two-component systems provide a measure of vertical
interactions between the adsorbate and the bulk solvent.
In those experiments in which the aqueous interface is
covered by a considerable fraction of a third species, our
experimental data reflect not only vertical interactions
between the condensed and bulk phases but also signif-
icant lateral adsorbate-adsorbate effects. The increase to
more positive values of the free energies of adsorption of
both HZS or the n-alkyl alcohols was a measure of the net
reduction in the total free energy of adsorption compared
to that for the two-component system. This suggests that
repulsive interactions may dominate in cases of coad-
sorption of H2S and the n-alkyl alcohols. Our experiments
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do not allow us to assess if -this arises because of a change
in enthalpy or entropy of adsorption.

Utility of Coadsorption Model. The analysis given
above has attached physical meaning to the slopes and
intercepts of the curves shown in Figures 4 and 5 relating
experimental slopes m, = dc/da, to the activities of
coadsorbates. Because those curves closely represent our
experimental data, it follows that by employing the pa-
rameters, Ki, y?, and A-, we may accurately calculate the
variation in surface tension of H2S-n-alkyl alcohol-H2
solutions with the concentration of each solute. For ex-
ample the change in surface tension with H2S activity a2
at constant n-alkyl alcohol activity as is given by this
version of eq 12:

Oo0-0-m .a2- AAlRI}%QZ } (14)

The analogous exBression for the dependence of a on as
at constant az is obtained by exchanging the subscripts 2
and 3 in (14).

This model has general applicability to multiadsorbate
systems. However, its use is limited to those cases for
which the surface activity coefficients y f are known. These
can be obtained only from experimental studies on the
multicomponent system. Since binary mixture adsorption
properties are insufficient, unless of course the adsorbates
behave ideally according to the criteria discussed above;
the utility of this approach is limited to the interpolation
of the surface tension of mixtures from a comprehensive
set of data.

It is worthwhile to consider the experimental results for
a related system. Massoudi and Kinga have observed an
exception to this prediction since they found that the
adsorption of tetra-n-butylammonium bromide (TBAB)
was unaffected upon pressurization of aqueous solutions
with C02 N20, and hydrocarbon gases. Now eq 14 states
that in any mixture of two surface active solutes, regardless
of the degree of nonideality, a decrease of the ternary
solution surface tension as a function of the concentration
of one surfactant should also depend on the concentration
of the other surfactant In terms of our model, this result
leads one to conclude that the ratio K.y A:/K . taken from
the slope of eq 13 must be small or equal to zero where
the subscript 2 refers to the gaseous surfactant and 3 to
TBAB. This condition can be encountered when K » K2
but because AG3 (TBAB) was only -27.7 kJ mol'l, that
criterion does not appear to be met. An alternative ex-
planation for the dependence of the surface properties of
that system on surfactant concentrations may be in the
nonideality of the bulk phase rather than the interfacial
region.

Conclusions

The free energy of adsorption of each of the coadsorbates
H2S and n-alkyl alcohols was found to increase to more
positive values as the surface coverage of the second
surfactant was raised.

A coadsorption model based on simﬁle kinetic theory
can account for the dependence of the free energy of
adsorption of one species on the activity of the other.

The relative desorption of, e? H?2 as a function of the
surface excess of an n-alkyl alcohol suggested that this
characteristic of coadsorption for this system was deter-
mined by repulsive lateral interactions between the ad-
sorbates at the aqueous interface.
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Appendix I. List of Symbols

a, activity of component i, mole fraction

de maximum diameter of pendant drop, m

g gravitational constant, Nma/k g2

k Boltzmann constant, J-S

K2 specific rate of adsorption (+) or desorption (-)
of H2S, component 2, s1

mi lim (a, —=0) d<r/da, mN m-1

A, molar area of component i, mamoli

Cn carbon number of normal alkyl chain

AGg°  free energy of adsorption of surfactant i, kJ mol

H~I shape factorio

H.,! Henry's law constant for H2S in H20, MPa

Ki bulk-to-surface adsorption coefficient for com-
ponent i

Na Avogadro's number

P pressure, Pa

Ps saturation vapor pressure, Pa

R gas constant, J K1 mol

R:: rate of adsorption (+) or desorption (-) of
component 2, $*1

T absolute temperature, K

;s surface activity coefficient of component i

X surface pressure = 0o —a, mN m-

X° standard state surface pressure = 0.338 mN m

P, density of phase i, kgtm-s

a surface tension, mN m-

do surface tension of pure'solvent or'a two-com-
ponent mixture of specified composition, mN
m-1

r,( surface excess of component i, molecules m-2

di surface fractional coverage by component i
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Optical absorption and emission spectra have been used to study the reduction of Cu(Il) and Cu(l) exchanged
zeolites by hydrogen. The emission of Cu(l) was identified as a spin-forbidden transition *A, ('So) — ¥ (sD3).
Additional intermediates were found spectroscopically, possibly involving copper hydride and isolated copper
atoms. The final product is metallic copper in various states of agglomeration, characterized by an absorption

edge at 17000 cm 1

Introduction

Cuprous Y and X type, zeolites have received wide at-
tention over the past several years following the finding
that the Cu(l) centers serve to catalyze electrocyclization
reactions of hydrocarbonsz and the oxidation of CO.3 The
preparation of cuprous zeolites can be achieved by the
activated reduction of cupric zeolites with H2, CO, NH3,
and several hydrocarbons, as well as by the direct method
of ion exchange in liquid ammonia solutions of cuprous
iodide.4 The chemical, and physical properties of Cu(l)
zeolites are rich in their diversity and include, in addition
to catalytic activity, the physical adsorption and chemi-
sorption of small molecules, photoluminescence and ca-
thodoluminescence,and nucléation of metallic clusters and
crystallites following activated treatments with H2 These
phenomena have so far been quantitatively investigated
by gas adsorption,3vio X-ray powder diffraction,e1 in-
frared,s,101213 ESR 91415 and photoluminescenceio,s
techniques. The various oxidation states of copper are
known to have quite distinct absorption properties over
the 5000-50 000-cm 1 range.is However, there has been a
paucity of optical absorption data for copper zeolite
systems; such data have been restricted to cursory char-
acterizations of color, with the exception of reports of
Cu(IYio1718 and Cu(l1)Aw electronic spectra assigned to
d-d transitions in the 10000-33 000-cm1 interval.o

We report herein on the optical spectra of Cu(ll), Cu(l),
and Cu(0) species in sodium Y and A type zeolites where
the copper zeolites were prepared by aqueous ion exchange
with cupric ions and by ion exchange in liquid ammonia
solutions of cuprous iodide. Diffuse reflectance and lu-
minescence spectra permitted the identification of
monodispersed Cu(ll), Cu(l), and Cu(0) centers, which
resulted from dehydration and deammoniation of the
ion-exchange products and by activated Hz and D2 re-
duction, as well as gas adsorption complexes with H2, CO,
02 and H3S, and the development of interband transitions
of metallic copper clusters. The UV absorption and visible
emission spectra of the Cu(l) centers were interpreted in
terms of C& crystal field, charge density electron repulsion,
and Jahn-Teller effects simultaneously affecting the (3d1)
'So-*e (3de4s]) 'D: absorption and the (3d94s)) sDs—n'So
emission.

Experimental Section

Sample Preparation. Copper Y and A type zeolites were
prepared by ion exchange in aqueous Cu(N03)2 solutions
and in liquid ammonia solutions of cuprous iodide.
CuuNa8Y (CuY2yz was prepared by stirring a slurry of
50 g of NaY (Linde SK-40) in 1L 0of0.05 M Cu(N03:2at
25 °C for 4 h. CujNaioA (CuA2) was prepared by stirring

a slurry of 10 g of NaA (Linde 4A) in 2 L of 1.5 mM
Cu(N0s)2 at 25 °C for 6 h. These cupric exchanged
samples were repeatedly washed and air dried before
further use. CuwNad0Y (CuYl) and CujNanA (CuAl)
samples were prepared by ion exchange in nearly saturated
liquid ammonia solutions of cuprous iodide, according to
a procedure described elsewhere.s22 These cuprous ex-
changed samples were dried in a nitrogen stream at 25 °C
and stored under nitrogen or in vacuo until further use.
Analyses of the dried products showed that no iodide ion
was held in the zeolites. Dehydration and deammoniation
was carried out by heating in vacuo using a stepped
program at temperatures up to 450 °C. Reductions in
research grade hydrogen and deuterium were carried out
at various elevated temperatures and at pressures close to
atmospheric. Gas adsorptions of H2S, CO, and 0 2 were
carried out at room temperature and atmospheric pressure.

X-Ray Diffraction. Powder patterns were recorded on
a Siemens diffractometer using Cu Ka radiation. Re-
tention of crystallinity in all samples was confirmed.

Spectroscopy. Diffuse reflectance spectra (DRS) were
recorded on a Cary 14R spectrophotometer with digital
output; the data were processed according to Schuster-
Kubelka-Munk theory as has been previously described.z
Dispersed illumination (mode 1) was used in the near-
infrared (near IR; 2.17-0.7 pm), visible (0.7-0.36 /im), and
UV (0.36-0.2 urn) regions, and undispersed illumination
(mode 2) was also used in the visible and UV regions so
that absorption spectra could be obtained for the lumi-
nescent samples. Emission and excitation spectra were
recorded using a Spex No. 1702 monochromator with an
RCA No. 8852 photomultiplier to measure the emission
and a Bausch and Lomb double grating monochromator,
with 150-W Xe and 45-W D2 lamps used for excitation.
Lifetime measurements at 25 °C were made by using a
pulsed N2 laser2s for excitation and a Tektronix 564 os-
cilloscope to follow the time decay of the amplified
photomultiplier output at 540 nm.

Results

Dehydration and Deammoniation. The dehydration in
vacuo of the cupric (CuY2 and CuA2) exchanged sieves was
monitored in the near IR by the reduction of absorption
intensity due to the v + 5(5100 cm']) and 2v (6800 cm-1)
combination-overtone vibrational bands of water.2s The
sensitivity of the DRS technique utilized here for probing
the vs + 5and . vabsorptions of molecular water is better
than 1H20/80 A type unit cellszs or 1H20/10 Y type unit
cells. The deammoniation of the cuprous (CuYl and
CuAl) exchanged samples was similarly monitored in
terms of the v + v (5000 cm'Y) and 3ig (9700 cm'Y) vi-
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300"

X 25

Figure 1. Optical spectra of degassed CuA (a) and CuY (b) zeolites, (a) Mode 1 spectra of the CuAl sample which illustrate the effects of increasing
deammoniation temperature on the movement of the absorption edge to 15500 cm-1 (at 300 °C) upon complete deammoniation. (b) The solid
line spectrum (mode 1) exhibiting a 10 000-17 000-cm"labsorption band is that of the CuY2 sample after dehydration in vacuo at 415 °C for
3 h; (+++) spectrum of the CuY1 sample after deammoniation in vacuo at 450 °C for 15 h; the near IR and visible components were recorded

in mode 1, while the UV component was recorded in mode 2 so that the UV excited luminescence of Cu(l) would not be detected.

B 20, 25 30
ENERGY (i’ XOH

Figure 2. Visible (mode 1) spectra of liquid ammonia Cu(l) exchanged
(&, CuY1) and aqueous Cu(ll) exchanged (b, CuY2) copper Y zeolites
illustrating the nucléation of copper as a function of reduction tem-
perature. (a) Spectra of the CuY 1 sample after reduction in hydrogen
(740 Torr) for 12 h at the indicated temperatures (°C). (b) Spectra
of the CuY2 sample after reduction in hydrogen (740 Torr) for 12 h
at the indicated temperatures. The 25 °C spectra are those of the
respective degassed samp es.

brational bands of molecular ammonia. Optical spectra
of the completely degassed CuAl and CuY samples are
compared In Figure 1. The CuY2 sample exhibits ab-
sorption bands, characteristic of the e —e and e —* a!
(10000-17 000 cm") transitions of the Cu(ll) (3d9) ion in
thetri%onal (C&) site. The CuA2 spectrum is identical with
that of CuY2. The intense UV absorption component is
attributed to charge transfer excitation. The spectra of
the CuAl and CuYI samples are different. The CuAl
sample exhibits a broad absorption edge at 15500 cm",
while the CuYl sample exhibits a multiplet structure
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Figure 3. Near IR (mode 1) spectra of the CuY1 sample after reduction
in H2 (740 Torr) for 12 h at the indicated temperature (°C). The
integrated peak intensities grow in the same proportion, within ex-
perimental error, on going from 200 to 250 °C. The complete envelope
of the 4617-cnrlband could not be obtained due to the low power
density of the tungsten source at wavelength greater than 2.17 jim.

(31000-44000 cm"]) assigned to the (3d 1 (3do 4s))
‘D2 configurational transition of Cu(l). The CuYI sample
displays a luminescent emission at 540 nm.

Reductions in Hydrogen and Deuterium. T0 investigate
the effects of H2 reduction on cuprous exchanged zeolites,
aCuYIl sample was treated in 760 Torr of Hz2at 205 °C
for 12 h. This treatment resulted in the appearance of the
17000-cm=1 metallic copper absorption edge, an intense
gray background continuum, and a series of eight ab-
sorption bands in the near IR superimposed upon the
continuum. Reduction in deuterium gave rise to the same
near IR absorption bands, showing that none of these
bands originated from water of hydroxyl vibrations. The
development of the metallic copper absorption edge for
CuYl is illustrated in Figure 2a. In Figure 3 the corre-
sponding near IR spectra are depicted. These near IR
peaks are tentatively assigned to the (3de4s2 2D and (3dio
4p’) °P configurational transitionss of atomically dispersed
Cu(0). The growth and decay of the continuous back-
ground is apparent in both Figures 2a and 3.

Cupric Y zeolites could be first reduced to the cuprous
state, as evidenced by a UV excited green luminescence,
by treatment with H2 at elevated temperatures. Further
reduction in H2 resulted in the nucleation of metallic
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Figure 4. Emission and excitation spectra of Cu(l) centers in CuY1
and CuY2 samples. Also indicated are the Xe (150 W) and £6(45 W)
lamp power density spectra (manufacturers’ values) where the maximum
indicated spectral irradiance values at 50 cm are 1.0 and 0.05 /iW cm-2
nm"1for the Xe and D2 sources, respectively. (+++) Data for the
CuY1 sample using the Xe source. The other data illustrated are for
the CuY2 sample reduced in H2 (740 Torr) at 200 °C for 12 h. The
continuous line curves are the emission and excitation spectra for the
CuY2 sample obtained with Xe excitation and the (XXX) curve is the
excitation spectrum of the CuY2 sample with D? excitation.

copper crystallites, as confirmed by X-ray powder dif-
fraction measurements. In Figure 2b is illustrated the
development of the absorption edge in CuY2, characteristic
of metallic copper, as a function of the reducing tem-
perature in 740 Torr of H2 Concurrent with the growth
of the 17000-cm'l absorption edge is the growth with
increasing temperature of continuous background ab-
sorption, which extends through the near IR. Absorption
peaks of low intensity were observed to appear and then
disappear at 8000 and 10500 cm- as the reduction
temperature was raised stepwise. The maximum Cu(l)
content, as evidenced by a maximum in the UV excited
540-nm emission, occurred after treatment with Hz2 at 250
°C. No bands in the near IR attributable to the production
of HX or hydroxyls were observed after the dehydration
or the hydrogen reduction, of the CuY2 sample. The
corresponding nucleation of metallic copper in the CuA2
sample by reduction at 310 °C was also demonstrated by
the appearance of the 17000-cm 1 absorption edge.

Photoluminescence. Emission and excitation spectra,
taken at 25 °C, for CuY2 (reduced in H2 at 200 °C) and
CuYl are illustrated in Figure 4. These complement the
excitation curves reported by Maxwell and Drents for this
system at liquid nitrogen temperature. It is apparent that
the excitation spectra depended critically upon the
wavelength dependence of the source intensity. Excitation
spectra for the CuY| and CuY2 samples were also obtained
by subtracting UV mode 1 spectra from UV mode 2
spectra, and were nearly identical with the UV mode 2
(absorption) spectra. The quantum efficiency of the lu-
minescence was estimated to be of the order of unity since
the integrated intensities of the excitation spectra obtained
as a difference between mode 2 and mode 1 signals were
nearly as great as the integrated intensities of the cor-
responding mode 2 spectra. A lifetime of approximately
100 ms at 25 °C was measured for the Cu(l) luminescence.
The emission remained unchanged in the presence of
hydrogen at 25 °C.

Admission of humid air to luminescing samples of CuY|
and CuY2 resulted in the rapid loss of the 540-nm emission
intensity. Admission of CO and 02to CuY1 samples at
ambient temperature and atmospheric pressure resulted
in a partial quenching of the 540-nm emission, which was
accompanied by an increase in the absorption coefficient
in the 33000-45 ooo-cm 1interval. Admission of H2S to
CuYl at room temperature and atmospheric pressure
resulted in almost complete quenching of the emission and
the development of an absorption maximum at about
40000 cm'L The H2S-Cu(l) complex was irreversibly
formed, and upon stepwise heating in vacuo to 300 °C, a
dark green product, believed to be CuSH+, resulted which
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had an absorption maximum at 11000 cm'l

Discussion

Properties of the Copper Containing Type A Sieves.
While processes leading to the nucleation of metallic
copper in cupric and cuprous exchanged Y sieves have
closely resembling intermediates and products, a similar
analogy does not hold for the A sieves. Similarities be-
tween CuA2 and CuY2 do exist and include the hydrogen
reduction Cu(Il) -» Cu(l) without near IR evidence for the
production of water or sieve hydroxylation, the occurrence
of UV excited luminescence of the Cu(l) centers, and the
formation (by further reduction) of metallic clusters as
evidenced by X-ray diffraction and optical absorption at
17000 ". The CuA2 and CuY2 samples differ in that the
luminescence of the A zeolite exhibited a lower quantum
efficiency (<0.1) than that of the Y type. In comparing
the cuprous exchanged samples, a significant difference
arose at the outset of the ion exchange. While the CuY|
samples assumed a pale blue color when immersed in
liguid ammonia (the solution of which is dark blue), CuAl
powder became yellow during the same exchange proce-
dure. Upon the activated deammoniation of CuAl, an
absorption edge developed and shifted to lower energies
with increasing activation temperature; the deammoniated
product was dark brown, but the X-ray diffraction pattern
of the product indicated that no Cu2) was present.

These properties are similar to those of Cu20 ,2z which
has an absorption edge of 15900 cm'L On this basis, and
the absorption edge observed at 15500 cm 1 with CuAl,
it is suggested that a zeolitic analogue of Cu2 may be
formed according to the following reaction:

Cu

o~

o
\ /\ /AN \ /

(NH3)xCu*+ "Al  Si —« Al Si_ +*NH,
/ \/\ / })/ \

where the electron transfer along the Cu-0 bond would
appear at energies within 500 cm-1 of those of the
band-to-band transition in Cu20. This interpretation is
consistent with the greater lability of NaA, compared with
NaX and NaY. Because of the ion-skeletal reaction
depicted above, the Cu(l) ions in type A sieves (exchanged
in liquid ammonia) are not luminescent centers as pho-
toluminescence is quenched by electron exchange and
charge transfer.

The type Y zeolites are substantially more stable and
inert matrices for the Cu(l) ions, however, and the dis-
sipation of excitation is almost entirely by light emission.

Optical Properties of Cu(l). The UV mode 2 absorption
spectra of Cu(l) in CuYI (cf. Figure Ib) and CuY2 are
nearly identical except for minor differences in intensity
and slight shifts in band maxima positions. The spectra,
e.g., that of CuYl in Figure Ib, indicate the existence of
five shoulders and peaks, occurring at 31070, 33820, 36350,
40900, and 44160 cm"L This multiplet is assigned to the
(3d10) 'So * (3d9 4s]) D2 configurational transition,ie2s
where the excited state 'D 2 is split by the caucrystal field
and Jahn-Teller distortions, as schematically represented
in Figure 5. In the absence of low temperature spectra,
the magnitude of the separation of crystal field and
Jahn-Teller energies cannot be determined, and therefore
it is not possible to assign the individual components of
the observed multiplets to the specific theoretical states
labeled by the irreducible representations of the C& group.
However, that the multiplet states belong to a singlet
configuration 3ds 4s1 is supported by a comparison of the
energies of the 3do4si1 singlet and triplet states in the free
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@) (b) ©
Figure 5. (a) Schematic energy level diagram for the (3d94s] ID2excited state of Cu(l). The totally symmetric component of the zeolitic field
raises the center of weight of the ID2term above that of the free ion. The C3vfield then splits the term: 1D2— 1A, © E® IE. Jahn-Teller
distortions of the doubly degenerate states induce further spliting: E— E+ © E".2 (b) Close to scale representations of Cu(l) lons (shaded circles)
sitting in hexagonal oxygen six-ring pockets of C3vsymmetry (sites T, Il, and II') in Y zeolite, at three different hypothesized stages of electronic
excitation. The lower drawings depict views in the plane of the six-rings, and the upper drawings are axial views. State 1 represents the unexcited
equilibrium configuration. State 2 represents the substantal increase of the Cu(l) ionic radius Immediately after electronic (vertical) excitation.
The excited state (3d94s1) ionic radius, on the time scale of absorption, is constrained from reaching the equilibrium value due to charge density
repulsion by the six-ring oxygens. State 3 represents the equilibrium excited state configuration, (c) Schematic potential energy diagram as a
function of copper-oxygen distance where the ground state and the lowest lying Jahn-Teller split singlet and triplet excited states are depicted.
Absorption occurs as a vertical transition (cf. state 2 of part b) and is followed by a relaxation of potential energy along the 'D2 (E ) potential
well (cf. state 3 of part b). Energy is then transferred nonradiatlvely to the lowest lying triplet, after which a photon of energy e, Is emitted, and
the cuprous ion returns to its equilibrium ground state configuration (cf. state 1of part b). The dashed potential well and emission photon energy

e2illustrate how a lower emission energy might be observed if Jahn-Teller distortions are not significant.

ion with those in zeolites and alkali halides, and an entirely
consistent picture ensues from the qualitative analysis
which follows.

The (3deds]) ‘D2 term appears at 26 265 ¢cm 1 in the free
ion, 10995 cm 1 belou that of the corresponding Cu(l)Y
term, and the free ion (3de 4s1) sDsterm occurs at 21929
cm"L which is 4329 ¢cm-1 above the Cu(l) emitting level.
The first of these effects can be interpreted in terms of
electron repulsion of the excited state by the zeolite lattice.
Consider the model of Figure 5b where the Cu(l) center
is placed in a casenvironment; the ground state ionic
radius of Cu(l) is of the order of 0.96 A. According to
Slater’s rules, the 3de4s1 excited state should exhibit an
ionic radius in excess of 1.59 A. Such an expansion
overlaps considerably with the neighboring lattice oxygens,
and hence energy of the T)2state is increased by repulsion.
This explanation is entirely consistent with the lattice
repulsion of the 4de 5s1 absorptions of Ag+in AgCl (255
nm), AgBr (315 nm), and Agl (423 nm),20 of Cu+in CuCl
(372 nm) and CuBr (395 nm),2e and of Cu+ doped into Lil
(245 nm), Nal (257 nm), KI (263 nm), and Rbl (267
nmy.sou Thus, the higher the observed absorption energy
(or lower the observed wavelength), the more constrained
are the Cu(l) ions in the given crystal lattice. The energy
of the emission from the triplet is less than that which
would result from the free ion levels because the emission
is into a highly vibrationally excited sublevel of the
electronic ground state (cf. Figure 5). The Jahn-Teller
effect, also indicated in Figure 5, goes counter to the re-
pulsion and tends to increase the emission energy. The
resulting observed emission frequency e, is thus inter-
mediate between that of the free ion and the frequency
(e2 that would be observed if the Jahn-Teller effect did
not operate.

The picture of electronic absorption and emission
presented above may be used to explain the small dif-
ferences observed between CuYl and CuY2 (Xe excited)
excitation and emission spectra (cf. Figure 4). Note that
the excitation curve for CuY2 lies about 1000 cm 1 above
that for CuYl. This result is consistent with the mode 2
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UV absorption spectrum (not illustrated) for the CuY2
sample, where the low energy shoulder in the 3do 4s:
absorption multiplet is shifted 1000 cm+1 to higher energy
than that observed for CuYl (cf. Figure Ib). The ab-
sorption and emission data indicate that the location of
the Cu(l) centers in CuYIl and in reduced CuYz is almost
identical except for a slightly higher repulsion in CuY2 (cf.
Figure 5).

The CuH Continuum. It is useful to consider Figure s,
where data from Figures 1-4 and other data are cast in a
form suitable for mechanistic interpretation. The dif-
ferential H2 uptake curve and background continuum
absorption curve of Figure sa demonstrate that in CuYl,
the background absorption may be assigned as a property
of the CuH intermediate. The band gap for this con-
tinuum, lying below 4600 cm“L has not been located.
However, a satisfactory explanation of the observed
continuum is obtained by considering that the theoretical
ionization potential of the free hydride ion, obtained by
a Hylleraas variational calculation (among the most ac-
curate ab initio calculations available3), lies at 5775 cm=1
and that the ionization potential will be lowered by the
dielectric field of the zeolite. The charge density delo-
calization effected by the bonding in CuH is reasonably
expected to induce a further lowering of the ionization
potential below that of the free hydride ion.

A similar but less intense absorption continuum of CuH
was observed during the reduction of divalent copper in
CuY2 (Figure eb, dashed line). However, here the con-
tinuum appeared at higher temperatures than in CuY| and
only after Cu(l) ions have been formed (Figure sb, x).
This result suggests that the hydride is the product of
oxidative addition of hydrogen to Cu(l), a reaction which
cannot take place with the Cu(l1) ions because of the very
high third ionization potential of copper.

Possible Evidence for Copper Atoms. The sharp near
IR transitions illustrated in Figure 3 belong to an inter-
mediate whose temperature range of existence is marked
by open squares in Figure sa. We tentatively assign these
transitions to those of atomically dispersed Cu(0) because
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Figure 6. Comparison of linearly scaled properties of CuY1(a) and
CuY2(b) samples as a function of reduction temperature in (740 Torr)
H2 (a) Properties of CuY 1. (XX X) decrease of emission intensity at
540 nm with 313-nm excitation; (AAA) growth and decay of background
continuum intensity at 6000 cm-1; (+++) intensity of 18 000-cm"1
copper interband transition after subtraction of the background ab-
sorption; (O00) differential uptake of H2at 540 torr as measured in
a volumetric apparatus; (OOO) growth and decay of the near IR
absorption intensity of the peak at 7929 cm 1 (cf. Figure 3). (b)
Properties of CuY2: (OOO) decrease of Cu(ll) absorption intensity
at 10990 cm-1; (XXX) growth and decay of background continuum
intensity at 6000 cm'L (+++) intensity of 18000-cm 1copper cluster
interband transition after subtraction of the background absorption. The
linear scaling is such that each signal (e.g., emission or absorption
corresponding to a particular species) is represented with the same
maximum value. Absolute values, where available, are described in
the text and in Figures 1-4.

(i) the narrow line width indicates that no phonons are
involved in the transition, (ii) the number of lines (eight)
corresponds to the number of states originating from the
excited configurations (3de 4s2) 2Ds/2t2 and (3diwo 4p)
2P3l24/2 subject to spin-orbit coupling and a low symmetry
crystal field, and (iii) the transitions are not of vibrational
origin because substitution of hydrogen by deuterium does
not change their wavelengths in the region where only
hydrogen-containing oscillators could appear. The center
of weight of the 2D and -T states of the monoatomic copper
held in the zeolite, if correctly assigned, is at 8120 ¢cm 1
above the ground state (2Si/2), while it is at 19029 c¢m 1
in free copper atoms.is The total shift could be caused by
the zeolite dielectric field, requiring a local dielectric
constant of 1.53 to reduce the energy of the transition.s
Such a value compares favorably with the average static
dielectric constant, less than 2, extrapolated from dielectric
loss measurements in NaY zeolites.ss However, there
remains an uncertainty as to the edge of the ionization
continuum which should be lowered from the ionization
potential of copper atom (62370 ¢cm 1 to 27000 cm'], a
frequency obscured by the copper metal continuum in the
present system (Figure 2). Further confirmation of the
atomic origin of the narrow band spectra observed here
with copper should be sought with elements displaying
analogous transition. For example, silver atoms in zeolites
(dielectric constant 1.53) should exhibit eight lines centered
at 13400 ¢m 1 due to transitions from the 2Su2 ground state
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into the 2P1/2,a2 and 2Ds/23/2 excited states.

The spectrum in Figure 3 appeared only in trace am-
ounts during the reduction of the cupric sieve CuY2. The
reduction sequences in Figure sb show that the maximum
concentration of Cu(l) centers occurred in CuY2 at a
temperature 200-250 °C higher than in CuYl, at which
temperature the subsequently reduced copper atoms
agglomerate so rapidly to metal clusters and particles that
they cannot be isolated as metastable intermediates.

Metallic Copper. The development of the copper metal
absorption edge at 17000 cm 1 illustrated in Figure 2 is
in good qualitative agreement with previous experimental
measurements of copper metal specular reflectancesssss
and K-band absorptionsss as well as with band theory and
cluster calculations.ss 41 The optical data for metallic
copper over the range illustrated in Figure 2 are more
refined than heretofore reported elsewhere, and are in
agreement with the band structure density of states cal-
culations of Burdickss with regard to the shape of the so
called “d hump” at the absorption edge (due to interband
d-d transitions).

It is seen in Figure e that the nucleation of clusters
commenced at an early stage of reduction, and reached a
maximum after most of the Cu(l) centers had been ex-
terminated. The decrease in the metallic copper curve of
Figure sb is most probably due to an increase in the
scattering coefficient of the copper zeolite due to a suf-
ficiently high concentration of large (1 fim) copper par-
ticles. Comparison of visible absorption intensities and
the high temperature limits of the curves in Figure s
indicated that copper nucleation in CuY2 was still rela-
tively incomplete at 400 °C.

The Mechanism of Reduction and Agglomeration. The
most interesting result discussed above is that there are
two spectroscopically identifiable intermediates in the
reduction of the zeolite cuprous ions (such as in CuYl) to
copper metal. Although the interpretation of the spectra
of these intermediates is not definite, a mechanism of
reduction may be proposed which contains more details
than any considered previously. The first reaction se-
quence involves the formation of a copper hydride, either
by oxidative addition (1) or by heteropolar splitting (2) of
hydrogen. The copper atom formation is accomplished

Gii* + 1 2H, —Cu2H" )
QU + H, »Cu*H_ + IP @
by the decomposition of the hydrides (3, 4) followed by
Cu2tH-*Cu" + H* ®3)
arH G e (o
/iCu" —Cun ®

the formation of clusters and metallic phase (5). Here
reaction 1‘(4b) cannot be an extensive one because no ev-
olution of hydrogen was observed during the formation of
the intermediate identified as atomic copper. It should
be remarked here that metallic copper exhibits no strong
chemisorption of hydrogen.4

The protons produced by reactions 2, 3, and 4a are
usually considered to react further with skeletal oxygens
to form OH groups or water. We have made a search in
the near IR and found neither OH nor HZ) present within
instrumental sensitivities. From previously collected
data,4s the sensitivity of this method is predicted to be able
to detect 0.01 water molecule per copper in Y zeolite.
Conservative estimates of the near IR sensitivity for OH
groups, based on a comparison of H Y zeolite spectra in
the near IR with the instrument sensitivity 42 have yielded
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detectable concentrations of o.1 hydroxyls per copper
atom. It is therefore concluded that the production of OH
groups of the type reported by Herman et al.o represents
only a small fraction of the reduction mechanism, less than
10% by our estimates. It seems, therefore, that the protons
are either attached to the zeolite by electrostatic forces or
form heterogeneous OH groups with extremely broad
vibrational bands, not detectable by refined near IR
techniques.

Conclusions

The present spectrochemical study of the reduction of
copper containing zeolites showed that the Cu(ll) mo-
lecular sieves CuY2 and CuA2 begin to be reduced at
substantially higher temperatures than the Cu(l) zeolites
CuYl and CuAl. The low reduction temperature of CuY|
sieve permitted spectroscopically well-defined interme-
diates to be detected, one of which is possibly a copper
atom with sharp line spectra displayed in the near infrared.
By analogy; atomic spectra of other elements in zeolite
matrices'should be observable in the near-infrared and
visible régions, e.?., the 2S1/2 &= 2Pt/2312 and 2S12 — 2D 512372
transitions of silver atoms should be centered at 13400
cm"L, and the 25,72 *» 2P i/2312 transitions of gold should
appear around 17000 cm . Temperatures above 250-300
°C cause agglomeration of copper outside the zeolite
cavities, and are also expected to destroy intracavital
atomic dispersions of most metals.
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The dication of pheophytin a has been studied by visible absorption, electron spin resonance, and proton magnetic
resonance spectroscopy. Visible absorption spectroscopy was used to follow the conversion of chlorophyll a
to pheophytin a dication by trifluoroacetic acid. Pheophytin a is half-converted to the dication by 85 equiv
of trifluoroacetic acid in CClaat 10-3M. No spectroscopic evidence for a pheophytin a monocation was found.
In the dication, all protons experienced an initial downfield chemical shift, with those of the methine protons
most pronounced. From the changes in the proton chemical shifts with increasing amounts of trifluoroacetic
acid, 1t can be deduced that an additional protonated species is formed from the pheophytin a dication by
hydrogen binding of a trifluoroacetic acid molecule to the C-9-keto carbonyl group. The zero field splitting
parameters for the T! state of the protonated pheophytin a were determined by electron spin resonance
spectroscopy to be 0.0288 £ 0.0009 and 0.0046 + 0.0001 cm 1 for D and E, respectively. The visible absorption
spectrum of chlorophyll a and the pheophytin a dication are remarkably similar both with respect to peak positions

and relative peak heights.

I. Introduction

The characteristic color of chlorophyll a (Chi a) in
neutral and basic solutions is lost upon slight acidification
and the gray-brownish color of pheophytin a (Pheo a) is
obtained. Pheo ais derived from Chi a by replacement
of its central Mg2+ by two protons (Figure 1). Strongly
acidic solutions of Chi a have a color almost
indistinguishables from that of Chi a in organic solvents
and the species responsible for this dark-green color is
thought to be the dication of pheophytin a, i.e., H2Pheo
a2+ (Figure 1). HoPheo a2+ differs from Pheo a by two
additional protons bonded to the pyrrole nitrogen atoms
at the center of the macrocycle. A discrepancy exists in
the literature on this subject as to the nature of the
protonated species formed in acidic solution. Specifically,
Delaporte and Laval-Martina from potentiometric ti-
tration and visible absorption spectroscopy found evidence
for a monocation in the system acetone/perchloric acid.
On the other hand, Zanker et al.s from visible absorption
spectroscopy found evidence for both a monocation of
Pheo a (HPheo alt) with apk = 1.6 and a dication of Pheo
a2t (HPheo a2+ with a pk = 0.0 in the system ace-
tone/water/hydrochloric acid.

To help clarify the nature of the protonated Pheo a
species, we have examined the properties of Pheo a in
acidic solution, and have characterized them by visible
absorption, proton magnetic resonance (‘H NMR), and
electron spin resonance (ESR) studies. We have found
that trifluoroacetic acid (TFA) has many advantages as
the protonating acid and is particularly well suited for the
spectroscopic techniques we have used.

Il. Experimental Section

Pheo a was prepared by acid treatment of Chi as and
dried on a vacuum line. Visible absorption spectra were
recorded on a Cary 14 spectrometer equipped with a di-
gitizer and interfaced to the Argonne Chemistry Division's
central Sigma 5 computer.  NMR spectra were recorded
at 20 °C on a Varian HR-220 spectrometer operating in
the Fourier transform mode. 1 NMR spectra were
obtained at 27 °C on a Bruker WP 60 spectrometer op-
erating in the Fourier transform mode. ESR triplet spectra
were recorded as previously described. 1

Ill. Visible Absorption Spectra

Visible absorption spectra for Chi a dissolved in TFA,
Pheo a dissolved in TFA, Chi a-pyridine in CClagand Pheo
a in CClasare compared in Figure 2. The action of TFA
on Chi a or Pheo a yields the same end product for the
spectrum of Chiain TFA (A" 660, 610, 575, and 528 nm)
and Pheo a in TFA (Anex 659, 609, 573, and 526 nm) are
almost indistinguishable (cf. Figure 2A and 2B). Chi a
evidently loses its central magnesium very quickly on
treatment with TFA and is protonated to form a cation;
Pheo a is likewise protonated by TFA to form the samp
cation. Dissolution of Pheo a in TFA causes no chemical
changes in the chlorin macrocycle. In the presence of
water, hydrolysis at the propionic acid ester side chain may
occur with formation of pheophorbide a; nothing happens
to the carbomethoxy ester group even when substantial
amounts of water are present, as judged from 'H NMR
spectra. The conditions under which the trifluoroacetic
acid titrations were carried out do not yield any significant
amounts of pheophorbide a, as shown by thin-layer
chromatography. The spectrum of protonated Pheo a
species formed from either Chi a or Pheo a dissolved in
TFA is clearly different from Pheo a (cf. Figure 2A, 2B,
and 2D).

To answer the question whether a mono- or dication of
Pheo a is formed by the interaction of Pheo a and TFA
(or Chiaand TFA) we carried out titration of 10 s M Chi
awith TFA in CCla as the solvent (Figure 3). Addition
of 2 equiv of TFA almost completely converted Chi a to
Pheo a as judged by the close similarity of the spectrum
of the reaction product with the spectrum of Pheo a in
CC14 We assume that the displacement of Mg2+ from Chi
a to form Pheo a goes according to the reaction

2CF,CO:H + Chi a”™ Mg(CF3C02): + Pheo a 1)

Our visible absorption spectra show that over 90% of the
Chi a molecules have been converted into Pheo a when 3
equiv of TFA have been added, and this places a lower
bound of 6 x 10s M 10n the equilibrium constant for the
conversion of Chi a into Pheo a. No further large changes
in the visible absorption spectrum are observed until
approximately 50 equiv of TFA have been added, and then
a shoulder at 652 nm starts developing. The conversion
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Figure 1. Chemical structjre of (A) chlorophyll a (Chi &), (B) pheophytin

a (Pheo a), (C) pheophytir a dication (H2Pheo a2+), and (D) pheophytin
a trication.

WAVELENGTH, nm

Figure 2. Visible absorption spectra of (A) 10-5 M chlorophyll a added
to trifluoroacetic acid, (B) 10-5 M pheophytin a added to trifluoroacetic
acid, (C) 1C14 M chlorophyll a-pyridine in CCl4, and (D) 10"4 M pheophytin
a in CCl4

from the 671-nm species (i.e., Pheo a) into the 652-nm
species is completed by the addition of 500 equiv; further
addition of TFA beyond 500 equiv results only in a small
red shift of the major red absorption peak and subtle
changes in the relative intensities of the peaks. In the
conversion of Chi a to protonated Pheo a isoshestic points
at 606 and 625 nm are observed and all but the 500-equiv
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Figure 3. Visible absorption spectra corresponding to the addition of
5, 50, 100, 200, and 500 equiv of trifluoroacetic acid to a 10-5 solution
of chlorophyll a in CCl4.

Figure 4. Equilibrium plot to determine if the protonated pheophytin
a species formed through interaction with trifluoroacetic acid in carbon
tetrachloride is (A) the monocation or (B) the dication. The circles
correspond to points derived from the absorbance at 671 nm and the
triangles correspond to points derived from the absorbance at 652 nm.

Sﬁectrum has an isoshestic point at 661 nm. We believe
that the reason why the 500-equiv curve does not pass
exactly through the isosbestic point is the result of a small
additional red shift due to the binding of a third TFA
molecule to the C-9 keto carbonyl. In neat TFA the main
red peak is shifted all the way to 660 nm (Figure 2A).

By assuming that only Pheo a was formed when the
TFA:.Chl a ratio is 5.1 and at a ratio of 500:1 only a
protonated species is present, it is possible to calculate the
fraction, /, of the original Pheo a molecules protonated at
each point in the titration. Because TFA is known to
dimerize in nonpolar solventseio we assumed that the
following two equilibria are also operative:

(TFA), 1 2 TFA )

Pheo a + NTFA Pheo a-TFA,, 3)

where n = 1 for the formation of the Pheo a monocation
and n = 2 for the formation of the Pheo a dication. From
eq 2 and 3, it can be shown that the equilibrium constant
for monoprotonation is given by

Cehl(fl - - 2)(1 - f)r = [2f/KKi (L

-m + K r 4)
where Cchl is the initial Chi concentration and R is the ratio
of the added TFA concentration to the initial Chi con-
centration. Thus a plot of the left-hand side of eq 4 vs.
f(1 - f)~I should be a straight line with positive slope, if
indeed the monocation is the species formed. Such a plot
is shown in Figure 4A. It is obviously not a straight line
and it has a negative slope. Alternatively, if the Pheo a
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Figure 5. 'H NMR titration of 2 x 10 2 M pheophytin a in CCI4 with
trifluoroacetic acid. The free induction decay was collected in 8192
channels. A 90° pulse was taken to be 67 ns and 3 s relaxation interval
was allowed between pulses. The processed free induction decay was
the resultant of 30Q pulses.

dication salt with TFA is the species being formed, then
the following equation applies:

cem(R - 2f- 2)d -n t/2r 172

= [2f15AKK2(1 ~fY 12] + K 2'i2 ("

Thus a plot of the left-hand side of eq 5 vs. / 1/2(1 - f)'rl
should be a straight line with slope of 2k K21 and ay
intercept Kk 2 12 for dication formation. We find that such
a plot is nearly a horizontal straight line, i.e., the slope is
small (Figure 4B). Setting the slope equal to zero, we
obtain K 2 = (85 % 0.5) X 10 4 M and therefore K 2 -
(14 + 0.2) X 10s M 2 Thus, the spectral changes observed
when 105 M Chi a in CCl4 is titrated with TFA are
consistent with the complete conversion of Chi a to Pheo
a at just over 2 equiv, followed by the subsequent con-
version of Pheo a to HZPheo a2+ with more TFA. One-half
of the Pheo a is converted to HZPheo a2+ at the point where
85 equiv of TFA have been added.

IV. '"H NMR Observations

A titration of Pheo a by TFA similar to that carried out
by optical spectroscopy was performed by ‘H NMR. A
higher concentration of Pheo a was required because of
the lower sensitivity of *H NMR. TFA was added in small
increments to a 0.02 M solution of Pheo a in CCl4 and the
chemical shift changes of the various proton species in
Pheo a Hre shown as a function of the TFA/Pheo a mole
ratio in Figure 5. Several proton chemical shifts, notably
those of the a, 0, and 5 methine protons, experience large
chEtnges in chemicEil shift to lower field upon the addition
of TFA, a shift which is consistent with that observed
under similar circumstances for simple porphyrins.ii A
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TABLE 1. 1H Chemical Shifts Of Pheophytin a in Neat
CC14 and Trifluoroacetic Acid (5, ppm)0

Proton Neat CClsa Neat TFA A

K 9.08 9.84 +0.76
@ 9.00 9.51 +0.51
6 8.36 8.44 +0.08
10 5.95 6.17 +0.22
iob 3.80 3.62 -0.18
5a 3.49 3.23 -0.26
la 3.23 2.90 -0.33
3a 3.00 2.85 -0.15
N-H -0.12;-2.15

o Chemical shifts are downfield (+ ) from internal
standard hexamethyldisiloxane (HMS). Other
conditions as in Figure 5.

TABLE II: 2C Chemical Shifts of Cyclopentanone in
CCl4 and Trifluoroacetic Acid (5, ppm)*

Solvent O=0 a CH, Bch2
CCla 214.6 35.7 21.2
TFA 234.1 40.4 24.7

A 195 A 4.7 A 35

° Chemical shifts are downfield from internal standard
hexamethyldisiloxane (HMS). The repetition mode was
20 s and benzene-ds was used as internal lock.

maximum change is observed with the addition of ca. 4
equiv of TFA. The signals arising from the N-H protons
(5=-0.12 and - 2.10 ppm) are lost after addition of only
small amounts of TFA, which is due to line broadening
caused by rapid proton exchange. However, before the
N-H signals completely vanish a small downfield shift was
observed to occur, and this is contrary to what is generally
observed in porphyrin diacids.iu As judged from the
steadily increasing downfield shifts of the protons during
the early stages of the titration and from the immediate
broadening of the N-H signal, no evidence can be adduced
for an intermediate monocation.

With more than 4 equiv of TFA the proton chemical
shifts either remain fairly constant or begin to move to high
field. This is easily explained by a TFA solvent effect from
the increasing concentration of TFA (see Table I for a
comparison of the chemical shifts of some protons of Pheo
a in neat CCls and neat TFA) and by changes in the r
system of the macrocycle from protonation at the C-9 keto
carbonyl group. Extrapolated values of the titration curve
in Figure 5 coincide with chemical shifts in neat TFA. The
change in slope of the chemical shifts is compatible with
protonation at the C-9 keto carbonyl at high TFA con-
centrations. Further evidence on protonation at C-9 was
sought by 1€ NMR spectroscopy. Cyclopentanone was
used as a model compound, and i.C NMR spectra were
recorded on cyclopentanone in neat CC14 in neat TFA, and
in CCla with various concentrations of TFA. As can be
seen in Table 11, the carbonyl carbon is by far the most
strongly affected CEirbon atom in the molecule when in-
teraction with TFA occurs, indicative of strong interaction
with the oxygen of the C-9 keto function. Similarly, ex-
amination of the 2-carboethoxy derivative of cyclopentane
(basically the ring V of Pheo a) via 1 NMR indicates that
the keto carbonyl is the preferential site of protonation.
Approximate half-titration points for the reaction

Pheo a+ nTFA Pheo a(TFA)N (e)

were computed by finding the number of equivalents of
TFA for which the chemical shifts changed by one-half of
their maximum change during the course of the titration.
Using the chemical shifts for the carbon atoms at the a,
0, 9 la, 3a, 5a, and 10b positions, a value of 1.8 £ 0.3 equiv
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was computed for the half-titration point. A value of 1.8
is not consistent witn n > 4 (eq ), because the half-ti-
tration point for the n > 4 case must be greater than 2
equiv. For n = 2, then the equilibrium constant K. = 1.4
x 106 M 2 determined from visible absorption spectros-
copy, applies and a half-titration point of 1.04 is predicted.
Because n > 4 has been eliminated and a greater amount
of TFA is required than for n = 2, we conclude that n =
3 is the most likely value.

V. Triplet Spectra

The ESR spectrum of the lowest triplet state (Td of 10 3
M protonated Pheo a has been recorded at 5 K in two
different solvent systems. In 50% TFA/50% glycerol viv
the zero field splitting parameters, D and E, are 0.0288 £
0.0009 and 0.0046 + 0.0001 cm ', respectively, and in neat
TFA the corresponding D and E values are 0.0278 and
0.0056 cm“Y, respectively. These D and E values are to be
compared with those previously reported for Chi ai2«3 and
Pheo a.1213 The values reported for Chi a are both solvent
and concentration dependent; reported values for D range
from 0.0262 t0 0.0303 ¢cm 1 and values reported for E range
from o.0022 to 0.0059 cm“L The D values reported for
Pheo a are 0.033922 and 0.0341 cm-113 and the corre-
sponding E value is 0.0033 cm=1.1213 Thus, the zero field
splitting parameters for the T astate of protonated Pheo
a are more similar to Chi a than to Pheo a.

V1. Conclusions

Titration of 10-s M Chi a with TFA in CCl4 solution
shows that the Chi a is converted to Pheo a by the addition
of just over 2 equiv of TFA. Further amounts of TFA
(from 5 to 500 equiv) convert Pheo a to a single protonated
species as indicated by the isoshestic point at 661 nm in
the visible absorption spectra. This protonated species has
its major absorption maximum at 652 nm. From the TFA
dependence of the visible absorption spectrum it was
possible to establish that the 652-nm absorbing species
cannot be the monocation and that it is most likely the
dication H2Pheo a2+. The equilibrium constant for the
conversion of Pheo a to H2Pheo a2+ was calculated to have
the value 1.4 x 106 M2

A titration of 2 x 10 2 M Pheo a with TFA in CCls
followed by 'H NMR gives spectra that are not charac-
teristic of a simple two-species equilibrium and there seem
to be strong bulk solvent shifts of the various proton
resonances as the solvent is varied from pure CClato pure
TFA. Asjudged by the approximate half-titration value
of 1.8 equiv, the 'H NMR spectra can be interpreted to
indicate the addition of three molecules of TFA to Pheo
a. This conclusion is strongly supported by the results of
a titration of cyclopentanone by TFA followed by 1
NMR. These results indicate a strong binding of TFA to
the keto carbonyl group of cyclopentanone. Hence, the
binding of the third molecule of TFA most probably takes
place at the 9-keto carbonyl group in the cyclopenta-
none-like rin? V of Pheo a

These conclusions from 'H NMR and 13C spectroscopy
are consistent with the visible absorption spectra results
for the titration at 10 3 M because when more than 500
equiv of TFA (i.e., 5 x 10<s M TFA) have been added, a

The Journal of Physical Chemistry, Vol. 81, No. 4, 1977

Katz et al.

red shift of the major absorption peak (from 652 to 660
nm in pure TFA) is observed. This red shift is consistent
with the binding of an additional molecule of TFA to the
ring V keto carbonyl, as it is known that binding of a metal
ion at the ring V keto carbonyl brings about a red shift of
the major absorption peak.s

Under our experimental conditions, which are quite
different from those of Delaporte and Laval-Martinsand
of Zanker et al.,s no monocation is observed in the Pheo
a-TFA system. In an X-ray analysis of the dication of
tetraphenylporphyrin, Fleischer and Stoneisiz have shown
that protonation destroys the planarity of the porphyrin
aromatic system, and that the pyrrole rings are tilted
alternatively up and down at 28° angles to the molecular
plane. Such a conformational change may account for the
instability of a Pheo a monocation. The energy barrier for
the addition of the first proton to a pyrrole ring of the
macrocycle may be greater than for the addition of the
second. When the first proton is attached, the lone pair
of the second nitrogen atom is exposed, as the pyrrole
moiety gets tilted, and thus protonation of the second
nitrogen atom is faciliated.ienz The optical spectra of
H2Pheo a2+ and Chi a show a close resemblance. Such a
similarity is also observed on the triplet spectra of Chi a
and protonated Pheo a species. The zero field splitting
parameters, D and E, for the lowest triplet state (T L) of
the Pheo a dication are 0.0288 and 0.0046 cm 1 respec-
tively. These values correspond much more closely to
those of Chi a than of Pheo a. This may be taken as
another indication that the addition of four protons to the
four pyrrole rings of the chlorin macrocycle to form
H2Pheo a2+ results in an aromatic it system that has
electronic properties almost indistinguishable from those
produced by insertion of Mg2+ (to form Chi a) in the pheo
a macrocycle.
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Raman, infrared, and far-infrared spectra of solid and dissolved S7/NH, S7ND, S7sNH, and S7IND have been
recorded. All fundamental frequencies of heptasulfur imide have been observed and assigned in accordance
with the molecular symmetry Cs A normal-coordinate treatment was carried out using a modified Urey-Bradley
force field with 16 independent force constants. Good agreement between observed and calculated frequencies
was obtained and both Urey-Bradley and valence force constants are reported.

Introduction

_In récent years the vibrational spectra of certain sulfur
rings suet as Se.1 Ss2 and Sizs have been definitely as-
signed. These rings belong to the degenerate point groups

*Daland 1)4d respectively, and since there are no sub-

stituents the spectra consist of relatively few absorptions
and Raman lines, res ective(liv. It has been shown that the
spectra can be understood by means of very simple
Urey-Bradley force fields with six or seven independent
force constants only. For these reasons sulfur rings are
ideal molectles to study the dependence of certain fun-
damental vibrations on ring'size and molecular symmetry
as well as possible relationships between force constants
and structural parameters.4s

Oxidation of Sswith trifluoroperacetic acid yields S&0 6
whose molecules still contain eight-membered puckered
rings but with cssymmetry.7 The oxygen is linked to one
of the sulfur atoms by a double bond in an axial position.
The vibrational spectra of S8 have been investigateds and
force constants have been calculated.o The results show
that the lowering of ring symmetry in S8 compared with
Sscauses all bending and torsional modes degenerate in
Ssto split into their components but without much change
in average frequency and Raman intensity.o

Another possibility to lower the symmetry of the Ssring
is substitution of one sulfur atom by a heteroatom. The
simplest compound of this type whose structure is known
and which can be prepared in high purity is heptasulfur
imide, SZNH. STNH forms almost colorless crystals which
can be prepared, for example, from Ssby treatment with
NaNs in tris(dimethylamino)phosphine oxide, subsequent
hydrolysis in aqueous hydrochloric acid, and purification
of the crude product by repeated recrystallization or
column chromatography.io The molecular structure of
S™NH has been investigated several timesiii2 but only
recently was it possible to determine the positions of all
atoms including the hydrogen by x-ray diffraction on single
crystals at -160 °C .13 The molecules consist of crown-
shaped S7N rings containing almost planar groups S ,NH.
The molecular and site symmetry is C, and the centro-
symmetric unit cell contains four molecules. The geo-
metrical parameters are given in Table I; the numbering
of atoms and bonds is shown in Figure 1

The vibrational spectra of SITNH were first investigated
by Nelsonia who recorded the Raman spectrum in the
region 40-3500 cm 1 and the infrared spectrum in the
region 200-4000 c¢m 1 using solid STNH and solutions in
CS2 However, Nelson did not observe all fundamental
frequencies and made only a few assignments. Further-
more, some of the wavenumbers given in Tables 2 and 3
of Nelson’s paper do not agree with the values which can

TABLE I: Bond Distances (r, A), Valence Angles (a, o,
deg), and Dihedral Angles (r, deg) of Heptasulfur Imide*
ri. r2 2.048 a, 107.2 Teri 935
> r4 2.062 a2 a3 106.8 ri.ri 99.4
ri. ri 2.049 a4 as108.3 ri>ri 94.8
ri. ri 1.676 a6 a, 110.1 ri» 7g 96.5
r, 091 as 123.8 pnrr 117.1

“ The angle at atom i is termed ah the two angles SNH
are termed o, and 02 and the torsion angle at the bond
r,iscalled r;.

be obtained from her Figures 2a and 2b.

To remove these discrepancies and to determine all
fundamental frequencies of the heptasulfur imide molecule
we recorded the Raman, infrared, and far-infrared spectra
of S7NH, S/ND, S7isNH, and S7IND in the solid state as
well as in CS2 solutions and made a normal-coordinate
analysis.

Experimental Section

STNH was prepared from Ss and NaNsio since this
method yields only traces of Se(NH)2 and Ss(NH)s which
can be separated from S™NH by chromatography only.is
The crude product was extracted with boiling methanol
from which on cooling Ss crystallizes first followed by
SM™NH on evaporation. The samples used for spectroscopy
were purified by repeated recrystallization from CH30H
and CCla and in some cases by chromatography and
showed melting points between 109 and 113 °C. All
samples were free of Se(NH)2 as checked by thin-layer
chromatography. Only traces of Sswere present in some
cases but since all strong IR absorptions and Raman lines
of Sscoincide with strong IR absorptions and Raman lines,
respectively, of SINH no differences in the spectra of
samples from different preparations were observed.

Since the hydrogen in SINH is fairly acidic (pKa= 51
STIND was easily obtained by recrystallization of STNH
from excess methanol-dj (>99 atom % CHsOD) or al-
ternatively by very slow precipitation of 2 g of SINH
dissolved in 120 ml of dry acetone with 50 ml of D2 (>99.7
atom % DoO) and subsequent drying under high vacuum
for several hours.

On standing in air SIND changes to SINH within 24 h.
Therefore, due to the conventional sample preparation the
IR spectra of SIND exhibited additional weak absorptions
belonging to S7NH.

STINH was prepared from KisNN2 (95 atom % 1N at
one terminal atom of the azide anion) which first had to
be converted into NaisN N2 by ion exchange since KN3
does not react with Ssto give SINH in good yields. 1.6
g of NaisNN2 was stirred with 1.7 g of Ssin 33 ml of
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Figure 1. Numbering of atoms and bonds in hepfasulfur imide.
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Figure 2. Infrared spectrum of solid STNH at 25 °C.

[(CH3)2N]sPO, the reaction bottle being placed in a ni-
trogen filled desiccator over CaCl2 After hydrolysis in 40
ml of 10% hydrochloric acid and drying under high
vacuum the crude product was extracted with 140 ml of
hot methanol for 1 hr. After cooling and filtration the
solvent was evaporated and the residue dissolved in CS2
This solution was used for column chromatography on
silica gel eluting with a mixture of equal volumes of CCl4
and n-hexane. The presence of SINH in the eluate was
checked with alcoholic potassium hydroxide (turns violet
with S7NH). After evaporation of the medium fraction and
drying under high vacuum colorless crystals of a
S7aNHISTINH mixture (1:1) were obtained (melting point
113 °C). In the following this mixture is denoted S7*NH.
All chemicals used were of the highest commercially
available quality.

The Raman spectra were recorded in the region 10-3500
cm 1 using a Cary 82 spectrometer with triple mono-
chromator and the 488.0-, 514.5-, and 647.1-nm lines of Ar
and Kr lasers. Powdered samples as well as solutions in
CSz (freshly distilled from P40 10) were investigated. With
Ar laser excitation a rotating sample holder was used for
solid samples. Polarization measurements were possible
for the strongest Raman lines only since the solubility is
not very high.

The infrared spectra in the region 200-4000 cm 1 were
recorded using two grating spectrometers (Beckman IR 12
and Perkin-Elmer 325). KBr, CsBr, and Csl disks were
prepared with 5-35 mg of heptasulfur imide. Low tem-
perature spectra were recorded using a device described
earlier..7 Solutions in CS2 were investigated in matched
0.1- 1.0-mm cells of Csl. The region 50-400 cm 1 was also
investigated with a Polytec FIR 30 Fourier transform
spectrometer using sample disks prepared from pure
smh.

Vibrational Spectra and Frequency Assignment
The observed infrared bands and Raman lines are listed

in Tables I1-1V and the spectra are shown in Figures 2-4.

For a molecule of C, symmetry consisting of 9 atoms, 21
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Figure 3. Infrared spectrum of solid S7ND at 25 °C (containing ap-
proximately 10% S7NH).
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Figure 4. Raman spectrum of solid SNH at 25 cC (spectral bandwidth
15 crrrd.

fundamental vibrations are to be expected, 12 of which
belong to the species a' and 9 to a" and all of which are
infrared and Raman active. There must be 9 stretching,
10 bending, and 2 torsion vibrations (cf. Se0 9). The NH
stretching wavenumber of STNH at 3334 cm 1 in CSz shifts
to 3270 cm 1 in the solid due to weak intermolecular H—S
hydrogen bonding.izs In SIND it occurs at 2475 cm 1
corresponding to a H/D ratio of 1.35. ST*NH shows yNH
at 3331 c¢cm 1 (in CS2) but no splitting was observed which,
according to the mass difference between N and 1N,
should amount to 7 cm-1.

The SN stretching wavenumbers can be expected in the
region 600-1000 c¢m 1 since the planar HNS2 group can be
compared with the molecules OCL (673, 63418, HnBCl:
(892, 74019, and HNC12 (687, 6662 whose XC1 stretching
wavenumbers arefgiven in parentheses. The antisymmetric
SN vibration is of high IR intensity but does not show up
in the Raman spectrum. It shifts on deuteration much
more than on InN substitution because of some coupling
with ¢Note") in S7ND. This mode occurs at 1288 cm 1 in
S™NH and at 970 ¢cm 1in SAND. The coupling also causes
a substantial increase in IR intensity of 5tiD. In HNCL the
corresponding vibration occurs at 1295 cm-1.20 The
symmetric SN vibration of SINH does also not occur in
the Raman spectrum and is of very low IR intensity at 25
°C but can be easily detected in IR spectra taken at -185
°C. The wavenumbers are listed in Table IV.

The six SS stretching wavenumbers (3a’, 3a") can be
expected in the region 400-500 cm 1 since there is a linear
relationship between SS bond distances and average SS
frequencys from which vss = 458 ¢nTu is obtained. Since
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TABLE II: Vibrational Wavenumbers of S,NH (cm'1ly

Raman
Solid In CS2 Solid
2l'm
471
501 \5
52 wv
56 w,sh
63 w
71 s obsc 75 w
91 ws 89s 96 wv
105 w,sh 107 m
158 ws)
162 vs) 160 vs,dp 168 m
171 w 170 wwv,sh
212s
215 ws 212 ws,p
220 wv.sh
247 w 249 w 250 m
251 ww
261 w 260 w
282s 272 mp 276 s
295 w
356 m
424 w,sh 427 s
433 m 440 m
456 m 460 w 456 s
473 s 478 m
496 m 487 m 500 m
522 w,sh
552 wv
660 wysh
694 w
718 wv
740 wv
816 ws
1274 wv
3258 ms 3270 m
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Infrared

In CS2 Assignment
~ Lattice
at
a”r
91 + 21 or 63 + 52
a +a 6Sss
2-91
204 s a'’ 6SSS
211 m a' 5SSS
160 + 71
249 m a 5sss
160 + 91
a’ 5ssn
272 m A gons
212 + 91
358 wm a gocn
424 s a' »gs
a ss
446 s a "sg o+
467 w,sh a' "ss
a "ss
494 m a' "ss
517 wsh 272 + 249
500 + 52 or 500 + 63
500 + 160 or 456 + 212
680 w a’' "SN
456 + 261 or 2-356
456 + 279
805.8 s a” "SN
1288 m a” 6SNH
3334 m a' "NH

a V, very; s, strong; m, medium; w, weak; sh, shoulder; b, broad; p, polarized; dp, depolarized; obsc, obscured by CS2,

v, stretching; 6, bending; r, torsion vibration.

the bond distances vary by only 0.014 A, vibrational
coupling only causes the "ss to be spread over a certain
region. The spectra of S™NH and SIND show considerable
differences in the 400-500-cm 1 region. In the case of
S™ND five frequencies of low or medium intensity are
found in the IR and Raman spectra and can be assigned
to the six SS stretching fundamentals assuming one in-
cidental degeneracy at 463 cm-1. Since all the calculations
show the SS stretching modes distributed in alternating
order to the two symmetry species (&' > a" ~ a' > a" >
a' > a") we assign the wavenumbers in the 420-480-cm 1
region accordingly.

S™NH exhibits only three strong IR absorptions in the
400-500-cm 1 region. These are absent not only in STND
but also in the spectrum of (S7N)2S21 in which two SN
rings are connected by a sulfur atom. The same holds for
S7NCHs.22 Therefore, we assume that the wavenumbers
at 427, 456, and 498 cm-1 in the spectra of SINH are
connected with the symmetric NH bending vibration (NH
wagging). In STND this mode occurs as a broad structured
absorption at 367 cm 1 In S™NH it must be coupled to
some extent with the SS stretching modes and we assign
the 500-cm 1 frequency which occurs in the Raman
spectrum at 496 cm 1 and is polarized to the highest SS
stretching mode which is intensified and shifted from 474
cm 1 in SIND by mixing with 5NH@a'). This assumption
is supported by the normal-coordinate analysis (see below).
The two remaining wavenumbers at 456 and 427 cm 1 are
assigned to ¢ NH@") assuming a splitting caused by a slightly
asymmetric double minimum potential (DMP) as has been
observed for NH stretching frequencies previously.2s The

Figure 5. Assumed double minimum potential tor the NH wagging mode
of heptasulfur imide.

x-ray structure analysis of SINH showed the hydrogen in
an axial position with respect to the S™N ring but the angle
between the NH bond and the plane formed by the
neighboring atoms 6, 7, and 8 (see Figure 1) amounts to
only 14° (in NH:l, 56°). Since there must be another
position for the hydrogen on the other side of that plane
(equatorial position) differing in energy only slightly (due
to the different longe range SH interaction with atoms 4
and 5) the assumption of a DMP for the wagging vibration
seems reasonable. The barrier between the axial and
equatorial positions should be quite low causing the first
vibrationally excited 5NH level to be located near the top
of the barrier which results in a splitting of this level (see
Figure 5). In this case the relative IR intensities of the
transitions 0-2 and 0-3 can be of comparable magni-
tude.2425 On deuteration the levels 0 to 3 decrease in
energy and the splitting of levels 2 and 3 becomes much
smaller leading to one broad but structured absorption
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TABLE I1I: Vibrational Wavenumbers of STND (cm- 1f
Infrared
Raman
solid Solid In CS2 Assignment
22 m )
46 m > Lattice
56 w,sh
70 m ar
91 s a r
105 vw,sh 91 + 22
1571 vs a + a" 6sss
161 f
171 w 2-91
211 vs 203 vs a' 6SSS
214 vs 210 m a' 8sss
221 w 160 + 70
247 w 247 m 248 s a' 8SSS
252 w 160 + 91
262 w 262 w a SSSN
281 m 272 vs 270 s a’ 8SNS
327 m 312 vs a' 8SSN
367 vs.b 368 vs a' 7ND
426 w 427 m a" I'ss
439 w 435 vw a' yss
455 s 461 m a’ ess
460 w,b 464 m 469 m a + a" vss
472 s 475 m 478 m a' ess
501 w STNH
517 w 270 + 248
658 w 655 w 461 + 204
680 w-m 676 vw a’ eSN
709 vww 697 w 427 + 270
715 ww
721 vww 723 w 713 w 455 + 272
729 ww
776 ws 774.5 ws a eSN
966 vs 970 vs a" 8SND
1055 vw,b 1050 vw 970 + 91 or
776 + 272
2425 w 2433 s 2475 s a eND

° For abbreviations see Table II.

TABLE 1V: SN Stretching Wavenumbers of
Heptasulfur Imide (cm-1)

Species State S7“ NH S7,4ND S7'sNH s75nd

a Solid 694 680
a" In CS2 805.8 774.5 787.0 762.0

band for S*a'). This explanation for the strong IR
absorptions of SINH in the region 400-500 cm-*1 is sup-
ported by the observation that these bands are observed
in CS2solution too but shifted to lower wavenumbers due
to the cleavage of the weak hydrogen bonds in solid S7NH.
Furthermore, STNH reacts with tris(dimethylamino)-
phosphorus oxide &TDPO) to form the solid adduct
TDPO02S7NH in which according to a x-ray structure
analysis the two NH groups are hydrogen bonded to the
oxygen atom.zs In this compound &\H(a') occurs at 671
cm+1 and 5Nn(a0 at 545 cm-1 which in both cases corre-
sponds to a shift from SZNH(D) by a factor of 1.5 provided
¢NH(@) is located near 450 cm-1in S7TNH.

The assignment of the 10 ring bending and torsional
modes is more difficult. The highest frequency at 356 cm 1
can be assigned to the symmetric SSN bending mode
which according to the lower mass of nitrogen must be the
highest ring bending mode.2 No 1N /loN splitting has
been observed for this mode which due to the calculations
should amountto s cm'L In SIND 5SSN(a") is repelled by
tNo(@) and therefore shifted to 327 ¢cm 1

The remaining nine modes can be expected between 300
and 60 ¢cm 1 since all corresponding vibrations of Ss and
S8 are found in this region. The two torsional modes
degenerate in Ss (85 cm 1) and split in S& (84,67 ¢cm J)

The Journal of Physical Chemistry, Vol. 81, No. 4, 1977

Ralf Steudel

TABLE V: Comparison of Bending and Torsional Modes
of Eight-Membered Rings (Symmetry Species,
Wavenumbers, Raman Intensities)

S (C5) Ss (DAd) STNH(Cs)
a 219 vs 215 wvs
a 250 vw 282 s
a 190 w 356 -

a" 197 w 212 obsc
a 67 s 71's
a” 84 s 91 vs
a’ 140 s 160)
Vs
a" 157 vs 160:
a (219) 250 vw
243 w
235 vw 261 w

can be expected to be of strong Raman intensity and
should be located near 80 cm'L We assign the strong
Raman lines at 91 and 70 cm 1 to these modes and consider
all wavenumbers below 70 cm'1 to be lattice modes. In
contrast to the 91-cm*“Lline the 70-cm 1 Raman line has
not been observed for TDPO-2S7NH2 and (S7N)2S0.20
However, in SNH and SIND r(a") is strongly coupled with
“nh(D which may remove the incidental degeneracy of r(a’)
and r(a") which must be assumed for the two derivatives.
The lattice vibrations of S have been found below 65 cm'1
and some of them give rise to strong Raman lines.soat In
S& the lattice vibrations also occur below 65 cm: 1.9 Since
S™NH is of similar shape and mass as Ssand S8 the
wavenumbers of the lattice vibrations should be similar
too. Since the unit cell of heptasulfur imide is centro-
symmetrical (D2s)1113 the lattice vibrations may be either
Raman or infrared active.

For the assignment of the remaining fundamentals it
must be taken into account that only frequencies occurring
in all compounds containing the S™N unit can be ring
hending modes of S7NH. Since this is not the case for the
Raman lines at 171, 220, and 251 cm 1 these frequencies
must represent combination vibrations or overtones. The
remaining wavenumbers are assigned according to their
IR intensities and by analogy with Ssand Se0. The strong
Raman line at 160 cm 1 slightly split in solid heptasulfur
imide has been observed for Ss at 152 ¢cm-1 and for S8
at 140/157 cm-1and must represent two modes 5SSs(«/ +
a") since there is no second line of similar intensity nearby.
The splitting in the solid state may arise from correlation
field interaction since it is not observed for solid
TDPO-2S7NH

The strongest Raman line of SINH occurs at 215 cm'L
This wavenumber is characteristic for eight-membered
sulfur rings since it has been observed with high Raman
intensity for Ss (216) and S8 (219) also but not for S6, S7,
and Sjz.4 In the IR spectrum of dissolved SNH two bands
occur at 204 and 211 ¢cm-1 which correspond to the IR
absorption of solid SINH at 212 cm'1 and the Raman line
at 215 ¢m 1and represent two SSS bending modes (a" +

The three bending modes left are assigned to the IR
absorptions at 276(a’), 260(a"), and 250(a’) cm 1 The
276-cm 1 frequency must be the SNS bending mode be-
cause of its high IR intensity and its shift on isotopic
substitution (in CS2. STNH 272, SND 270, S*NH 270,
STND 268 cm™).

In Table V the ring bending and torsional modes of S8
Se0, and STNH are compared. No differences in the
spectra of SINH, SND, S7*NH, and ST*ND were observed
below 260 cm 1



Spectra of Heptasuifur Imide

Force Field

The force constant calculations were made using a
modified Urey-Bradley force field since this field was
shown to be suitable for Se2 as well as for SaN4H 432 and
should therefore be applicable to SINH too. The details
have been discussed In earlier papers.i4932

The following 16 independent force constants were used:
Ki  SS stretching
K. SN stretching
K. ND stretching
Hi bending at S
H. SNS bending
H. SNH bending
H. NH wagging
Fj  SS repulsion
F2 SN. repulsion
F3 SH repulsion
Y! SS'torsion
Y. SN torsion f
«C long-range SS and SN repulsion
P. bond-bond interaction at S
P. .bond-bond interaction at N
U  NH wagging-SN torsion interaction

With these constants the potential energy becomes

2V =S F,(Anz+ 22K 1'r(Ar) + SK2(An:2
+ 21K :'r(Ar) + Ks(AR). + 2K:'R(AR)
+ Z7Hi(rAa>z + 2§//1'r(rAa) + H2(rAa,:
+ 2H:'r(rAa) + [/ fs(rA]l3Hz2+ 2 1//3'r(rA]3)
+ HARAY,. + 2H.'R(RAy) + 2 F (A9 I)2
+ 22F1'qi(Aql) + I,F{AQ:: + 2T,F.'g:(AQ2)

+ ZF3(AQq3)2+ 21,F3'q3{Ag3) + SV,(rArn)2

6 2 2
+ 2AT,V(rAr) + z,y2(tA )2+ 2S72'r(rAr)

+ ZC{AqQ,. + 2T,C'q'{Aq) + 22P ArAr'
2
+ 2P.ATAr + 2AUAj At

The coordinates q and q'are the distances between atoms
i and, respectively, i + 2and i + 3, and r and r' are the
distances of adjacent bonds within the ring. Since all the
distances q'are very similar (4.15 < g' < 4.45 A) only one
force constant C was used.ss Any long-range repulsion
envolving the hydrogen atom was neglected. The constants
F' and C' were constrained by the conventional as-
sumptions F'= -0.1F and c'= -0.1C. All constants K,
H', and Y'are eliminated in the removal of the redundant
coordinates q and q.

Calculations

The calculations were performed by a CD 6500 computer
using the programs ubzm by Schachtschneiderss to cal-
culate the z matrix elements for the force constant C and
BcLz and Lsma by Shimanouchiso to calculate all matrices,
the frequencies, and potential energy distribution. The
valence force constants were obtained from the F matrix.

The Cartesian coordinates were taken from the recent
low temperature x-ray structure analysis.is However, the
NH bond Ien?th was assumed to be 1.03 A which is the
average in a large number of NH compounds and the
hydrogen was assumed to be in the plane of the neigh-
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boring atoms (di = d2= 118.1°).3% The symmetry coor-
dinates with exception of the NH wagging coordinate S
= A7 were taken from Ss0 ¢ (7 is the angle between the
NH bond and the plane of atoms s- s).

Force Constants

The first set of frequencies was calculated with assumed
Urey-Bradley force constants whose values were choosen
using the force constants of Sez and SaN4H 432 To adjust
the calculated to the observed frequencies by the least-
squares method 38 observed values were used for
SINH)N-", w~W4, ihs—ier), SINDON-ra), StdNH (4, and
S7isND(x14). pNh was neglected because of its anhar-
monicity. Solution frequencies were taken above 750 cm-1,
otherwise solid state values were used.

First groups of force constants were varied but in the
last run all 16 force constants were allowed to vary si-
multaneously until the corrections became zero. The
frequencies obtained as well as the potential energy dis-
tribution are given in Table VI. The force constants are
listed in Tables VII and VIII.

The maximum difference between observed and cal-
culated wavenumbers amounts to 9 cm-1.

Discussion

The Urey-Bradley and valence force constants of STNH
can be compared with those of Ss2 and SaN4H 432 This
comparison shows that all corresponding values are very
similar indicating that the frequency assignment of S-NH
is correct and that the force field is appropriate. It should
be pointed out, however, that the force constants connected
with the wagging mode of SINH cannot be considered as
reliable as those of SaN sHawhich exhibits three wagging
modes from which the force constants can be determined
more accurately. The normal-coordinate treatment of
SaN4H 4 has shown that in addition to the wagging-torsion
interaction also wagging-stretching and wagging-bending
interaction force constants are necessary which, however,
could not be used in the case of SINH because of the only
one wagging frequency. Nevertheless, all constants
connected with the NH group are very similar in STNH
and SaN4H4,

There exist relationships between bond distances and
SNaeand SSo stretching force constants. The mean values
calculated for STNH (Table VIII) are in agreement with
these equations (calcd /{SN) = 3.9, /1(SS) = 2.47 mdyn/A).
However, we have no explanation for the two different SS
stretching force constants.

The average SS stretching frequency of STND of 453
cm 1is in agreement with the value of 458 cm 1 calculated
from the bond distance-stretching frequency relationship.o
The average SN stretching frequency of SINH (751 c¢m-1),
however, does not fit the known bond distance-stretching
frequency relationship4o derived from only a few values
some of which are not longer valid. Therefore, this re-
lationship should be reinvestigated.

Nelsoni observed a number of very weak Raman lines
in the SN stretching region of SINH whose frequencies do
not agree with the two infrared active IS\ modes. She
explained these lines by factor group splitting of the fSN.
However, we did not observe these lines and the small
frequency shift of the two psn modes on dissolution of
S™NH in CS2does not support the idea of any measurable
correlation field splitting. We therefore believe that the
weak Raman lines are combination vibrations. We did also
not observe the s?litting of &NH(a") reported by Nelson.

The most peculiar detail of the STNH spectrum is the
NH wagging mode giving rise to three strong IR bands near
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TABLE VI: Observed and Calculated Wavenumbers of S,NH and S,ND and Potential Energy Distribution to the

Symmetry Coordinates*
S,MNH
Wavenumber, cm' 1

9,'4ND
Wavenumber, cm 1

Obsd Caled Potential energy, (%) Obsd Caled Potential energy, %
a v, (3334) 3393 i00 “NH 2475 2475 99 vND
“9 694 693 83 cSN, 13 6SNS 680 681 84 “sn>12 6SNS
498 498 457, 44 “SS 474 477 88 “ss
VA 472 465 88 “ss 463 461 85 “ss, 12 6sss
“g (456) 450 93 css 439 448 97 “ss
“g (433) 436 52 s> 38 7 367 369 37 8SSN, 36 7, 12 “ss
V- 356 357 60 5SSN-12 rSN>12 “SS 327 327 56 6ssn, 20 tSN, 15(7
279 281 39 89\5>22 7,13 rsn>13 6 276 274 37 8SNS- 33 7 -
V9 249 245 75 65sss 247 244 69 6sss, 14 T
“0 215 214 63 6sss, 18 tss 214 213 61 8sss, 14 rss
vil 160 162 77 6SSS 159 161 75 6sss- 11 T
“ 71 70 39 7, 33 rsN. 21 rss 70 70 397, 33rSN, 21 tss
a" .3 1288 1290 98 6nh 970 968 81 8ND, 19 “SN
~NA 805.8 808 98 “SN 774.5 773 93 “SN
“|5 (472) 462 93 “ss 463 462 93 “ss
“le (456) 459 87 “ss 455 459 87 “ss
“n (427) 423 99 “ss 428 423 99 “ss
“lg 261 256 59 6SSN, 28 6sss 262 255 58 8SSN, 29 6sss
V\9 212 214 58 6sss, 18 rss 211 213 57 8sss. 22 rss
“ 20 160 168 708 SSS> 23 6SSN 159 168 70 6SSS- 23 6SSN
“ o 91 92 65 tss, 26 rSN 91 92 64 rSs, 25 rSN

S,I5NH:  “Sn(3 ) °bsd 787.0, caled 788

S,'sND: “Sn(3 )obsd 762.0, caled 760

“ >10%; wavenumbers in brackets were not used in the force constant calculation.

TABLE VII: Urey-Bradley Force Constants of
Heptasulfur Imide (mdyn/A)

KA SS) 1.751 H,,(NH) 0.180 V(SS) 0.023
K 2(SN) 2.805 FASS) 0.347 V(SN) 0.045
A3(ND) 5749 F.(SN) 0703 c 0.039

HA S) 0.053 F-(SH) 0552 u(yln 0.142
//2(SNS)  0.199  pas) 0.236
HASNH)  0.109  P2(N) 0.572

TABLE VIII: Valence Force Constants of Heptasulfur
Imide (mdyn/A f

Fr(SS) 2.23 (r, - rd) fa 0.23 (a, - ab)
fASS) 2.53 (r5 r6) fa 0.36 (a6, a,)
/r(SN) 3.98 fa 0.33 (a,)

/r (ND) 6.37 fit 0.28
frASSISS) 0.52 fy 0.18
/rr(SS/SN) 0.80 fr 0.03 (SSSS)
/,,(SN/SN) 0.90 fr 0.04 (SSSN)
/rR(SN/NH) 0.41 fr 0.05 (SSNS)
fra 0.15-0.31 fyT 0.14
/rB(SN/NH) 0.31

“ fj, diagonal constants; fy, interaction constants
between the nearest coordinates indicated.

450 cm'l The potential energy distribution shows yNHto
be mixed with many other ar vibrations but this result may
be partly unreal since the PED with respect to yNHwas
quite sensitive to the kind and the values of certain force
constants (94 different sets of force constants were ex-
amined). We, therefore, doubt that the three IR bands
at 427, 456, and 500 cm 1 arise all from coupling of 7 NH
with two or three SS stretching vibrations. Only the
highest band at 500 cm 1 is believed to be a mixture of 7 NH
and “ss- The remaining “doublet” at 427/456 cm 1 must
be caused by a double minimum potential as discussed
above or by Fermi resonance of 7nh ~ 450 cm 1 with a
combination vibration. There are indeed several suitable
binary combinations belonging to the a' species (for ex-
ample, 2-214, 2212, 356 + 71, 279 + 160). However, there
are also combinations close to yNo = 367 cm 1 but no Fermi
resonance is observed. We therefore favor the explanation
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by a double minimum potential.
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The solvent and temperature dependence of an anomalous long-lived luminescence (Xnax430 nm), observed
simultaneously with the ordinary fluorescence and phosphorescence of tetramethyl-p-phenylenediamine (TMPD)
in ethanol and in some other organic solvents at 77 K, has been studied. These results together with some
complementary observations on absorption spectra have been interpreted as indicative of a protonation by
ethanol of the TMPD molecule in its ground state. It is also shown that when excited to the first singlet, TMPDH+
is partially decomposed to TMPDS the spectral properties of which are different from that of the directly excited
TMPD. The mechanism of protonation and the importance of the environment on spin-orbit coupling of TMPD

are discussed.

Introduction

Aromatic amines in organic glasses have been the subject
of several luminescence studies in the last decade.: 3
Among them, N~N,N*,N -tetramethyl-p-phenylenediamine
(TMPD) is of particular interest. Due to its low ionization
potential, it is the most commonly used solute for pho-
toionization studies in liquid or glassy solutions. Its UV
excited luminescences as well as the neutralization lu-
minescence following photoionizations have been exten-
sively studied. In a previous paper.s we reported the
existence of a new type of long-lived luminescence char-
acterized by excitation and emission spectra which appear
quite distinct from the TMPD absorption and emission.
The species responsible for this emission was tentatively
identified with a solute-solvent charge transfer state, the
existence of which had been repeatedly postulated in
glasses? as well as in liquidss to account for some anomalies
noted in photoionization studies.

Further experimental results do not support this early
interpretation pnd the experimental evidence given below
shows that the luminescence is associated with the pro-
tonated form TMPDH+. Moreover, it has been observed
that upon excitation TMPDH+ is partly decomposed to
TMPD* and that the luminescent properties of the latter
are somewhat different from those of the directly excited
TMPD molecule.

Experimental Section

Reagents. TMPD was liberated from the hydrochloride
salt with NaOH and purified by several sublimations just
before use. Methylcyclohexane (Eastman Kodak spec-
trograde) and 3-methylpentane (Koch Light) were purified
by chromatography on activated silica gel and alumina
(“standard” MCH and 3MP). Ethanol (Merck) was
distilled on acid 2,4-dinitrophenylhydrazine and dried over
1I2Mg in accord with the Lund and Bjerrum method

(“standard” ethanol). Triethylamine (TEA, Fluka) was
distilled over potassium hydroxyde. The solvents were
purified just before use and their purity was tested by
absorption and emission spectroscopy. The classical
methods of purification described above have been used
in most experiments. However, for solvents denoted below
as “dry” further dehydration was performed by keeping
the solvent several hours on a sodium mirror (for MCH
and TEA), on anhydrous CaSO04 (for ethanol), or on
molecular sieves (for MCH, ethanol, 2,2,2-trifluoroethanol
(Fluka), acetonitrile (uvasol Merck)). In all cases, the
treatment was done under vacuum and the solutions were
prepared by dilution in the same vacuum system after
distillation of the solvent. The samples were finally sealed
in a nonfluorescent silica tube (3 mm i.d.) for low tem-
perature measurements or in a 1o-mm square silica cell for
room temperature experiments.

Apparatus and Measurements. The absorption spectra
were obtained with a Zeiss PMQ Il spectrophotometer
equipped to make low temperature measurements.s The
luminescence spectra were recorded with a Jobin-Yvon
“Bearn” spectrofluorimeter equipped with a phosphoro-
scope. The spectral bandwidth was 3-6 nm for excitation
and fi-1 2 nm for analysis. The relative emission intensities
were obtained from areas measured on intensity vs.
wavenumber curves. It has been determined that the
intensity vs. wavelength dependence of the analyzing
monochromator and photomultiplier system is constant
to within 10% in the 350-510-nm spectral range. An
abrupt decrease of sensitivity only occurs for wavelengths
longer than 550 nm. Thus the intensity data were de-
termined from the observed uncorrected emission spectra.
The observed excitation spectra were corrected to a
constant number of photons in the exciting beam. The
spectral composition of the exciting light was itself ob-
tained by the use of rhodamine B as a quantum counter.
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Figure 1. Long-lived emission of TMPD in glassy ethanol: (curve a)
Xexc 350 nm; (curve b) Aexc 310 nm; (curve c) obtained by subtraction
of (a) from (b). [TMPD] = 2 X 10 M.
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Figure 2. Total luminescence spectrum of TMPD in acidic ethanol at
77 K. [TMPD] = 2 X 10 M.

The relative fluorescence quantum yields were determined
at room temperature, using right angle geometry, by
comparing the emission intensity of dilute TMPD solutions
(10 s M) with that of quinine sulfate in aqueous 1 N
sulfuric acid. The concentration of the latter was adjusted
so that each determination, at a given excitation wave-
length, gave the same optical density as the TMPD so-
lution at this particular wavelength.

Results

As previously reported,s the luminescence spectrum of
TMPD in glassy solutions at 77 K is strongly dependent
on the excitation wavelength. This dependence is par-
ticularly striking for the long-lived luminescence (recorded
with a phosphoroscope) as shown in Figure 1 for TMPD
in ethanol. Curve a shows the phosphorescence, denoted
by P (Amax470 nm) and produced by excitation at 350 nm,
near the solute absorption threshold. Curve b shows the
spectrum obtained by excitation at shorter wavelengths.
It is the superposition of P and another emission, denoted
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TABLE |
Absorp-
TMPD tion max
concn, M xp/Pa (77 K)
TMPD/ethanol 10" 0.35 320
1.5 x 10“ 0.5 312
+ KOH 2 x 10 0.1 315
+ Na ethanolate 2x 10“ 0.3
+ HCL 2 x 10“ >7 304
TMPD/ethanolb 3 x 10“ 0.27 315
TMPD/ethanolb 10" 0.4 315
TMPD/ethanolc 10 0.28
TMPD/MCH 10“ 0.15 320
+ HCL 10“ 0.7 315
TMPD/MCHd 10" <0.1 323
TMPD/MCHd 10" =0
TMPD/TEA 10“ <0.1 325

a Xp1P have been measured for an excitation wavelength
of 310 nm from emission spectra areas. b Ethanol dried
on anhydrous CaS04. ¢ Ethanol dried on molecular
sieves. d MCH dried on sodium mirror. ¢ MCH dried on
molecular sieves.

by X P. The maximum of X Pis at 430 nm, as shown by
curve ¢ which was obtained by subtracting curve a from
b. It is shown that the corrected excitation spectrum for
X P (which is to be identified with ITL, in ref e) is max-
imum at 310 nm.

1. ldentification of the Species Responsible for the X P
Emission. In order to elucidate the nature of the species
responsible for the X Pemission, the effect of the nature
of the solvent on the luminescence and the absorption
spectra of TMPD has been examined in detail. Quanti-
tative results are summarized in Table I. The X PP
intensity ratio, measured from the emission bands areas,
and the absorption maxima are given in columns Il and
IV, respectively, for the different solutions examined below.

I.LA. Luminescence. Ethanol Glasses. A very large
effect of the acidity of the glass on the spectral distribution
of the luminescence has been observed. In ethanol made
basic by addition of potassium hydroxyde (0.5 M), or
sodium ethanolate, the X PIP intensity ratio decreases. On
the contrary, in the presence of hydrochloric acid (about
10 4M) Xp/P is greatly enhanced. Moreover, in the latter
case, the TMPD fluorescence (Amex 385 nm) is no longer
observed in the emission spectrum recorded without the
phosphoroscope. In turn, a new fluorescence denoted by
X Fappears. It has a maximum at 350 nm. As for X P, the
X Fexcitation spectrum is maximum for 310 nm. It must
be added that X Fhas also been detected in neutral ethanol.
The X PIP intensity ratio is slightly reduced in “dry”
ethanol but it always remains greater than 0.25 and it may
be concluded that H2 is not responsible for the X P
emission. The increase of Xp/P at low solute concen-
tration already noted in the preceding paper and illustrated
in Table | for standard ethanol or ethanol dehydrated on
CaS04 may show that in these cases traces of water are
of some importance at low solute concentration.

Methylcyclohexane (MCH) Glasses. It was noted in the
preceding papers that X P is much less intense in MCH
than in ethanol. It has now been observed that with “dry”
MCH, the X Pemission is greatly reduced and becomes
negligible. As was observed with ethanol, the addition of
anhydrous hydrochloric acid (about 10 M) enhances the
X Pemission. However, the TMPD phosphorescence al-
ways remains more intense than X P.

Mixed MCH-Ethanol Glasses. The addition of ethanol
in MCH solutions enhances the X PIP ratio. This effect
is noticeable at very low concentration of ethanol and a
saturation value is reached for a concentration of about
2 x 10 aM (Figure 3).
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Figure 3. Dependence of %>/Pintensity ratio on ethanol concentration
of TMPD-MCH glasses at 77 K: [TMPD] = 104 M; W 310 nm. The
Xp/P ratios have been determined from the corresponding areas in the
emission spectrum.

Other Solvents. It has been noticeds that X P is also
observed in standard 3MP. The X P intensity is of the
same order as that obtained in standard MCH. In “dry”
TEA the Xp/P intensity ratio is lower than 0.1 as is
observed in “dry” MCH. The study of other solvents is
limited by the fact that most are crystalline at low tem-
perature. Nevertheless, it has been noticed that in
crystalline' “standard” MCHa4 X P is still observed.
However, the intensity is somewhat lower than in the
glassy sample. In crystalline dry acetonitrile X P is not
detectable. In crystalline 2,2,2-trifluoroethanol the X P
emission is at least a factor of 2 more intense than the
TMPD phosphorescence and its excitation spectrum is
maximum at 300 nm.

I.B. Absorption. The different parameters which
strikingly affect the luminescence of TMPD glassy solu-
tions also modify the absorption, but to a lesser extent.
The absorption maximum Amex for the basic ethanol so-
lution is at a longer wavelength than for the acid solution.
In neutral ethanol, at the same TMPD concentration, Amax
lies at an intermediate wavelength (see Table I, column

V).

)rhe effect of dilution is illustrated in Figure 4. When
the molarity is changed from 10 sto 104 M the absorption
maximum is shifted toward the blue, but, due to a no-
ticeable flattening of the band, it becomes more difficult
to determine the maximum precisely. Unfortunately, due
to experimental difficulties, it was not possible to examine
more dilute solutions.

A comparison of columns 1l and 1V of Table I clearly
shows that the more intense the X Pemission, the larger
the blue shift of the absorption maximum. In basic ethanol
orin MCH X Pis quite low and Amex lies at 315-320 nm.
In acidified ethanol the X Pemission is predominant and
Xmes lies at 305 nm.

The luminescence results presented above in glassy
solvents show that the occurrence of the X Pemission is
related to the proton-donating property of the solvent.
Such a correlation is also substantiated by the results
obtained with crystalline samples. The striking en-
hancement of Xp/P in trifluoroethanol compared to
ethanol must be related to the higher acidity of the former
(the pK values measured in aqueous solutions are 12.4 for
fluoroethanol and 15.6 for ethanol43. Moreover, the
absence of X Pin acetonitrile shows that the polarity of the
solvent is not responsible for this emission.

The protonation of aromatic amines in acid solutions
is well known. The pK values of TMPD have been de-
termined in aqueous solution (pX, = 6.35and pX2= 2.29)10
and the absorption spectra of the mono- (TMPDH +) and
diprotonated (TMPDH2+) forms of TMPD have been
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Figure 4. Effect of dilution on the absorption spectra of TMPD in ethanol
at 77 K: (curve a) [TMPD] = 103 M; (curve b) [TMPD] = 1Cr4 M.

obtained in liquid benzenen TMPDH+ presents an
absorption maximum at 310 nm while TM P D H 2+ absorbs
only at wavelengths shorter than 280 nm. Thus, the
presently observed X emission, Which is more intense
when excited in the 300-310-nm region and which is
enhanced in acidic media, may be identified with the
fluorescence and phosphorescence of TMPDH+. This
implies that TMPDH+ is present in its ground state in
ethanol ?Iasses, or in hydrocarbon glasses when they are
not carefully dried.

In neutral ethanol the change in the shape of the ab-
sorption spectrum and the blue shift obtained upon di-
lution show that the observed spectrum must be con-
sidered as the superposition of the absorption spectra of
TMPD (Amax320-325 nm) and of TMPDH+ (Amax 300-310
nm). Due to the strong overlapping of the two bands, it
is impossible to decompose the spectrum and to obtain the
true concentration of each species. However, from the
results of Table 1, it is clear that the TMPDH + concen-
tration is of the same order as that of untransformed
TMPD for a 10 4 M initial concentration.

2. The Luminescence of TMPD in the Presence of

TMPDH+ As mentioned above, the observed lumines-
cence of TMPD in neutral ethanol glasses is always the
superposition of the TMPD and the TMPDH + emision
unless the excitation is performed near the absorption
threshold of TMPD at about 350 nm. The results which
are presented below concern some anomalies observed in
the emission of TMPD.

The fluorescence excitation spectrum, recorded at an
analyzing wavelength of 375 nm where the contribution
of TMPDH + emission is negligible, presents, in addition
to the maximum at 325 nm due to the absorption of
TMPD, ashoulder at about 300 nm (Figure 5, curve a).
This appears particularly clearly if the mirror image of the
fluorescence Is drawn (curve a'). Then it is obvious that
the absorption by TMPDH+ contributes to populate the
first excited singlet of TMPD.

This result might be expected since it is well knowniz-io
that the acid-base properties of a molecule depend on its
electronic state. According to the Forster's cycle the blue
shift of the absorption spectrum of TMPDH + relatively
to that of TMPD indicates an enhancement of the acidity
of the molecule in the S! state. At room temperature the
change in pXavalue measured in this way is ApXa= -4.4.
At 77 K all reactions rates are greatly reduced and the
acid-base equilibrium may not be reached during the
lifetime of the Si state. Nevertheless, the above result
shows that the increase of the acidity leading to the de-
protonation of TMPDH+Sl state also occurs.

The Journal of Physical Chemistry, Vol. 81, No. 4, 1977



Figure 5. Corrected fluorescence excitation spectrum observed at 375
nm (curve a) and fluorescence spectra (curves b and ¢) of TMPD in
ethanol at 77 K- (curve b) \ e 350 nm; (curve c) Aexc 310 nm; (curve
a') mirror image of fluorescence excited at 350 nm, [TMPD] = 104
M.

Q5-

300 . 350
250 Wavelength {nm)

Figure 6. Dependence of PIF intensity ratios measured from the
corresponding areas in the emission spectrum at 77 K (curve a) in
MCH, (curve b) in ethanol, [TMPD] = 10-4 M.

When TMPD* is populated in such an indirect way, the
emission characteristics are somewhat different from those
observed when TMPD is directly excited at 350 nm: (1)
The fluorescence maximum is shifted to the red by 5 nm
as shown in Figure 4 (curves b and c). One may notice the
X p contribution on the high energy side of curve c. (2) The
P/F intensity ratio is greatly enhanced (Figure 6, curve
b). (3) The phosphorescence lifetime «, is lowered from
2.7 swhen excited at 350 nm to less than 2.3 s when excited
at 290 nm (Figure 7, curve b). Moreover, in the latter case,
the decay is exponential only at the beginning and a slower
component appears after the intensity has decreased about
80%.

None of these spectral anomalies are observed in dry
MCH. The fluorescence excitation spectrum is very similar
to the absorption, p 7 F varies only slightly with excitation
wavelength (Figure s, curve a), the phosphorescence
lifetime is constant within experimental errors (5rP= +0.05
s) (Figure 7, curve a), and the decay is always strictly
exponential.

3. E ffect of Temperature and Phase.
quantum yields of fluorescence +Fhave been measured for
10 3 M solutions of TMPD in MCH and in ethanol at room
temperature. Figure 8 clearly shows that $is constant
(relative error =j13%) in dry MCH (Figure 8, curve a)
while in dry ethanol (curve b) a minimum <P is observed
around 300 nm. In the latter case, the decrease is more
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Figure 7. Dependence of the phosphorescence lifetime of T"PD on
excitation wavelength at 77 K; (curve a) in MCH; (curve b) in ethanol,
[TMPD] = 10-4 M. The analyzing wavelength has been fixed at 510
nm to prevent any contribution from the Xp emission.

250 300 350

Excitation wavelength (nm)
Figure s. Dependence of the relative quantum yield of the fluorescence
emission on excitation wavelength at room temperature for 10-5 M TMPD

in dry MCH (curve a) and in ethanol (curve b). The quantum counter
used is a solution of quinine sulfate in 1 N H2S0..

pronounced if water is added ([H20] = 3 M). Similar
results have previously been observed in ethanoli1 and it
was also claimed that +Fdecreased at low wavelength in
liquid MCHaie and in other nonpolar solvents.17 It may also
be noted that in 3MP glass, Albrecht did not observe any
variation of srF.7 These results strongly suggest that
TMPDH+ is present in those dilute liquid solutions and
significantly contributes to the absorption around 300 nm,
thus decreasing 4>r but a direct proof could not be obtained.
Indeed, it was not possible to detect any X Ffluorescence
of TMPDH+ either in ethanol or MCH. However, this
result may be somewhat ambiguous since deprotonation,
which is certainly more rapid in the liquid than at 77 K,
may efficiently compete with the x p emission.

A more convincing result was obtained from the ab-
sorption spectra of TMPD solution in a mixed MCH
ethanol solvent. At 77 K a blue shift is observed for
ethanol concentrations lower than 2 X 10"1 M due to an
increasing contribution of the TMPDH+ band. At room
temperature the absorption maximum shift occurs over the
whole concentration range. This is due to the trivial effect
of the solvent dielectric constant; there is no evidence for
TMPDH+ absorption. Moreover, there is no significant
change in the absorption spectrum of TMPD in neutral
ethanol upon addition of sodium ethanolate. From the
above results it thus appears thatprotonation is weak in
the liquid but strongly favored at low temperatures.

Finally it is worth noting that annealing a glassy sample
at 110 K, which is above the glass transition temperature,
leads to a significant decrease of the x p/p ratio measured
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at 77 K (about 30% for an annealing time of 60 min).

Discussion

Mechanism of TMPDH+ Formation. From the ex-
perimental results, it has been concluded above that
TMPDH+ is formed in ethanol glasses at 77 K. Similar
protonation reactions have already been observed, by
absorption or emission spectroscopy, in solutions of am-
inoacridines in liquidis or solid ethanol.1920 Two alternate
interpretations have been proposed. Ferguson and Mauis
and Bykovskaya et al.,21 who used very dilute solutions,
consider that the protonation is due to the free protons
formed by the dissociation of ethanol or of traces of water.
Such an interpretation might also be valid for TMPD.
However, it cannot quantitatively account for our ex-
perimental results. In effect, the dissociation constant for
ethanol-is 10 19 at room temperature,22 and is expected to
decrease with temperature. Therefore it would be neg-
ligible compared to the solute concentration. Furthermore,
X Pis not completely absent in basic solutions, and it is
inconceivable that free protons exist in the latter case.

The other interpretation, proposed by Shablya et al., 19,20
stresses the role played by H-bonded solvent-solute
complexes and attributes the reaction to H+ migration
along the H bond. In the present work, such an inter-
pretation is substantiated by the results obtained in MCH
solutions, namely, the appearance of the X Pemission in
the presence of traces of water or of small amounts of
ethanol. Let us also remark that the protonation of
ammoniazs or pyridine2s by water has been suggested to
account for NMR results.

Several studies have emphasized the close connection
between the formation and strength of the H bond in
solute-solute complexes and the ability to promote a
proton transfer. Several factors increase the H bond
strength and hence the proton transfer ability. These
include an increase of the solvent polarity,2s lowering of
the temperature,2027 UV excitation of solutes (such as
/3-naphtol) which are more acidic in the excited state than
in the ground state,2s and an increase of the proton-do-
nating power of series of solutes2e or solvents.3o

The description given by Sokolovsi,32 of the different
possible potential curves for an AH—B complex provides
an understanding of the proton transfer mechanism. In
addition to the main minimum located near A, a second
minimum appears near B which gradually deepens as the
bond energy increases or alternatively as the A-B distance
decreases. Simultaneously, the potential barrier between
the two minima decreases and the proton transfer from
one minimum to the other becomes feasible through
tunneling. The A —H+B ion pair is then stabilized by
solvent polarization. On going from room temperature to
77 K, the ethanol solutions undergo a 20% contraction.
Consequently the correlative shortening of the intermo-
lecular distance enhances proton transfer through the
potential barrier. It should be noted that, after rapid
cooling to 77 K, the A-B distance may be somewhat
shorter than the equilibrium distance due to local strains
in the surrounding molecules, as evidenced by the decrease
in Xp /P observed after annealing the sample above the
glass transition temperature.

In conclusion, if such a picture is correct the x emission
would indeed be the emission of the TMPDH+— OC2Hs
complex which is expected to be very similar to that of
TMPDHL3334

Luminescence of TMPD and the Influence of Exper-
imental Conditions on Spin-Orbit Coupling. Figures 6
and 7 show that p 7 F ratios as well as the phosphorescence
lifetime rPlargely depend on experimental conditions. To
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Figure 9. Wave number for the maxima of absorption (full lines) and
fluorescence emission (dashed lines) for TMPD in MCH and in ethanol:
(A) at room temperature and (B) at 77 K

interpret those results, two factors have to be considered,
namely, the geometry of the amino group and the relax-
ation of the molecule and its environment during the
excited state lifetime.

The influence of the geometry of the amino group on
the spin-orbit coupling have been examined by several
authors.23536 The nonbonding electrons of the nitrogen
atom play a major role. According to Kashazss3? they
occupy an 1 orbital which form an angle s with the it or-
bitals of the ring. When 9 increases, that is when the amino
group is inclined out of the plane of the ring, the charge
transfer character of the singlet transition increases and
the spin-orbit coupling becomes larger. As a consequence,
P /F increases and rpdecreases.235,3% Then, the influence
of the H bond on TMPD luminescence, as demonstrated
by the differences of P/F and rp values in MCH and
ethanol, becomes clear. In effect, as emphasized by
Rowlandss in amines the C-N-C angles are expected to
open slightly on H bonding. Thus the TMPD molecule
would be more planar in ethanol than in MCH. In ethanol
a lower value of spin-orbit coupling would lead to the
observed decrease of P/F and increase of tprelatively to
the values obtained in an aprotic solvent such as MCH.
The influence of H bonding on the luminescence has been
noted for glassy solutions of different aminest3 as well as
in the liquid phase for TMPD.16 39

The second factor which deserves comment is the re-
laxation in the excited state. In the liquid, TMPD, as in
other amines,4142 undergoes an important change in ge-
ometry on excitation. This is shown by the unusually large
Stoke’s shift shown in Figure 9. In ethanol the shift is
still greater than in MCH which indicates an additional
relaxation of the solvent as a consequence of the weakening
of the H bond in the excited state. At 77 K the changes
in geometry are largely hindered and the relaxation time
is much longer than the fluorescence lifetime. Hence the
observed Stoke’s shift is smaller than in the liquid phase
and is nearly identical in ethanol and in MCH.

These observations may be of importance to understand
the behavior of TMPD* formed through deprotonation.
The fluorescence red shift (390 nm compared to 385 nm
for the directly excited molecule) shows that the envi-
ronment is different from that of the directly excited
molecule. It may be assumed that the energy released
upon deprotonation (about 0.25 eV as measured from the
difference in fluorescence wavelength for TMPD and
TMPDHH+) is sufficient to relax the solute and solvent in
the equilibrium configuration of the excited state. Since
the H bond is weaker than in the ground state, the TMPD
geometry would be intermediate between that obtained
in MCH and in ethanol in the ground state configuration.
As observed experimentally the resulting P/F ratio should
also be intermediate between the two extreme values
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obtained by a direct excitation.

As a general conclusion we would like to stress the
implications of the above results in photoionization ex-
periments. In effect many experimental results have
proved that two intermediate states intervene in the bi-
photonic ionization of TMPD either in the liquid or in the
solid state and the existence of a solute solvent charge
transfer or semi-ionized state has been repeatedly pos-
tulated. In the present study, we have demonstrated the
existence of a protonased form of the solute both in ethanol
and in nonpolar solvents which have not been carefully
dehydrated. This solute-solvent complex plays a major
role when 310-nm excitation is used, which is almost always
the case. It may contribute to photoconductivity by
deprotonation or to photoionization by a biphotonic
mechanism which involves an intermediate TMPDH+
triplet state. This may explain some previously described
anomalies.78
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The results of ESR single-crystal measurements on the radical formed by 7 irradiation of tricyclo[5.2.1.
0O2p]deca-2,5,8-triene are reported. This radical can be classified as a mcyclopentadienyl whose orbital degeneracy
is removed by the electron repelling effect of the norbornenyl moiety. Another interesting feature is represented
by an unusually large long-range interaction with the anti proton at Cio in the norbornenyl section. The
mechanism of magnetic interactions and the electronic structure of the radical are discussed on the basis of
MO calculations to the INDO and HMO (McLachlan) levels of approximation.

Introduction

As anticipated in a previous paper: the 7 irradiation of
polycrystalline tricyclo[5.2.1.026]deca-2,5,8-triene (DDCP)
yields an ESR spectrum consisting of a doublet of doublets
with hyperfine splitting constants (hfsc) of approximately
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13 and 7 G which were tentatively assigned to the fused
cyclopentadienyl radical formed by loss of a bisallylic
hydrogen atom from the parent olefin molecule (eq 1).
This radical is of theoretical interest for the following
reasons: (&) it belongs to a class of radicals, e.g., the
cyclopentadienyls bearing nonaromatic substituents, which
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Figure 1. A single crystal of DDCP showing x y, and z reference axis
system.

has noUyet been studied by ESR spectroscopy; (b) it is
suitable for studying the effect of alkyl type substituents
on th§ orbital degeneracy of the cyclopentadienyl radical;

(©) its polycrystalline spectrum is consistent with the

existence of an-unusually large, long-range coupling to a
proton which, by symmetry, is expected to be located at
C10 It was therefore decided to pursue this investigation
with the purpose of confirming the nature of the radical

. and elucidating its electronic structure and ESR properties.
This note reports on single-crystal ESR measurements and
SCF molecular orbital calculations to the INDO and HMO
(McLachlan) levels of approximation.

Experimental Section

DDCP was prepared following the method described by
Alder.> Single crystals of DDCP were grown by slow
sublimation under vacuum of powdered samples which
were kept in a mild temperature gradient at about 260 K.
The irradiations were performed at 77 K with a”~Co source
with total doses of about 5 Mrads. The electron resonance
spectrometer was a V 4500 X band equipped with a
100-kHz field modulator and a rectangular cavity. After
warming to room temperature, the crystals were mounted
on the shaft of a single goniometer head and the ESR
spectra were taken at 10 ° intervals about each of the
orthogonal axes. The shape of a typical crystal used for
the measurements and the choice of the reference axes are
illustrated in Figure 1

Fortran IV programs have been employed for molecular
orbital calculations to the INDOs and HMO (McLachlan) s
levels of approximation as well as for the computer
simulation of ESR spectras HMO calculations of x cy-
clopentadienyl orbitals, to be used in the McLachlan
method, were performed according to the inductive model;
Streitwieser parameters (h = -0.5) were adopted in the
Huckel matrix for Coulomb integrals pertaining to sub-
stituted carbon atoms C: and C6 This implies that the
bicycloheptene section of the radical has been considered
as two electron repelling substituents of strength com-
parable to that of the methyl group. The INDO proton
hfsc were obtained by using the equation a = 539.86pisis.3
where pldls is the unpaired electron density of the valence
Is orbital of the hydrogen atom. This quantity was ob-
tained either from the unpaired spin density matrix
(P«-P9d or from the squares of hydrogen Is orbital coef-
ficients, depending on whether the spin restricted or the
spin unrestricted wave function approximations were used.

In connection with the HMO (McLachlan) method, a and
i3 proton hfsc have been obtained from the McConnell
equations a,,H= Qj>T(Q, = 29G), agH= (Bo + B COS: 8)pT

355

TABLE I: MO Calculations of Proton hfsc and n Spin
Densities for the DDCP Radical

INDO*
uw RW HMO
Position Pz (McLachlan)
P orbital Pz
orbital spin orbital
(Eg> spin  aH, den- spin
fiH G density G sity aH, G density
1,7 1.70 1.33 1.61b
2,6 0.369 0.256 0.379
35 2.78 -0.150 0.03 0.02 2.75 -0.095
4 -11.04 0.474 0.02 0.335 -12.56 0.433
8,9 0.58 04
10(anti) 6.11 5.6
10(syn) -1.23 0.0

a UW and RW represent unrestricted and restricted wave
function, respectively. b Calculated from the equation
aK7H= (50 cos2 &)pn. The dihedral angle & = 73° was
derived from geometrical parameters reported in Figure 2.

Figure 2. Geometrical parameters of the DDCP radical employed for
INDO calculations.

(B0~ 0,B ~ 50 G), where pTis the unpaired spin density
in the conjugated section of the radical and 8 is the di-
hedral angle between the C-H,, bond direction and a
perpendicular to the cyclopentadienyl plane. Because of
the lack of reliable relationships, the application of the
McLachlan method is limited to a and /3type protons. As
a consequence, calculations pertaining to long-range in-
teractions with 7 and 8 type protons have been performed
by using exclusively the INDO method.

Results and Discussion

Molecular Orbital Calculations of X Spin Densities and
Proton hfsc. Table I shows the proton hfsc and the x spin
densities of the DDCP radical as obtained from INDO and
HMO (McLachlan) molecular orbital calculations. The
atomic coordinates necessary for the INDO method were
derived from the geometry shown in Figure 2.

All carbon atoms in the C2 C3 C4 C5 Cs ring section
were assumed to be in a planar sp: hybridization state; the
other parameters pertaining to the norbornenyl section
were obtained from the structure of related molecules
described in the literature Both MO methods indicate
the existence of a nonuniform spin density distribution
characterized by maxima at C2 C4, Cs and small negative
minima at C3 C5 The dominant magnetic interactions
are those of the a proton at C: and the - proton at Cio (anti
position) which give rise to a doublet of about 11 and s
G, respectively. All the other proton hfsc are predicted
to be at least a factor of 3-4 smaller. Attempts at computer
simulation based essentially on INDO proton hfsc's re-
ported in Table | show that, with an experimental line
width of 3 G, the ESR spectrum should appear as a barely
resolved quartet of about s G average peak-to-peak sep-
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Figure 3. Experimental (A) and calculated (B) polycrystalline spectra
of the DDCP radical. The computer simulation was performed by using
the proton hfsc derived from INDO calculations (Table 1) except that
asHwas assumed to be 12 G instead of 11.04 G.

aiation, which compares satisfactorily with the one ex-
perimentally obtained from polycrystalline DDCP (Figure
3).

)X Band Single-Crystal Spectra of the DDCP Radical.
Following the indications stemming from MO calculations
and the polycrystalline spectrum, the anisotropy of the
DDCP radical is discussed on the basis of the structure
shown in Figure 2. The following assumptions are also
made: (a) the only significant hyperfine interactions are
those of the a proton at C: and the y proton at C1Q (b)
the anisotropy of the g tensor and of the y proton are
negligibly small in comparison to that of the a proton; the
Hamiltonian representing the magnetic interactions ex-
perienced by the a proton and the unpaired electron in
the externally applied magnetic field is given by

K=pgS H + ST-1- gH/IHH-I

where the first term is the Zeeman energy of the electron,
the second term describes the magnetic hyperfine inter-
actions between the unpaired electron and the a proton,
and the third term is the Zeeman energy of the a proton.
At the magnetic field used in these experiments (H = 3300
G), the second and third terms of this equation are of the
same order of magnitude; when this is the case, it can be
shown that the usual selection rules Am, = 0, when Ams
= +1, are no longer applicable so that a four-line inner and
outer pair can be observed. The relative intensity of the
two pairs depends on the relative magnitudes of the second
and third terms and is, of course, dependent on the angle
of orientation of the crystal.

McConnell et al s developed the following expressions
for the electron resonance transition frequencies, v, v+0,
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TABLE II: Principal Values and Isotropic Component of
a4H Hyperfine Tensor and Corresponding Direction
Cosines for the DDCP Radical

Principal

values Direction cosines inx,y,z axes system

-) 77 0.996 1-0.086 99 0.014 50

(-) 13.0 0.080 99 0.837 18 -0.540 89

(-) 21.0 0.034 9 0.539 9 0.8409
13.9 Isotropic component

and the relative intensities, R+i, R.10, of the inner and oilteT
doublets:

vi0 - Pelz 1/2(p+ + )
vtii = I»elzx 1/2(p+ - v-)
(v¥)2=("pti1/2A)2 cos: d
+ (pp £ 1/2B)2 sinz dcos: b
+ {vp x1/2C)2 sinz dsin: ip

RO ~ Rj = 2~{((Av)2)av - 2(rp)2}

Ro(p* + v-)2 + Ri(S- v-)2 =<(")2x=v
<(Ay)2)avr= A 2 cos2 d + B2 sinz d cos: p
+ C2 sinz d sinz p

where 5 and ydefine, in the usual manner, the direction
of the magnetic field relative to the principal axes, <(Ai')2av
is the second moment of the resonance quartet; and A, B,

and C are the principal values of the hyperfine tensor.

These equations were used in a computer program for
spectrum simulation in order to predict the X band
spectrum of the DDCP radical at different orientations in
the principal axes system. Theoretical values of A, B, and
C necessary for the calculations were derived from the
INDO P' orbital spin densities at C. by using the
equationss

Bth=B ~_ - 123 G
Pm

Pc,"
Cth=cw~ -~ =185G
Pm

where AM= 10.7 G,BM- 21.8 G, and CM= 32.8 G are the
experimental principal values of the a proton in the
malonic acid radical CH(COOH,z;s py_ is the CT spin
density of CH(COOH)2 assumed to be approximately
equal to that of the free radical center in CH(CHs)2 (pm
— P-ch(Ch32= 0.849).

According to the results, the effect of forbidden tran-
sitions becomes significant (e.g., R0 ~ R=xl) only when
((Ai))ar(hsgfiy is between about 9 and 12 G; outside this
range, only two normal hyperfine components are observed
for the o proton. The latter situation is the most com-
monly encountered so that, when the isotropic doublet of
about 7 G due to the y proton is included and a line width
of 2-3 G is assumed, the resulting spectra are seen to
consist of triplets, 1 :2:1, and quartets, 1 1 :1 1, depending
on whether <(Av))av(h/gfi) is below 9 G or above 12 G,
respectively. At angles where R+0 ~ Rz=u the quantity (va
- r,){h/gfi) is generally smaller than the experimental line
width and, as a consequence, the forbidden transitions do
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Figure 4. Experimental (A, B, C) and calculated (A’, B', C') single-crystal spectra of the DDCP radical. A, B, and C were taken in the xz, zy,
and xy plane, respectively. At the magnetic field directions (with respect to the x, y, z system) [0.86, 0, 0.34], [0, 0, 1], [0.174, 0.98, 0].

not give rise to new observable hyperfine features but
rather only influence the shape and intensity ratios of the
quartets and triplets (Figure 4). These expectations are
fully consistent with the experimental results summarized
in Table II and in Figures 4 and 5.
Most of the X band spectra of the DDCP radical in the
X, Y; X, Z; and Y, Z quadrants do effectively consist of
triplets, 1:2:1, and quartets, 1:1:1:1; furthermore analysis
of the angular dependence of line positions, measured at
angles where forbidden transitions are negligible, confirms
the presence of two proton hfsc one of which, equal to 7.7
G, is nearly isotropic while the other one is strongly an-
isotropic. Finally the anisotropic splitting follows closely
the theoretically calculated one for an a proton having
principal values A = 7.7, B = 13.0, C = 21.0 G and isotropic
component A = 13.9 G (Table II, Figure 5).

On the basis of these results, we feel that it can con-
fidently be stated that the basic assumptions pertaining
to the nature and the structure of the DDCP radical are
essentially correct.

Mechanism of Long-Range Proton hfsc. The INDO
method, when used within the restricted wave function
scheme (RW, single determinant wave functions with one
unpaired electron and 2n other electrons paired in n
molecular orbitals), is suitable only for yielding information

about the spin delocalization with electron transfer in the

" isotropic proton hyperfine splitting mechanism. On the

other hand, when used within the unrestricted wave
function scheme (UW, single determinant wave functions
with different orbitals for electrons of a and 8 spins and
retention of one center exchange integrals), the INDO
method is capable of accounting for both spin delocali-
zation and spin polarization. There exists, therefore, the
possibility of analyzing the proton hyperfine splitting
mechanism by simply comparing the results obtained from
the two formalisms (Table I). This method seems to work
properly at least on a qualitative basis; thus, the a protons
at C;, C,, C; are correctly predicted to be 100% spin
po]anzed The couplings of the 8 protons at C;,; are shown
to arise from about 25% spin polarization ((a), /Mg, =
0.37 G) and 75% spin delocalization ((a); 3 = 1.33 G).
The latter value substxtuted into the McConnell equation
(@)17 4etn = (B cos? 9)pg»", with B = 50 G and p, ™ = 0.37
(Table 1), yields a dihedral angle 9 = 75°, close to the
expected one (3 ~ 73°). The application of this method
to the antiproton at C,, yields (a)10" aati)detzn = 5.6, which
accounts for more than 90% of the INDO (UW) value
(70% of the experimental one); it follows that this un-
usually large, long-range interaction is based mainly on
spin delocalization with electron transfer. In the va-
lence-bond formalism, such a mechanism can be described
in terms of participation of the homohyperconjugative
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Figure 5. Splittings due to the a4H hypertine coupling. The circles
represent the experimental values; lines represent theory with the
coupling tensor of Table |, full lines relate to lines with over 50% of
intensity; clashed lines less than 50%.

structures

A 100% contribution would correspond to aliHan) 507
G, while a contribution of ca. 1.5% would account for the
experimental value of 7.7 G. As the relative importance
of these VB structures in the radical increases, the CI0C 2
and C 10 C 6 bonds are expected to become stronger, while
on the contrary, the strength of the C16 H (ati) bond should
decrease; concommitantly, the magnitude of the alHarl ]
coupling should increase. In an attempt to obtain evidence
for this type of correlation, we have analyzed, within the
INDO UW model, the changes of bond indices between
Cio-C2 C16C6, and CI0-H (ati) as a function of the mag-
nitude of alHati) coupling. Variable values of the alHatii
coupling were obtained by allowing the angular parameter
a (Figure ) to increase from 110 to 120°. The results,
which are summarized in Figure s, clearly show that the
trend of variation of bond indices with respect to the
aioHiati) coupling is consistent with the homohypercon-
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Figure 6. Diagrams showing the relationship between bond indexes
at Gio-Hanfl) and the coupling constant of the anti proton at C10 (aioHeant)-
Bond indexes are the sum of the squares of bond orders between the
atoms in question. This sum of the squares appear to be closely related
to the bond character.13 For the sake of comparison also the bond
index at Cio-H(Sy) and the aioHSr) coupling are reported.

jugative model, thus lending further support to the hy-
pothesis of spin delocalization by electron transfer. In
Figure s also the Cio-H Q9 bond index and the aioHs)
coupling are reported for the sake of comparison. It is
readily seen that, in this case, the variations of bond indices
and the aioHs\) coupling are not consistent with the
homohyperconjugative structures:

This suggests that a different mechanism may apply for
the alHs) coupling (see below).

The prominence of the delocalization mechanism in the
aioHiarti> coupling results also from the application of the
Luz valence bond treatment:o for the evaluation of through
bond spin polarization contributions in hydrocarbon
radicals. Following the Luz analysis, the 7 and 5 con-
tributions to aioHat» can be determined via the equations:

«10H(anti) = (-1-14 cos2 O!- 0.88 c0S2 d2)p2,6n

a u.H@nti) = (1-35 cosz a2 cos:

HP M@
¢ - - --c— <
(\% p y

where d, is the angle between the Pz orbital carrying the
unpaired spin density and the C,,, Ctf, C: plane; d: is the
angle between the C,,, C\ CTand Cif C7, H7a planes; ds
is the angle between the C3, C7, Cb and C7, CG HMrti)
planes; p2 is the Pzorbital spin density at C: § as obtained
from the INDO (UW) method. In the DDCP radical, ds
= 90°, and as a consequence, 5 contributions vanish and
only two of the four paths available for transmission of the
spin information, namely, C2 Ci, C10 Hl(@t) and C6, C7,
Cm, Hijlat), need to be considered. The results yield
aioHiantipoizn = “0-96 G, which corresponds to a contribution
of 10-15% to the overall coupling. On the contrary, spin
polarization is expected to prevail in the case of the syn
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Figure 7. DDCP radical INDO (RW) molecular orbital energy level
scheme having approximate symmetry with respect to the C2 ¥ c6
plane. The percentages In brackets relate to the contribution of the
pzorbitals of the C2 ##C6 carbon atoms.

proton at CiQ this is inferred from the fact that the Luz
analysis and INDO (UW) yield aldHsy) = -0.56 and - 1 .2,
respectively, while the aioHSr) from INDO (RW) is neg-
ligible.

Finally the mechanism of the magnetic interaction of
vinyl protons at Css has been considered. The small
positive values of 0.58 G predicted by INDO (UW) should
be attributed mainly to delocalization with electron
transfer, judging from the fact that as sHEh from INDO
(RW) is 0,40. An alternative mechanism based on direct
1,3 x overlap (eq 4), which is thought to be prevalent in

the bicyclo[2.2.1]hepten-5-ene-2,3-semidione,n seems to
be of minor importance in this case. This is inferred from
the INDO (RW) Pz orbital coefficients of the unpaired
electron wave function at Cs 9 which yields a small negative
coupling of -0.12 G for as H

Electronic Structure of the DDCP Radical. Figure 7
shows the INDO (RW) scheme of molecular orbitals having
X symmetry with respect to the C2 C3 C4, Cr, Cs plane.
This scheme corresponds closely to the x system of cy-
clopentadienyl except in one important respect: the 42,
'I'orbitals, which in the planar cyclopentadienyl are
degenerate, are now separated by an energy gap of 0.023
hartree (17 kcal/mol). This energy difference is large with
respect to k T and, as a consequence, no possibility exists
of thermal mixing. Further, the ESR properties of the
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Figure s. Diagrams showing INDO (RW) total x electron densities
distributions In the DDCP radical relative to structires | and Il (see text).

DDCP radical reflect the characteristics of the highest
singly occupied molecular orbital ('k3). The latter is es-
sentially a combination of 02_6320rbitals (¥3: -0.5060P2Z
+ 0.1489P/ + 0.5787P4Z+ 0.1489Psz- 0.5060P62 but it
also contains an appreciable contribution from atomic
orbitals in the bicyclo[221]heptene section: mainly the
Is orbital of the anti proton at CD(l%), the s, P*, and Pz
orbitals at C&(4.7%), and the Pzorbitals at Ci,7(1.2%).

The delocalization of the unpaired electron into the

norbornenyl system accounts for about 10% of the overall
unpaired spin density. The lifting of the orbital degeneracy
in the DDCP radical can be treated in terms of a purely
inductive effect of the norbornenyl substituent assumed
to be electron repelling. This is illustrated in Figure 8
which shows the INDO (RW) total electron densities
relative to structures

Structure | is favored by the norbornenyl moiety since it
minimizes electron repelling effects. Similar reasoning was
originally applied to explain the effects of substitutions
on the ESR spectra of the benzene radical anion,]2and
more recently, the spectra of the pentaphenylcyclo-
pentadienyl radical.
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A detailed study of the ESR of potassium, rubidium, and cesium benzenide solutions is described. The g values,
metal hyperfine splitting (hfs), and line widths have been measured as a function of solvent, temperature, and
metal ion. The g values have been found to depend upon the alkali metal, the temperature, and the solvent.
In the case of potassium benzenide, the metal hfs depends upon the temperature and may to a very small extent
depend upon the solvent. Estimates of the rubidium and cesium metal hfs are presented. The ESR line width
in the case of potassium benzenide is shown to be dependent upon the solvent and the temperature. These
various phenomena are strongly suggestive of the existence of an alkali metal ion-benzene anion radical pair.
A model for the ion pair is proposed in which the metal ion is placed on the sixfold axis of the benzene anion
radical. However, for the temperature dependent effects upon the g values and metal hfs to be observed it
is necessary for the metal ion to oscillate parallel to the plane of the benzene ring but with an average position
centered on the benzene sixfold axis. MO calculations are presented to show that the expected experimental
observations calculated on the basis of the model presented are consistent with the actual experimental

observations.

Introduction

The purpose of the study which is described here is to
characterize the molecular and electronic structure of the
benzene anion radical-alkali metal cation pair. Previous
studies: s of the ESR line shape and g values suggested
that the benzene anion radical prepared in ether type
solvents by reduction with potassium metal is ion paired.
It was of interest to investigate the effects of other alkali
metal counterions and the variation of solvent upon the
benzene anion radical and to consider the results in terms
of possible ion-pair structures. In particular, one would
expect that if the previously observed line shape and g
value variations were due to ion pairing, then changes in
the counterion and/or solvent would produce variations
in the observed line shapes and g values and additional
information regarding the ion-pair structure.

Experimental Section

A. ESR Spectrometer. The ESR measurements were
performed on a Varian E-12 spectrometer equipped with
adual cavity. The dual cavity spectra were recorded on
a dual channel L & N Speedomax XL recorder.

The magnetic field drift was minimized by careful
control of the magnet and room temperature and by al-
lowing the magnet to warm up overnight before recording
any spectra. The temperature of the magnet cooling water
was controlled within £0.5 °C with a Neslab refrigerated
recirculating heat exchanger (HX-3000) so that the magnet
operated at a temperature of approximately 3 °C above
room temperature. The exterior of the dual cavity was
thermally insulated with urethane foam rubber. The latter
reduces the klystron frequency drift relative to the
magnetic field.

The sample temperature was maintained to = : °C with
a Varian V-4540 temperature control. The actual sample
temperature was measured with a copper-constantan
thermocouple which was inserted into the variable tem-
perature dewar along side the sample.

B. g Value and Line Shape Measurements. Theg
value and magnetic field scan rate reference standard was
a dilute sample of lithium tetracyanoethylene in tetra-

AUMSL Undergraduate:  Present address, Department of
Chemistry, University of lllinois, Urbana, 111 61801
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hydrofuran. The g value of this reference sample relative
to those reported for anthracene and pyrene anion radicals
iS2.002 766(x0.000002).4 This g value is corrected for the
error reported by Allendoerfers but is not corrected for
second-order shifts. The hyperfine splitting is equal to
1574 G-

The reference sample was field modulated at 100 kHz
and the unknown at 10 kHz. For the g value measure-
ments a combination of magnetic field scan rate and re-
corder chart speed was selected so that (a) slower magnetic
field scan rates did not result in changes in the observed
manetic field differences between the reference and un-
known samples and (b) the precision of the measurement
of the magnetic field difference between the reference and
unknown sample was equivalent to +1 part in 10s (i.e,, +3.4
mG) in the g value. In general, two forward and two
reverse field scans were averaged to give a single g value.
Measurements were taken only after the sample had
reached thermal equilibrium This usually occurred within
10-15 min after changing temperature.

The following relationship between the g value of the
reference and the unknown sample was used:

gunk =8rei- {greif AHP /(hro0) (1)

gukand gre( are the g values of the unknown and the
reference samples, respectively; AH is the magnetic field
difference between the reference and unknown samples;
d, the Bohr magneton; h, is Planck’s constant, and v( the
spectrometer frequency. The spectrometer frequency was
obtained by directly counting the frequency of the mi-
cronave radiation with a Hewlett-Packard 5245L fre-
quency counter and a matched 5260A frequency divider.

The spectra for the line shape studies were recorded at
10 kHz field modulation using either the L & N recorder
or the Varian E-12 recorder. An advantage associated with
the use of the L & N recorder is that spectra could be
recorded with field scans in either the forward or reverse
direction. In the case of the Varian recorder, it is only
feasible to scan in the upfield direction. The considera-
tions with respect to faithful line shape reproduction
discussed in ref s were observed.

C. M aterials and Sample Preparation. The solvents
used in this study were 1,2-dimethoxyethane (DME),
tetrahydrofuran (THF), and hexamethvlphosphoramide
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TABLE I: Reaction of Benzene with
Various Alkali Metals

Metal Solvents Remarks
y Mixed THF/DME No reaction
Na  Mixed THF/DME No reaction
K Mixed THF/DME, THF,

DME, DME + HMPA, and

DME + 18-crown-6-ether Forms benzene

anion

Rb  THF and DME Forms benzene
anion

Cs THF and DME Forms benzene
anion

(HMPA). They were purchased from Eastman. With the
exception of the HMPA the solvents were prepared by
previously described proceduressio We frequently hear
reports that DME and THF cannot be prepared so that
they are free of benzene. We have had no difficulty in this
regard as long as the alkali metals used to dry the solvents
have never been stored under oil. That is why we use alkali
metal prepared and stored under an inert gas. The HMPA
was§ successively dried over CaH: for 24 h, refluxed over
CaH: for 24 h, and then distilled from CaH: before use.

The samples were prepared using high vacuum tech-
niques which have been described .o The sample tubes
were constructed from 3-mm o.d. thin-wall pyrex tubing.
HMPA and 18-crown-6-ether (obtained from PCR, Inc.)
were introduced into the sample vessels via vacuum
breakseals. All alkali metal mirrors with the exception of
lithium were prepared by the thermal decomposition of
the alkali metal azide:: The HMPA and 18-crown-6-ether
concentrations were 5 vol % and 0.15 M, respectively.

Results

A. Reaction with Alkali Metals. A brief summary of
our attempts to prepare the benzene anion radical under
various conditions is given in Table I. These results are
consistent with the reported solubilities of the various
alkali metals in DME and THF 1213 Just as the solubility
of the alkali metals in these solvents decreases with in-
creasing temperature, so does the observed benzene anion
radical ESR intensity.

We have observed a tendency for the benzene to form
biphenyl in the presence of alkali metals when there is a
high concentration of cation present, e.g., as might occur
when the solvents are impure or small quantities of water
are introduced into the reaction vessel. There were no such
complications when pure dry solvents were used. Under
the latter conditions, the samples were stable at dry ice
temperatures for periods of several months. The stability
of the sample depends upon the alkali metal in order
potassium > rubidium > cesium.

Potassium. In all the solvents noted in Table I, resolved,
seven-line, benzene anion radical ESR spectra were ob-
served. Both pure HMPA and DME (to which 18-
crown-s -ether had been added) displayed narrow single-
line ESR spectra in the absence of benzene. The addition
of benzene to the pure HMPA sample did not change the
observed ESR spectrum nor was the benzene anion radical
spectra observed. However, in DME to which the cromn
ether had been added the narrow line ESR spectrum was
replaced by that of the benzene anion radical at tem-
peratures less than approximately -40 °C. Above that
temperature, the two spectra were superimposed.

Rubidium. A broad line, but resolved benzene anion
radical, ESR spectrum was observed in THF (see Figure
1). However, only a single broad line spectrum with a
temperature dependent width was observed in DME. The
line width increased from 12 G at-70 °C to 14 G at -35
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Figure 1. ESR spectra of rubidium benzenide in THF and DME at -65
°C.

9- 2.002*

Figure 2. Loci of least-squares fits of g values to equations linear in
temperature.

°C. There was no indication that the source of the broad
lines was external, i.e., exchange broadening or electron
transfer. Samples prepared in the absence of benzene
displayed narrow line, low intensity ESR spectra which
were not observed in the presence of the benzene.
Cesium. In both DME and THF, a single, broad line
benzene anion radical spectrumwas observed. Again there
was no indication that the source of the broad lines was
external. The line widths were temperature dependent.
In THF they varied from 30 G at -107 °C to 65 G at +15
°C. INDME, therange isfrom35 Gat-ss °C toss G at
+13 °C. Samples prepared in the absence of benzene
displayed narrow line, low intensity ESR spectra. These
spectra were not observed at all for THF upon addition
of benzene. However, for DME such a signal was observed
to be superimposed upon that of the benzene anion radical
at temperatures above -50 °C and prevented the mea-
surement of the g value for this particular solvent system.
B. g values. Figure 2 shows the loci of least-squares
fits to equations linear in the temperature of the g values
of potassium benzenide in various solvent systems. Ap-
proximately 200 data points were included in the analyses.
That is too many data points to present clearly in a single
figure. For that reason they are not included in Figure 2.
However, Table Il presents a summary of the least-squares
parameters from which the lines in Figure 2 were drawn.
First, one notes the strong dependence of the g value upon
temperature and upon solvent composition at higher
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TABLE II: Summary of the Potassium Benzenide g Values*
Initial benzene Data temp No. of

concn, M Solvent system 106BC range, °C points

0.044 THF(Na-K) 2.002 760 (%3) -0.773 (x0.04) -44 t0-103 16
0.044 DME(K) 2.002 763 (x4) -0.797 (+0.015) -21 to-91 36
0.044 2:1 (THF/DME) (Na-K) 2.002 772 (x3) -0.700 (¢0.011)d -43 t0-122 12
0.44 DME(K) 2.002 771 (x2) -0.687 (+0.009) -19 to -89 19
0.565 DME(K) 2.002 787 (£3) -0.453 (x0.010) -24 to-93 38
0.044 DME + 5% HMPA (K) 2.002 745 (£3) -1.047 (+0.014) -34 t0-91 33
0.044 DME + 18-C-6 (K) 2.002 690 (x4) -1.567 (+0.016) -47 to -88 22
0.044 (C,H<D) 2:1 (THF/DME) (Na-K) 2.002 776 (£5) -0.660 (+0.020)d -59 to-109 14
0.044 (CeHiD) DME(K) 2.002 774 (x4) -0.651 (x0.016) -34t0-88 18

“ Corrected for second-order shifts. b Alkali metals in parentheses indicate the use of sodium-potassium alloy (Na-K) or
pure potassium metal (K). cg(T) =A + BT, where 7 isin°C. The uncertainty in A represents the root mean square de-
viation in the last place between the calculated and experimental values of g and that in g is derived from a standard regres-

sion analysis. d Data taken from ref 3. 'm ;
TABLE I1l: Summary of Rubidium and Cesium Benzenide g Values*
Initial benzene Data temp No. of
concn, M Solvent6 Ac 108C range, °C points
0.044 DME(Rb) 2.002 34 (£3) -0.98 (+0.10) -35t0-73 -m. 11
0.044 THF(Rb) 2.002 46 (¥3) -1.64 (x0.11) -83to 112 36
0.044 THF(Cs) 2.001 9 (+3) -84 to-102 10

“ No second-order shift corrections were made as these are less than the accuracy of the data. b Alkali metal used in
parentheses. cg{T) = A + BT, where T isin°C. The uncertainty in A represents the root mean square deviation in the last
place between the calculated and experimental g values and that in B is derived from a standard regression analysis.

TABLE 1V: g Value Shifts in Comparison with
Spin-Orbit Interaction Parameter

Spin-orbit
interaction0
parameter,
Cation 105Ag*” 105Agb cm"l
K+c 0-4 0-4 38.48
Rb+C 47 24 158.40
GsiC 94 369.41

“ Solvent, DME. 6 Solvent, THF. ¢ Relative to potas-
sium benzenide at -90 °C. d See ref 15.

temperatures. Another noteworthy feature is the fact that
at lower temperatures (T < -80 °C) the g values appear
to be almost independent of the solvent system.

Table 11l summarizes the g values obtained for rubidium
and cesium benzenides. The line widths are considerably
larger than for potassium benzenide. Hence, the accuracy
with which the g values can be measured is reduced. In
the case of rubidium benzenide it is still possible to
measure dg/dT, which is negative. However, it was not
possible to make the same measurement for the cesium
benzenide.

The change ing value as one moves through the alkali
metal ion series from potassium to cesium is important.
Table 1V compares the maximum g value shifts for the
various alkali benzenides relative to potassium benzenide
at-90 °C. Also included in the table are the spin-orbit
interaction parameters for the alkali metals. There is a
rough proportionality between the g value shifts and the
spin-orbit interaction parameters. Such a relationship has

TABLE V: Metal Hfs in the Potassium Benzenide lon Pair

Solvent Counterion A,° MG
THFDME K*(Na-K) 220b (+18)
THF K+ 208 (+8)
DVE K+ 231 (¥22)
DME + 5% HMPA K+ 240 (+16)
All the above 222 (+19)
DIVE + 18-C-6-E K+ 206 (8)c

been considered symptomatic of ion-pair formation.14-16

C. Metal Hfs. The line shapes of th&ESR spectra of

potassium benzenide in various solvents have been ana-
lyzed using techniques previously reported.12 The analysis
assumed the presence of unresolved metal, hfs due to a
single spin (7 = 3/2). Spectral envelopes were also sim-
ulated for interaction with two equivalent spins (7 = 3/2)
but they did not give as good agreement with the spectral
line shapes. It is on the basis of this result that the benzene
anion is believed to interact with only one metal ion. The
results are shown in Table V and are listed by individual
solvent systems. With the exception of the sample in DME
to which 18-crown-6-ether has been added the results are
essentially equivalent within experimental error. It should
be noted here that the accuracy of the line shape analysis
is not as high as that associated with the g value mea-
surements. So it is possible (indeed very likely) that rather
modest differences are obscured. The changes in the data
are so small from those reported in ref 1 and 2 that the
reader is referred there for plots of the metal hfs against
temperature.

The situation with respect to potassium benzenide in
DME to which 18-crown-6-ether had been added needs
more discussion. There is a strong possibility that in
addition to unresolved metal hfs there is a contribution
to the line width from unresolved proton hfs arising from
interaction with some of the protons on the crown ether.
The two pieces of evidence which support this view are the
following. First, the line shape analysis assuming inter-
action with a single (7 = 3/2) spin does not give as good
agreement with the experimental line shape as it does

B,> mG/°C Temp range, °C  No. of points
2.55 (x0.15) -10 to-119 67
2.57 (x0.10) -58 t0-95 12
2.63 (x0.19) -24 t0-93 40
2.95 (0.14) -50 to-89 5
2.61 (+0.16) 124
0.72 (x0.09) -32 to0-92 9

° Hfs(T) - A + BT, where Tis in°C. The uncertainty ina represents the root nean square deviation in the last two places between the cal-
culated and the experimental data points and that inB is derived fromstandard regressionanalysis. b Seeref 2. “ See Discussion inthe text.
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TABLE VI: Summary of Metal Hfs in All Benzenides

Metal Metal hfs Max spin density

ion  Solvent range, G value
K+ THFand -0.08 to +0.150 1.8 X 10‘3
DME
Rbta THF 0.8to 1.0 0.8 X 10~3
Rb+a DME 13to18 15x 10'3
Cs+ THF 1tol5 1.2t0 1.8 X103

A 8/Rb.

AH(mMG)

Figure 3. Plot of potassium benzenide ESR line widths as a function
of température. Dots represent data taken in DME and crosses data
taken in 2:1 (THF/DME).

when the crown ether is not present. Second, it has re-
cently been reported: that when potassium metal is used
to reduce a neat sample of toluene to which 18-crown-
s -ether has been added an ESR spectrum is observed in
which there is partially resolved proton hfs due to in-
teraction with the crown ether. The same authors report
that when neat benzene is substituted for toluene their
spectral simulations based on interactions with a single (7
= 3/2) spin and interaction with the same spin plus ad-
ditional proton hfs arising from the crown ether give
equally satisfactory fits to the experimental spectra. An
attempt to resolve this question through the use of EN-
DOR spectroscopy was unsuccessful.is However, the data
in Table V are reported as if the interaction were with a
single (7 = 3/2) spin. It is hoped the reader will keep this
uncertainty in mind.

The situation is also complex in the cases of rubidium
and cesium benzenides. The line shapes are no longer
uniquely determined by a single set of component line
widths and metal hfs. However even so it is possible to
estimate permissible ranges for the unresolved metal hfs.
To do this we have assumed that the proton hfs and
component line widths are equal to those observed in the
potassium benzenide solutions. The estimates obtained
from these crude analyses are shown in Table VI along
with an estimate of the maximum spin density on the alkali
metal ion which would give rise to such values of hfs.

D. ESR Line Shapes and Line Widths. The observed

ESR line widths (and line shapes) as a function of tem-
perature for potassium benzenide solutions in 2::
(THF/DME) have been previously reported: 20 Addi-
tional data taken in DME show a decided dependence of
the line width upon solvent 21 Figure 3 shows a comparison
of the line widths in these two solvents. Not shown are
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AH(MG)

Figure 4. Plot of potassium benzenide ESR component line widths as
a function of temperature. Dots represent data in DME and crosses
data taken in 2:1 (THF/DME).

data taken in DME to which 5% HMPA has been added.
At temperatures in the range -90 to -60 °C they fall
somewhat above the DME data. At higher temperatures
they appear to merge with the DME data. As noted in ref
1 and 2, the ESR line shapes of potassium benzenide
solutions are inhomogeneously broadened due to the
presence of unresolved metal hfs. The line shape analysis
used to measure the metal hfs also yields the component
line width (i.e., the true line width) ... Figure 4 shows the
component line widths in the two solvents 2.1 (THF/
DME) and DME.

Careful studies of the line widths as a function of the
amount of neutral benzene and benzene anion radical
present have established that the increase in line width
with increasing temperature is not due to either Heisenberg
spin-spin exchange or to electron transfer between neutral
benzene and its anion radical. The line widths are in-
dependent of neutral benzene concentration below 0.2 M.

We have not included data for solutions of DME to
which 18-crown-6-ether have been added because of the
uncertainty regarding the existence of unresolved proton
hfs due to the cromn ether. The line shape analysis yields
values for the line widths which range from 620 to 670 mG
at -90 and -40 °C, respectively.

It is possible to view the change in the component line
width with increasing temperature as being due to some
perturbation which increases with the temperature. That
is

I/r =V 37 (Allc- A770)/2 2)
and
1/r = A exp(-AE/kT) (3)

Here y is the electron gyromagnetic ratio, A77c is the
observed component line width, and A77 is the component
line width in the absence of the perturbation. A plot of
log (1/r) vs. 1/ T is shown in Figure 5 for the two solvent
systems 2.1 (THF/DME). Table VII summarizes the
values of the parameters in eq 3 which are the best fit to
the data.

We were surprised to find the best fit for AH0 = 0 since
we expected that it might be of the order of 1/2Tj in units
of gauss.
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Figure 5. Plot of log (1/r) against 1/ ffor potassium benzenide solutions.
Dots represent data taken in DME and crosses data taken in 2:1
(THF/DME).

TABLE VII: Parameters which Describe the Increase of
Line Width with Temperature*

Solvent 2:1 (THF/DME) DME

A, radians/s 2.28 X 107 3.34 x 107
Rms inA +0.21 X 107 to.22 x 107
AE, cm"l 182 206

No. of data points 54 46

AHO 0 0

“(1/€) = A exp{- AE/KT).

E. Proton Hfs. The strong temperature dependence of
the proton hfs of the benzene anion radical has been known
for sometime.9 However, a recently reported detailed study
has shown no dependence upon solvent composition.2 The
resolution obtained in the case of rubidium and cesium
benzenides has prevented studies of the proton hfs in these
salts.

Discussion and Conclusions

A. Model for the lon Pair Structure. The model for
the structure of the alkali metal benzenide ion pair which
we would like to consider here is one in which the metal
ion is, on the average, located on the benzene anion radical
sixfold rotation axis. The metal ion is placed on the
benzene anion sixfold rotation axis because this is the
position of strongest electrostatic attraction for a point,
positive charge relative to a ring of negative charge uni-
formly distributed at the corners of a regular hexagon.
There must be motion of the metal ion parallel to the plane
of the benzene molecule because when the metal ion is
exactly on the sixfold axis the overlap between the metal
s and p orbitals and the degenerate set of 7r-molecular
orbitals occupied by the unpaired electron is zero.
Therefore, there could be no direct contribution to either
metal hfs or to the g value. Whenever the metal ion moves
off the sixfold axis these contributions become finite and
we shall show by molecular orbital calculations that they
are of the correct sign and magnitude.

The motion of the metal ion in a plane parallel to that
of the benzene anion can be viewed as being caused by
collisions between the benzenide ion pair and solvent
molecules. However, it is also possible to view the motion
of the metal ion as being harmonic where the metal ion
moves in the potential field created by the charge dis-
tribution associated with the benzene anion radical.23 Most
likely the true situation involves both processes but at-
tenuated by solvation effects.
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B. MO calculations. Two different types of MO
calculations have been used to calculate the expected
properties of the proposed ion-pair model.

The first set of MO calculations which we used were
those described by Goldberg.2"® They were used to
calculate (1) the amount of charge density transferred to
the metal ion from the benzene anion radical (i.e., to
estimate values of the metal hfs), (2) the effect of the
electrostatic perturbation of the alkali metal ion upon the
Tr-molecular orbital charge distribution, (3) the effect of
the electrostatic perturbation of the alkali metal upon the
individual Tr-molecular orbital energies, and (4) the effect
of metal ion position relative to the benzene anion radical
upon the energy of ion-pair association.

The second set of MO calculations which we used were
those which have been described by Dalgard and Lin-
derbergs They were used to calculate the effect of
ion-pair formation and the effect of ion-pair structure upon
the benzenide g value. The particular program used was
based on the energy weighted maximum overlap (EWMO)
method and has been used to calculate the anisotropic g
values for small radicals such aS C102 C104, etcso This
represents the first use of this type of program to calculate
g Vvalues for organic free radicalss: The calculational
procedure takes into account the values of the spin-orbit
interaction parameters of all of the nuclei in the molecule
and can be used to calculate directly the effect of position
of the metal ion relative to the rest of "he molecule upon
g value.

A rather extensive amount of calculation has been
performed based upon the Goldberg formulation and, of
course, this resulted in a considerable quantity of quan-
titative detail. However, rather than present all this detail
which has no quantitative predictive value, we have chosen
to favor a more qualitative presentation. For our purposes
here, we believe that the most important aspect of both
sets of MO calculations is that they predict changes in
experimentally observable parameters, based on the above
model, which are in qualitative agreement with experiment.

Throughout the discussions which follow it should be
borne in mind by the reader that there are two unique
directions of metal ion motion away from the benzene
sixfold rotational axis and parallel to the molecular plane.
One is directed toward the carbon atoms and the other is
directed toward the midpoint of the carbon-carbon bonds.
For most of the calculations to be discussed, the results
for motion along other directions are linear combinations
of the results for motion along these two directions.

C. cCalculation of the Metal Hfs. Calculations of the
amount of unpaired charge density transfered to the metal
ion for potassium, rubidium, and cesium benzenides have
been performed. The calculations have been made as a
function of the metal ion distance from the sixfold axis and
its distance above the benzene molecular plane. The
results can be summarized as follows. As the distance
between the metal ion and the plane of the ring increases,
the amount of charge density transfered to the metal ion
decreases (see Figures ). For afixed distance between the
metal ion and the plane of the ring, the amount of charge
density transfered increases as one moves through the
series from potassium to cesium (see Figure 7). For a fixed
distance between the metal ion and the plane of the ring,
the charge density transfered to the metal ion increases
from zero, reaches a maximum, and then decreases as the
metal ion is moved from the sixfold axis (see Figures s and
7).

Compare the results of the charge density calculations
with the experimental observations of the potassium hfs.
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Figure 6. Plot of calculated unpaired charge density transferred to the
rubidium cation as a function of distance (R A) from the sixfold axis.
Three different distances (d, A from the plane of the molecule are
shown.

f x102

Figure 7. Plot of calculated unpaired charge density transfered to
potassium, rubidium, and cesium cations as a function of the distance
(fi, A from the sixfold axis. All three calculations have been done at
the same distance from the plane of the benzene ring (3.5 A).

Experimentally, the hfs ranges from a value of -89 mG at
-119 °C to a value of +285 mG at -24 °C.12 This cor-
responds to a spin density on the potassium ion of -1.0 X
10 3and +3.5 X 10 t, respectively. That the spin density
is negative at low temperature suggests that the corre-
sponding charge density is small or perhaps even equal to
zero. Under these conditions one would expect the pre-
dominate mechanism for creating unpaired spin density
at the metal ion to be through spin-polarization effects.3
This is what one would expect at low temperatures for the
proposed ion-pair model, i.e., localization of the metal ion
on the sixfold rotation axis of the benzene anion, little or
no charge density on the metal ion, and any metal hfs
would arise from spin polarization effects.3 As the
temperature is increased the mean amplitude of motion
of the metal ion relative to the sixfold axis remains zero
but the mean amplitude squared increases in value. As
the latter quantity increases so does the direct contribution
to the charge density upon the metal ion via overlap of the
metal s orbitals and the carbon 2p orbitals perpendicular
to the benzene ring. An increase in the charge density on
the metal ion would yield an increase in the amount of
positive spin density at the metal ion. Thus, if one started
with a negative spin density it would gradually decrease
in absolute magnitude, go through zero, and ultimately
begin to increase in value. This exactly parallels the
experimental situation.

D. The Effect of the Metal lon Position Upon Charge

Distribution and ir-Molecular Orbital Energies of the
Benzene Anion. When the metal ion is centered on the
sixfold axis, the unpaired electron resides in a pair of
molecular orbitals which are degenerate and for which the
individual charge densities are those normally calculated
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Figure 8. Plot of the molecular orbital energies (in units of (!) for the
symmetric and antisymmetric (originally degenerate) antibonding
molecular orbitals of the benzene anion as a function of metal ion
distance from the sixfold axis. The metal ion Is potassium and it is 3
A above the benzene plane. The metal ion motion is toward the
carbon-carbon bond and the lowest energy orbital is that labeled
antisymmetric.

Figure 9. Plot of the difference between the symmetric and anti-
symmetric molecular orbital energies (in units of /J) as a function of
metal ion distance from the sixfold axis for various distances above
the molecular plane. The bn motion is toward the carbon-carbon bond.
It is the potassium ion.

for the benzene anion radical. As the metal ion is moved
away from the sixfold axis, the two degenerate orbitals
interact with it differently and are split in energy. There
is a corresponding redistribution of charge within each
molecular orbital. Motion toward one of the carbon atoms
stabilizes the symmetric orbital (both absolutely and
relative to the antisymmetric orbital) whereas motion
toward the center of a carbon-carbon bond stabilizes the
antisymmetric orbital. The changes in symmetric and
antisymmetric orbital energies for a fixed metal ion dis-
tance from the plane of benzene anion are shown in Figure
8. The changes are independent of the particular metal
ion. Figure 9 shows the difference in energy between the
originally degenerate symmetric and antisymmetric mo-
lecular orbitals for several different values of the distance
between the metal ion and the benzene molecular plane.
For random directions such as might occur because of ion
pair-solvent collisions the average energy difference be-
tween the two orbitals would be zero, i.e., neither of the
two orbitals is favored relative to the other. However, we
believe that an interaction such as this can have an im-
portant effect upon the ESR spectrum because it mod-
ulates the energy of the electronic state associated with
the ESR transition.
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Figure 10. Plot of the ion-pair association energy (in units of j3) as a
function of metal ion distance from the sixfold axis. The metal ion is
potassium and its motion is directed toward the carbon-carbon bond.

Let us consider the hypothesis that the increase in the
benzene anion radical component line width which is
observed as the temperature is increased is due to this
random modulation of the energy of the electronic state
associated with the ESR transition. That is, as the metal
ion moves relative to the benzene anion molecular plane,
it modulates the energy splitting between the originally
degenerate levels, which in turn causes an increased un-
certainty in the energy of the electronic state in which the
ESR transition takes place. This increased uncertainty
in the electronic state energy then manifests itself as an
increased line width. The effect we have in mind here is
similar to the lifetime broadening one might observe in
ESR studies of a photoexcited triplet whose lifetime is of
the order of the ESR line width.

Experimentally the frequency of the perturbation in-
creases with temperature. The motion we are considering
here would be expected to increase in frequency and
amplitude with increasing temperature. One might ask
why there is no evidence of alternating line width effects
if the frequency is as slow as it appears to be. Experi-
mentally, the relative intensities of the proton hfs are those
expected from six equivalent protons over the whole of the
temperature range studied. Very likely, vibronic motions
are sufficiently large to average out any asymmetric spin
density distributions caused by the asymmetry of the metal
ion position. However, whatever the uncertainty that such
a motion creates in the energy of the associated electronic
state it would not be averaged to zero.

E. The Energy of lon-Pair Association. The energy of
ion-pair association behaves as one would expect. As the
metal ion is moved on a line which is parallel to the
molecular plane and passes through the sixfold axis, the
electrostatic energy of attraction is parabolic shaped (near
the sixfold axis). Its minimum value is centered on the
sixfold axis. As the distance between the metal ion and
the molecular plane increases the depth of the curve
decreases. Clearly, solvation of the cation will reduce the
magnitude of the electrostatic interaction but it will not
change the major features outlined above. Figure 10 shows
a typical plot of the energy of ion pair association as a
function of metal ion distance from the sixfold axis.

F. g value Calculations. The g value calculations using
the EWMO method have been carried out for potassium
and rubidium benzenides for selected metal ion positions
relative to the benzene ring. The results of these calcu-
lations can be summarized as follows. When the metal ion
is on the sixfold axis the two degenerate w molecular states
give identical isotropic g values and there is essentially no
difference between the isotopic g values calculated for the
free benzene anion radical and potassium benzenide. This
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is not true for the rubidium benzenide, its isotopic g value
is shifted to smaller values than that calculated for the free
ion. The extent of the negative shift is inversely pro-
portional to the distance between the metal ion and the
plane of the benzene ring.

As the metal ions are moved off the sixfold axis and
parallel to the benzene ring, the g value associated with
the antisymmetric state is shifted to smaller values and
that of the symmetric to larger values. However, the g.
values are not shifted in equal amounts relative to those
calculated for the metal ion positioned on the sixfold axis.
The negative shift is the larger. Thus, the average g value
over the two states (assuming equal weighting) is smaller
relative to that for which the metal ion is on the sixfold
axis. The above description is independent of the direction
in which the metal ion moves in the plane parallel to the
benzene ring with the minor exception that the individual
g values differ slightly.

We believe the results of these calculations are quite
consistent with the proposed model for the benzenide ion
pair. First, there is the negative shift ing value in going
from potassium to rubidium. Second, there is the re-
production of the negative shift with temperature. That
is, as the temperature is increased the amplitude of the
metal ion motion is increased and hence the g value de-
creases.3

G. Other lon Pair Models. The experimental evidence

is strongly indicative of the existence of a benzenide ion
pair in all the solvent systems studied. A model for the
benzenide ion pair has been proposed and calculations
based on that model are presented and Shown to be
consistent with experiment. It was riot our intention to
consider all possible ion-pair models but just that one
which we felt was most consistent with the.experimental
observations. However, a reviewer has raisedthe question
of whether the existence of a rapid equilibrium between
two different types of ion pairs (B'M+ ~ B ||M+) could
be ruled out. Therefore we present the following dis-
cussion. Presumably the solvent separated species would
be the more stable species at lower temperatures. Under
these conditions one would not expect to observe negative
spin density on the metal ion which is the case experi-
mentally. It is true that, as the relative amount of the
contact ion pair increases with temperature, one would
expect the value of the metal hfs to increase (assuming the
contact ion pair has a fixed value of metal hfs). However
even here one has to explain how the metal hfs arises in
the contact ion pair. If one were to try to argue that the
contact ion pair were the more stable species at the lower
temperature, it would clearly predict a temperature de-
pendence of the metal hfs which is opposite to that of
experiment. It would appear that the temperature de-
pendence of the g value might be consistent with the
existence of a solvent separated ion pair in equilibrium
with a contact ion pair if one assumes that the g value of
the solvent separated ion pair is that of the “free ion”.
However, as our g value calculations show the negative g

value shift is significantly enhanced by the motion of the
metal ion in a plane parallel to that of the benzene ring

We certainly believe solvation effects are important here
but we do not believe that an equilibrium between a
contact and a solvent separated ion pair can adequately
explain the observed phenomena.
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Substituted Benzylidenemalononitrile Anion Radicals

Corson and Stoughtoni first isolated a number of
substituted benzylidenemalononitriles from a base con-
densation between the corresponding aldehyde and
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The anion radicals of several substituted benzylidenemalononitriles have been generated by alkali metal reduction
in etheral solvents. The observed ability of these para-substituted anion radicals to resist anionic polymerization
and the previously reported ability of these compounds to deactivate the growth of transplanted cancerous
tumors in mice varies identically with the para substituent (N02> CN > H > OCH3> CH3. This isjust the
opposite order found for the increasing spin density in the vinyl moiety. While the ESR coupling constants
correlate well with the corresponding substituted benzaldehyde anion radicals, there is only poor correlation
with the INDO calculated coupling constants. However, the INDO calculations do suggest the same trends.
Further, they suggest that the C N and/or C-CN bond distances are different for the cis and trans cyano groups.

malononitrile.
interested in the isolation and chemistry of these new
compounds, they noted sternutatory and irritant properties

Although these workers were primarily
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TABLE I: Coupling Constants in Gauss for Some Anion Radicals of Para-Substituted Benzylidenemalononitriles and the

Corresponding Benzaldehydes

Compound Asubst A i AO An@y -AN(ras) Am Ref

1 5.05 (H) 5.30 0.73, 0.46° 0.73 5.30 0 This work
Benzaldehyde 1.5(H) 5.50 1.13 0.45 10

] 2.80 (N) 3.88 0.68, 0.48° 0 0.80 1.28 This work
p-Nitrobenzaldehyde 5.1 (N) 1.37 0.38, 0.23° 2.95, 2.26° 10

1 1.18 (N) 3.30 1.65, 1.40° 0.50 1.40 1.65, 1.40° This work
p-Cyanobenzaldehyde 1.4 (N) 5.56 3.14, 2.73° 0.75, 0.19° 10

° The two ortho or meta protons are not equivalent.
for several of the benzylidenemalononitriles. Indeed,

2 -chlorobenzylidenemalononitrile has been used as the
active ingredient in a wide range of devices that are
employed in civil disturbances and warfare >

It is most likely that the mechanism leading to this
physiological activity involves an electron transfer from
a nerve ending to the benzylidenemalononitrile to produce
the anion radical of benzylidenemalononitrile. It is ex-
pected that these benzylidenemalononitriles are good
electron acceptors when the structural resemblance to
tetracyanoethylene (TCNE), one of the most powerful
electron acceptors knowns is noted.

Israel and Jones: have reported that the physiological
effects of this series of compounds is dependent upon the
position and nature of the substituent on the aromatic ring.
The intensity of the physiological reaction caused by a
particular substituted benzylidenemalononitrile is then
dependent upon several factors other than electron ac-
cepting ability (i.e., lipid solubility and steric considera-
tions).

Since free radicals are often connected to the growth of
cancerous tissue, any strong electron acceptor (radical trap)
may have some anticancer activity.s This possibility has
been recognized for benzylidenemalononitriless In fact,
injections of p-nitrobenzylidenemalononitrile in mice with
cancerous tumors did lead to a reduction in tumor sizes
However, such activity could not be confirmed in humans.

The anion radical of benzylidenemalononitrile (I-) has
been generated by alkali metal reduction in dimethoxy-
ethane (DME), and it has been shown that the concen-
tration of monomeric anion radical is controlled by a series
of equilibria (eq : - s ), in which many diamagnetic species

I+e-Ttl- @)
21-5+1-r &)
-+ 1Til-r ©)
ml-r+e-?T-r 4)

or T*-,+ - polymer (5)
1+ 12;+21- (6)

are formeds In order to observe the presence of the
monomer anion radical it is necessary to add large amounts
of alkali metal (NaK32. This promotes the formation of
the dimer dianion ( I-1 ), which cleaves to form the mo-
nomer anion radical due to the electron-electron repulsion.
The a-phenylbenzylidenemalononitrile anion radical does
not undergo the formation of dimers and polymer, but for
this system the anion radical concentration is controlled
by the disproportionation to form the dianion (eq s).
Even though the chemistry of the benzylidene-
malononitrile anion radical has been well studied, this
previous reports contains some errors in the assigned ESR
coupling constantss Prompted by the possible biological
importance of the benzylidenemalononitrile anion radicals,
we thought it of value to correct the erroneous spin
densities and report on the spin densities and tendency
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Figure 1. ESR spectrum of the anion radical of p-cyanobenzyli-
denemalononitrile In HMPA at room temperature. Only the low field
half of the spectrum is shown.

to form polymer for some para-substituted benzylidene-
malononitriles.

Results

Vigorous shaking of a0.1 M solution of | in DME at -80
°C with NaK: leads to a blue solution, which yields the
same ESR pattern that has been previously reported. If
the sample is allowed to warm to above about -10 °C a
rapid irreversible polymerization takes place with con-
sequent loss of the ESR signal. At this point polymeric
material can be seen precipitating from the solution. A
computer simulation shows that the ESR pattern for I-
can be described in terms of the coupling constants given
inTable I. Less vigorous shaking of the neutral molecule
solution with NaK: at -80 °C leads to the formation of a
red solution that yields a single broad line upon ESR
analysis. This red solution probably consists of dimer and
higher analogue anions, eq 1-5. The 45-line pattern
previously reported to be due to the dimer anion radicals
could not be reproduced and was probably due to a bi-
phenyl impurity.

The monomer anion radical of p-nitrobenzylidene-
malononitrile (1) could be formed by gentle shaking of the
DME solution with NaK2 and the anion radical proved
to be stable even at room temperature. Essentially the
same results were obtained for the p-cyano system (I11).
However, a well-resolved ESR pattern could not be ob-
tained for I1l- in DME as it could for II- . When the
reduction of p-cyanobenzylidenemalononitrile is carried
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out in hexamethylphosphoramide (HMPA) a well-resolved
ESR pattern can be obtained, Figure 1

Repeated attempts to obtain an ESR signal for the anion
radical of p-methylbenzylidenemalononitrile (1V) proved
to be unsuccessful, and only the formation of polymer
could be obtained. The results were similar for p-
methoxybenzylidenemalononitrile (V), although a fleeting
ESR signal could be obtained for V- at-100 °C, and only
a weak poorly resolved signal could be obtained.

Discussion

The presence of an electron-withdrawing group in the
para position greatly stabilizes the system toward anionic
polymerization and at the same time decreases the spin
density in the dicyanoethylene moiety (see Table I). This
correlation between the coupling constant for the vinyl
proton and the tendency to undergo anionic polymerization
is expected, since the polymerization proceeds via the
joining of the ethylenic groups as shown ineq 7. Our

experiments indicate that the tendency toward anionic
polymerization is CHs > OCHs > H > CN > NO: for the
para substituents used in this study.

It is interesting to correlate the observed spin densities
and tendency toward anionic polymerization with the
anticancer properties of these compounds. It has been
observed that the deactivation of the growth of trans-
planted cancerous tumors in mice is dependent upon the
para substituent on the injected benzylidenemalononitriles
This order of deactivation isN0Oz2> CN > H > OCHs >
CHs.s This is the same order found for the ability of the
anion radical to resist anionic polymerization, which is
essentially opposite to the order found for the spin density
in the vinyl moiety.

Calculations of coupling constants for homologous series
of substituted anion radicals using self-consistent-field
(SCF) molecular orbital approaches with intermediate
neglect of differential overlap (INDO, . have proved useful
in interpreting ESR spectra these radicals 12,13 In the case
of benzylidenemalononitriles, however, the unusual steric
requirements all but prohibit consistent assignment of
coupling constants for both the hydrogen and nitrogen
atoms of the molecule. The situation is considerably worse
in the latter case with INDO apparently incapable of
reproducing the experimentally determined difference in
coupling constants between the two cyano nitrogens unless
different C-N bond lengths are assumed for each.
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TABLE II: INDO Calculated Coupling Constants (G) for
the Vinyl H and the Cis and Trans Cyano Nitrogens in
Para-Substituted Benzylidenemalononitrile Anion Radicals

Substitutent 'U| (vinyl) N(cis) N(trars)
-OCH, -7.964 1581 1.533
-ch3 -7.129 1.579 1.546
-H -7.496 1.590 1.556
-CN -5.053 1.559 1.535
-NO, -0.024 1.358 1.364

The initial calculations were performed using the bond
lengths shown in scheme I. The bond angles were con-
sidered to be 109.46° for sps and 120 for sp: hybridized
atoms. All assignments were based upon X-ray crystal-
lographic data for analogously structured molecules. i

The steric requirements of the molecule are responsible
for the somewhat unreasonably long ring-C distance as-
sociated with the ethylenic moiety. If a shorter distance
is used and the ethylenic moiety left in the plane of the
ring, there is less than a bond length left between the ortho
hydrogen and the N atom. The interatomic distances were
generated by a double precision version of the computer
program COORD.15

If the ethylenic moiety is rotated out of the plane of the
ring around the axis formed by the ring-C bond, the
shortest this bond can be is 1.47 A, since shorter distances
lead to nonconvergent INDO single electron energies. For
the bond length of 1.47 A, rotations of 20, 25, and 30°
resulted in ortho H-cyano C interaction distances of 1.808,
1.901, and 2.007 A, respectively, while the ortho H-cyano
N distances were found to be 1.870, 1.996, and 2.138 A
respectively. Recognizing that the van der Waal radii of
Hand N are:.2 and 1.5 A, respectively, and that the given
van der Waals radius can be approximated by adding 0.80
A to the normal covalent bond is the larger dihedral angles
are considered most reasonable. However, severe rotations
by as much as 90° would be precluded, since considerable
spin density is observed in the ethylenic moiety even with
the strongly electron-withdrawing N 02 group in the para
position. On this basis, the intermediate angle (ca. 30°)
was the angle employed in the calculations.

Using these assumptions, the INDO calculated coupling
constants for the vinyl H followed the same trend as the
experimental tendency toward polymerization, if the CHs
substituted derivative is excluded (reactivity: N02 CN,
H, OCH3 CH3 calculated AH N 02 CN, CH3 H, OCH?3.
Nevertheless, no substantial difference in the cis and trans
Cyano group nitrogen coupling constants were derived from
the INDO calculations for any of the para-substituted
compounds, Table II.

The small difference between the INDO-derived cis and
trans cyano N coupling constants suggests that perhaps
the C-N and/or the C-cyano carbon bond distances are
different. Indeed lengthening either of these bonds for the
trans cyano group resulted in larger calculated cyano N
coupling constants and larger differences in the coupling
constants between the cis and trans nitrogens, but no
reasonable structural adjustments used with the INDO
calculation produced any N coupling constants close to
those observed experimentally, Table II.

Experimental Section

X-band ESR spectra were recorded on a Varian E-9
spectrometer. The temperature was controlled within +3
°C with a Varian V-4557 variable temperature controller,
which was calibrated with an iron-constantan thermo-
couple.

The benzylidenemalononitriles were synthesized by
condensing the appropiate aldehyde with malononitrile in
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95% ethanol as described by Patai and Rappaport.17 The
compounds were then repeatedly recrystallized from
propanol to give a constant melting point.

The INDO program was obtained from the Quantum
Chemical Program Exchange (QCPE).

Acknowledgment. We are grateful to the National
Institute of Health for support of this work. The NIH
support was from Grant No. RR-8102 of the Division of
Research Resources. We also wish to thank Dr. Ira
Goldberg for pointing out to us that the coupling constants
reported in ref 8 are in error. G.R.S. is grateful to the
sabatical leave host (Stanford University) where part of
this report was prepared.

References and Notes

(1) B. B. Corson and R. W. Stoughton, J Am. Chem. Soc., 50, 2835
(1928).

(2) D. H, Finn, M. A. Hogg, and D. Richton, British Patent, 967 600 (1964);
G. T. White and L. R. Rothstein, U.S. Patent, 3314 835 (1967); P.
J. R. Bryant, A. R. Owen, and F. S. Soanes, U.S. Patent 3 391 036
(1968).

R. D. Burkhart

(3) For example, see F. E. Stewart and M. Eisner, Mol. Phys., 12, 173
(1967).

(4) G. N. R. Jones and M. J. Israel, Nature (Londorl), 228, 1315 (1970).

(5) W. A. Pryor, Chem. Eng. News, 34 (June 7, 1971).

(6) N. L. Petrakis, H. R. Bierman, and M. B. Shimkin, Cancer Res., 12,

573 (1952).

(7) E. M. Gal, F. H. Fung, and D. M. Greengerg, Cancer Res., 12, 565
(1962).

(8) F. J. Smentowski and G. R. Stevenson, J Phys. Chem., 74, 2525
(1970).

(9) R. Chang and R. D. Allendoerfer, J. Phys Chem., 76, 3384 (1972).
(10) P. H. Rieger and G. K. Fraenkel, J Chem. Phys., 37, 2811 (1967).
(11) J. A. Pople and D. Beveridge, “ Approximate Molecular Orbital Theory”,

McGraw-Hill, New York, N.Y., 1971.

(12) G. R. Stevenson, A. E. Alegria, and A. M. Block, J Am. Chem Soc.,
97, 4859 (1975).

(13) G. R. Stevenson, M. Colon, I. Ocasio, J. G. Concepcion, and A. M.
Block, J Phys. Chem., 79, 1685 (1975).

(14) L. E. Sutton, Ed., “Tables of Interatomic Distances and Configuration
in Molecules and lons”, The Chemical Society, London, Burlington
House, W. 1., 1958.

(15) M. J. S. Dewar and N. C. Baird, Quantum Chemical Program Ex-
change, Department of Chemistry, Indiana University, Bloomington,
Ind. -

(16) L. Pauling, “The Nature of the Chemical Bond”, Cornell University
Press, Ithica, NY., 1960.

(17) S. Patai and Z. Rappaport, J Chem. Soc., 383 (1962). -,
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The delayed fluorescence spectrometer used to measure triplet diffusion by the space intermittency method
has been modified to augment the intensity of emission signals and to facilitate data handling by computer
methods. As a result a significant improvement in precision has been achieved. Measurements of triplet
anthracene diffusion have been carried out in methylcyclohexane and cyclooctane at 25 °C. A decrease in
measured diffusion coefficient with increasing concentration has been observed, the effect being greater in the
less viscous solvent. At the lowest concentrations used b (in methylcyclohexane) = 2.67(+0.18) x 10“5cm2s
and b (in cyclooctane) is 1.42(+0.14) x 10 5cm2s.

Introduction

During the past few years several published studies have
appeared on the solution-phase or liquid-phase mobility
of aromatic triplets.15 Most of these studies utilize an-
nihilation or, P-type, delayed fluorescence to monitor the
spatial distribution of triplets following an irradiation pulse
which produces triplets in a spatially intermittent array.
Noyes and co-workers applied a somewhat similar method
to the measurement of free-radical diffusion coefficients.6
Triplet exciton migration in anthracene crystals also was
studied using this technique.7

Part of our motivation for studying triplet migration is
to try to characterize the physical state in which these
species exist in solution. It is hoped that this can be
accomplished by comparing observed mobilities with those
which would be expected either from Stokes-Einstein
behavior or from measured mobilities of the corresponding
ground state species. An additional motivation is provided
by the realization that accurate diffusion data for molecules
in fluid media which mimic the characteristics of biological
cells can provide very useful information about the hy-
drodynamics of the cell environment.89 It is difficult to
apply conventional diffusion techniques in such studies.

None of these hoped-for objectives will be realized unless
the execution of the experiments can be reduced to a fairly
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simple procedure which is known to give reliable results
with good precision. The purpose of this paper is to
describe some modifications of the earlier experimental
setup, including methods of data handling, which have led
to a significant improvement in the precision of diffusion
results. In addition, some new data have been obtained
on the solvent dependence and concentration dependence
of triplet anthracene diffusion which will be useful in
characterizing the general properties of the translational
motion of triplets in solution.

Experimental Section

Both methylcyclohexane and cyclooctane were treated
with concentrated H2S 04, neutralizing base, and several
water washes before being dried and then doubly distilled.
The anthracene sample is 99.999% pure material pur-
chased from James Hinton of Columbia, S.C.

The optical system is very similar to that previously
describedl0 with the following modifications. The light
source is a Hg-Xe lamp which has a variable power output
from about 250 to 1000 W. Patterns consisting of opaque
and transluscent strips of equal width are inserted in the
light beam and, using the optical system described earlier,
the sample is irradiated with a reduced image of these
patterns. Since the optical path through the sample is only
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1 mm, the pattern image stays in focus during its passage
through the solution. A major modification of the optical
system is that the photomulitplier has been moved into
a position which is in-line with the excitation beam rather
than at 90°. This has made a considerable improvement
in the signal level obtained with very little sacrifice in the
stray light level. The excitation light is filtered using a
Corning CS 7-60 filter which has a fairly sharp cutoff at
400 nm transmitting only at wavelengths shorter than this.

The emission signal is chopped at 30 Hz and is picked
up by the photomultiplier after passing through a cutoff
filter transmitting above 400 nm. Each delayed fluores-
cence decay pulse is sent to a Nicolet 1072 multichannel
analyzer and, after a signal level sufficient for analysis has
been accumulated, the data are punched out on tape and
then stored on the computer. Curve fitting procedures are
then applied (vide infra) to extract the desired information.

All solutions are degassed on a high vacuum system.
Enough freeze-pump-thaw cycles are used so that residual
gas causes-a pressure jump of less than 3 X 10 s Torr, as
measured on a Pining gauge at the beginning of a
pumping stage. The.sdutions are sealed off under vacuum
with the frozen solution open to the vacuum pump during
seal off. Solutionsprepared in this way- gave constant
delayed fl uorescenge lifetimes over periods of many weeks.

Experimental Results

In the limit of sufficiently small triplet concentrations
such that second-order processes for their removal have
a negligible rate compared with first order processes, one
may write

dT/7dt = (>g(X, t) + DS/-T- T/t Q)

In this equation <pq(x, t) is the time-dependent and
spatially-dependent rate of triplet formation; $-being the
triplet quantum yield and q(x, t) being the rate of light
absorption. The triplet diffusion coefficient is symbolized
by D, . is the triplet lifetime, and T is meant to represent
the concentration of triplets. The diffusion term is im-
portant because the spatially intermittent formation of
triplets leads to delayed fluorescence intensities which are
dependent upon diffusion rates.

The solutions are irradiated through a pattern consisting
of parallel light and dark strips and we symbolize the width
of alight plus dark strip, or repeat distance as XQ In these
particular patterns the light and dark strips have equal
width so the window-to-period ratio, r, is 0.5.

The solution to eq 1 for delayed fluorescence decay isu:

oN(t) = {exp(-2/3f) + 2 Aexp[-2 (I

+ a212)(3t]}/N(a) 2
where
a= 2r(Dr)'21X0 3)
A,= 2 sin: (hrr)/r2-n2i2(1 + 12a2)2 4)
and
N(a)=I1+ZAt (5)

In these equations 3 = :/r and is the delayed
fluorescence intensity normalized to unity ati = o.

To measure a diffusion coefficient it is necessary, first
of all, to determine the triplet lifetime under conditions
of homogeneous illumination. The delayed fluorescence
decay is collected by storing several thousand decay events
on the multichannel analyzer. The data are transferred
to the computer and a weighted least-squares program is
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TABLE I: Lifetimes and Diffusion Coefficients of Triplet
Anthracene in Two Different Solvents and Different
Concentrations at 25 0C

[Anthra- D.b
cene], T° cm'/s X
MX 105 Solvent ms 10s
0.99 Methylcyclohexane 8.19 2.67
2.0 Methylcyclohexane 3.22 152
4.9 Methylcyclohexane 5.75 1.24
124 Methylcyclohexane 3.15 <1.0
0.94 Cyclooctane 4.81 1.42
1.89 Cyclooctane 3.76 1.33
4.72 Cyclooctane 1.82 0.9

a Average deviations in r values were about 2%. b Aver-
age deviations in b values were about 10%.

used to calculate delayed fluorescence lifetimes, r”, from
the equation

1df = A + B exp(-i/rdf) (s)

An indication that the scattered light intensity is quite
low is provided by the fact that A is found to be less than
1% of B. Good fits to an exponential decay were found
in these experiments and the rdf values were independent
of incident light intensity over the range used for diffusion
measurements. Thus, the assumption that steady state
triplet concentrations are independent of second-order
processes is valid so that r = 2 rck

The delayed fluorescence decay observed when the
sample was irradiated using an appropriately sized strip
pattern was found to have a shorter lifetime than with
homogeneous irradiation. This is because a certain fraction
of the triplets diffuse into nonilluminated regions where
the average triplet concentration is significantly reduced.
Only a very small fraction of these triplets will ever become
involved in triplet-triplet annihilation and most are lost,
therefore, as far as delayed fluorescence emission is
concerned. This effect is most pronounced for a values
(eq 3) equal to 1.0.

In these experiments the smallest Xo value used was
0.00312 cm. Thus, to achieve a = 1 for a diffusion
coefficient of, for example, 2 X 10“5cm2's requires r equal
to about 12 ms. At the temperature used in these ex-
periments (25 °C) the . values varied from about 2 to s
ms so we never really achieved the best conditions for
diffusion measurements. It is noteworthy, however, that
the best precision was found with the sample for which r
Vias largest.

When the samples were irradiated using a strip pattern,
the delayed fluorescence decay signals were again accu-
mulated on the multichannel analyzer for several thousand
decay events after which the data were transferred to the
computer. The best fit to the equation

Idf = P + Qbj\ (1)

was then determined by successive adjustment of the
parameter a, again using aweighted least-squares program
From the best a value, b could be calculated using eq 3.

Table | summarizes some measurements made on triplet
anthracene at different concentrations in two different
solvents, methylcyclohexane and cyclooctane.

Discussion

The results of Table | show that one of the primary goals
of this work has been accomplished, that is, the
achievement of a significant improvement in precision.
The best precision was found for the b value of 2.67 X 10-5
cm2s in methylcyclohexane for which the average devi-
ationwas +7 %. The best precision found in earlier efforts:
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was +25% so there has been almost a fourfold improve-
ment in the degree of reproducibility of these measure-
ments.

Two modifications in the operation of the experiment
have been primarily responsible for this. First of all, the
use of collection optics located at 180° from the excitation
source has resulted in much more intense delayed
fluorescence signals. Secondly, by means of the multi-
channel analyzer it has been possible, not only to build up
a signal of reasonable size, but also this final signal is in
digital form, suitable for computer processing. In earlier
work it was necessary to use delayed fluorescence ratios
obtained with and without patterns in place as the raw
data: but these ratios of absolute intensities were very
dependent on exact placement of the patterns in the
excitation beam. It was also necessary to be able to ac-
count for variable transmittance of the excitation light
through the transluscent strips of the different patterns.
The mode of data analysis used in the present work does
not depend on absolute delayed fluorescence intensities,
only on the time dependence of these intensities which can
be measured with better precision.

In order to compare the data of Table | with diffusion
results found by other workers, it is useful to consider the
diffusion coefficient of 2.8 X 10s cm2's found for anth-
racene in paraffin solvents at 20 °C. The viscosity of the
solvent was such that T/ij = 5.8 x 104 Thus, the
Stokes-Einstein equation yields an effective hydrodynamic
radius of 1.5 A for anthracene. If this same radius is then
used to calculate a diffusion coefficient for anthracene in
methylcyclohexane, for which 1j is 0.006 8713P at 25 °C one
finds Daicd = 2.1 X 105 cne/s. The largest value measured
here is 2.67 X 10 s cm2s which, in view of the approxi-
mations inherent in the Stokes-Einstein equation, is not
bad agreement. For cyclooctane the agreement is not so
good. For this solvent rj is 0.02034 P and D&dis 0.72 x
10 5 ce/s, only slightly greater than one-half the measured
value for the most dilute solution.

These observations are consistent with earlier findings
that triplet diffusion coefficients are somewhat larger than
would be predicted from the behavior of ground state
species. As a possible rationale for this behavior the
suggestion was made that energy transfer may be con-
tributing to the net translational motion. From the results
of the concentration studies it is clear that such is not the
case. That is, the triplet mobility is seen to decline with
growing anthracene concentration rather than to increase,
as would be required for energy transfer. It is, perhaps,
noteworthy that the concentration effect is much less
marked in the solvent of higher viscosity.

It appears that a molecular association process is oc-
curring between triplet anthracene and ground state
molecules, which results in a smaller effective mobility with
increasing concentration. Such a process might, for ex-
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ample, be a dipole-induced dipole interaction. Although
the attractive potential associated with such a process
depends on the dipolar character of the triplet and might
be rather small, the activation energy for diffusive dis-
placements is likewise very small. Furthermore, a bi-
molecular association process would occur at a slower rate
as the viscosity of the medium increases, hence the effect
of concentration ought to be less marked in more viscous
solvents as is observed.

The fact that triplet anthracene diffusion is larger than
predicted by the Stokes-Einstein equation is more likely
associated with problems in utilizing this particular
equation rather than due to special properties of the
diffusing triplets. In terms of molecular size, the two
solvents used here are not greatly different but there is a
factor of 3 difference in their viscosities. The larger
viscosity of cyclooctane is not due to any polar effects
either, so apparently the viscosity difference is due pri-
marily to molecular shape.

Whatever the source of the viscosity difference, it is
reasonable to believe that the rapidity with which local
solvent structure rearranges is greater for the less viscous
solvent. Thus, as a solute molecule probes a given mi-
croscopic region of space by a net’translational motion, the
greater the solvent mobility the more closely will this
probed region approach the character of. a macroscopic
region with the same number density of solvent molecules
and the same mean velocity.B Since the Stokes-Einstein
equation is based on a macroscopic model it is not sur-
prising that it gives better agreement, with experiment in
more fluid solvents.
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