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Arguments are presented indicating that the large-size limiting behavior of the ion-pair size distribution
is qualitatively the same both with, and without, Coulomb interactions between ions. This in turn implies
that the static dielectric response function eo/e(k) derived in the preceding paper is nonanalytic at £=0.
The specific singular behavior of this response requires a branch cut along the imaginary k axis. It further-
more induces an r 3 tail in the ion atomsphere charge distribution at finite electrolyte concentration.

I. INTRODUCTION

The preceding paper! provides an expression for the
static dielectric response function e(%) in the primitive
model symmetrical electrolyte, i.e., uniformly charged
rigid-sphere ions suspended in a dielectric continuum
solvent. In this model there are only two independent
ionic pair correlation functions,

g + @ () =g _@(r), g P (=g @), (L1

and their difference is proportional to the radial density
of electrostatic charge in the electrolyte’s ion atmos-
pheres. One of the basic relationships in the foregoing
theory is an integral transform linking this difference
to e(k):

g O (r) =g 12 (r) = (20%r)~

></:ksin(kr){k;z[e(%)«—l]—i—l}dk; (1.2)

in this expression ¢ is the anion (or cation) number
density, € stands for the solvent dielectric constant
(independent of %), and « is the usual Debye-Hiickel
parameter:

K2=87TC(Z€)2/k13T€0. (13)

Investigation of the ion atmosphere structure using
Eq. (1.2) will be our primary objective in this article.

The preceding e(%) calculation! was based upon a
complete pairing of all ions to form “dipolar molecules,”
whose orientation preference in external fields could
then self-consistently be calculated. The size distribu-
tion function p¥(s) for these ion pairs plays an impor-
tant role in the formalism, and in fact e(k) is a functional
of p(s). Through Eq. (1.2), the large-» nature of ion
atmospheres depends on the small-k behavior of e(k),
and this in turn requires knowledge of the large-s regime
in p®(s). The following section argues that the “tail”’
of pW is substantially the same for the electrolyte as for
uncharged spheres,

Section III subsequently demonstrates that e(%) is
not analytic at £=0 in the complex £ plane. This non-
analyticity is connected with a branch cut of (), and
leads through Eq. (1.2) to a relatively long-ranged
contribution to the ion atmosphere charge density pro-
portional to 8. This behavior is at variance with the
orthodox predictions that exponential damping should

occur, in particular in the domain of applicability of the
Debye-Hiickel theory.? One can show, however, that
this algebraic contribution does not affect the Debye-
Hiickel limit.

On account of the unconventional character of our
algebraic ion atmosphere prediction, Sec. IV briefly
reviews alternative electrolyte theories, to establish
what weaknesses within them might cause one to over-
look such a prediction. In particular we mention the
Ursell-Mayer cluster techniques, and the integral equa-
tions that are often used to predict correlation functions.
In each case it seems that approximations employed in
these alternative theories assure from the outset that
exponential damping obtains, whether or not the true
physical situation demands it.

Naturally we must ultimately be prepared to admit
that a spurious approximation in the foregoing e(k)
computation! might be the source of our algebraic ion
atmosphere falloff. Nevertheless, it seems valuable to
have raised the general issue of spatial decay rates, and
to have accented the inability of present electrolyte
theory to decide this matter rigorously. Until suitable
exact arguments become available, Monte Carlo calcu-
lations on the primitive model® perhaps could contribute
to this aspect of the theory.

II. CHARGE DISTRIBUTION NEAR AN ION PAIR

The process of identifying ion pairs in the symmet-
rical electrolyte is implemented sequentially. Given a
specific configuration ry+--Ioy of the V anions and N
cations in volume V, one forms a pair always by
selecting the smallest anion—cation pair distance among
those ions not already paired. This rule eventually
exhausts all ions, each of which then has a unique
partner of opposite charge sign.*

There will of course be N! different ways that ions
could be paired with partners, if ions are considered to
be distinguishable. But since all ions of given charge
are mechanically’ identical, it suffices in analysis of
equilibrium electrolvte properties merely to restrict
attention to that portion of configuration space (1/N!
of the total) corresponding to a fixed pairing. In order
to be consistent with the sequential pairing process,
this restriction prevents oppositely charged ends of
two distinct lon pairs from approaching each other more
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I'16. 1. Rough charge distribution near a fixed ion pair used
in the scaling estimates in Sec. IT. In each of the two hemispheres,
the charge density is regarded as constant.

closely than the lesser of the two ion pair anion-to-
cation distances.®® Jon pairs may therefore be treated
as stable ‘“diatomic molecules” (with variable bond
length) which interact not only via the original charged
rigid-sphere forces, but through the infinitely repulsive
“steric hindrance” forces generated by the single pairing
restriction.

We denote the probability for anion—cation center
distance s in the ion pairs by p(s), with the following
normalization convention:

0
c=47r/ sPpW(s)ds. 2.1)
0
The dipole moment m of an ion pair is Zes at any
instant, so the mean square moment will be given by
the integral
o0
(m?y=4m (Ze) e / spO(s)ds.  (2.2)
0
This integral converges when all ions are discharged
(Ze=0), since then p®(s5) behaves for large s thus,S

lim p®(s) = oy (s) ~const X s, (2.3)
Ze—>0
The effect of electrostatic interactions is to draw oppo-
site ends of each ion pair together, which surely will
decrease the spatial extension of p®(s). The mean
square moment expression (2.2) therefore continues to
remain finite for the electrolyte with fully charged ions.
The steric hindrance repulsions allow anions to accu-
mulate around the anionic end of a given ion pair, and
cations to accumulate around its cationic end. As a
result, the surroundings of the pair will possess an
average charge density whose own dipole moment
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m'(s) will be parallel to m by symmetry, and will
change with size s.
The fact that the electrolyte is an electrical conductor
implies:
lim e(k) = ;
)

(2.4)

in other words, long-wavelength components of an
electrostatic field are completely shielded. The Kirk-
wood theory of polar dielectrics” provides an expression
for e(k=0) which, in concert with phenomenological
result (2.4), implies®

{m-m)=4nZec! /w $mt(s) p®(s)ds

=40, (2.5)

At first glance one might think that p®(s) would
become exponentially damped by Coulomb interactions,
analogous to the ion atmosphere damping that is pre-
scribed by the Debye-Hiickel theory.? However, if
pP(s) were to incorporate, say, the venerable factor
exp(—«s), then Eq. (2.5) would require the moment
m'(s) to diverge at least as fast as exp(-+«s) as s—w.
Such a rapidly increasing moment for large s would
either require an enormous local charge density (which
would involve an impossibly high energy), or else would
require ionic correlation over impossibly large distances.
We must therefore claim that p® (s) retains an algebraic
tail as the Coulomb interactions are switched on.

Theoretically it should be possible to use the varia-
tional principle in the preceding paper' to support this
claim, but so far we have been unable to produce the
required analysis. Instead, it should suffice for present
purposes to appeal to rough scaling arguments. Figure 1
illustrates the basis for that kind of analysis. We assume
that the charge surrounding a pair is confined to the
interior of a sphere centered on the ion pair. This sphere
expands as s increases, with radius proportional to s?,
p>1. Within each hemisphere, the average charge is
taken to be constant, with a value proportional to s,
¢=>0. Since concern lies mainly with the large-s regime,
the radius-a exclusion spheres surrounding both ends
of the fixed ion pairs can be completely disregarded.

Tt is easy to see how m'(s) must vary since it involves
essentially just the product of total charge in one
hemisphere ( «s%~7) times the distance between hemi-
sphere centroids (e s?):

mt(s) o st

(2.6)

In order that this form produce the required divergence
in Eq. (2.5), we must presumably have

4p—q>2. (2.7)

We must also assure that the electrostatic energy of
the postulated charge distribution remain within reason-
able bounds. This energy may be obtained from the
standard expression

E=}[ppdr (2.8)
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in terms of charge density p and potential . The poten-
tial will scale according to the product of hemisphere
charge and the inverse of the linear dimension s?, at
least where p is nonvanishing. Thus,

E o shr2,

(2.9)

If this energy were grossly to exceed the thermal energy
ksT, it seems plausible that a spontaneous ionic re-
arrangement should occur to lower that energy. Thus
the exponent in (2.9) should not in fact exceed zero:

S5p—2¢<0,  p<iq. (2.10)

The region in the p, ¢ plane that is consistent with
the initially admissible values of these parameters, as
well as inequalities (2.7) and (2.10), is shown in Fig. 2.
This region is an infinite wedge whose vertex corre-
sponds to simultaneous equality in (2.7) and (2.10)
(=%, ¢=%".

The next step is to estimate the axial electrostatic
force F exerted on the ion pair by the surrounding
diffuse charge. Since p>1, the pair will be centrally
located in a much bigger sphere as s—o, so we need
only to estimate the electric field strength at this center.
This field will of course be proportional to hemisphere
charge divided by the square of the characteristic linear
dimension s?:

| F [ s, (2.11)
Inequalities (2.7) and (2.10) imply that
p—q<—2. (2.12)

Though the electrical force tends to drive the two ions
of the pair together, its effect obviously diminishes no
more slowly as s increases than the direct attraction
between those two ions.

[=]

F16. 2. Admissible region (shaded) for pairs of exponents p, ¢
describing local charge density around a fixed ion pair.
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The direct Coulomb force in the ion pair, plus the
indirect force (2.11) may be integrated with respect
to s to yield an electrostatic potential of mean force.
The corresponding Boltzmann factor:

[(26)2

6012

exp{C(so) — (kpT)™? /8

S0

+F(1) ]dt} (2.13)

would then multiply the uncharged sphere size distribu-
tion function po”(s) to convert it to the electrolyte
function p® (s).® According to Eqgs. (2.11) and (2.12),
this Boltzmann factor approaches a constant as s—.
Therefore, p®(s) will be proportional to s—% in this
limit.}6

In contrast with the indirect force result (2.11)-
(2.12), an exponentially damped p®(s) would have
required a force that approached a nonzero constant as
§—>00,

Since the scaling argument which leads to the s—¢
behavior for p®(s) is rather crude, it is desirable to
confirm its conclusion independently. The preceding
paper! provides the following representation for p®(s):

O (5) =T (s) / [1+4rc f | z2F(t)dz]2. (2.14)

I'(s) is a correlation function that arises during the
pairing process. At stage s in the process, where all
pairs of size smaller than s have been formed, the con-
centration of unpaired anions or cations throughout the
entire system will be
o
o) =tx [ Epo (0t (2.15)
8
However, the local density of anions at distance s from
an unpaired cation will be T'(s)p(s) by definition.
Itis clear that for uncharged spheres T'(s) approaches
a nonzero constant as s—oo, to assure the existence of
the 570 tail for po (s). If p@(s) for charged ions were
exponentially damped, it follows that T'(s) would have
to increase exponentially fast with s, This would entail
an extreme tendency for anions to “pile up” immediately
outside the s sphere surrounding the unpaired cation.
Such an extreme accretion of oppositely charged ions

would require a very powerful electrostatic driving
force which, however, is not available.

III. DIELECTRIC FUNCTION BRANCH POINT
The inverse relation for Eq. (1.2):
€ K2 { 4rc
(k) R k
X [ rsin(nle. @) —g +<2><r>3dr} (3.0)
0

may be used to show that the Debye-Hiickel point ion
linear theory implies

eo/e(k) =/ (F+*), (3.2)
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a meromorphic function in the complex & plane. For
large | k|, this result leads to

e/e(k) =1— (/R + (&/Rk) — -, (3.3)

By contrast, we may integrate Eq. (3.1) by parts with
explicit consideration of the hard-sphere diameter a to
obtain the exact large-| 2 | development for the primi-
tive model:

[Go/é(k) ]Nl— (K2/k2) + (41(6!(2(1/164) cos(ka)
X[ge (@) =g @ (a) J—---.

The trigonometric factor cos(ka) indicates that the
point at infinity is really an essential singularity, rather
than a regular point as the Debye-Hiickel point-ion
result (3.3) implies.

It is natural to inquire whether the exact dielectric
response function differs in other fundamental ways
from the analytic structure suggested by the Debye—
Hiickel expression (3.2). We shall specifically examine
the analytic character in the neighborhood of £=0. A
general and rigorous argument is not available, but we
can utilize the approximate dielectric response function
derived in the preceding paper!:

eo/e(k) =1—«*/{k*+ [ cos(ka) —ku(k) ]},
where
w(k) = (dme)[dsp® ()1 (k, $)[1u(k, $) = Fak, 5)T;
(3.6)

(3.4)

(3.3)

sin(kf)

T s+a
Li(k,s)= —/ difa®— (5—1)2]‘}— ,

§ Ymax(a,s—a)

Lk, s)= 2 /u di[s+t— max(a, | s—¢|) ] sin(k2).
§Je

(3.7)

The “‘external field renormalization factor” f(%, s) is a
nonlinear functional of the ion-pair size distribution
function p®:

Tk, ) = exp{41rk—1 / "4 sin () p® ([ (1) ]—ldt} ,

p(t)=41r/ w?pD (u) du. (3.8)
t

If u(k) were analytic in & within some neighborhood of
k=0, then it is clear from Eq. (3.5) that &/e(k) would
likewise be analytic at the origin. We shall proceed to
make a small-%2 evaluation of u(k) to see if the result
is consistent with analyticity.

It was argued in the preceding section that p®(s)
has an inverse sixth-power “tail” for large s. For the
time being it will be instructive to write the more
general expression for s—oo :

PO (s)~Ps, (3.9)

AND R. ]J. WHITE

where of course P>0 and »>3. We immediately have

p(s)~AnPs*7/(y—3). (3.10)
Therefore,

lﬁmf(k, $)=¢/p(s)~c(v—3)s=3/4rP. (3.11)

Due to occurrence of the “max’’ operation in both Iy
and I, these functions adopt different forms in the two
intervals e<s<2a and 2a<s< . It is therefore con-
venient to split the u(k) integral (3.6) into two parts
corresponding to these s ranges:

w(k) =p (k) +ua(k),

2a
p1<k)=6_1/ dss?pOfL L1 — 1],

a

wlb =t [Caspotn-1  (3.12)
2a

Because pi(k) involves integrals only between finite
limits, it may be expanded in a convergent power series
in % simply by expanding the trigonometric functions
in the integrands. Evidently then wi (%) is analytic at
k=0.

On the other hand, us(k) demands more delicate
treatment for small k. When 2¢<s and | sk | <1, we
have

Il(k, S) —[Q(k, S)
= (7/$){[(4/45)>— (2/9) a*s*Je*+-O (k) },

whereas if | sk | >>1, the corresponding small-% result is

(3.13)

I (k, s) —I:(k, s)~— (4wa’k/3s). (3.14)

Evidently these two limiting forms effect a smooth
connection in the range |sk|=~1. The external field
renormalization factor f(%, s) likewise exhibits different
behavior for small and for large | sk |. Equation (3.8)
shows in fact [consistent with (3.11)7] that with fixed
s>2a

fly~e/pls)  (sk]<l);  (3.15)
on the other hand, if we write
f(k,s)= exp[é"—r /s { sin(kf) [w — (v=3) ]d[
kJ, o(t) 4rf?

+

—3 fosin(kt
d 3/ Sm(é)d:} (3.16)
ko J, 2

(by adding and subtracting the relevant asymptote)
the large | sk | limit may be written

o m(y v—3

N Ln:tdu} . (347

kla

+(—3) |



THEORY OF CONCENTRATED ELECTROLYTES.

Since

/w ﬂ du=—Inz+1—v4+0(x?)

u?

(3.18)

(where y=0.5772157+ .
stant), we have

1k, (| ] ) eXp{ (v—3) (1)

00 6=3)
wir [T e[ 20— O )
=F(k|a)~ (st | >1). (3.19)

The different forms for f suggested, respectively, by
(3.15) and (3.19) must smoothly connect to one
another when | sk | is of order unity.

The integrand of expression (3.12) for u:(%) adopts
distinctly different forms in the interior of the two
ranges 2a<s< | k|7, and | £ ['<s< 0. In the former,
Eqgs. (3.13) and (3.15) imply

s2pOf L — I, ]~s2Ps~[c(v—3) /An P e[ — §mwa’sk?]
=—[c(r—3)/18]ka, (3.20)

where we have invoked large-s asymptotes as having

predominant importance in the large interval dictated

by small | £ |. In the latter range the analogous expres-

sion is:

S2pOf[I— I J~stPs™F (| k | a)*~[—4ma’k/3s]
= —47PFa"~s'k | k |*.

is the Euler-Mascheroni con-

(3.21)

The wz(k) integral may now be estimated, up to a
positive factor of order unity, by integrating (3.20) and
(3.21) over the respective intervals’:

a3—v
-)

—3) 4nF
()= )/ Ratds— — (
3
X ak | k Prst—ds

k|~
=—[(v—3)/18Ta% | k |—[4xF/3(»v—2) Ja%k | k |
=—Mak|k|, (3.22)

where M is a positive dimensionless number of order
unity. Since we can easily show that u; (%) is O(k®) for
small %2, we have

w(B)=—Mak | k |+0(F).

(3.23)

The occurrence of | k| in this result shows that u(k)
cannot be analytic in the neighborhood of k=0. Al-
though u(k) is manifestly an odd function of k:

u(—k)=—p(k),

an analytic continuation of this function from the posi-
tive real axis onto the negative real axis (if such a
continuation is possible) will not agree with (3.24).

(3.24)
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The simplest possible r(k) would be composed of two
analytic functions, the individual continuations off the
positive and negative portions of the real k axis, which
are separated by a branch cut along the entire imaginary
k axis.

Return now to Eq. (1.2), which gives essentially the
distribution of charge in the ion atmospheres, and in

which we now insert the explicit e/e(k) expression
(3.5):

+ o0
g -0 (r) —gy (D (r) = (4n%cr)™? f dkk sin(kr)
k?
1— . (3.25
X{ B+« cos(ka) —kp,(k):l} (3.25)
If wu(k) were meromorphic, this integral would be
amenable to evaluation by Cauchy’s integral theorem,
and the ion atmosphere would be composed of a series

of contributions exponentially damped in r. However
now we must write

00
g _O(r) — gy 1O (r) = (dn2r) / dkk sin(kr)

—_—0

x{1— P B +k—lfm(k)} . (3.26)

where 9 (%) is nonanalytic at the origin

M (k) =k ([(E2+x? cos(ka) T

— { B4k cos(ka) —ku(R) J}7Y). (3.27)
One can conclude from Eq. (3.23) that
M(k)=(Ma¥/ ) | k |+O(FS). (3.28)

The Cauchy integral theorem applies to the terms
preceding 2791 (k) in Eq. (3.26), and they will provide
exponentially damped contributions to the ion atmos-
phere. For the 91(k) term, however, we must appeal to
the existing theory of asymptotic Fourier integral
evaluation' to conclude that for large r:

1440M @?

f " dh sin (k)L (E) ~— (3.29)

The corresponding behavior of the ion atmosphere is
2 D) —gy 1P (r)~—(360Ma?/cr®®). (3.30)

The nonanalytic character of u(k) has thus produced
an algebraic tail in the ion atmosphere charge distri-
bution.

The details in Eq (3.22) indicate that the positive
constant M could vary with v, although not in such a
way that it could vanish. It is interesting to note, how-
ever, that this is the only way that » affects result
(3.30), so in fact the »~® tail in the ion atmosphere does
not hinge sensitively on the assumption that »=6.

The leading small-2 term shown in Eq. (3.28) for
I (k) is alone a valid representation at low concentra-
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tion only if | £ | <<«. This means in turn that the r—8
tail in (3.30) applies only for large k7. Hence writing

g~ (1) — g1 42 (1) ~— (360M a3 /x%) ()5, (3.31)

we can see that the “strength” of the tail expressed in
dimensionless distance units declines as ¢? at low con-
centration. 9 (%) is not involved at all in the low con-
centration limit; the linear Debye-Hiickel theory arises
entirely from the other terms in Eq. (3.26) which are
meromorphic.

The ion-pair theory of electrolytes in its present form
does not separately specify gy _®(r) and g @ (r).
However if our 7—® conclusion is correct for the difference
of these functions, it seems reasonable to suppose that

g+ —@(r) — 1~— (360M10%/7%ci’r),

g1 +@(r) —1~(360Msa®/m2cxr®), (3.32)

where both M, and M, are positive (M =M+ M,).

IV. DISCUSSION

The function p{k) which has been implicated in the
r~® tail arises in the e/e(k) calculation of the preceding
paper! as an electrostatic interaction between an ion
and induced charge in a spherical region of ionic size.
The infinite upper s limit on w, in Eq. (3.12) is thus
associated with the infinite range of the Coulomb inter-
action. If instead the Coulomb law involved an upper
cutoff distance R (beyond which ions did not interact),
the ps integral would have a corresponding upper limit.
The asymptotic small-£ analysis of us then would be
fundamentally altered, and when | 2 |7'>R, Eq. (3.22)
would have to read

R
wa (B~ f [— & (v—3) Ba¥]ds
0

= — 15 (v—3) Ra*k®. (4.1)
Nonanalyticity is not indicated. The evidence thus
implies that the algebraic tail obtained for the ion
atmosphere charge density is intimately connected with
the long-range character of the Coulomb interaction.

One of the more popular techniques for study of the
statistical mechanics of electrolytes is the Ursell-Mayer
cluster expansion.* The long range of the Coulomb
potential causes large classes of the cluster integrals for
electrolyte thermodynamic properties to diverge. Con-
sequently, considerable cleverness had to be exercised
to identify that class of divergent clusters (‘“chain
diagrams”) whose formal infinite-order summation
would reproduce the Debye-Hiickel limit.!2 Historically,
of course, the Debye-Hiickel theory was developed far
earlier, on a noncluster-theoretic basis.

Chain diagram summations have also formed the
basis for electrolyte cluster series rearrangements that
have been directed to understanding concentrated
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electrolytes. Unfortunately, the cluster integral order-
of-magnitude estimates that have been advanced in
support of these rearrangements are far from rigorous
mathematically.!’™® In any event their genesis seems
strongly to have been influenced by the topological
flavor of the Debye-Hiickel limit.

Analogous chain diagram summations have also been
advocated for concentrated electrolyte pair correlation
functions.** For computational purposes it has proven
convenient to utilize generating functionals to effect
the chain summations implicitly. These functionals
appear in the form of nonlinear integral equations, and
are now conventionally referred to as the “hypernetted
chain” (HNC) integral equations.’!®

The chain summations incorporated into the HNC
integral equations tend to replace the original Mayer f
bonds (which are long ranged due to the Coulomb
interaction) with an exponentially shielded effective
bond. The predicted ionic correlation functions in turn
possess such exponential damping. Still, the mathemat-
ical danger involved in arbitrary rearrangement of di-
vergent series (indeed in this case series with divergent
terms!) is well known, so the usual chain summations
may be quite unjustified beyond the verification of the
Debye-Huckel limit. It is not inconceivable that some
rearrangement of the complete formal g;; cluster series
which specifically involves clusters with high connec-
tivity (“bridging”) could produce r—* asymptotic decay.

Integral equations of the Kirkwood” and of the
Born—Green-Yvon'® types have also been frequently
used to investigate ionic pair correlation in electrolytes.
Such integral equations in their exact versions involve
higher-order distribution functions which are unknown,
so one is always forced to invoke a superposition approx-
imation' to express these higher-order quantities as
simple functionals of the pair functions. It is apparently
the case that these approximate integral equations
always predict exponentially damped pair correlations.
However it is also the case that the superposition error
might have precisely such a character that if it were
formally reintroduced into the integral equations, their
solutions would be forced to possess r~® tails. For
electrolytes, then, it may well be that superposition
approximations are especially inappropriate out of the
Debye-Hiickel dilute limit.

Analogous comments apply to use of the Percus-
Yevick integral equations in the electrolyte problem.
With this approach one is obliged to approximate the
so-called “direct correlation functions” in terms of the
ionic potentials and pair correlation functions. The
Percus—Yevick prescription produces direct correlation
functions which are as long ranged as the Mayer f func-
tions, so that as in the HNC case one effectively sums
chains to exponentially damped pair correlations. But
the exact direct correlation functions could well have a
different asymptotic large-distance behavior from the
Mayer f’s (possibly involving some inverse fractional
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power), and the way is again open for ~® tails in the
various g;;®.

In conclusion, there seems to be no present logical
basis for maintaining that electrolyte pair correlation
remains exponentially damped at finite concentrations.
Our ion-pair theory suggests that a subtle interplay
exists between short-ranged core repulsions between
ions, and their long-ranged Coulombic interactions
which makes the static dielectric response nonanalytic.
The implied algebraic correlation tail is one worth
looking for by alternative theoretical methods, but only
if special care is devoted to avoiding approximation
procedures which are from the outset functionally in-
consistent with the existence of such a tail.

* Present address: Departments of Mathematics and Computing
Sciences, University of Southwestern Louisiana, Lafayette, La.
70501.
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Modes and Rates of Reaction of Cyclopentene and Methylcyclopentene Ions with Their

Parent Molecules*®
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Cyclopentene and methylcyclopentene ions were generated by irradiating the respective parent com-
pounds with 10.0-eV photons; cyclopentene was also irradiated with 11.6-11.8-eV photons. The ionic
products of ion~molecule reactions were observed in the NBS high-pressure photoionization mass spectrom-
eter, while the neutral products of these reactions were determined by chemical analysis of products formed
in photolytic experiments in a closed system. The cyclopentene ion, which at 10.0 eV retains its cyclic
structure, undergoes an H; transfer reaction (¢-CsHg™+¢-CsHz—¢-CsHio+c-CsHe™, £=3.3X1071° cm3/
molecule-sec) and a condensation reaction (¢c-CsHs"+6-CsHz—CroHis, k=2.7X10710 cm3/molecule-sec)
with the parent molecule. The same reactions are observed for ions formed at 11.6-11.8 €V, but at the
higher energy, approximately 209, of the ions are observed to undergo ring opening to form 1,3-CsHs* jons;
the latter ions undergo an H, transfer reaction with the cyclopentene molecule (1,3-CsHgt+¢-C;Hs—>
2-CsHyo+CsHet, 2=1X1071 cm?/molecule-sec). The three methylcyclopentene ions also undergo H.
transfer reactions with the corresponding parent molecules [ CeHio™-+CsHio— (CH;) CsHo+CoHs™, £=4.6,
1.8, and 2.9X1071% cm?/moleculessec for 1-, 3-, and 4-methylcyclopentene, respectively]. Condensation
reactions between these ions and their parent molecules are observed to only a minor extent, but a second
major mode of reaction, namely H transfer, is observed (CeHio"+CeHio—CoHu+CsHg™, £=0.6, 2.8,
and 1.2X1071° cm?/molecule-sec for 1-, 3-, and 4-methylcyclopentene, respectively). Structural reasons
for these rate variations are discussed.

INTRODUCTION

In a recent study from this laboratory,! the reactions
of the cyclohexene parent ion were examined in a photo-
ionization mass spectrometer and also by analysis of
the neutral products formed through the chemical reac-
tions of ions formed in the closed-system photolysis of
cyclohexene at energies above the ionization energy.
In the mass spectrometer, where the ions were formed

by irradiating cyclohexene with 10.0- and 11.6-11.8-eV
photons, it was seen that the cyclohexene parent ion
reacts with cyclohexene to form CeHst and CpHag*™ as
product ions,

CeHiot+ CeHig— CeHipo+ CsHgt, 1)
CsHyot+ CeHig— CraHagt (2 )
It could be derived from the results that at the higher



