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1. INTRODUCTION

Chemical reactions in solution depend on (A) the frequency
of collision of the two reactants and (B) the efficacy of reaction
once they are in contact. The former has been discussed in a vast
literature, much of it building on the work of Smoluchowski1 in
the early 20th century. See ref 2 and the references therein. For
the important problem of reaction rates in ionic solution between
charged reactants, Debye derived an equation describing the effect
of Coulomb attraction or repulsion on the bimolecular collision
rate in ionic solutions.2 To simplify the presentation, we outline
below the results for univalent, like-charged reactants in solutions
of univalent electrolytes. Debye’s expression (eq 15 below) pre-
dicts the ratio of the collision rate constant of a particle when it is
charged to when it is uncharged as follows:

f� ¼ K�
col

Kcol
ð1Þ

Equation 1 suggests an interesting strategy to measure f * employ-
ing the same molecule whose charge state is altered by varying
the pH. In principle, any experimental approach could be fruitful
provided the charges do not change the probability of reaction
upon collision, that is, the efficacy of the reaction, item (B) is not
altered. In practice, reactions dominated by item (A), diffusion
controlled reactions, are more likely to be successful. Here,

we detail a strategy of measuring Kcol and Kcol
� from the effect

of concentration on the EPR spectra of nitroxide free radicals
(nitroxides) whose charge state may be changed with pH. The
“reaction” is the simplest known: the spin exchange of the two
unpaired electrons of the two “reactants.”3�21

When two free radicals collide, the orbitals of the two unpaired
electrons may overlap leading to spin exchange with rate constant4

Ke ¼ fs
1
2

J2τ2c
1 þ J2τ2c

Kcol ð2Þ

where J is equal tominus two times the exchange integral, τc is the
mean time during a collision, and fs an effective steric factor.
Because of the short-range of the exchange integral, spin exchange is
only effective when the colliding pair is in intimate contact.4 The
condition of strong exchange, that is, J2τc

2. 1, has been found to
hold for nitroxides except at very low values of the viscosity;4,21

thus,

Ke ¼ fs
2
Kcol ð3Þ
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ABSTRACT: A stable, monoprotic nitroxide spin probe is utilized as a model to
study molecular collisions in aqueous electrolyte solutions. The rate constants of
bimolecular collisions, Kcol for 2,2,5,5-tetramethylpyrrolidin-1-oxyl-3-carboxylic acid
(CP) when it is uncharged (at low pH) and Kcol

� when it is charged (CP�; at high
pH), are measured as functions of temperature and ionic strength. The ratio f * �
Kcol

�/Kcol is a direct measure of the effect of charge on the collision rate. Neglecting
the small differences in size and diffusion coefficients of CP and CP�, f * is the
fractional change in collision rate due to Coulomb repulsion which was treated
theoretically inDebye’s classic paper [Trans. Electr. Chem. Soc. 1942, 82, 265].Kcol and
Kcol

� are determined from EPR spectral changes due to spin�spin interactions which
are dominated by Heisenberg spin exchange under the conditions of these experi-
ments. Values of f * vary linearly with values of k 3 d in the range 0.4 < k 3 d < 1.8,
where k and d are the inverse Debye screening length and the distance at closest
approach, respectively. Values of d obtained in two independent ways, (1) from rotational correlation timesmeasured by EPR and (2)
by insisting that the experimental results be consistent with the Debye theory at infinite dilution, yield similar results. As the ionic
strength is increased (k increased), the screening effect reduces the effect of the Coulomb barrier more slowly than predicted by
the Debye theory. While values of Kcol and Kcol

� vary substantially with T, approximately following the Stokes�Einstein�
Smoluchowski equation, values of f * depend only slightly on temperature at a given value of k 3 d, as is predicted by Debye’s theory.
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The steric factor fs for most small nitroxides is unity because
any collision leads to spin exchange, even those that do not
involve direct contact between the NO portions of the nitro-
xides.4 Even if fs < 1, it is not expected to depend on whether the
nitroxide is charged or uncharged unless some change in confor-
mation accompanies the change in charge state. This is because
with the same geometry of the molecule the same atoms bearing
unpaired spin density are available for contact.4 Nevertheless, the
Coulomb interaction is expected to change the molecular
dynamics of the colliding pair and could affect the spin exchange
efficiency because the rotational and translational motion of the
partners during the interval between re-encounters might change
fs for the charged species. This point needs further theoretical
development. To proceed, we assume that fs is the same for the
charged and uncharged species permitting an experimental value
of f* to be found from measurements of the spin exchange rate
constants for the charged and uncharged species as follows:

f� ¼ K�
e

Ke
ð4Þ

Note that eq 4 minimizes systematic errors in the measurement
of Ke and Ke

� because the same measurement procedures are
used for both.

For our first effort, we studied 2,2,5,5-tetramethylpyrrolidin-1-
oxyl-3-carboxylic acid (CP) in aqueous solution. By adding HCl
or NaOH, we shift the following equilibrium to the left or right,
respectively.

CP T CP� þ H3O
þ ð5Þ

In addition to providing a straightforward, reliable measurement
of Ke

� and Ke, EPR offers three additional advantages. First, the
value of the 14N hyperfine spacing in the EPR spectrum reveals
unequivocally whether the equilibrium eq 5 is predominantly to
the right (charged) or the left (uncharged). Second, an indepen-
dent measurement of the rotational correlation time allows an
estimate of the hydrodynamic radius of the nitroxide. Third, a
comparison between the rotational diffusion coefficients for CP
and CP� offers insight into the relative translational diffusion
coefficient of the two states.22

2. THEORY

According to the theory of strong electrolytes,2 the reciprocal
thickness of the ionic layer (inverse screening length), k, is
defined by

k2 ¼ e2

ε0εrkT
∑niZ

2
i ð6Þ

where e is the charge of an electron, εr the dielectric constant,T is
the absolute temperature, and ni is the number density of ions of
type i with charge eZi. Evaluating the constants and changing
units,

k2 ¼ 1265
εrT
∑CiZ

2
i � KðTÞ∑CiZ

2
i ð7Þ

where k is given in Å�1 with concentration of the ith ionic
species, Ci, in mol L�1. In these experiments involving only
univalent species,

∑CiZ
2
i ¼ 2ðCCP� þ CNaCl þ CNaOH þ CHClÞ � 2Ctotal

ð8Þ

Utilizing data23 for the temperature dependence of εr of water
in the range 273�373 K, the temperature-dependent factor
in eq 7 is given by K(T) = 0.0648 � 1.38 � 10�4T + 3.43 �
10�7T2 Å�2/mol L�1 to within the accuracy of the values of εr.
One finds that k varies modestly with T because εr decreases as
T increases.

The equilibrium distance,2

l ¼ Z1Z2e2

4πε0εrkT
ð9Þ

is the distance between two ions where the Coulomb energy is
equal to kT. For univalent ions in water,23 l = 8.552 � 1.823 �
10�2T + 4.537 � 10�5T2, in Å, which also varies modestly with
T; see Figure 7.

In his classic paper,2 Debye began with Smoluchowski’s
expression for the collision rate between uncharged particles
and endeavored to calculate the effect of coulomb interactions as
follows:

For simple Brownianmotion, the number of collisions per second
is given by2,4

ν ¼ 4πdDMn ð10Þ
where d is the separation distance between the two particles at
collision,DM is the mutual diffusion coefficient, and n the particle
(nitroxide) density. The Stokes�Einstein relation gives the parti-
cle translational diffusion coefficient, D = DM/2 as

D ¼ kT
6πaη

ð11Þ

where a is the radius of the particle taken to be a sphere and η is
the shear viscosity. Taking d = 2a, changing the concentration to
mol L�1, and combining eqs 10 and 11 yield the familiar form

ν ¼ KDC ð12Þ
where C is the concentration of the colliding species; in this case,
either CCP or CCP� and the collision rate constant is given by

KD ¼ 8RT
3000η

ð13Þ

As is well-known, eq 13, the Stokes, Einstein, Smoluchowski
equation (SES) is independent of the size of the diffusing
particles.2 Debye reasoned2 that the collision rate ought to be
altered by the Coulomb interaction between the charged parti-
cles so that the collision rate for CP�, ν�, would be

ν� ¼ f�4πdDMn ð14Þ
with

1=f� ¼ d
Z ∞

d
exp

UðrÞ
kT

� �
dr
r2

ð15Þ

where U(r) is the electrostatic interaction potential energy
between the colliding pair separated by a distance r. Note that
eqs 10 and 14 assume that DM is the same for the charged and
uncharged species. Freed and co-workers (see Appendix of ref 20
and references therein), proposed a form of eq 10 that takes into
account other interaction potentials between radicals as well as
the liquid structure via the pair-distribution function. Including
the other interactions would result in a multiplicative factor in
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eqs 10 and 14 involving an integral of the form eq 15. We assume
that contributions to f*, other than the electrostatic interaction, are
the same. Therefore, in forming the ratio, eq 4, the effects of other
potentials and liquid structure would cancel.

In the extreme dilute limit, using the Coulomb potential,

UðrÞCoul
kT

¼ l=r ð16Þ

the integral in eq 15 is easily solved to give

f�k¼ 0 ¼ l=d
expðl=dÞ � 1

ð17Þ

As the ionic strength is increased, the Coulomb potential is no
longer valid because of the shielding effects of the ionic cloud,
and the challenge is to find a proper potential energy to use in
eq 15.2 Debye proposed,2 for small values of k and large r,

UðrÞDebye
kT

¼ γ
l
r
e�kr ð18Þ

that is, the Coulomb result, eq 16, multiplied by the factor γe�kr,
where

γ ¼ ekd=2

1 þ kd=2
ð19Þ

Equation 15 using eq 18 is of limited use in most experiments
because it is only valid at concentrations below those of interest.

There is a huge literature seeking to extend the validity of
Debye�H€uckel (DH) theory24 to higher concentrations to pre-
dict colligative properties of electrolyte solutions. Modern the-
ories of electrolyte solutions are physically accurate25 but difficult
to apply. For a recent simplified treatment leading to mathema-
tical expressions for the thermodynamic excess functions as well
as an excellent summary of past work, see the recent work by
Fraenkel.25

3. MATERIALS AND METHODS

The nitroxide 2,2,5,5-tetramethylpyrrolidin-1-oxyl-3-carbo-
xylic acid (CP; 99%) and NaCl were purchased from Aldrich
and used as received. All solutions were prepared in nanopure
water by weight; the molar concentrations were corrected for the
change in density due to the addition of salts.26 NaOH (N/100
certified) was purchased from Fisher Scientific and HCl (ca. 32%
solution in water) was purchased from Acros Organics. Pre-
liminary measurements showed that CP is soluble in an excess of
HCl to approximately 20 mM and CP� in excess NaOH solu-
tions to about 80 mM. A maximum concentration of the nitro-
xide was chosen to be 10 mM, a compromise between obtaining
enough line broadening for accurate spectral parameter determi-
nation and gaining access to low values of k. Six series of samples
were prepared at nominalCCP = 0.5, 2, 4, 6, 8, and 10mM, each at
a constant value of k. The 10 mM solution was prepared with or
without added NaCl and was diluted with a NaCl solution whose
concentration matched the total concentration of ions in the
10 mM solution. Four series of CP� with CNaOH/CCP = 2.4
were prepared and are denoted CP�(23), CP�(34), CP�(74),
CP�(150), and CP�(600), where the number in the parentheses
is the nominal value of Ctotal in mM; that is, one-half of the ionic
strength, eq 8. Two series of CP, labeled CP(48) and CP(600),
were similarly prepared with CHCl/CCP = 5. The series from
which the titration curve, Figure 2 below, was derived was

prepared by mixing the appropriate amounts of the following
three stock solutions: (1) CCP = 10 mM and CNaCl = 48 mM; (2)
CCP = 10 mM and CHCl = 48 mM; and (3) CCP = 10 mM and
CNaOH = 48 mM. All of the calculations were made with the
actual concentrations. These series ensure that the broadening
varied linearly with CCP, that is, that Ke and Ke

� are indeed
constant.

The viscosity of the solutions were corrected for the presence
of salts using the equations of ref 27. Most of the correction,
which reaches a maximum of 7% at CNaCl = 600 mM, is due to
NaCl. Including all ions in the correction, using Ctotal rather than
CNaCl would only change the viscosity by a maximum of 0.6%.

The EPR spectra were measured with a Bruker 300 ESP
X-band spectrometer and analyzed as detailed in recent papers.28�32

The details describing how parameters are extracted from the
experimental spectra by nonlinear least-squares fitting are sum-
marized in Tables 1 and 2 of ref 32 and exhaustive descriptions of
various factors in the analysis are given in the references found
therein. The field sweep was calibrated with Bruker’s NMR
Gaussmeter operating in the 1-mG mode and was averaged over
all of the runs with a particular sample. The accuracy of the mag-
netic field at the sample is estimated to be(50mG; however, the
accuracy of the line widths and hyperfine coupling constants,
being the difference of the magnetic fields is 1 � 2 mG. The
reproducibility of these measurements may be judged from
Figures 2 and 3, where results from five spectra are plotted
separately. Each of the three EPR hyperfine lines is fit to a model
of a Voigt absorption and a Lorentzian dispersion.32 This fitting
provides the interpolation between acquired points. The Voigt
absorption of overall line width ΔHpp

0 (MI) is then divided into a
Lorentzian component due to spin relaxation of line width
ΔHpp

L (MI) and a Gaussian component of line width ΔHpp
G (MI)

due to inhomogeneous broadening, principally by unresolved
hyperfine structure and field modulation.33 The 14N nuclear spin
quantum numberMI = +1, 0, and�1 labels the low-, central, and
high-field lines, respectively. As the nitroxide concentration is
increased, the Lorentzian component of the line is broadened by
spin exchange and dipole�dipole interactions:

B ¼ ΔHL
ppðCCP,MIÞ �ΔHL

ppð0,MIÞ ¼ KBCCP ð20Þ

where B is the broadening and KB is the broadening constant,
both independent of MI under the conditions of this work. In
general, the broadening is the sum of those due to spin exchange
and dipole�dipole interactions,4,12,20,34

B ¼ Be þ Bdip ð21Þ

The broadening due to spin exchange, Be, may be computed
from the following:

Be ¼ ΩðTÞ 3 B ð22Þ
whereΩ(T) is the fractional broadening due to spin exchange.31

The evaluation of Ω(T) is straightforward at high values of
T/η, where it is of the order unity and becomes rather complex at
low values, where Ω(T) approaches zero.31 To avoid the
problem of the separation of spin-exchange and dipole�dipole
interactions, we performed these experiments at temperatures
g298 K. In previous work,31 we found thatΩ(T) = 0.95( 0.04
in water at 283 K; above this temperature, Ω(T) is unity within
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experimental uncertainty permitting us to neglect Bdip. See
Figure 8a of ref 31 at T/η = 333 K/cP, corresponding to
298 K, the lowest temperature in this work.

From eq 20

KBðMIÞ ¼ dΔHL
ppðCCP,MIÞ
dCCP

ð23Þ

Because Ke(MI) = 3
√
3γeKB(MI)/4 for Ω(T) = 1,4 where γe is

the gyromagnetic ratio of the electron, eq 4 becomes the
following:

f� ¼ K�
B

KB
ð24Þ

At each temperature, three values of KB(MI) and KB
�(MI) are

available from the slopes of ΔHpp
L (CCP,MI) versus CCP for the

three lines. With these three values from five spectra, yielding 15
values of KB(MI) or KB

�(MI), excellent statistics are available to
compute mean values. Note that the evaluation of f* from eq 24
does not depend on the Stokes�Einstein relation, eq 11, or
any other assumed model of translational diffusion. The only
requirement is that the diffusion coefficients of CP and CP� be
the same. The sole purpose in introducing eq 11 is to provide a
rationale for the independent variable in Figure 4, below and to
permit small corrections of the broadening constants for small
differences in the viscosities of various solutions.

4. RESULTS AND DISCUSSION

4.1. Spectral Analysis. Figure 1 shows typical EPR spectra
of CP�(34) at 328 K. The fits overlay the experimental spectra;
below each spectrum is the residual. Figure 1a is due to 0.0425 mM
CP�(34), where careful inspection of the spectrum and residual
reveals lines due to hyperfine interaction with 13C in natural
abundance. Figure 1c, where the fit may be distinguished from
the experimental spectrum by the solid line without noise, shows
the central line of 1a on an expanded scale. Figure 1b displays the
spectrum due to 10.1 mM CP�(34) at a receiver gain one-fifth
that of Figure 1a. The fits yield the absorption and the dispersion
components of each line. The absorption components are not
shown; the dispersion components are shown below the spec-
trum in Figure 1b. See ref 28 for examples of fits showing both the
absorption and dispersion components. The central dispersion
component is due to an improperly balanced microwave bridge
and is used to correct the low- and high-field components (eq 5
of ref 32). These spectra and their fits may be compared with
those in recent papers;28�32,35 however, the inhomogeneous
broadening due to unresolved hyperfine structure is much larger
here. Our purpose in showing these spectra is to demonstrate
that excellent fits are obtained even with large inhomogeneous
broadening, allowing us to extract the Lorentzian components of
the lines that are due to spin relaxation. The overall line width in
Figure 1c isΔHpp

0 = 1.266( 0.001 G, while the Lorentzian com-
ponent has width ΔHpp

L = 0.339( 0.002 G, where these are the
mean values and standard deviations from five spectra taken one
after another. Spectra from all samples at all temperatures, both
CP and CP�, are fit equally well. The difference in the resonance
fields of the high- and low-field lines, 2Aabs, is indicated in Figure 1b.
Although the difference is imperceptible in Figure 1b, the differ-
ence in fields where the high- and low-field lines cross the baseline,
2Aobs, is less than 2Aabs; however, this difference is easily mea-
sured using spectral fitting.31,35

Figure 2 shows the values of Aabs for CCP = 0.1 mM (diamonds)
and10.0 mM (circles) versus CNaOH/CCP or�CHCl/CCP (plotted
on the negative abscissa for clarity) at 298 K. Values from five
spectra taken one after another, are plotted separately to illustrate
the reproducibility. Ctotal = 58 mM for CP� and 48 mM for CP.
One sample, prepared with more NaCl so that Ctotal = 58 mM for
CP, gave identical results for the uncharged species. The arrows
(a) and (b) indicate the concentration ratios employed for all the
other samples in this work. Note that the sample with no added
base or acid is mostly charged at CCP = 0.1 mM and mostly
uncharged at10 mM. The reduction in Aabs at 10 mM is due to
the well-known shifts of the hyperfine lines under the influence of
spin exchange;4,28�32,35 the reduction of Aabs being greater for
CP than for CP� because the spin exchange frequency is greater
for the former. As Figure 2 shows, it is easy to maintain control
over whether the spin probe is charged or uncharged bymonitor-
ing Aabs. Values of Aabs must be obtained from fits of the spectra
such as those in Figure 1 and cannot be obtained by any simple
measurement: however, as a practical matter, values of Aobs that
may be obtained by simple measurements would provide an equally
valid check on the charge state.

Figure 1. EPR spectra at 328 K of CP�(34). (a)CCP� = 0.0425mM and
(b) CCP� = 10.1 mM. The nonlinear least-squares fits are indistinguish-
able from the spectra in (a) and (b); below each spectrum is the residual;
that is, the difference in the spectra and the fits. Trace (c) shows the
central line of (a) on an expanded scale; the fit is shown by the solid line
without noise. Immediately below trace (b) is the dispersion component
of the fit. The central dispersion component is due to an imbalanced
microwave bridge and is used to correct the low- andhigh-field components,
see text. The overall line width in (c) isΔHpp

0 = 1.266( 0.001 G, while the
Lorentzian component due to spin relaxation is onlyΔHpp

L = 0.339( 0.002
G, where these are the mean values and standard deviations from five
spectra taken one after another. Inhomogeneous broadening dominates the
line width; nevertheless, excellent fits are obtained.
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Figure 3 shows typical variations of ΔHpp
0 (diamonds) and

ΔHpp
L (circles) with nitroxide concentration for CP�(34) at 298

K. The line widths from the low-field and central line are plotted
with the same open symbols, while those of the high-field line
with solid symbols. Results from five spectra are plotted sep-
arately; thus, each open symbol is a superposition of 10 points

and each solid symbol of 5. The straight lines (solid forMI = +1
and 0 and dashed for MI = �1) through the values of ΔHpp

L are
least-squares fits with coefficients of correlation r > 0.999.
Averaging over the three lines, yields a mean value and standard
deviation ofKB = 70.9( 0.6 G/M. The curves through the values
ofΔHpp

0 are quadratics to guide the eye; a linear fit falls outside of
the uncertainty.
Figure 3 re-emphasizes36 the importance of extracting the

correct Lorentzian component from the observed resonance line.
Values ofΔHpp

0 are as much as a factor of 4.7 times too large and
values of KB determined by linear fits to ΔHpp

0 are too small by a
factor of 2.5. Values of ΔHpp

L vary linearly with nitroxide
concentration with a coefficient of correlation r > 0.999 or better
for all sample series at all temperatures; thus, KB and KB

� are
constant at each temperature for all series.
In Figure 4 representative variations of KB with T/η for two of

the charged series, CP�(34) and CP�(150), and the two un-
charged series, CP(48), and CP(600) are shown. The solid lines
are least-squares fit (r > 0.999) of the results for CP�(34),
CP�(150), and CP(48) to quadratics constrained to the origin.
The fits to the other two series not shown are equally as good.
The solid circles are data taken from the literature31 for perdeut-
erated 2,2,6,6-tetramethyl-4-oxopiperidine-1-oxyl (pDT) in
water showing that the uncharged CP collides at the same rate
as the (uncharged) pDT. The excellent fits of the data to quadra-
tic forms allow us to interpolate the data to common values of
T/η (taken to be pure water) so that the ratios in eq 24 may be
formed at the same temperature.
Line shifts are another independent source of information

about molecular collisions.4,28�32,35 In particular, information
about re-encounters of the same colliding molecules while occupy-
ing the same “cage” is a topic of current interest.30,34,37 These
results will be reported elsewhere together with other systems.
4.2. Fixing the Distance of Closest Approach.An advantage

of EPR is that measurement of the rotational correlation time,
τrot,

38,39 yields an independent estimate of the hydrodynamic
radius of the spin probe, a, as follows:40

τrot ¼ 4π
3k

a3 3
η

T
ð25Þ

which predicts a straight line passing through the origin when τrot
is plotted against η/T. Figure 5 shows a representative plot (for

Figure 4. Broadening constants, eq 23, for CP�(34) (open circles),
CP�(150) (squares), CP(48) (triangles), CP(600) (inverted triangles),
and (uncharged) pDT taken from the literature31 (closed circles). The
curves through the data points are quadratics constrained to the origin.
The dashed line is the SES, eq 13.

Figure 2. Hyperfine spacing, Aabs, for CCP = 0.1 mM (diamonds) and
10.0 mM (circles) vs CNaOH/CCP or � CHCl/CCP (plotted on the
negative abscissa for clarity) at 298 K. Values from five spectra taken one
after another are plotted separately to illustrate the reproducibility. For
the 10.0 mM samples, NaCl is added to maintain Ctotal = 58 mM
(screening length k�1 = 12.5 Å). The arrows (a) and (b) indicate the
concentration ratios employed for all the other samples in this work.
Note that the sample with no added base or acid is mostly charged at
CCP = 0.1 mM and mostly uncharged at10.1 mM. The reduced values of
Aabs for the more concentrated samples is due to the well-known line
shifts due to spin exchange and this effect is larger for the uncharged
species (added acid) than for the charged because the spin exchange
frequency is larger for the former.

Figure 3. Overall line widths (diamonds) and the line widths of the
Lorentzian component (circles) of the three lines of the CP�(34) series
at 298 K. The results from five spectra are plotted separately to indicate
the reproducibility; thus, each open symbol (low-field and central lines)
is the superposition of 10 results and each closed (high-field line) of 5. The
straight lines through the Lorentzian line widths are least-squares fits.
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CP(34)�) showing the mean and standard deviation derived
from 5 spectra. The straight line is a linear least-squares fit
constrained to the origin weighting each datum by its inverse
variance.41 From the resulting slope of the fit, a = 3.13( 0.06 Å

for CP(34)�. Averaging over all series, the mean value is given by
a = 3.27 ( 0.07 Å for CP and a = 3.15 ( 0.03 Å for CP�.
Averaging all seven series yields a = 3.23 ( 0.06 Å, which we
adopt for the calculations below. Compare this with the value
a = 3.2 Å reported20 for pDT. The near coincidence in the values
of a for CP and CP� supports the assumption that DM is similar
for the two. To proceed, we assume that the hydrodynamic radius
for rotation is the same as that for translation and further assume
that the distance of closest approach, d = 2a.
4.3. Variation of f* with Temperature and Screening

Length. Figure 6 shows the central results of this work. With d
fixed, we may plot values of f * versus k 3 dwithout any adjustable
parameters. These data are shown in Figure 6a at 298 (circles),
313 (squares), 323 (diamonds), 343 (open triangles), and 358 K
(inverted triangles) together with the predictions of the Debye
theory at 298 (solid line) and 358 K (dashed line). The Debye
results were found by numerical integration of eq 15 employing
eq 18. These results are presented up to k 3 d = 1; however, the
theory is only valid near the origin. The straight lines through the
data points are least-squares fits to guide the eye. The most
striking feature of Figure 6 is the minor dependence on the tem-
perature for both the theory and the experiment results. Clearly,
at low ionic strength, the extrapolated experimental results are
comparable to the theoretic prediction. Because there are no
adjustable parameters in Figure 6a, the method of obtaining
f* from EPR using eq 24 appears to be valid as are the assump-
tions that d = 2a, and that a obtained from rotational correlation
times serves to fix the distance of closest approach.
If we extrapolate the experimental results to the origin and

insist that they be equal to the theoretical prediction, eq 17, then
experimental values of d may be found. Carrying this out and
replotting the data in Figure 6a results in Figure 6b, showing that
experimental results are independent of the temperature pro-
vided that d is adjusted. The similarity of Figure 6a and b shows
that the adjusted values of d are not very different from those
fixed by independent measurements of the rotational correlation
time. The adjusted values of d are shown in Figure 7 together
with values of l. The error bars show the uncertainty in d due to
the uncertainty in the extrapolated values in Figure 6a.

Figure 5. Rotational correlation time of 0.0425 mM CP�(34). The
straight line is a linear fit to eq 25 weighting each datum by its inverse
variance41 yielding a hydrodynamic radius of a = 3.13 ( 0.06 Å.
The error bars are standard deviations of values derived from 5 spectra.
The average over all samples yields a = 3.23 ( 0.06 Å.

Figure 6. Ratios of the collision frequencies of CP� to CP at 298
(circles), 313 (squares), 328 (diamonds), 343 (triangles), and 358 K
(inverted triangles) versus k 3 d with the distance of closest approach d
fixed by (a) d = 2a, where a = 3.23 Å, determined from rotational
correlation times and (b) fixed to the values given in Figure 7 by setting
the intercept at each temperature to that predicted by Debye’s theory2 in
the limit of infinite dilution, eq 17. The straight lines are linear fits to the
data and the curved lines are Debye’s theory2 at 298 (solid) and 358 K
(dashed).

Figure 7. Values of the distance of closest approach determined by
setting the intercept of the straight lines in Figure 6 to the value given in
eq 17. The error bars are propagated from the errors in the values of the
intercepts. The dashed line is the value fixed by independent rotational
correlation time measurements. The solid line gives values of l, eq 9.
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The design of the present experiment is as well as we can do for
values of k 3 d > 0.4. Uncertainties due to the concentration
(both are prepared from the same stock solution) are compen-
sated by forming the ratio of the collision rates in the charged and
uncharged species. Uncertainities in the temperature are unim-
portant given the near temperature-independence of the results
in Figure 6. If there are small systematic errors in the extraction of
values of ΔHpp

L from the least-squares fits, these are expected to
be very similar because the line widths and shapes are similar.
Higher concentrations are of practical interest because most
chemistry is preformed at concentrations too high to apply
Debye’s theory. The present design cannot yield results at low
values of k 3 d because to get reliable results, one needs to use at
least 10 mM of CP�, which requires 22 mM NaOH to ensure
that the species is charged. Therefore, keeping in mind that the
Debye theory is only valid for small values of k 3 d, a direct
comparison is not possible. Nevertheless, it is clear that extra-
polated values of f* are consistent with the theory.
The fact that the broadening rate constants for the uncharged

pDT and the uncharged CP are the same (Figure 4) is encoura-
ging. This means that meaningful results may be obtained from a
charged small nitroxide using the results from Figure 4 for the
uncharged species. Thus, salts of similar small nitroxides rather
than their acids could be used which would obviate the need for
the added base or acid, ultimately allowing us to reduce the con-
centration by more than a factor of 3. There is another implica-
tion of the similarity of the broadening constants for the two
uncharged nitroxides. One (pDT) is derived from a perdeuter-
ated probe resulting in small inhomogeneous broadening due to
unresolved hyperfine structure and the other (CP) is severely
broadened inhomogeneously. Thus, it appears that these experi-
ments may be performed with less costly probes without deutera-
tion provided that the spectra are fit to a Voigt line shape.
4.4. Modifications to Debye Theory. The reduction of the

coulomb barrier provided by the shielding effect of the ions
proceeds at a slower function of k than predicted by Debye’s
theory which is only valid for large values of r and low con-
centrations, neither of which conditions is fulfilled. In any discus-
sion of collisions, one must consider values of r≈ d. One reason
to expect a larger repulsion in the real system as opposed to eq 18
is because the theory assumes that the shielding effect is in full
force even at short distances where the shielding is expected to be
smaller because that portion of the ionic cloud lying at distances
larger than r≈ d is not effective in reducing the electric field. It is
beyond the scope of this initial work to seek a detailed rationa-
lization of the results in Figure 6, which would require finding a
scientifically sound function U(r) that would agree with the
experimental results. Our main goal in this work is to provide a
reliable experimental basis to compare with theory; nevertheless,
it seems useful to estimate the effect of reducing the screening
effect at close distances. We also suggest a simple way to include
high electrolyte concentrations into an alternate potential to that
in eq 18.
In the original DH theory,24 where ionic sizes are ignored,

k emerges as the inverse mean radius of the ionic atmosphere.42

Including an “apparent” diameter, a0, in the theory shows that
k* = k/(1 + ka0) plays that same role. See, for example, the
development leading to eq 3-5-5 of ref 42 for details. This simple
extension of the original DH theory was meant to improve the
predictions of the theory in which the parameter a was supposed
to be the average distance to which ions can approach one
another, both positive and negative. If we continue to regard the

ions of the electrolytes as point charges and identify a0 = d as the
distance to which the colliding CP� ions approach, then a natural
extension to eq 8 is as follows:

UðrÞ
kT

¼ γ�l
r
e�k�r ð26Þ

where

γ� ¼ ek
�d=2

1 þ k�d=2 ð27Þ

Taking the inverse screening length to be equal to k is only valid
at very low concentrations and loses meaning when k 3 d appro-
aches unity because the ionic cloud does not extend beyond the
surface of the ion; however, taking k/(1 + kd) to be the inverse
screening length avoids this difficulty. Equation 26 becomes iden-
tical to eq 18 in the limit in which the theory is valid.
Turning to screening at close distances, Kirkwood43 suggested

that all screening effects including fluctuations be ignored when
r < r0, where r0 was unspecified but ought to be less than 1/k. To
estimate the impact of removing the screening effect at short dis-
tances, we have “turned off” the screening effect in two ways.
First, we maintain the full Coulomb potential for distances less
than r0; that is,

UðrÞ
kT

¼ l
r

ð28Þ

for r = r0 to r = d and equal to eq 18 for rg r0. Second, we change
the factor γe�kr in eq 18 to unity linearly from r = r0 to r = d.
Thus, for d e r e r0, the potential becomes

UðrÞ
kT

¼ l
r

1
r0 � d

½ðr0 � rÞ þ ðr � dÞγ expð � kr0Þ� ð29Þ

and equal to eq 18 for rg r0. Rather than treat r0 as an adjustable
parameter, we estimate the effect of eqs 28 and 29 by taking
r0 = 1/k.
The results of these modifications are shown in Figure 8 for

343 K showing eq 15 employing eq 18 (solid line), eq 29 (long
dashes), eq 26 (intermediate dashes), and eq 28 (shortest

Figure 8. Results of modifications of the standard theory, eq 18 (solid
line), at 343 K. Results of eq 15 employing eq 29 (long dashes), eq 26
(intermediate dashes), and eq 28 (shortest dashes). The solid circles are
the experimental results for 343 K. Reducing the screening effect at close
distances improves the predictions at low values of k 3 d while using a
modified k* = k/(1 + k 3 d) improves them at higher values.
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dashes). The solid circles are the experimental results for 343 K.
All three modifications tend to lower the predicted values of f * as
expected. The two modifications reducing the effect of screening
at close distances (long and short dashes) improve the predic-
tions at low values of k 3 d and the use of the alternate screening
length 1/k* improves the predictions at larger values.

5. FUTURE WORK

Modeling of collisions of molecules using nitroxide free
radicals appears to be a promising technique. Future work could
focus on the effect of charge on collisions in complex fluids
liquids, explore the effects of dielectric constant, and the depen-
dence of collision rate in the presence of electrolyes of different
valences. A particularly interesting focus might be on collision
rates of charged molecules in ionic solvents where the screening
lengths would be very short. We have been careful in this first
experiment to vary the concentration of CP to ensure that the
broadening constants are indeed constant, because with large
inhomogeneous contributions to the line widths, there could be
potential problems. It appears that the methods are accurate even
with large inhomogeneous contributions to the line width; thus,
much simpler designs in which just two concentrations, on the
order of 0.1 and 10mM, respectively, will give reliable results. We
have already pointed out the advantages to using nitroxide salts
rather than acids and in using values of the broadening constants
for uncharged, small nitroxide from Figure 4. This work was carried
out above 298 K to keep the analysis simple and concentrate on
the method. The same approach is available for lower tempera-
ture and higher viscosity solvents and mixtures; however, the
more complicated methods detailed in ref 31 would be required
to extractKe =Ω 3 KB and Ke

� =Ω�
3 KB

�. It appears that future
exploratory work can concentrate on one temperature, investi-
gating other experimental parameters.

6. CONCLUSIONS

EPR of nitroxide radicals whose charge state may be altered
with pH is demonstrated to afford measurements of f* = ν�/ν,
where ν� and ν are the bimolecular collision rates of the charged
or uncharged species, respectively. Forming the ratios of the
broadening constants of CP� to CP yield experimental values of
f * as functions of T and k. Comparing these with those predicted
theoretically by eq 15, employing eq 18, demonstrates that both
experiment and theory showminor temperature dependence and
that the reduction of the Coulomb barrier provided by the ionic
cloud is a weaker function of k than predicted. Simple modifica-
tions to the theoretical prediction can bring experiment and
theory into reasonable agreement.
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