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Bimolecular collisions between perdeuterated 2,2,6,6-tetramethyl-4-oxopiperidine-l-oxyl molecules
in three alkanes have been studied by measuring the electron paramagnetic resonance �EPR� spectral
changes induced by spin exchange. We define an “encounter” to be a first-time collision followed by
a series of re-encounters prior to the diffusing pair’s escaping each other’s presence. The present
work stems from a recent proposal �B. L. Bales et al., J. Phys. Chem. A 107, 9086 �2003�� that an
unexpected linear dependence of the spin-exchange-induced EPR line shifts on spin-exchange
frequency can be explained by re-encounters of the same probe pair during one encounter. By
employing nonlinear least-squares fitting, full use of the information available from the spectral
changes allows us to study encounters and re-encounters separately. The encounter rate constants
appear to be dominated by hydrodynamic forces, forming a common curve for hexane, decane, and
hexadecane when plotted against T /�, where � is the shear viscosity. Unexpectedly, encounters are
not dependent on the ratio �=a /as, where a and as are the van der Waals radii of the nitroxide probe
and the solvent, respectively. It is argued that the near coincidence of the resulting encounter rate
constant with the hydrodynamic prediction is likely due to a near cancellation of terms in the general
diffusion coefficient. Thus, the semblance of hydrodynamic behavior is coincidental rather than
intrinsic. In contrast, the mean times between re-encounters do depend on the relative sizes of probe
and solvent. For hexane at lower temperatures, the Stokes–Einstein equation apparently describes
re-encounters well; however, at higher temperatures and for decane and hexadecane, departures
from the hydrodynamic prediction become larger as � becomes smaller. This is in qualitative
agreement with the theory of microscopic diffusion of Hynes et al. �J. Chem. Phys. 70, 1456
�1979��. These departures are well correlated with the free volume available in the solvent; thus, the
mean times between re-encounters form a common curve when plotted versus the free volume.
Because free volume is manifested macroscopically by the isothermal compressibility, it is expected
and observed that the re-encounter rate also forms a common curve across all three solvents when
plotted with respect to compressibility. The existence of a common curve for alkanes raises the
prospect of using EPR to determine the compressibility of substances such as fossil fuels and
biological membranes. © 2008 American Institute of Physics. �DOI: 10.1063/1.2958922�

I. INTRODUCTION

A great deal of research, both theoretical and experimen-
tal, has been devoted to those aspects of electron paramag-
netic resonance �EPR� involving Heisenberg spin exchange
and its relationship to molecular translational and rotational
diffusion in liquids.1–19 Summarizing a great deal of work, a
monograph4 published in English in 1980 gathered a wealth
of theoretical and experimental data and described the use of
the spin-exchange technique to study problems in chemistry
and biology. In a collision involving two radicals, the quan-
tum mechanical probability for spin exchange is associated
with an overlap of the orbitals of unpaired electrons on two
probes. This probability is characterized by the exchange in-
tegral J�r�, which is a rapidly varying function of the dis-
tance of approach r between the two probe molecules. As-

suming sudden collisions, in which J is switched on for a
time �c while the two orbitals overlap, the spin-exchange
frequency, �e, may be written as follows:8

�e = �E
−1f

J2�c
2

1 + J2�c
2 , �1�

where �E is the mean time between encounters of the spin
probes and f = 1

2 for nitroxide spin probes.4 Strong exchange,
J2�c

2�1, has been invariably found4 for uncharged nitroxide
probes yielding �E

−1=2�e from Eq. �1�. Thus, �E
−1 may be

determined directly by measuring �e. The vast majority of
studies in the literature have used line broadening to measure
�e, but recently line shifts and a spin-exchange-induced “dis-
persion” have been shown to yield rather precise values in
some circumstances.20–22

Most research in this area has assumed that the spin-
exchange encounter between two probes involves a single
collision event whereby the pair meets and parts ways with-
out spending a subsequent interval of time together in the
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same local equilibrium region. Nevertheless, it is well known
that bimolecular encounters in liquids are not generally that
simple. The concept of a “cage” evolved23 due to the work of
Noyes24 and others,25,26 within which two molecules recol-
lide a number of times before finally diffusing apart on the
way to another encounter. We have adopted the term “en-
counter” to mean a first-time collision followed by a series of
re-encounters. Thus, an encounter may involve repeated
Heisenberg spin exchanges.

The present work was motivated by a recent proposal22

that an anomalous line shift dependence on �e was due to the
occurrence of spin exchange during re-encounters. To test
that proposal, we have carried out spin-exchange measure-
ments of the small nearly spherical spin probe perdeuterated
2,2,6,6-tetramethyl-4-oxopiperidine-l-oxyl �PDT� in a series
of n-alkanes. Because n-alkanes are known to interact with a
solute relatively weakly, they are quite often used as model
systems to test theories of diffusion and the predictions of
molecular dynamics calculations.27 It was anticipated that the
re-encounter rate, being dominated by a local solvent struc-
ture, ought to depend on the relative size of the probe
and solvent molecules, �=a /as, where a and as are the
radii of the probe and solvent molecules, respectively. PDT
has a radius of a=3.5 Å. The solvents chosen were hexane
�as=3.0 Å�, decane �as=3.5 Å�, and hexadecane
�as=4.1 Å�, yielding �=1.2, 1.0, and 0.86, respectively
�Table I�. These values fall within a region in which substan-
tial departures from hydrodynamic behavior are expected.
The main purposes of this work are �1� to add further support
for the proposal that re-encounter rates can be measured, �2�
to gain insight into the similarities and differences between
encounters and re-encounters, and �3� to relate encounters
and re-encounters to solvent properties.

II. THEORY

The effect of re-encounters between spin probes on spec-
tra influenced by spin exchange had been neglected in all
experimental work until recently,22 principally because there
seemed to be a good agreement with theory without taking
them into account.4 Recently, however, improved precision
in data collection and least-squares fitting methods have un-
covered a significant discrepancy in the predicted line
shifts.21,22,28,29 The theoretical contributions of re-encounters
to spin-exchange spectra derived by Salikhov31 have brought
experiment and theory into agreement for strong exchange
conditions and have allowed the measurement of �RE

−1 .22

The encounter time may be approximated from

�E
−1 = �probe�KE, �2�

where �probe� is the probe concentration and KE is the
Smoluchowski encounter rate constant given by4

KE = 4�bDM , �3�

with DM =2D being the sum of each self-diffusion coefficient
D of the two probes and b the distance of bimolecular ap-
proach at which collision occurs.

The shape Y��H ,�e� of the first-derivative spectrum for
a nitroxide radical is given by22

Y��H,�e� = �
MI

�AMI

SYA,MI
� �H� + Vdisp�MI�DMI

� �H�� , �4�

where SYA,MI
� �H� is the Lorentzian–Gaussian sum function

for line MI given by Eq. �13� of Ref. 30 and AMI
is the

doubly integrated intensity of that line. The sum function is
an excellent approximation to the Voigt line shape that de-
scribes inhomogeneously broadened spin probe spectra.22

The second term in Eq. �4� is the spin-exchange-induced
dispersion derived for nitroxide spin probes20 from perturba-
tion theory4 having the property that Vdisp�MI�=−Vdisp�−MI�.
The sum in Eq. �4� is over all values of the nuclear spin
quantum number MI �1, 0, and −1 for 14N�, with H repre-
senting the magnetic field, Vdisp�MI� the spin-exchange dis-
persion height, and DMI

� �H� the first derivative of the spin-
exchange dispersion line given by Eq. �10� of Ref. 21.
Accurate values of the Lorentzian linewidths may be de-
duced from the overall linewidth �Hp.p.

0 �MI� by employing
the mixing parameter �MI

.30 Other spectral parameters, in-
cluding AMI

, may also be determined �see Ref. 22 for full
details�. Values of the peak-to-peak line height Vp.p.�MI� are
calculated as follows:30

Vp.p.�MI� =
AMI

�Hp.p.
0 �MI�2��MI

�3

�
+ �1 − �MI

�
8

�2�e
�

=
AMI

�Hp.p.
0 �MI�2 �1.936 − 1.384�MI

� . �5�

We have improved our software to fit the parameters of
Eq. �4�, allowing a seamless transition from inhomoge-
neously broadened lines to Lorentzian line shapes character-
istic of higher spin exchange frequencies. This avoids the
extra work involved in separately fitting spectra at low and
high values of �e, as was necessary previously. In the ab-
sence of re-encounters, �e may be deduced from the EPR
spectrum from line broadening, line shifts, or Vdisp�MI�.

The broadening BMI
of the MI hyperfine line is defined

as

BMI
= �Hp.p.

L ��e�MI
− �Hp.p.

L �0�MI
, �6�

with �Hp.p.
L ��e�MI

denoting the peak-to-peak width of the
first derivative of the Lorentzian line at a given spin-
exchange frequency �e, and �Hp.p.

L �0�MI
the corresponding

width at zero spin exchange. From the average broadening,
�e may be obtained as follows:21

TABLE I. van der Waals sizes of solvent molecules and fits to Eq. �17�.

Solvent as �Å� � BRE
a rb BE

c rb

Hexane 3.0 1.2 −1.37 0.995 −0.59 0.999
Decane 3.5 1.0 −1.29 0.968 −0.73 0.999
Hexadecane 4.1 0.86 −1.16 0.972 −0.82 0.999

aRe-encounters.
bCoefficient of correlation.
cEncounters.
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�e =
3�3�	B


4
, �7�

where � is the gyromagnetic ratio of the electron and 	B
 is
the average broadening for all three lines,

	B
 = 1
3 �B+1 + B0 + B−1� . �8�

The corresponding dispersion-based value for the spin
exchange of the nitroxide radical is given by

�e =
3�3�A0

4�MI�
Vdisp�MI�
Vp.p.�MI�

�1 − �2�Vdisp�MI�
Vp.p.�MI�

2� , �9�

where A0 is the intrinsic hyperfine separation at zero spin
exchange. The leading term of Eq. �9� is predicted by pertur-
bation theory,20 while the correction term is described in the
Supporting Information.32

In the theory neglecting re-encounters, the spin-
exchange frequency is also predicted implicitly through Eq.
�7� from the line shifts as follows:20

Aabs

A0
= 1 −

9

32
� 	B


A0
2

, �10a�

where Aabs is one-half the difference in resonance fields of
the high- and low-field absorption components of the EPR
spectrum. It has been shown22,31 that when probe re-
encounters are taken into account, an additional term linear
in 	B
 enters the relation:

Aabs

A0
= 1 − 	

	B

A0

−
9

32
� 	B


A0
2

, �10b�

where

	 =
�3

8
�1 + �2���A0�RE

2
, �11�

where �RE is the mean time between re-encounters. With Eq.
�10b� it becomes necessary to obtain independent values for
both the broadening and line shift, as the linear term
	�	B
 /A0� introduces a third variable. An independent deter-
mination of the broadening and hyperfine separation and fit-
ting of the coefficient 	 in Eq. �10b� to the experimental
results lead to a value of �RE through Eq. �11�.

The Stokes–Einstein–Smoluchowski equation for a
spherical particle of radius a results from substituting the
Stokes–Einstein �SE� equation for the diffusion coefficient of
one probe,

D =
kT

6�a�
, �12�

into Eq. �2�, yielding, after converting to units L/mol s

KE =
8RT

3000�
= 2Ke, �13�

with Ke representing the spin-exchange rate constant. In Eq.
�13�, use is made of the fact that the two colliding probes are
of equal size and the collision distance b is assumed to be
equal to 2a. The van der Waals radius a=3.5 Å for PDT is
derived using the improved33 method of Bondi34 and is also

obtained experimentally.35 The second equality in Eq. �13�
expresses the fact that for two nitroxide probes, the spin-
exchange rate constant is equal to one-half the rate constant
for encounters.4

The re-encounter time employing the continuous diffu-
sion model is given by31

�RE =
b2

2D
, �14a�

which, in the Stokes–Einstein approximation �Eq. �12��, be-
comes

�RE =
3�b3�

2kT
. �14b�

We assume the collision distance b to be the same for en-
counter and re-encounter spin exchanges because the ex-
change integral depends principally on separation distance
and not on diffusive properties of the environment.

Classical hydrodynamic theory assumes a continuous,
nondiscrete medium and holds therefore in the limit of a high
probe-to-solvent volume ratio. An important adjustment to
hydrodynamic theory is the recognition that a solvent is not a
continuous medium but that cavities exist between solvent
molecules. One of the early mathematical treatments of in-
termolecular cavities in liquids was advanced by Frenkel.36

Recognizing the fact that in a state of maximal compression,
a substance will still possess free spaces between its mol-
ecules, the total compressible free volume Vf is defined as

Vf = V − V0, �15�

where V and V0 are the total volumes of the sample at T and
T=0 K.

An empirically based model for free volume was devel-
oped by Doolittle,37 specifically within the context of
n-alkanes. His analysis of precisely and accurately measured
alkane densities found that

Vf/V0 = e��
−10�/M+�� − 1, �16a�

where M is the molecular weight and the parameters 
 and �
were dependent on temperature according to


 = e0.002 75T+2.303 �16b�

and

� = 0.000 182T1.19. �16c�

Extrapolation to absolute zero temperature yields 
=10 and
�=0, yielding Vf =0.

Doolittle also found empirically that the viscosity of al-
kanes could be represented satisfactorily as an exponential
function of fractional free volume.37 Using simple theoretical
considerations, Cohen and Turnbull were able to derive a
similar functional dependence between the diffusion constant
D and the free volume Vf.

38 According to the Doolittle–
Cohen–Turnbull free volume equation,37–39

D = AFVe−B�V0/Vf�, �17�

where AFV and B are constants for a given solute-solvent
system. B is the product of a free volume overlapping factor
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��0.5���1� and the ratio * /V0, where * is a critical free
volume just large enough for a probe molecule to diffuse into
it. Because both re-encounter rates and spin-exchange rate
constants are proportional to the diffusion coefficient, both
are predicted to vary as e−B�V0/Vf�.

III. MATERIALS AND METHODS

The probe employed was 97% PDT purchased from
CDN Isotopes. This was dissolved in the following solvents:
99% n-hexadecane and 99+% n-decane obtained from
Sigma-Aldrich and 99+% n-hexane produced by MCB Re-
agents. For each solvent, a mother solution was prepared at a
concentration near the saturation point and then vortexed for
24 h. The mother solution was then successively diluted by
weight to yield solutions with lower concentrations. From
each solution, a sample was extracted into open-ended poly-
tetrafluoroethylene �PTFE� tubing manufactured by Zeus.
The tubing was then folded in half to form a vee and the
open ends were sealed using an open flame and pliers. The
sealed PTFE tubing was then placed, folded end down, into a
quartz tube made by Wilmad Glass Co. that had a hole at the
bottom, and the quartz tube was then inserted into the cavity
of a Bruker ESP 300E spectrometer. Nitrogen gas used to
control the temperature flowed past the sample in the cavity
prior to the start of measurement in order to purge it of the
oxygen that is known to cause excess broadening of the EPR
lines.40 The amount of time spent on removal of oxygen was
30 min for hexadecane and 60 min for decane and hexane.

Spectral measurements of the sample were performed
using a sweep width of 60 G, modulation amplitude of
0.2 G, sweep time of 41.94 s, and microwave power of
5.02 mW. The temperature of the sample was monitored

with a thermocouple manufactured by Bailey Instruments.
Five spectra were taken at each temperature with intervals of
10 K between temperatures. Measurement temperatures were
kept constant within �0.2 K.

IV. RESULTS

Figure 1�a� shows an experimental EPR spectrum of
40 mM PDT in hexadecane at 323 K and its fit. Spectral fits
were achieved, as previously described in Ref. 22. The dif-
ference between the spectrum and its fit to Eq. �4� is given in
Fig. 1�h� showing that the fit is excellent. The absorption
component of the best fit is shown in Fig. 1�b� and the dis-
persion component in Fig. 1�e�. To illustrate the experimental
fitting procedure used in this work and to define some of the
extracted quantities, the fitted absorption spectrum from Fig.
1�b� is split into three individual EPR lines shown in Figs.
1�c� and 1�d�. The fitted individual dispersion EPR lines are
presented in Figs. 1�f� and 1�g�.

It has long been known that EPR spectra can be influ-
enced by instrumental dispersion introduced by an improp-
erly tuned microwave bridge. The instrumental dispersion is
barely evident in the central line �Fig. 1�g�� where spin-
exchange-induced dispersion is not manifest. The values of
spin-exchange-induced dispersion are corrected for instru-
mental dispersion by subtracting values of Vdisp /Vp.p. ob-
served in the central line from the outer lines.

Figure 1�c� defines the hyperfine spacing that is em-
ployed in Eqs. �10a�, �10b�, and �11� and Vp.p., used in Eq.
�9�, while Fig. 1�f� defines Vdisp. Note that these parameters
can be measured only by fitting the experimental spectrum,
so the information contained in these parameters cannot be
acquired from simple measurements on the EPR spectrum. In
particular, note that Aabs is not one-half the spacing of the
lines in Fig. 1�a�; the outer lines in Fig. 1�c� must be used.

Spin-exchange frequencies for each temperature were
computed from line broadening through Eqs. �6�–�8� and
from the dispersion amplitudes via Eq. �9�. The Lorentzian
linewidths at �PDT�=0.1, 0.017, and 0.05 mM for hexane,
decane, and hexadecane, respectively, were used to approxi-
mate the linewidth at zero spin exchange. Figure 2
shows typical values of �e derived from broadening and
dispersion as functions of the PDT concentration. The
slopes of linear least-squares fits constrained to the origin
yield Ke= �1.16�0.004��1010 s−1 M−1 and �1.21�0.003�
�1010 s−1 M−1, respectively. Because spin-exchange-
induced dispersion does not include any contribution from
dipolar coupling, the near equality of the two rate constants
shows that, without appreciable loss of accuracy, the broad-
ening may be treated as resulting entirely from spin ex-
change. At the lowest temperatures in this study, we find that
the slope of �e versus �PDT� derived from the broadening is
slightly larger than that derived from the dispersion. The
maximum difference reaches 6% in hexane at −60 °C and in
decane at −20 °C. This shows that dipolar coupling likely
does not contribute more than 6% to the broadening of the
EPR lines, a discrepancy that contributes negligibly to results

FIG. 1. �a� Experimental spin-exchange-broadened EPR spectrum of
40 mM perdeuterated Tempone in hexadecane at 323 K. The experimental
spectrum and the best fit to it are almost perfectly matched. �b� The absorp-
tion component of the fit. �c� The outer absorption lines corresponding to
nuclear spins +1 and −1, the distance between which is twice the hyperfine
coupling spacing. �d� The central absorption line �M =0�. �e� The dispersion
component of the fit. �f� The M = +1 and M =−1 dispersion lines shown
individually. �g� The instrumental dispersion, which is subtracted from the
dispersions of the outer lines. �h� The difference between the experimental
spectrum and the fit.
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reported herein. The broadening-derived and dispersion-
derived frequencies have been averaged together in comput-
ing spin-exchange rate constants.

The coefficient 	 for each temperature was obtained by
fitting Eq. �10b� to the measured line broadenings and hyper-
fine spacings. Generally these fits were excellent, as shown
for typical results in Fig. 3. The re-encounter time for that
temperature was then calculated using Eq. �11�.

Using literature viscosity data,41,42 we present in Figs. 4
and 5 plots of �RE

−1 and Ke vs T /� for all three solvents to-

gether with the hydrodynamic predictions, Eqs. �14b� and
�13�, respectively. It can be observed in Fig. 4 that the re-
encounter rate �RE

−1 in hexane is reasonably described by the
hydrodynamic prediction at lower temperatures. This is not
surprising since the van der Waals radius of hexane �3.0 Å�
is smaller than that of PDT �3.5 Å�. However, at higher tem-
peratures for hexane and all temperatures for decane and
hexadecane, the rate of re-encounters exceeds the hydrody-
namic prediction. As expected, the order of departure from
the hydrodynamic limit increases with greater solvent mo-
lecular volume. Figure 5 shows that the spin-exchange rate
constant exceeds the hydrodynamic prediction at lower tem-
peratures. However, the data from all three solvents fall on a
common curve, demonstrating that the details of solvent are

FIG. 2. Spin-exchange frequency determined from line broadening ��� and
from dispersion ��� as a function of probe concentration in hexane at a
temperature of 303 K. The solid and dashed lines are fitted through the
origin.

FIG. 3. Hyperfine spacing vs average line broadening �normalized with
respect to hyperfine spacing at zero spin exchange� for hexane ���, decane
���, and hexadecane ��� at a temperature of 303 K. The curves are fits of
the form of Eq. �10b� with R factors of 0.9997, 0.999 89, and 0.999 64 for
hexane, decane, and hexadecane, respectively.

FIG. 4. Re-encounter collision rate vs T /� for hexane ���, decane ���, and
hexadecane ���. The solid line is the Stokes–Einstein prediction.

FIG. 5. Spin-exchange rate vs T /� for hexane ���, decane ���, and hexa-
decane ���. The dashed curves are linear fits, and the solid line is the
Stokes–Einstein prediction.
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relatively unimportant determinants of the encounter rate
constant. The re-encounter rate, on the other hand, is pro-
foundly affected by the solvent details �Fig. 4�.

To cast light upon the data in terms of local solvent
properties as exemplified by the free volume, Figs. 6 and 7
show �RE

−1 and Ke, respectively, as functions of V0 /Vf calcu-
lated from Doolittle’s37 empirical formulation. The re-
encounters are largely determined by the free volume, form-
ing a common curve in Fig. 6 for all three solvents, while the
encounters do not. In Figs. 6 and 7 we also present the fits of
the data to equations of the form of Eq. �17�. As can be seen,
the re-encounter and encounter rates fit this exponential form

very well. The values of the Doolittle–Cohen–Turnbull fit
parameters B, denoted as BRE and BE as derived from re-
encounters and encounters, respectively, are given in Table I.

According to Molin et al.,4 one of the experimental
methods of separating the strong from the weak exchange is
based on plotting the Ke dependence on the temperature. For
a strong exchange, Ke is expected to have an Arrhenius de-
pendence upon temperature according to

Ke = Ke0e−A/kT, �18�

with A and Ke0 constant. The fact that the values of Ke for all
three solvents can be fitted very well to Eq. �18�, as in Fig. 8,
implies that the spin-exchange rate constant corresponds to a
strong spin exchange. More generally, as Ke is directly pro-
portional to the diffusion coefficient, Fig. 8 also shows evi-
dence of Arrhenius behavior for the encounter diffusion of
PDT in these solvents.

V. DISCUSSION

We have interpreted the additional line shift in Eq. �10b�
compared with Eq. �10a� to be due to re-encounter spin-
exchange events as previously proposed.22 The additional
shift arises from spin precession during the time intervals
between re-encounters rather than during the collisions
while the spin-exchange interaction is in effect.31 Previous
support for this proposal stemmed from three facts: �1� the
magnitude of �RE was near that predicted by the SE equation
for 16-doxylstearic acid methyl ester �16DSE� in ethanol and
for 1-H-imidazol-1-yloxy-4,5-dihydro-4,4,5,5-tetramethyl-2-
�o-nitrophenyl�-3-oxide in water �NN-NP�,22 �2� the relative
spacings in the five-line spectrum of NN-NP were consistent
with the prediction of the equations analogous to Eq. �11�,22

and �3� the values of �RE measured from both 15N-PDT and
14N-PDT nitroxides are the same.43 See Figs. 8 and 9 of Ref.
22. Values of �RE at the same value of T /� were different for

FIG. 8. Spin-exchange rate vs 1 /kT for hexane ���, decane ���, and
hexadecane ���. The curves are fits to Eq. �18� with R factors of 0.9995,
0.999 73, and 0.999 17 for hexane, decane, and hexadecane, respectively.

FIG. 6. Re-encounter collision rate vs reciprocal Doolittle relative free vol-
ume for hexane ��� decane ���, and hexadecane ���. The curves are fits to
Eq. �17�.

FIG. 7. Spin-exchange rate vs reciprocal Doolittle relative free volume
for hexane ���, decane ���, and hexadecane ���. The curves are fits to
Eq. �17�.
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NN-NP and 16DSE, but both the spin probe and the solvent
were different. In this present work, the results in Fig. 4
provide further support for our interpretation where values of
�RE are near those predicted by Eq. �14b�. Here we have the
advantage of avoiding the associative liquids of previous
work,21,22 employing the same spin probe and systematically
varying the size of the alkane solvent. Therefore differences
in the values of �RE at the same value of T /� may be attrib-
uted to differences in the solvent structure, as we expected
when designing these experiments.

Turning to the encounter collision rate constant, one
might have anticipated similar discrepancies with respect to
the hydrodynamic picture that occur for re-encounters; how-
ever, Fig. 5 shows that this is not the case. The behavior of
Ke depicted in Fig. 5, at first sight, seems to support a hy-
drodynamic description of the rate constant of encounters
and furthermore seems to rule out any microscopic effects
because there is no dependence on the relative sizes of the
probe and solvent molecules. It is well known44 that the SE
equation provides a rather accurate description of experimen-
tal translational diffusion coefficients of small molecules
even at high solvent densities.44–49 The same is true for com-
puter simulations employing hard spheres50 and more com-
plicated interactions.51,52 Nevertheless, it can be argued that
such systems are not intrinsically hydrodynamic in behavior
and that the appearance of such behavior is an accidental
result of canceling terms within a generalized diffusion co-
efficient.

Theoretical insight into the effect of microscopic inter-
actions on diffusion was provided by Hynes et al.,45 who
showed that the usual hydrodynamic boundary condition on
the relative velocity between the probe and solvent mol-
ecules at the moment of contact cannot hold microscopically.
Their work has shown that in the case of low-density fluids
with equally sized probe and solvent molecules, coupling
molecular motion within an inner microscopic region to the
motion of an outer hydrodynamic solvent region can lead to
long-distance diffusion that accidentally mimics hydrody-
namic behavior in the manner that our systems do. The
momentum-conservation boundary condition proposed by
Hynes et al.45 is of the form

r̂ · �̄h�r̂�� · r̂ = r̂ · F̄m�r̂�� , �19�

with � as the radius of an imaginary spherical boundary
between the microscopic and hydrodynamic regions, r̂ the

unit vector radial to the boundary surface, �̄h�r̂�� the aver-

age hydrodynamic stress tensor, and F̄m�r̂�� the microscopic
collision force per area. The right-hand side of Eq. �19� al-
lows microscopic details to enter via the Enskog friction con-
stant. The diffusion coefficient is taken45 to be the linear sum
of an Enskog component DEn and a hydrodynamic compo-
nent Dh such that

D = DEn + Dh. �20�

When � is taken to be the sum of the probe and solvent radii,
the hydrodynamic contribution is found to be

Dh =
kT

4��a + as��
. �21a�

Expressed in terms of the SE diffusion, the hydrodynamic
component may be written as

Dh = � �

1 + �
DSE, �21b�

with the SE prediction DSE corrected by a factor accounting
for the finite probe-to-solvent size ratio. The generalized hy-
drodynamic diffusion coefficient Dh replaces Eq. �12�. For-
mally, Eqs. �21a� and �21b� are the Stokes–Einstein diffusion
of the probe carrying a solvent molecule with it.

Compared to Eq. �12�, the Enskog contribution in Eq.
�20� increases D, while the size-corrected hydrodynamic
contribution decreases it. For the low-density regime de-
scribed by Hynes et al.45 with �=1, DEn increases and Dh

decreases with decreasing �, leading to a partial cancellation
of the Enskog and size-correction effects in Eq. �20�. This
leaves a diffusion value that is very close to DSE. As � de-
creases toward unity in a low-density fluid, the hydrody-
namic term decreases while the Enskog term increases such
that the diffusion coefficient departs from the prediction of
Eq. �12� by only 21% even though the Enskog contribution
dominates �see Fig. 1 and Table I of Ref. 45�. Therefore, a
common T /� curve for Ke in a low-density fluid would be
explained as resulting from near cancellations of Enskog and
size-correction terms, giving rise to a numerical semblance
of hydrodynamic behavior. It is evident in Fig. 5 that in our
systems an analogous, although perhaps not identical, can-
cellation takes place, giving rise to the semblance of hydro-
dynamic behavior in Ke.

The framework of Hynes et al.45 serves as a useful back-
drop against which to commence an understanding of the
phenomenon. The degree of applicability of Eqs. �19�, �20�,
�21a�, and �21b� to our alkane-PDT systems is not precisely
known at this stage. Our systems are similar in one respect to
the regime described by that model in that our probe and
solvent molecules are of comparable size; � is close to unity.
However, Hynes et al.45 indicated that their theory was in-
complete for a high-density system with � close to unity,
which is the regime in which we work. Another important
difference is that their model pertains to systems that do not
experience re-encounters, as the short-distance diffusion of
their model does not admit backscattering. The boundary
condition �Eq. �19�� entails a continuous, steady-state mo-
mentum transfer at the boundary between the inner micro-
scopic region and the outer hydrodynamic region and there-
fore does not allow for the density fluctuations required to
precipitate caging effects. It appears likely that in the sys-
tems of the present study, Enskog and size-correction effects
also contribute to cancellations leading to the behavior ob-
served in Fig. 5, but whether those terms alone account for
the cancellation or whether other terms are also involved
remains to be uncovered.

Let us now return to the experimental results for re-
encounters in Fig. 4, where the existence of distinct curves
reveals a clear dependence on the relative size of probe and
solvent. Those data may be understood by the tentative pro-

064501-7 Re-encounter collisions and nitroxide spin exchange J. Chem. Phys. 129, 064501 �2008�

Downloaded 25 Aug 2008 to 130.166.3.6. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



posal that because of the local density fluctuations required
to precipitate caging effects, the motion of a probe during a
re-encounter is less coupled to the outer hydrodynamic re-
gion than it is during steady-state microscopic diffusion. The
resultant breakdown of the boundary condition �Eq. �19��
likely results in a predominant role of an Enskog term, which
increases as � decreases. This would lead to diffusion coef-
ficients that increase beyond the Stokes–Einstein prediction
of Eq. �12� as the solvent is changed from hexane to hexa-
decane. Because the Enskog diffusion coefficient increases
with temperature,45 the departures from Eq. �12� would also
increase with temperature. Both of these effects are observed
in Fig. 4. We do not wish to overinterpret the results in Fig.
4 until more solvents have been studied and a more accurate
boundary condition is found. Nevertheless, it does seem
clear that the prospects of studying details of bimolecular
collisions in liquids are enhanced because of the access to
re-encounter times. A distinct advantage to the spin-
exchange approach is its ability to study both encounters and
re-encounters, as well as rotational diffusion, within the same
experiment.

The departures from the simple hydrodynamic formula-
tion in the case of the well studied rotational diffusion are
rather dramatic and have spurred extensive efforts53–56 to im-
prove the theoretical predictions. Hynes et al.57 showed that
the volume ratio of probe to solvent must be at least of order
100 ��=4.6� for classical hydrodynamic equations to hold in
rotational diffusion. Thus, it was expected that the SE equa-
tion would predict values of �RE

−1 for PDT in hexane better
than in the larger alkanes, and that is what we observe in Fig.
4. It is interesting that in re-encounter translational diffusion,
the solvent volume need not be as much as an order of mag-
nitude smaller than the probe volume for the SE approxima-
tion to have appreciable validity. This discrepancy between
rotational and translational diffusion can be explained by the
fact that in re-encounter translational diffusion, head-on col-

lisions occur between probe molecules, as well as between
probe and surrounding solvent molecules. Thus, the re-
encounter time can be seen as a measure of linear momentum
transfer, while the rotational correlation time can be seen as a
measure of angular momentum transfer.58 Since the transfer
of linear momentum in re-encounter translational diffusion is
greater than the transfer of angular momentum in rotational
diffusion for the case of spherical molecules, it is not surpris-
ing that the departures from the simple hydrodynamic formu-
lation in re-encounter diffusion occur at much lower values
of the volume ratio of probe to solvent than those in rota-
tional diffusion.

Figure 6 demonstrates that the re-encounter rate is well
correlated to the free volume and fits the Doolittle–Cohen–
Turnbull free volume equation �Eq. �17��37–39 reasonably
well. While the encounter rate constant for a given solvent
fits well to Eq. �17�, this equation does not predict its value
in all three solvents. To our knowledge, there is no theory
that predicts the effect of free volume on the re-encounter
time. We have considered well known modifications to hy-
drodynamic theories for rotational correlation times such as
those due to Dote et al.53,54 and Kowert et al.56 In the former,
known as the quasihydrodynamic model, a correction factor
accounting for free volume is applied to hydrodynamic pre-
dictions of rotational correlation times. In the proposal of
Kowert et al.,56 a factor entailing the probe and solvent radii
is used to correct the hydrodynamic radius. We have at-
tempted to apply correction factors from these theories to Eq.
�14b� for re-encounter time. However, while these modifica-
tions improve the agreement for decane and hexadecane,
they do not work well for hexane, the solvent for which the
best agreement is expected.

Free volume is manifested macroscopically as the iso-
thermal compressibility 	T defined as

	T = −
1

V
� �V

�P


T
. �22�

Figure 9, prepared with literature data,59–70 shows that 	T is
highly correlated with the Doolittle relative free volume for
the three alkanes in this study.

A particularly intriguing and promising result of the
study is what appears to be a common curve when the re-
encounter time is plotted against the isothermal compress-
ibility for all three solvents, as shown in Fig. 10. The com-
pressibilities in Figs. 9 and 10 for the measurement
temperatures are based on exponential curve fits generated
from literature compressibility data59–70 at various tempera-
tures. In the case of hexane, no compressibility data were
found in the literature for temperatures below 273 K, which
is the range in which half of the spectra for this solvent were
taken. An exponential curve with respect to temperature for
experimental compressibilities starting at 273 K was found
to be the best fit for these data, and this was extrapolated to
the lower temperatures. To verify the accuracy of the ex-
trapolation, the literature compressibilities for hexane were
plotted against literature density data,71–75 which included
densities at T below 273 K, and an exponential curve was
found to fit best the relation between compressibility and
density. As the density � exhibits a linear dependence on

FIG. 9. Isothermal compressibility vs Doolittle relative free volume for
hexane ���, decane ���, and hexadecane ���.
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temperature, a successful exponential fit for 	T vs � would
imply the same fit for 	T vs T. The values for 	T obtained
from the exponential fit with respect to � were then fitted to
the corresponding temperatures and were indeed found to fit
them exponentially. The values for the compressibility at
T�273 obtained from fitting to the density data were found
to be in excellent agreement with those resulting from the fit
of the compressibility data directly to temperature. Reason-
able confidence can therefore be placed in the compressibili-
ties computed from curve fitting. A plot of Ke vs 	T �not
shown� shows three distinct nearly linear curves similar to
those in Fig. 7.

The prospect of a universal curve as that in Fig. 10 for
all alkanes means that measurement of the probe re-
encounter rate may be a useful method to determine indi-
rectly the isothermal compressibility of a substance through
EPR.

VI. CONCLUSION

Spin-exchange measurements of PDT in three alkanes
support a previous hypothesis that the line shift linear in �e

is due to spin precession between re-encounters as follows:
�1� the order of magnitude of the values of �RE is in agree-
ment with the SE equation and �2� departures from the SE
equation are in the direction expected from the Enskog mi-
croscopic contributions to the diffusion coefficient. Values of
�RE may be measured with good precision by employing
nonlinear fitting techniques to analyze EPR spectra under
conditions of Heisenberg spin exchange. The solvent depen-
dence of �RE is well correlated with the isothermal compress-
ibility, which is in turn correlated with the free volume
within the liquid. In contrast, the encounter rate constant
does not depend on the solvent, following an apparent SE
behavior; however, it is likely that this behavior is due, in
part, to near cancellation of terms within a generalized dif-
fusion coefficient.
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