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Abstract

The diffusion coefficients of radical ions of hexafluorobenzene, diphenylacetylene, triptycene, and tetraphenylnaphthalene were mea-
sured in liquid n-hexane and n-hexadecane at different temperatures. These were compared with the literature values of the diffusion coef-
ficients of the corresponding neutral molecules in these solvents. Typically, the relative change in the diffusion coefficients decreased with
increasing the size of particles or the temperature of solutions. No evidence for a specific manifestation of the low solvent polarity in the
relative change was observed. In the case of triptycene in hexadecane solution, the enhancement of the solute’s diffusion caused by ion-
ization was found.
� 2006 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that both ions and radicals often diffuse
in solutions more slowly as compared to stable molecules
that are similar in their size and geometry [1–7]. At the
same time, such slowing down does not look-like an imper-
ative. For instance, no significant difference between the
diffusion of chemically stable radicals and their closed-shell
analogues was observed [1]. Besides, it was reported that
some organic radicals and ions diffused similarly to their
parent molecules [8,9].

Undoubtedly, the change of the diffusivity originates
from that of the solvent/solute interactions upon going
from molecules to charged or open-shell species. However,
the actual comprehension of the nature of such interactions
does not provide us with the satisfactory predictions of the
molecular diffusion coefficients. The key factor, which
determines the progress in this field, is sure to be the exper-
imental investigations of the diffusion of various molecular
species in liquids.

Recently [10], the mobility values for a series of organic
radical ions in n-alkanes were determined. Particularly, it
was found that radical cations of triphenylmethane and trip-
tycene in liquid n-hexadecane displayed twice as high mobil-
ity as compared to other hydrocarbon radical ions with
similar molecular size. It was also observed that this differ-
ence decreased approximately linearly with the decrease of
solvent viscosity and in n-hexane solutions, the difference
became insignificant.

In the present work, the literature values of the diffusion
coefficients of several aromatic molecules including tripty-
cene in liquid n-hexane (C6) and n-hexadecane (C16) were
compared with the diffusion coefficient of corresponding
radical ions in the same solvents. This comparison gives
the opportunity to look into the above paradox and to
get new information about the effect of the appearance of
the excess charge and the open electronic shell on the
molecular species diffusivity.

2. Experimental and calculation details

The studied solutes were hexafluorobenzene (99%,
HFB), diphenylacetylene (98%, DPA), triptycene (98%,
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TC) and 1,2,3,4-tetraphenylnaphthalene (97%, TPN). All
of these were used as received from Aldrich. The structures
of the solutes are shown in Scheme 1. n-Hexane and n-hex-
adecane (both are from Aldrich, 99%) were purified by
passing several times through 0.5 m column of activated
alumina. The temperature of the solutions was typically
varied from 233 K up to 348 K (±2 K) but within the range
where the solvent was in liquid state.

The mobility values of the radical ions under study in
alkane solutions used in the present work, except for two
points for TPN in C16, were the same as reported in Ref.
[10]. They were obtained using the method of time-resolved
electric field effect in recombination fluorescence [11,12].
The solutions of the solutes in the concentration of 3–
10 mM were irradiated by X-ray pulses (20 keV, 2 ns) with
the use of X-ray fluorimeter operating in single photon
counting regime [13]. The radical ions of interest were
formed via the capture of primary solvent holes and excess
electrons by the solutes.

The irradiated solution was between two parallel elec-
trodes, so that uniform electric field up to 36 kV/cm could
be created in the solution. Recombination fluorescence
decays under nonzero IE(t) and zero I0(t) electric field were
registered. The sum of the mobilities of the geminate ions
could be determined with a typical accuracy of about
10% using the comparison of the calculated IE(t)/I0(t) ratio
with the results of computer simulation of geminate recom-
bination as was described in Ref. [12].

As it was found earlier [12], in alkanes, DPA formed
both radical cations and radical anions with close mobili-
ties. The same was likely to be valid for TPN. HFB cap-
tured solely excess electrons and formed radical anions,
while molecules of TC formed stable radical cations only.
The radical anion of TC was found to decay via electron
detachment, presumably because of rather large negative
electron affinity (see, e.g., Ref. [14]). The mobility of
TC+� was determined using the solution of both HFB
and TC, where excess electrons were captured by HFB
molecules. The mobility of HFB radical anions was mea-
sured in the same way as reported earlier [12].

Diffusion coefficients DI of the ions were evaluated using
the Nernst–Einstein relation

DI

kT
¼ l

e
; ð1Þ

where l is ion mobility, e is elementary charge, k is Boltz-
mann’s factor, and T is absolute temperature. Diffusion
coefficients DM (cm2/s) of neutral molecules were calcu-
lated using the modified Stokes–Einstein (SE) relation
[15,16]:

DM

T
¼ A

gp
: ð2Þ

Here p and A are the parameters, which depends on solute
molecular radius. For DPA and TC, these parameters
amounted to A = 1.2 · 10�9, p = 0.752, and A = 4.3 ·
10�10, p = 0.873, respectively, for solvent viscosity mea-
sured in Poises [15,16]. In the cited works, the parameters
were obtained for n-alkane solutions at temperatures close
to 293 K and these have been presumed to be the same
within the temperature range studied in the present work.
The viscosities g of C6 and C16 were taken from Refs.
[17,18].

The diffusion coefficients of HFB molecules in both C6
and C16 solutions were estimated using the values
A = 1.5 · 10�9 and p = 0.77. These values were obtained
by fitting with Eq. (2) the experimental data on HFB diffu-
sion in a series of n-alkanes from C6 to C16 within a tem-
perature range of 233–353 K [19,20].

No literature values of the diffusion coefficient were
found for TPN. To estimate these with Eq. (2), the simple
average between A and p values for 9,10-diphenylanthra-
cene and rubrene reported in Refs. [15,16] was used. These
two compounds have structures that are similar to TPN’s
one, and the molecular radius of TPN falls approximately
in the middle between their radii RvdW = (3VvdW/4p)1/3,
where VvdW was molecular volume of the solute [21]. The
average values for TPN amounted to A = 2.4 · 10�10 and
p = 0.92.

3. Results and discussion

Fig. 1 shows the results of the measurements of the rad-
ical ion mobilities l in C6 and C16 at different tempera-
tures. In Table 1, as a reference source, the experimental
values of l at 293 K as well as the diffusion coefficients
DI of the investigated radical ions and DM for the parent
molecules calculated at this temperature are listed. The
table also includes the molecular radii of the compounds
and the mobility activation energy as obtained from Arrhe-
nius approximation of the temperature dependence of l.
The values of DM/DI ratios at different temperatures are
presented graphically in Fig. 2.

As it is demonstrated in Table 1, the calculated DM val-
ues decrease monotonously with increasing molecular
radius of the solutes. Contrary to the conventional SE rela-
tion predictions, this decrease is faster than the inverse pro-
portion, especially in C16 solutions. However, such a
deviation is in qualitative agreement with the theoretical

TC

DPAHFB

F

TPN

Scheme 1. The structures of hexafluorobenzene (HFB), diphenylacetylene
(DPA), triptycene (TC), and tetraphenylnaphthalene (TPN).
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calculations of the diffusion of particles that are smaller
than the solvent molecules [22].

The data obtained for radical ions of HFB, DPA, and
TPN do not look as something unusual. These radical ions
have mobilities that relate to each other in the reverse order
as their radii. Regarding the value of the DM/DI ratio, the
neutral molecules of both DPA and HFB diffuse at 293 K
approximately twice as fast as the corresponding radical
ions do. Such a magnitude of the slowing down effect is
similar to earlier reported observations for many small
organic radicals and radical ions in polar solutions [1,7].

The lowering of the DM/DI ratio in the case of TPN
seems to reflect an increasing importance of hydrodynamic
friction as compared to other factors at the increase in
molecular radius. Note that the DM/DI ratio calculated
with the used data of Refs. [16,23] for ions of fullerene
C60 in n-pentane gave values of about 1.3–1.4. The small
difference between DM and DI for TPN in C16 is not quite
understandable but, presumably, it can interrelate with TC
results (vide infra).

The temperature dependence of the DM/DI ratio for
these compounds also looks as reasonable one. In alkanes,
modified SE relation is known to describe the dependence

of the diffusion on viscosity for neutral molecules with
p < 1 while in the case of radical ions this parameter is
about 1.1 [2,10]. Thus, the DM/DI ratio should decrease
with increasing temperature. For TPN, whose molecules
have a larger value of p, the slope of the temperature
dependence is smaller. Interestingly, from the point of view
of the molecular solvation theory [2–4], the approximate
equality DM � DI at 350–370 K in C16 for DPA or HFB
can be interpreted as the manifestation of complete
destruction of the ion solvation shell.

Therefore, the examples of DPA, HFB, and TPN dem-
onstrate that the solvent polarity is not the key factor
determining the decrease in radical ion mobility. Note,
although in the cases under consideration the contributions
of charge and electron spin cannot be separated, the data
obtained show that the simultaneous presence of these
two factors does not result in a great cumulative effect.

The case of TC differs drastically from the other ones.
TC+� diffuses faster than DPA+� and the observed value
of the DM/DI ratio is lower than that for TPN. The DM/
DI ratio values in C6 and C16 solutions differ more as com-
pared to other solutes, and no significant temperature
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Fig. 1. The values of the radical ion mobilities of HFB (n), DPA (s), TC
(·), and TPN (h) at different temperatures in C6 and C16. Solid lines are
Arrhenius approximations of the experimental data.

Table 1
The values of molecular radii, RvdW

a calculated diffusion coefficient of neutral molecules DM, diffusion coefficient of radical ions DI as calculated using the
experimental valuesb of radical ion mobility l, and the activation energy Ea of the mobility (all parameters correspond to 293 K)

Compound RvdW DM DI l Ea

(Å) (10�5 cm2/s) (10�5 cm2/s) (10�4 cm2/Vs) (kcal/mol)

C6 C16 C6 C16 C6 C16 C6 C16

Hexafluorobenzene (HFB) 3 3.8 0.82 2.1 0.33 8.3 1.3 1.9 5.1
Diphenylacetylene (DPA) 3.5 2.7 0.43 1.4 0.21 5.5 0.85 1.8 4.4
Triptycene (TC) 3.9 1.9 0.24 1.4 0.30 5.6 1.2 1.6 3.9
Tetraphenylnaphthalene (TPN) 4.6 1.5 0.16 1.0 0.13 4.0 0.53 1.8 4.7

a RvdW = (3VvdW/4p)1/3, where VvdW is molecular volume calculated with the use of data of Ref. [21].
b The accuracy of the values except for triptycene is ±10%, for triptycene ±15%.
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Fig. 2. The values of the ratio DM/DI for HFB (n), DPA (s), TPN (h),
and for TC (·) in C6 (right group of curves) and C16 (left group of
curves). For solutions of TC in C16 the estimated dispersion, including the
errors reported for DM, is shown. Solid lines are given as eyeguides.

V.I. Borovkov / Chemical Physics Letters 435 (2007) 69–73 71



Aut
ho

r's
   

pe
rs

on
al

   
co

py

dependence is observed. Moreover, according to the results
obtained, in C16 TC+� diffuses faster than the neutral mol-
ecule whilst no effect of degenerate electron transfer on the
ion mobility is sure to be expected at the used solute con-
centrations. Therefore, these experimental data, along with
the faster diffusion of TC+� as compared to many other
organic radical ions [10], can be considered as evidence that
there is a factor, which manifests itself after ionization of
TC and results in an enhancement of the radical cation
diffusion.

As the probable cause of the enhancement of TC+� ion
diffusion, stochastic fluctuations of the internal electron
charge distribution between nonconjugated ortho-xylene
rings can be suggested. Upon ionization, the structure of
TC+�, which is a Jahn–Teller active species [24], should dis-
tort in solution, so one of these rings would be strongly dif-
ferent from other two because of a three-minimum
potential energy surface, which is typical of the TC type
of symmetry [25]. On the other hand, it is known that the
ESR spectrum of this radical cation in solution exhibits
equivalent hyperfine interactions with protons of different
rings [26]. It is sure to be result of the exchange of unpaired
electron spin density and, hence, electric charge between
the rings. The typical frequency of such degenerate electron
exchange is probably somewhat lower than the low fre-
quency butterfly wagging vibrations of TC molecule
(�60 cm�1) [27].

It is of common knowledge that the origin of the dielec-
tric friction [2–6], which reduces the diffusion coefficients of
ions in liquids, is the finite response time of the solvent
polarization around the moving charge species. In the case
under consideration, this implies that the TC cation with
the changed internal charge distribution will be affected
for a moment by the electric field created by the polarized
solvent molecules whose polarization corresponds to the
previous distribution of the electron density. Unlike ‘usual’
friction drags, the suggested additional force is not neces-
sarily directed oppositely to the ion displacement. There-
fore, this force should result in an enhancement of ion
diffusion as it happens in the case of the enhancement
due to stochastic fluctuations of dielectric friction coeffi-
cient [28,29].

As for difference between C6 and C16, note that the elec-
tronic polarization should manifest itself similarly in these
solvents, following the charge redistribution and giving,
probably, a small contribution to the suggested additional
force. However, the local configuration of C–H bonds and
the orientation of their dipole moments near the ion, fol-
lows the changes it with a time delay. This delay should
correlate with the reorientation time of solvent molecules.
In the case of C16, this time is two orders of magnitude
longer than that for C6 [30]. At the same time, their viscos-
ities differ by a factor of about 10 only, and this disparity
can explain the more pronounced acceleration of TC+� in
C16.

Some indications supporting the above suggestion can
be obtained from data on C16 solution of TPN. Molecules

of TPN also have the broken conjugation between the
symmetrically located phenyls and the DM/DI ratio in this
case is lower as compared to DPA and HFB. Note that
the turn of benzene rings, which leads to a weaker cou-
pling between different fragments of the molecule, simulta-
neously results in the globular shape of the molecule.
However, the shape of TPN and TC molecules itself is
hardly to be the key factor determining the unusual diffu-
sion because it is approximately the same for both radical
ion and neutral molecule.

4. Conclusion

The diffusion coefficients of radical ions of hexafluoro-
benzene, diphenylacetylene, triptycene, and tetraphenyl-
naphthalene in liquid n-hexane and n-hexadecane were
determined and compared with the literature values of
those for the corresponding neutral molecules in these sol-
vents for the first time. Except for the case of triptycene,
the diffusion of the studied radical ions exhibited the
expected regularities regarding solvent viscosity, solute
molecular radius and temperature. No special features of
the low solvent polarity were observed regarding the rela-
tive change in the diffusion coefficient of the solute caused
by its ionization. The case of triptycene, for which the
enhancement of the solute diffusion in hexadecane upon
the ionization was found, suggests the importance of fast
stochastic charge redistribution within the radical ion for
its interactions with solvent and its diffusion.

Acknowledgements

The author thanks Prof. Yu. N. Molin for helpful dis-
cussions of the present work and Dr. F. B. Sviridenko
for his assistance in the manuscript preparation. The finan-
cial support of the Russian Foundation for Basic Research
(Grant 04-03-32161) and the program of Leading Scientific
Schools (NS-5078.2006.3) are gratefully appreciated.

References

[1] M. Terazima, Acc. Chem. Res. 33 (2000) 687.
[2] W.F. Schmidt, K.F. Volychin, A.G. Khrapak, E. Illenberger, J.

Electrostatics. 47 (1999) 83.
[3] P.G. Wolynes, J. Chem. Phys. 68 (1978) 473.
[4] G.N. Chuev, M.V. Basilevsky, Uspekhi Khimii 72 (2003) 827 (in

Russian).
[5] J.B. Hubbard, J. Chem. Phys. 68 (1978) 1649.
[6] A. Papazyan, M. Maroncelli, J. Chem. Phys. 102 (1995) 2888.
[7] M. Terazima, T. Okazaki, N. Hirota, J. Photochem. Photobiol. A:

Chem. 92 (1995) 7.
[8] R.L. Wang, K.Y. Tam, R.G. Compton, J. Electroanal. Chem. 434

(1997) 105.
[9] T. Autrey, P. Kandanarachchi, J.A. Franz, J. Phys. Chem. A 105

(2001) 5948.
[10] V.I. Borovkov, J. Phys. Chem. A 110 (2006) 13366.
[11] V.I. Borovkov, S.V. Anishchik, O.A. Anisimov, Chem. Phys. Lett.

270 (1997) 327.
[12] V.I. Borovkov, S.V. Anishchik, O.A. Anisimov, Rad. Phys. Chem. 67

(2003) 639.

72 V.I. Borovkov / Chemical Physics Letters 435 (2007) 69–73



Aut
ho

r's
   

pe
rs

on
al

   
co

py

[13] S.V. Anishchik, V.M. Grigoryants, I.V. Shebolaev, Yu.D. Chernou-
sov, O.A. Anisimov, Yu.N. Molin, Pribory i technika eksperimenta 4
(1989) 74 (in Russian).

[14] R.A. Holroyd, M. Nishikawa, Rad. Phys. Chem. 64 (2002) 19.
[15] B.A. Kowert, N.C. Dang, K.T. Sobush, L.G. Seele III, J. Phys.Chem.

A 105 (2001) 1232.
[16] B.A. Kowert, K.T. Sobush, C.F. Fuqua, C.L. Mapes, J.B. Jones, J.A.

Zahm, J. Phys. Chem. A 107 (2003) 4790.
[17] J.H. Dymond, H.A. Øye, J. Phys. Chem. Ref. Data 23 (1993) 12.
[18] V.M.Tatevski (Ed.), Physical–Chemical Properties of Individual

Hydrocarbons, Gostoptekhizdat, Moscow, 1960 (in Russian) .
[19] M.A. Awan, J.H. Dymond, Int. J. Thermophys. 17 (1996) 759.
[20] E. von Meerwall, R.D. Ferguson, J. Chem. Phys. 72 (1980) 2861.
[21] A. Bondi, J. Phys. Chem. 68 (1964) 441.

[22] S. Bhattacharyya, B. Bagchi, J. Chem. Phys. 106 (1997) 1757.
[23] G. Bakale, K. Lacmann, W.F. Schmidt, J. Phys. Chem. 100 (1996)

12477.
[24] M. Kubota, K. Hatano, M. Takahashi, Y. Kawada, T. Kobayashi, J.

Electron. Spectrosc. Relat. Phenom. 83 (1997) 165.
[25] P.V. Schastnev, L.N. Shchegoleva, Molecular Distortions in Ionic

and Excited States, CRC Press, Boca Raton, 1995.
[26] R.M. Dessau, J. Chem. Phys. 54 (1971) 5430.
[27] A. Furlan, T. Fisher, P. Fluekiger, H.-U. Güdel, S. Leutwyler, H.P.
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