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Abstract

We applied electron spin resonance (ESR) to study tracer diffusivities of a nitroxide radical at
various temperatures in the normal alkanes (octane to tridecane) and alcohols (methanol to 1-
octanol). We studied and compared radical diffusivities in these liquids because their molecules
are similar, but alcohols exhibit heterogeneous structures due to the hydrogen bonding of
hydroxyl groups, which is absent in alkanes. The crossover temperature behavior of radical
diffusivities was found in all liquids by relating radical diffusivities and solvent self-diffusivities.
This finding evidences the transformation from a single-molecule diffusion process into a
collective process upon temperature lowering. However, the crossover behavior strongly differs
in alcohols and alkanes, indicating that the heterogeneous structure of alcohols affects the radical

diffusion crossover.
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1. Introduction

There is a theoretical and practical interest in studying the translational diffusion of
solvent molecules (self-diffusion) and diluted solute molecules (tracer diffusion) in neutral
molecular liquids and ionic liquids [1-4]. When the solute molecule is a stable free radical, its
diffusion can be studied by electron spin resonance (ESR) spectroscopy [5-9]. Since the relative
motion of solvated radicals modulates spin interactions between them, the ESR spectrum of
radicals depends on their diffusion coefficient (diffusivity). Information about the radical
diffusivity is obtained by measuring the shape changes of the ESR spectrum with radical

concentration.

Diffusion in glass-forming liquids generally exhibits two crossover phenomena above the
glass transition temperature Tq. These are the Stokes-Einstein (SE) violation phenomenon, which
appears in the supercooled state below the temperature Tc=1.2Tg, and the Arrhenius crossover
phenomenon, which appears below the higher temperature Ta around or above the melting
temperature Tm [10-12]. The first phenomenon denotes a significant enhancement of diffusivity
over that predicted by the SE law, ascribed to the onset of spatially correlated and heterogeneous
dynamics at T [10,11]. The latter phenomenon denotes a change from the Arrhenius temperature
dependence of diffusivity above Ta into a stronger non-Arrhenius one below Ta, ascribed to the
onset of correlated and cooperative diffusive motion of molecules at Ta [12]. The Arrhenius
crossover phenomenon was also detected in the temperature dependences of relaxation time and

viscosity [13].

ESR study of the tracer diffusion of a radical in six glass-forming solvents showed the

crossover behavior of radical diffusivities when they were related to self-diffusivities [14]. The
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radical diffusivities, being lower than the self-diffusivities at high temperatures, approach the
self-diffusivities by the temperature lowering through the crossover region between T¢+A and
Tar—A, Where Ter is the crossover temperature, and 2A is the crossover temperature width. The
Arrhenius crossover temperatures Ta estimated from experimental viscosities were found to be
close to the onset temperatures of radical diffusion crossover Ton=Tcr+A in all studied liquids
except ethanol [14]. This finding indicates the same origin of both crossover phenomena, while
the exception of ethanol, where T is significantly higher than Ta, was tentatively related to the

existence of heterogeneous nanoscopic structures in monohydroxy alcohols.

The heterogeneous structure in alcohols consists of polar domains with hydrogen-bonded
hydroxyl groups and non-polar domains with alkyl tails, which is manifested in diffraction
spectra by the presence of a pre-peak in addition to the main peak [4,15]. Also, the structural
dynamics of monohydroxy alcohols exhibit a structural a-relaxation, which is attributed to the
dynamics of alkyl chains, and much slower Debye relaxation, which is attributed to the dynamics
of hydrogen-bonded clusters [15,16]. Like monohydroxy alcohols, ionic liquids (ILs) with long
alkyl chains on the cation exhibit a nanoscopic structure that contains less mobile polar domains

with charged molecular parts and more mobile non-polar domains with alkyl chains [3,4].

The possible influence of the nanostructure in alcohols and ILs on tracer and self-
diffusion is an interesting question for diffusion studies in these liquids [3,4,15,17-20]. The
tracer diffusion study in ILs revealed that neutral tracers exhibit positive and charged tracers
negative deviations of diffusivities from those predicted by the SE relation [3], ascribed to the
effect of nanostructure [18]. The positive effect of non-polar alkyl domains on neutral tracer

diffusivity was also found by measuring tracer diffusivity in 1-alkyl-3-methylimidazolium ILs as
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a function of alkyl chain length [19,20]. Whereas the cation and anion self-diffusivities decrease
with alkyl chain length, the tracer diffusivity of the nitroxide radical shows only a negligible
decrease for long chains [19] and, even more surprising, the tracer diffusivity of xenon increases
with alkyl chain length [20]. The reported negative effect of nanostructure on ionic mobility in
ILs is a sharp decrease of ionic conductivity in tetraalkylammonium ILs when the volume
fraction of alkyl chains exceeds 40% [21]. The nanostructure in monohydroxy alcohols was
reported to affect the distribution and mobility of catalyst CuCl> [22] and to cause a non-

monotonic temperature dependence of the conductivity of probe ions [23].

Here, we report an ESR study of the temperature behavior of diffusion of nitroxide
radical pPDTEMPONE (perdeuterated 2,2,6,6-tetramethyl-4-oxopiperidine-1-oxyl) in the normal
alkanes octane to tridecane (C8-C13) and the normal alcohols methanol to 1-octanol (C10H-
C80OH). We studied pDTEMPONE radicals labeled with N and **N isotopes (}*N- and *N-
pDTEMPONE) with different ESR spectra but practically equal diffusivities. Studying radical
diffusion in alkanes is interesting because they are not glass-forming liquids and have similar
molecules as alcohols but do not exhibit heterogeneous structures. Hence, comparing radical

diffusion in these two types of liquids could reveal the effects of heterogeneous structure.

2. Materials and methods

The stable free radicals *N-pDTEMPONE (99 atom % D) and **N-pDTEMPONE (98
atom % D, 99 atom % °N) were purchased from CDN Isotopes and used as received. The
purities of pPDTEMPONE radicals were estimated using solutions of Fremy’s salt radicals as

standards [14]. Liquid alkanes were from Alfa Aesar except for undecane, which was from



Sigma Aldrich. The alcohols were from Kemika (methanol and ethanol), T.T.T. (1-propanol and
1-butanol), and Alfa Aesar (1-pentanol to 1-octanol). Stock solutions of pPDTEMPONE were
prepared by weight in all solvents, and then they were diluted to 12 solutions with nearly equally
spaced concentrations, which were determined by weighing. Just before ESR measurements, the
solutions were drawn into 5-uL capillaries and sealed at the lower end by Haematocrit sealing
compound, while the upper end was left open.

ESR spectra were recorded with a Varian E-109 X-band spectrometer upgraded with a
Bruker microwave bridge and a Bruker high-Q cavity. The sample temperature was controlled by
a Bruker variable temperature unit and measured with a thermocouple using an Omega
temperature indicator. The thermocouple tip was positioned at the top of the active region of the
ESR cavity to avoid reducing the cavity quality factor. All samples were measured in steps of 5
K in various temperature ranges depending on the solvent. The radical concentrations were
corrected at measured temperatures by taking into account the estimated purities of radicals and
the temperature dependences of solvents’ densities from the literature.

In order to determine radical diffusivity, the measured ESR spectra were analyzed by a
previously described procedure [7,9,14,19,24]. The procedure is shortly described in the
following text and Appendix A of Supplementary material. In the first step, all ESR spectra were
fitted to the theoretical ESR spectral function for solutions of **N- and **N-labeled radicals with
spin interactions (Fig. A.1). The second step was to analyze relevant ESR parameters that depend
on radical diffusivity and determine their linear concentration coefficients at each temperature.
The analyzed ESR parameters were the spin coherence-transfer rate A and the average spin
dephasing rate I", corresponding to the average width of hyperfine lines. The best-fit values of

these ESR parameters were fitted to the linear function of radical concentration at each
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temperature. The concentration coefficients were determined as the slopes of fitting functions
(Fig. A.1). Determined concentration coefficients at a given temperature were compared to their
theoretical dependences on the radical diffusivity Dt (Fig. A.2). The theoretical dependences
were calculated by modeling dissolved radicals as continuously diffusing hard spheres and
applying the formalism of the kinetic equations for the spin density matrices of radicals
[6,9,14,19,24,25].

Since the concentration coefficient A was found to be the best parameter for the
calculation of radical diffusivity [9], the diffusivities obtained from this coefficient were used in
the averaging for the whole measured temperature range. On the other hand, the concentration
coefficient I" was found to saturate at low radical diffusivity [5,9], and the diffusivities obtained
from this coefficient were taken into account for values higher than 25-107!! m? s™! (Fig. A.3).
The final diffusivity of the pPDTEMPONE radical was calculated as the average value of the
diffusivities obtained from the concentration coefficients of °N- and 4N-labeled radicals, which

show similar values (Fig. A.3).

3. Results and discussion

The diffusivity of pDTEMPONE is presented as a function of temperature in alkanes
(Fig. 1) and alcohols (Fig. 2). In order to relate radical and solvent diffusivities, we collected
self-diffusivity data from the literature (Appendix B of Supplementary material) and determined
the temperature dependence of self-diffusivity by fitting data to the Arrhenius or VVogel-Fulcher-
Tammann laws (Figures B.1 and B.2). The best-fit parameters are given in Table B.1, and the

fitted values of self-diffusivities Ds(T) are drawn in Fig. 1 for alkanes and Fig. 2 for alcohols.
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Figure 1. Radical diffusivities (symbols), fitted self-diffusivities (dotted lines), and radical

diffusivity fits to Eq. (1) (full lines) versus temperature in alkanes.
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Using the fitted self-diffusivities Ds(T), the temperature dependences of the tracer

diffusivities of radical D(T) were fitted to the relation:

D; (T)=Dg(M[R, p, +R, A= p)] p, = {Hexp[z}' T”T_T H , 1)

where Ry and R. are the tracer to self-diffusivity ratios at high and low temperatures,
respectively, Ter is the crossover temperature and A is half the crossover temperature width. Eq.
(1) with R.=1 was proposed to describe the crossover behavior of the tracer diffusion of a radical
in six glass-forming solvents [14]. Since D1(T) in the alkanes from C8 to C13 also exhibits the

crossover toward Ds(T) at low temperatures (Fig. 1), D(T) in alkanes was fitted to Eq. (1) with



the parameter R fixed to 1. The resulting D1(T) fits are drawn in Fig. 1, and the best-fit values of

parameters are written in Table B.2.

Figure 2. Radical diffusivities (symbols), fitted self-diffusivities (dotted lines), and radical

diffusivity fits to Eq. (1) (full lines) versus temperature in alcohols.
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The fact that the tracer to self-diffusivity ratio Rrs(T)=D+(T)/Ds(T) increases from Rn<1
at high temperatures to R.=1 at low temperatures was taken as evidence that the elementary
diffusion process in glass-forming liquids becomes a more collective process upon cooling [14].
As more molecules participate in the elementary diffusion process upon cooling, the difference
in size and mass of a participating radical molecule has a lower effect on the rate of this process,
which causes less difference between the radical and self-diffusivities. This crossover from
individual to collective diffusion process was quantified by the probabilities that one molecule
participates in a given diffusion process as a single entity or part of collective rearrangements,
which are given by p1 and 1—ps, respectively. The probability p1(T) decreases by cooling, and its
form in Eqg. (1) was proposed by assuming a two-state (TS) model for the participation of a
molecule in the individual or collective diffusion process [14]. When comparing an isolated
diffusing molecule and a molecule participating in the collective process in a crowded
environment, the first one requires extra energy [26], corresponding to the energy difference

E =2ksT2/A in the TS model. On the other hand, the collective process demands coherent

movements of participating molecules, which increases the rarity of this process [26]. This effect
was modeled as the extra entropy cost Sts=Ets/T¢r in the TS model for the molecule participating
in the collective process.

The new result here is that the tracer diffusion in alkanes, which are not glass-forming
liquids, exhibits the same crossover behavior. The same behavior can also be seen for the
alcohols C10H and C20H, where Dr1(T) approaches Ds(T) at low temperatures (Fig. 2).
However, D+(T) in the alcohols with the number of carbon atoms in the alkyl chain n higher than
2 significantly exceeds Ds(T) at low temperatures (Fig. 2). Therefore, D1(T) in all alcohols were

fitted to Eq. (1) with the free parameter R.. The resulting fits of D1(T) are drawn in Fig. 2, and
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the best-fit values of parameters are written in Table B.2. The peculiar behavior of the ratio
Rrs(T) for the alcohols CnOH with n>2, which increases from Ry<1 at high temperatures to R.>1
at low temperatures, needs further explanation. We propose that this unexpected behavior in the
alcohols originates in their heterogeneous structure composed of polar domains with hydroxyl

groups and non-polar domains with alkyl tails (Fig. 3).

Figure 3. Schematic illustration of a heterogeneous structure and an example of collective
diffusion process in 1-pentanol. The shaded polar domains contain aggregated hydroxyl groups
(balls) mostly linked with hydrogen bonds (dotted lines). The radical (blue) and four pentanol
molecules (red) participate in the diffusion process, and their configurations are shown before
(left panel) and after (right panel) the process. Molecules 1-3 participate by alkyl chain rotation
about the hydrogen-bonded hydroxyl group, while molecule 4 participates, as a whole, by

breaking the hydrogen bond with one molecule and forming it with another one.
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Experimental results showed that the pre-peak in diffraction spectra shifts to lower
momentum transfers as the alkyl chain length n increases, which was ascribed to the increase of
average distance between polar domains [15,16]. This implies that a radical molecule’s
probability of being in the non-polar domains increases with n. As non-polar domains increase in
size with n over the size of the radical molecule, the radical in these domains becomes more
dominantly surrounded by alkyl chains. By comparing NMR and dielectric measurements in
alcohols, it was found that the correlation time of hydroxyl groups o is significantly shorter
than the Debye relaxation time o, but that zon is significantly longer than the correlation time of
alkyl chains ziky, which matches with the structural relaxation time 7, [15,27-29]. The higher
mobility of alkyl chains compared to the hydroxyl groups, which is implied by the inequality
Talkyl= Ta< ToH, Was interpreted in a way that the hydroxyl groups are immobile during the period
they participate in hydrogen-bonded chainlike aggregates, while the alkyl chains can move about
backbones of these aggregates (Fig. 3). By calculating the hydrodynamic radius of the
translationally diffusing object in alcohols from the SE relation and measured self-diffusivity
data, it was concluded that the diffusing object is an individual molecule and not a whole
hydrogen-bonded aggregate [15,27-29]. This finding was rationalized in the transient chain
model, according to which the hydrogen-bonded chains move and reorient by successive
detachments of bonded molecules from one end of the chain and attachments of unbonded
molecules to the other end of the chain [27].

Following all the above findings and interpretations, we can set a simple picture in which
alkyl chains mainly perform locally restricted diffusion about temporally fixed hydroxyl groups.
At the same time, the long-range self-diffusion of the whole alcohol molecule is governed by

repeated detachments of its hydroxyl group from one hydrogen-bonded chain and reattachments
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to another one (Fig. 3). By assuming that the time scale of the local diffusion process is about
Ty~ 7o and the time scale of the self-diffusion process is about 7on [27,29], the local diffusivity
of alkyl chains Dioc relates to the self-diffusivity Ds as Dioc/Ds~7on/ 7o Since zon was found to be
5 to 10 times higher than 7 at low temperatures in C40H [15,27], the low-temperature Dioc iS
expected to be much higher than Ds. This implies that the collective diffusion process,
presumably the prevailing process at low temperatures, includes, on average, more alkyl-chain
displacements contributing mainly to Dioc than hydroxyl-group detachments contributing to Ds
(Fig. 3). In this picture, the tracer diffusivity of radical Dt depends on how the probability of a
radical participating in the collective diffusion process is related to the corresponding
participation probabilities of alkyl chains and hydroxyl groups. A simple estimate is that the
participation probability of the radical depends on its position within the heterogeneous structure:
the radical within the polar domain has a participation probability close to that of the hydroxyl
group. In contrast, the radical within the non-polar domain has a participation probability close to
that of the alkyl chain. The estimate implies that the low-temperature radical diffusivity in
alcohols satisfies Dr=¢gDs+(1—¢@)Dioc, Where ¢ is the probability of a radical to be in the polar
domain. At the same time, the low-temperature ratio R.=D+/Ds satisfies Dioc/Ds>R1>1, which is
in accordance with the experiment (Table B.2 and Fig. 4a). The fact that R. increases with alkyl
chain length n (Table B.2 and Fig. 4a) agrees with the previous assumption that probability of a
radical to be in the non-polar domains increases with n. The ratio won/7. was found to decrease
with temperature and reaches unity at some temperature, which is about room temperature in
C40H [15] and about 330 K in 2-ethyl-1-hexanol [29]. According to our picture, we expect that

D1=Ds~=Dioc Will be satisfied close to this temperature. By inspecting Figs. 2 and 4, we can see
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that the ratio Rrs=D1/Ds in C40H crosses unity about room temperature, according to this

expectation.

Figure 4. (a) Various diffusivity ratios versus the number of carbon atoms n in alcohols: R. and
Ru are the best-fit values of tracer to self-diffusivity ratio D1/Ds at low and high temperatures,
respectively, Rts(SE) is expected D1/Ds from SE law, Rts(25°C) is measured D+/Ds at 25°C, and
R1se(25°C) is the ratio between measured and SE tracer diffusivities D1/D1(SE) at 25°C. (b)
Characteristic temperatures Tch normalized to the melting temperatures Tm versus n in alcohols
(blue) and alkanes (red): the radical diffusivity crossover temperatures Tc/Tm (circles) with error
bars that mark the crossover regions from (Tc—A)/Tm to (TertA)/Tm, the Arrhenius crossover
temperatures Ta/Tm from the viscosity fits (squares), and the temperatures T*/Tm obtained from

equation 7(T*)=1.5 mPa-s for alcohols (stars).
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The tracer to self-diffusivity ratio Rrs in alcohols reaches the value of Ry<1 at the highest
temperatures (Table B.2, and Figs. 2 and 4a). This fact can be ascribed to the domination of
individual diffusion processes at these temperatures because the different sizes and masses of
radical and solvent molecules are expected to affect the rate of the individual process more than
that of the collective one. By assuming that in this case, we can apply the SE law for tracer
diffusivity:

kgT
61,

D, (SE) = )

where rr is the radius of the tracer molecule and 7 is the viscosity of the solvent. The expected
tracer to self-diffusivity ratio is Rrs(SE)=rs/rr, where rs is the radius of the solvent molecule. In
our case, the radii of tracer and solvent molecules are calculated from the van der Waals volumes
obtained by the fast-calculation method [30], assuming spherical molecular shapes. The obtained
ratios Rts(SE) for alkanes and alcohols are presented in Table B.2, while Rrs(SE) for alcohols are
drawn in Fig. 4a. The agreement between R1s(SE) and Rn is satisfactory because Rrs(SE)
correctly predicts the value Rn<1 and also reproduces the weak dependence of Ry on alkyl chain
length n (Fig. 4a). Summarizing whole discussion about the peculiar behavior of Rrs(T) in the
alcohols with n>2, we proposed that its high-temperature value Rn<1 reflects the diffusion
governed by single-molecule processes, which is satisfactorily described by the SE law, while its
low-temperature value Ri.>1 reflects the diffusion governed by collective processes, which is
strongly affected by the heterogeneous structure of alcohols with different mobility regions.
Because of practical interest in studying tracer and self-diffusion close to room
temperature, we analyzed the ratios Rrs=D1/Ds and Rrse=D+1/D1(SE) at 25°C for each studied

alcohol (Fig. 4a). We calculated Rrse by Eq. (2), using the radical radius of 3.5 A and the
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viscosities calculated at 25°C from the power-law relations in Ref. [31]. As expected, the ratio
Rrs strongly increases with n from Ru to RL due to the crossover behavior of radical diffusivity
(Fig. 4a). The ratio Rrsg, being close to one for CLOH, increases with n by a similar rate as Rrs,
which means that deviations from the SE law at room temperature also reflect the crossover
behavior of radical diffusivity (Fig. 4a). Experimental room-temperature diffusivities of neutral
solutes in various solvents exhibit increasing positive deviations from the SE law as the relative
size between the solute and solvent molecules decreases [3,32,33]. Additionally, this deviation
from the SE law depends much more strongly on the relative solute-to-solvent size in the alcohol
solvents than non-polar ones [3,32,33]. Our results indicate that the reason for the stronger
relative size dependence of the deviation in alcohols could be the stronger temperature crossover
of solute diffusivity in alcohols due to the effect of heterogeneous structure.

As we did in the previous study of radical diffusion in six glass-forming solvents [14], we
estimated the Arrhenius crossover temperatures Ta for the studied alcohols and alkanes
(Appendix C of Supplementary material) from their experimental viscosity data (Fig. C1). The
viscosities were fitted to Eq. (C1) with the parabolic non-Arrhenius term, which was previously
applied to analyze metallic liquids’ diffusivities [12], and the obtained best-fit parameters are
written in Table C1. In order to compare the obtained temperatures Ta with the temperature
regions of radical diffusion crossover, extending between Tc—A and Ter+A, all characteristic
temperatures in alcohols and alkanes are normalized to the melting temperatures Trm (Table B.2)
and presented as a function of the number of carbon atoms n in Fig. 4b. The ratio Ta/Tm was
considered in various glass-forming and crystallizing liquids as an indicator for the glass-forming
ability of a particular liquid [34]. It was found that Ta/Tm<1.02 holds in crystallizing liquids,

while this ratio becomes higher in glass-forming liquids, being in the range of 1.05<Ta/Tm<1.55.
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This result was ascribed to locally favored structures that appear in liquids below the Arrhenius
crossover temperature Ta. It was supposed that the local structures below Ta>Tm in glass-forming
liquids are inconsistent with long-range crystalline order and prevent crystallization below Tm.
On the other hand, the local structures below Ta=Tm in crystallizing liquids were supposed to
conform to long-range crystalline order and promote crystallization. It can be seen (Fig. 4b) that
our results agree with these arguments because the studied alkanes, as crystallizing liquids,
exhibit lower ratios Ta/Tm and Ter/Tm than the studied alcohols, which are glass-forming liquids
[35]. Also, it is known that glass-forming liquids with hydrogen bonds exhibit a higher ratio
TalTg than other molecular glass-forming liquids [12]. Hence, hydrogen bonding can be an
additional reason why studied alcohols exhibit higher ratios Ta/Tm and Te/Tm than studied
alkanes.

The estimated Arrhenius crossover temperatures Ta in all studied alkanes are close to the
onset temperatures of radical diffusion crossover Ton=Tcr+A, indicating the same origin of both
crossover phenomena (Fig. 4b). Among alcohols, the coincidence between Ta and Ton Was found
for C50H, while Ta is much lower than Ton for lower alcohols (n<5) and Ta is significantly
higher than Ton for higher alcohols (n>5). To examine the source of the discrepancy between Ta
and Ton in alcohols, we checked the values of Ta from our viscosity analysis against those from
other measurements. The onset temperature in C20H has a much higher value Ton=284 K (Table
B2) than the value Ta=199 K (Table C1), which is practically equal to the value Ta=200 K
obtained from the analysis of the true a-relaxation time [36]. In C30H, the value Ton=311 K is
also much higher than Ta=238 K, and the latter value is even higher than the value Ta=182 K
obtained from the frequency of a dielectric-loss peak in C30H [34,37], and the value Ta=199 K

obtained from neutron scattering measurements of structural a-relaxation in isomeric 2-propanol
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[16]. We can conclude that low values of Ta from our viscosity analysis in C20H and C30H
correspond to the values of Ta obtained from the analysis of structural a-relaxation, which is
attributed to alkyl-chain dynamics.

It should be said that the high values of Ton in C20H and C30OH could not be reproduced
by the values of Ta from our viscosity analysis because viscosities were analyzed below 238 K in
C20H and 273 K in C30H (Fig. C1 and Table C1). The reason for limited analysis is a
downward deviation of viscosities from Arrhenius law above these temperatures, which could
not be accounted for by the fitting formula, Eq. (C1). This high-temperature non-Arrhenius
behavior was noticed above about 250 K in the temperature derivative analysis of dynamical
quantities in C20H and C30H [37]. The same behavior was also noticed in the study of the
temperature dependence of Debye relaxation time zo(T) in all alcohols studied here, where it was
attributed to the thermal destabilizing effect on hydrogen-bonded chains at high temperatures
[28]. This thermal effect could cause anomalous temperature behavior detected in C30H above
about 250 K for the dielectric strength of Debye relaxation and the absorbance ratio of near-
infrared bands that correspond to weakly and strongly hydrogen-bonded OH groups [38]. In this
study [38], the anomalous temperature behavior was not detected for corresponding quantities in
dihydroxy alcohol propylene glycol (PG, 1,2-propanediol), which has an identical carbon
backbone as C30H but does not display a Debye-type process that is slower than the structural
a-relaxation [15]. In this context, it is interesting to notice that the values Ton=364 K and Ta=358
K in PG [14] are much closer to each other than the values Ton=311 K and Ta=238 K in C30H.
The onset of cooperative and collective dynamics on cooling seems to occur in C20H and C30H
at the temperature Ton Where hydrogen-bonded structures are formed, and not at the temperature

Ta where alkyl-chain dynamics produces low-temperature non-Arrhenius behavior of viscosity.
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This discrepancy seems to relate to the specific chainlike form of hydrogen-bonded aggregates
and the corresponding heterogeneous structure in monohydroxy alcohols.

By examining the discrepancy between Ta and Ton further, we also considered the
temperature T* at which 7(T*)=1.5 mPa:s is satisfied because T* was found to match Ta for
organic molecular glass-formers, irrespectively of material [34,39]. Again, we calculated T*
using the power-law relations from Ref. [31] and found an almost perfect agreement between T*
and Ton for all studied alcohols (Fig. 4b). This surprising result again indicates that in
monohydroxy alcohols, viscosity starts to deviate from Arrhenius behavior at the temperature Ta,
which generally differs from the temperature Ton=1"*, where cooperative and collective dynamics

occur.

4. Conclusions

We studied tracer diffusivities of nitroxide radical pPDTEMPONE by ESR spectroscopy
in the series of normal alkanes from octane to tridecane and that of normal alcohols from
methanol to 1-octanol. Temperature dependences of radical diffusivities were compared to those
of self-diffusivities to determine whether the radical diffusivities in these liquids exhibit the
crossover phenomenon detected in the six glass-forming solvents in Ref. [14]. The alkanes, as
non-glass-forming liquids, showed the same crossover behavior in which the radical diffusivities
being lower than the self-diffusivities at high temperatures approach the self-diffusivities upon
temperature lowering. Additionally, the onset temperatures of radical diffusion crossover Ton in
alkanes correspond well with the Arrhenius crossover temperatures Ta estimated from viscosity,
which was also found to hold for the studied glass-forming solvents except for ethanol [14]. The

correspondence between Ton and Ta indicates the same origin of both crossover phenomena,
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which is ascribed to the beginning and rise of correlated and cooperative diffusive motion of
molecules by cooling liquids below these temperatures.

We found it interesting to compare radical diffusion behavior in alkanes and alcohols
because these liquids have similar molecules. However, the alcohols possess the glass-forming
ability and exhibit heterogeneous structure due to the separation of polar domains with
hydrogen-bonded hydroxyl groups and non-polar domains with alkyl tails. Radical diffusion in
the studied alcohols, like in alkanes and other glass-forming liquids [14], was found to be slower
than the self-diffusion at high temperatures and to exhibit the crossover phenomenon by cooling.
However, we found three major differences between the crossover phenomenon in alcohols and
alkanes: (i) the low-temperature radical diffusivity in alcohols starts to significantly exceed the
self-diffusivity by increasing alkyl-chain length from methanol to 1-octanol, (ii) the crossover
temperatures T¢r are higher in alcohols when compared with the melting temperatures Trm, and
(iii) the onset temperature Ton in alcohols does not generally agree with the Arrhenius crossover
temperature Ta estimated from the temperature dependence of viscosity.

The peculiar finding (i) that the guest molecule in alcohols is less mobile than the host
molecule at high temperatures and more mobile at low temperatures could not be explained
solely by the increase of molecules’ correlated and cooperative diffusive motion without
invoking the existence of hetero-structure in alcohols. We proposed the picture based on
experimental results [15,16,27-29], where different mobility regions exist in alcohols at low
temperatures due to their hetero-structure: the alkyl chains, being in the non-polar domains,
perform fast but restricted diffusive motion about temporally fixed hydroxyl groups in hydrogen-
bonded aggregates, while the releasing of the hydroxyl group from one aggregate and joining to

another one is slower diffusive motion. This slower diffusive motion governs self-diffusion. It is
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expected that radical diffusive motion couples with both types of motion in the cooperative and
collective diffusion processes at low temperatures, which makes the radical diffusion slower than
the local diffusion of alkyl chains but faster than self-diffusion. As non-polar domains increase in
size with increasing alkyl-chain length, the effect of coupling between radical and alkyl-chain
diffusive motion increases and enhances radical diffusivity relative to self-diffusivity, which is
experimentally observed. At high temperatures, the hydrogen-bonded aggregates are thermally
destabilized, and solvent molecules behave as free entities without the difference in the mobility
of alkyl chains and hydroxyl groups. As the single-molecule diffusion process prevails at high
temperatures, the effect of different sizes and masses of radical and solvent molecules on their
diffusivities becomes stronger. By applying the Stokes-Einstein law for the radical and self-
diffusivities in this case, we reproduced the experimental result that the radical diffuses slower
than solvent molecules at high temperatures.

The finding (ii) that the relative temperatures T¢/Tm are higher in alcohols than alkanes
can be rationalized by the facts that the relative Arrhenius temperatures Ta/Tm are generally
higher in glass-forming liquids than crystallizing ones [34] and that the relative Arrhenius
temperatures Ta/Tg are generally higher for glass-forming liquids with hydrogen bonds than other
molecular glass-forming liquids [12]. The unexpected finding (iii) that the onset temperature Ton
deviates from the Arrhenius crossover temperature Ta in alcohols was checked against available
literature data for lower alcohols. Since the temperature T* at which viscosity equals 1.5 mPa-s
was found to match Ta for organic molecular glass-formers [34,39], we calculated T* in alcohols
and found excellent agreement between Ton and T*. Both findings indicate that the onset
temperature of non-Arrhenius viscosity behavior Ta in monohydroxy alcohols is generally not

the same as the temperature Ton=7* where cooperative and collective dynamics occur. This
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unexpected behavior is probably related to a specific chainlike form of hydrogen-bonded
aggregates in monohydroxy alcohols, but further examinations are needed.

Since radical diffusivity in alcohols exhibits a strong temperature crossover, presumably
due to the existence of hetero-structure, we also considered the effect of this crossover on the
radical diffusivity close to room temperature, which could have a practical interest. We found
that the crossover behavior causes the deviation of room-temperature radical diffusivity from the
Stokes-Einstein law and exhibits a strong positive dependence on the alkyl-chain length of
alcohols. This finding can be related to the experimental fact that the positive deviation of room-
temperature diffusivities of neutral solutes from the Stokes-Einstein law increases much stronger
with decreasing the relative solute to solvent size in alcohol solvents than non-polar solvents

[3,32,33].
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