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Solvent effects on the thermal isomerization of a

rotary molecular motorf
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As molecular machines move to exciting applications in various environments, the study of medium
effects becomes increasingly relevant. It is difficult to predict how, for example, the large apolar
structure of a light-driven rotary molecular motor is affected by a biological setting or surface proximity,

while for future nanotechnology precise fine tuning and full understanding of the isomerization process

are of the utmost importance. Previous investigations into solvent effects have mainly focused on the
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relatively large solvent—solute interaction of hydrogen bonding or polarization induced by the isomerization
process. We present a detailed study of a key step in the rotary process i.e. the thermal helix inversion of a
completely apolar rotary molecular motor in 50 different solvents and solvent mixtures. Due to the relative

inertness of this probe, we are able to study the influence of subtle solvent—solvent interactions upon the

www.rsc.org/pccp

Introduction

The term “solvent effects” comprises a large range of different
solvent-solvent and solvent-solute interactions and is used to
describe the combined effect of these interactions on chemical
reactivity." Even when the solvent is not participating in the
reaction itself, solvent effects can be large and have therefore
been studied in detail.” As the solvent is such an important part
of any chemical reaction, its influence was already extensively
studied in the 19th century. Pioneering work in the field was
performed among others by Menshutkin,> Grunwald and
Winstein,” Hammett and Deyrup,” and Hughes and Ingold,®
but even after 150 years of extensive research, the nature of
solvent effects remains elusive and its study of great importance.
Recent examples include solvent effects in catalysis,” gelation,®
regioselectivity in ortho-metalation,’ radical reactions'® and bio-
mass conversion.'! In unimolecular reactions, solvent effects are
generally smaller but can comprise many different interactions.
Therefore, for unimolecular reactions, a solvent scope can be
used to gain insight in the effect of various solvent parameters.
For example, significant solvent effects have been found in
various thermal decomposition reactions,'>"? ring inversion in
cyclohexane,'* the rotational relaxation of rod-like molecules,"?
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rate of rotation. Statistical analysis reveals which solvent parameters govern the isomerization process.

and the fluorescence lifetime of rhodamine dyes.'® The choice
of solvent can even lead to different reaction mechanisms, as
prominently observed in Sy1/Sx2 reactions,® or more recently in
a denitrogenation reaction to form housane'’™*° and photo-
disassociation in guaiacol.’® Solvent effects on the photo-
isomerization of stilbene has been studied in detail.>*>* The
results have been explained using Kramers Theory.** Kramers
theory states that in low-friction (low viscosity) media, the reac-
tion rate increases with increasing friction. In medium-friction
media the reaction rate will start to decrease with increasing
friction until finally in high-friction media the reaction rate will
approach the Smoluchowski limit, an inverse dependency on the
solvent viscosity. Additionally, Gegiou et al have argued that
based on the free-volume model, this dependency should include
a factor o (< 1), since only part of a molecule is required to move
during an isomerization process.”>*® This led to the following
rate equation (in which 5 is the viscosity, and f is a fitting
parameter):

Ink=f—alny (1)

Related studies have been performed for the photoisomeriza-
tion of diphenylbutadienes and azobenzenes, which show
similar behavior.”> Additionally, it is suggested that at low
viscosities, solvent response frequencies are comparable to
the reaction rate and that therefore medium effects other than
viscosity may influence the reaction rate.”**’ Especially in
functionalized azobenzenes, a large effect of solvent polarity
was observed for both the photochemical and the thermal
isomerization.?®?° For the latter, the influence of polarity on
the rate was in fact much larger than the viscosity effect, which
can be attributed to the significant change in dipole upon cis to
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trans isomerization. For example, the rate of the thermal cis to
trans isomerization of an amine functionalized azobenzene was
shown to be increased ~9000-fold by switching from cyclo-
hexane to DMF, despite the two having similar viscosities.*® An
investigation of the thermal and photochemical isomerization
of bis-oxonols using twenty six different polar solvents showed
that the thermal process is less sensitive to viscosity than the
photochemical process, and that there is a marked difference
in the response to protic and aprotic solvents.>® Analogous to
the observations for azobenzenes, the effect of a certain group
of solvents on the thermal isomerization rate was significantly
enlarged. For bis-oxonols these are protic solvents, which have
a much larger interaction with the solute due to hydrogen
bonding.

For molecular motors, studies into solvent effects have so far
been limited.*’** These compounds are structurally related to
stilbenes, and it was indeed proven in a recent example that
molecular motors obey the free-volume model.*® However,
opposed to stilbenes, rotary molecular motors readily undergo
thermal isomerization. Additionally, none of the configurations
a molecular motor can adopt has a significant dipole moment
and no polar or hydrogen bonding substituent is required
(Scheme 1). These structural properties make molecular motors
ideal probes to study solvent effects, as they will not suffer from
disproportionally large influences of specific solvents, such as
observed for azobenzenes and bis-oxonols. These assumptions
concur with the findings of Hicks et al,** who conclude that
polarity can play a key role in isomerization dynamics, but
that this effect is only significant when the process involves a
large change in charge distribution. The influence of viscosity
on the functioning of a second-generation molecular motor was
investigated previously and determined to be large, but since
the measurements were performed in only three solvents, no
conclusion regarding any other solvent effects was reached.®
In a recent publication, we have further studied the influence
of viscosity on the rate of the thermal isomerization of
molecular motors.*® It was determined that this process can
be described using eqn (1) and furthermore, that both o and f8
are viscosity and temperature dependent. This led to a reformulation
of the Eyring equation, from which viscosity-dependent activation
parameters could be obtained. However, the solvents in the previous
investigation were limited to a range of linear alkanes. It is therefore
impossible to reach any definite conclusions regarding solvent
effects other than viscosity. Here we present an extensive

365 nm

A—THI

Stable-1 Metastable-1

Scheme 1 Structure and isomerization processes of motor 1. Photo-
chemical E-Z isomerization using UV-light to metastable-1 and thermal
helix inversion (THI) to stable-1.
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investigation of the rate of the thermal isomerization of an
apolar second generation molecular motor in 50 solvents and
solvent mixtures. We aim to gain a deeper understanding
regarding the influence of solvent on this thermal isomeriza-
tion process, especially regarding subtle effects which may have
been overlooked in the past due to very large dipole-dipole or
hydrogen bonding interactions. To the best of our knowledge,
this is the most comprehensive solvent scope ever studied on a
unimolecular thermal reaction.

Results & discussion

The thermal helix inversion of molecular motor 1 was previously
used in the study of viscosity effects on unimolecular thermal
processes.’® Its synthesis and characterization can be found in
the ESL.{ The motor was initially selected because of its n-butyl
chains, which ensure high solubility in many solvents, and its
equal mass balance around the central double bond leading
to a similar displacement of both halves during isomerization.
Additionally, the motor is apolar in all of its configurations, and
during the thermal isomerization step (helix inversion) virtually
no polarization is induced.* Therefore, we expect motor 1 to be
almost inert to solvent-solute interactions, save for London
dispersion forces and potentially some n-m stacking. Upon
irradiation of motor stable-1, photoisomerization at its central
double bond occurs, forming a diastereoisomer: metastable-1.
In this diastereoisomer the stereogenic methyl group has
adopted a pseudoequatorial rather than a pseudoaxial orientation.
In this pseudoequatorial orientation, the methyl group induces
significant steric strain due to its proximity to the fluorenyl moiety.
Therefore this diastereoisomer is of a metastable nature.
Metastable-1 can release its steric strain through a thermally
activated helix inversion. This thermal helix inversion converts
metastable-1 to stable-1’ which is chemically identical to the
initial configuration of stable-1. However, the motors upper
half has undergone a 180 degrees unidirectional rotation with
respect to its lower half. The motor is functionalized with long
alkyl chains to ensure solubility in a wide range of solvents and
no significant degradation was observed after several rotary
cycles (see ESIT). The thermal helix inversion (THI) can be
monitored easily via UV-Vis spectroscopy. In a recent study, the
activation parameters of the thermal helix inversion of motor 1
in a series of alkanes have been determined.*® The obtained
values of the half-life of metastable-1 at 20 °C range from 331 s
in pentane to 555 s in dodecane. This time scale is long enough
for accurate measurements while still allowing for a large
number of solvents to be scanned in a reasonable amount of
time. We have studied 50 solvents divided over 11 solvent
groups, each of which was selected to elucidate the influence
of a certain solvent property on the THI. Table 1 summarizes
the results of the measurements. For 18 solvents and solvent
mixtures a full Eyring plot has been constructed and the
activation parameters are presented. For the other solvents
and solvent mixtures the rate of the THI has been measured
at 20 °C. For all solvents, the dynamic viscosity at room

This journal is © the Owner Societies 2016
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Table 1 Rate of thermal helix inversion (THI) of metastable 1, viscosity, molecular weight and activation parameters for the 50 solvents and solvent

mixtures investigated?

Solvent Ink Ing Mol. weight  #,,” (min) ~ A*H® () mol™?)  A*S? K 'mol™!)  A*G°? (k] mol™Y)
Pentane —6.172 —1.475 72.15 5.52 74.0 —43.6 86.8
Hexane —6.221 —-1.172 86.18 5.80 76.0 —37.4 86.9
Heptane —6.299 —0.8896 100.2 6.28 80.4 —22.9 87.1
Octane —6.388 —0.6127 114.2 6.87 76.0 —38.8 87.3
Nonane —6.454 —0.3401 128.2 7.33 80.3 —24.6 87.5
Decane —6.514 —0.09047 142.3 7.80 82.7 —17.0 87.6
Undecane —6.603 0.1766 156.3 8.52 83.3 —15.6 87.9
Dodecane —6.686 0.4069 170.3 9.25 80.6 —25.6 88.0
Dichloromethane —6.386  —0.823 84.93 6.77 79.0 —28.5 87.3
Acetonitrile —6.511 —-1.017 41.05 7.72 84.6 —10.5 87.6
Methanol —6.844 —0.4974 32.04 10.9 79.1 -32.0 88.4
10% glycerol in methanol ~ —6.953  —0.1859 34.28 12.1

20% glycerol in methanol —7.075 0.1912 36.85 13.7

30% glycerol in methanol ~ —7.221 0.6223 39.83 15.8

40% glycerol in methanol  —7.366 1.140 43.35 18.3

50% glycerol in methanol —7.615 1.757 47.54 23.3 87.4 -9.9 90.3
15% glycol in methanol —6.998  —0.1612 34.55 12.6

30% glycol in methanol —7.095 0.2499 37.48 13.9

40% glycol in methanol —7.224 0.5570 39.73 15.9 83.0 —21.7 89.4
50% glycol in methanol —7.372 0.8727 42.26 18.4

Ethanol —6.984 0.1868 46.07 12.4 81.1 —26.4 88.8
1-Propanol —6.975 0.7931 60.10 12.4

1-Butanol —6.883 1.089 74.12 11.3

1-Pentanol —6.882 1.425 88.15 11.3

1-Hexanol —6.929 1.697 102.2 11.8

1-Heptanol —6.981 1.988 116.2 12.4

1-Octanol —7.002 2.178 130.2 12.7

1-Nonanol —7.120 2.548 144.3 14.3

Benzene —6.869 —0.4246 78.11 11.1 85.6 —-9.94 88.5
Toluene —6.851 —0.5240 92.14 10.9

Ethylbenzene —6.843  —0.3943 106.2 10.8

Butylbenzene —6.874 0.05552 134.2 11.2

Hexylbenzene —6.944 0.5331 162.3 12.0

Octylbenzene —7.034 0.9579 190.3 13.1 87.5 —4.88 88.9
Dodecylbenzene —7.240 1.721 246.4 16.1

para-Xylene —6.856 —0.4349 106.2 11.0

Diethylbenzene —6.941 —0.1555 134.2 12.0 83.7 —-17.0 88.7
Dibutylbenzene —7.080 0.8901 190.3 13.7 88.8 —0.676 89.0
Anisole —7.074 0.1028 108.1 13.7

Benzonitrile —6.307 0.3231 103.0 6.33

Anisol/benzonitrile —6.586 0.1673 105.5 8.37

Methyl benzoate —7.159 0.7277 136.2 14.9

Cyclopentane —6.421 —0.8461 70.10 7.10

Cyclohexane —6.486 —0.03315 84.16 7.57

Cycloheptane —6.524 0.4036 98.19 7.87

Cyclooctane —6.634 0.9245 112.2 8.78

Isopentane —6.060 —1.473 72.15 4.95

Neohexane —6.248  —1.008 86.17 5.97

Methanol-d, —6.903 —0.4195 36.07 11.5

Methanol-d; —6.854 —0.4952 33.05 11.0

“ For all recorded data and their derived parameters error margins were determined which can be found in the ESL ® At 20 °C and ambient

pressure.

temperature has been determined in triplo using an Ubbelohde
viscometer (see ESIT).

Polar solvents

Following the series of alkanes previously investigated, our
initial investigations aimed at polar solvents. Fig. 1 shows the
natural log of the rate of the THI at 20 °C, versus the natural log
of the dynamic viscosity at the same temperature for several
solvents. The black squares represent a series of alkanes,

This journal is © the Owner Societies 2016

starting from pentane (top left) to dodecane (bottom right).
As free volume theory predicts, these points form a straight line
(R? = 0.994, Pearson’s r = —0.997, see ESIt).>” A detailed analysis
of these results can be found in our earlier work («° = 0.275 and
B° = —6.55).>°§ The blue triangles represent mixtures of methanol
and glycerol, starting from pure methanol (top left) to 50 wt%
glycerol in methanol (bottom right). Because the dipole moments
of methanol and glycerol are so similar (resp. 2.87 D and 2.56 D),%”

§ Standard state (°) equals room temperature (20 °C) and atmospheric pressure
(1 atm).

Phys. Chem. Chem. Phys., 2016, 18, 26725-26735 | 26727
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Fig. 1 Ink versus Iny for a series of alkanes (black squares), alcohols (turquoise diamonds), methanol/glycerol mixtures (blue triangles), methanol/glycol
mixtures (pink crosses), monoalkyl aromatic solvents (grey circles), dialkyl aromatic solvents (purple squares), deuterated methanols (green pluses), polar
solvents (red circles), electron rich or poor aromatic solvents (orange triangles), a series of cycloalkanes (green diamonds), branched alkanes (light blue
crosses). For clarity, lines are given to guide the eye. A zoom-in of a crowded area of the graph is included in the top right corner.

this group of solvent mixtures represents a very close approxi-
mation of a perfectly homologous series of solvents with
increasing viscosities and constant polarity (analogous to the
homologous series of alkenes which also possesses constant
polarity over increasing viscosity). The glycerol/methanol
mixtures behave quite similar to the alkane series (R* = 0.998,
Pearson’s r = —0.999). Rate decreases when viscosity increases
as predicted by Kramers theory for high-friction media (i.e. a
liquid).>* According to Schroeder, this linear relation indicates
that the macroscopic viscosity is proportional to the micro-
scopic friction around the solute.>' However, the THI process of
metastable-1 in the glycerol/methanol series as a whole is
significantly slower (has a larger negative f§ value) than in the
alkane series (o° = 0.335 and f° = —7.01, vs. «° = 0.275 and
p° = —6.55, respectively). Additionally, the rate of the THI of
motor 1 was measured in dichloromethane and acetonitrile
(Fig. 1, unfilled and filled red circle, respectively). Dichloro-
methane (dipole moment 1.14 D) lies more or less in the
alkane series and acetonitrile (dipole moment 3.44 D),
although significantly more polar than methanol and glycerol,
lies only slightly above the extrapolated trend line for the

26728 | Phys. Chem. Chem. Phys., 2016, 18, 26725-26735

glycerol/methanol series. Because there is no change in polar-
ization during the isomerization process, these results are
within our expectations.

Polarity is not the only difference between the alkane series
and the glycerol/methanol series. Methanol and glycerol are
excellent hydrogen bond donors and acceptors and their hydrogen
bond forming ability per mass unit is very similar (methanol:
1 hydroxy group per 32.04 u, glycerol: 3 hydroxy groups per
92.09 u; equals 1 hydroxy group per 30.70 u). Therefore,
the overall hydrogen bonding ability of the mixture does not
change significantly upon increasing viscosity by varying the
ratio of the components. This is in accordance with the linear
increase of the natural log of k with an increasing natural log of
the viscosity. Dichloromethane is both a poor hydrogen bond
donor and acceptor, whereas acetonitrile is a fairly good
hydrogen bond acceptor, which explains why in these solvents,
the rate of the THI of motor 1 is lower than in the alkanes,
but higher than in the glycerol/methanol series. A similar
conclusion was reached by Benniston and Harriman, who
report the rate of the thermal isomerization step of bis-oxonols
in 26 different solvents.*® They see a marked difference between

This journal is © the Owner Societies 2016
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protic and aprotic polar solvents and deduce that hydrogen
bonding to the bis-oxonol is responsible for the retardation.
However, no mechanistic studies have been performed to con-
firm that solvent-solvent hydrogen bonding is not also partly
responsible for the decrease in rate.

Motor 1 is a very apolar molecule and will have little or no
hydrogen bonding itself to the solvent, yet hydrogen bonding
appears to be the predominant factor in the difference in the rates
of the THI. Therefore, it is implied in the current study that in this
system, for the solvents studied thus far, solvent-solvent inter-
actions rather than solvent-solute interactions have a much larger
influence on the rate. In other words, the THI should be con-
sidered in a ‘solvent-shell’ type approach, as due to solvation, the
solvent forms a shell around the molecule.*® During the THI,
the molecule is required to undergo a major rearrangement,
which means that the solvent shell needs to rearrange as well. If
intermolecular forces in the solvent are strong, for example due to
hydrogen bonding, this rearrangement requires more energy
input, thereby decelerating the motor rotation. These interactions
will dominate the solvent effects upon thermal isomerization,
since solvent-solute interactions appear to be minimal. This is in
contrast with results found for azobenzenes, which are polar and
therefore dominated by effects based solvent polarity.”**° In the
current example, solvent-solute effects may still influence the
rate. For example, weak hydrogen bonding of the solvent to
the aromatic rings of motor 1 can be envisioned. However, since
the overall dependence on viscosity is retained, these effects are of a
much smaller magnitude than observed for more polar switches.

An additional set of solvents was measured in order to elucidate
the differences between the solvent groups. Fig. 1 shows the results
of these measurements. A series of n-alcohols confirms our
assumptions regarding the importance of the hydrogen bonding
ability, clearly exhibiting a non-linear trend (Fig. 1, turquoise
diamonds, R* = 0.412, Pearson’s r = —0.642). While rates in low-
weight alcoholic solvents such as methanol (Ink = —6.84) and
ethanol (Ink = —6.98) are significantly retarded compared to
aliphatic solvents of similar viscosity (resp. octane (Ink = —6.39)
and undecane (Ink = —6.60)), the alcohol series is converging
towards the alkane series with increasing molecular weight. This is
to be expected since large n-alcohols have an increasing aliphatic
character with dispersion interactions dominating, and intermo-
lecular hydrogen bonding is much reduced.

The data set of the glycerol/methanol mixtures was extended by
measurements performed in glycol/methanol mixtures. Glycol has
a very similar hydrogen bonding ability per mass unit (1 hydroxy
group per 31.035 u) compared to methanol and therefore THI rates
in these mixtures were expected to be similar to those in the
glycerol/methanol series. As can be seen in Fig. 1 (pink crosses), the
data indeed fits well on the glycerol/methanol trend line (combined
methanol/glycol/glycerol series: R> = 0.987, Pearson’s r = —0.993).

Polar solvents Il and alcohols

The temperature dependence of the viscosities of methanol,
glycol/methanol (40 wt%) and glycerol/methanol (50 wt%) were

This journal is © the Owner Societies 2016
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determined using a temperature regulated Ubbelohde visco-
meter (see ESIT). Using these parameters together with their
activation parameters, the temperature dependence of « and f§
was derived (see ESIt for their temperature dependence
parameters) which revealed f being higher for the methanol/
glycol/glycerol series than for the alkane series over their entire
temperature range. Deriving the viscosity-corrected activation
parameters (see ESIT) clearly shows a comparable difference in
activation energy between the two series which, under the over-
lapping experimental conditions ( = 0.6-2.2 cP, T = 0.0-20 °C),
averages at 1.1 k] mol™' (ranging from 0.99-1.3 kJ mol ).
This additional barrier in methanol/glycol/glycerol compared
to the alkane group quantifies a hydrogen bond ‘solvent-cage’.
The indicated additional barrier (1.1 kJ mol ') suggests the
‘breaking’ of a very weak hydrogen bond or, more likely, merely
a reorganization of the surrounding hydrogen bonds.*®

If hydrogen bonding is indeed the reason that rates are
much slower in the methanol/glycol/glycerol series than in the
alkane series, changing the nature of the hydrogen bond might
give an insight into the mechanism behind this rate retardation.
Hydrogen and deuterium are electronically identical, and there-
fore it is often assumed that hydrogen bonds and deuterium
bonds are identical.*® However, their mass and therefore their
vibrational energy are different. Calculations suggest that
deuterium bonds can be slightly stronger than hydrogen bonds,
with an energy difference of up to 1.3 k] mol '.***" The rate of the
THI of motor 1 was therefore measured in both CD;OD and
CH;0D (Fig. 1, green pluses). The result for CH;OD was nearly
identical to the result for methanol. The isomerization rate was
slightly lower in CD;0D, but this is expected due to its slightly lower
viscosity. No additional conclusions can be obtained from these
results, since a significant kinetic isotope effect appears absent.

Aromatic solvents

Subsequently aromatic solvents were investigated. Motor 1 has
a large aromatic core, and therefore solvent-solute interactions
other than those previously observed were expected. The rate
was measured in two solvent series: alkylbenzenes (Fig. 1,
purple squares, R> = 0.922, Pearson’s r = —0.960), and para-
dialkylbenzenes (Fig. 1, gray circles, R> = 0.972, Pearson’s
r = —0.986). Surprisingly, the rates in these solvents are much
closer to those for the glycerol/methanol series than the alkane
series. Benzene (In k = —6.89), toluene (In k = —6.85), ethylbenzene
(Ink = —6.84) and para-xylene (Ink = —6.86) all behave almost
identical to methanol (Ink = —6.84). Just as seen for the
alcohol series, towards longer alkyl chains both of these groups
seem to converge to the alkane line which can be explained by
the increasing aliphatic character of the solvents as molecular
weight increases. Due to m-7 stacking, intermolecular forces
are expected to be much stronger in aromatic solvents than
in aliphatic solvents, which is consistent with a solvent shell
theory.*> However, due to the aromatic nature of motor 1,
solvent-solute interactions could be of more importance in
these aromatic solvents.

Phys. Chem. Chem. Phys., 2016, 18, 26725-26735 | 26729
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Aromatic solvents Il, cycloalkanes and
branched alkanes

To further investigate the influence of n-n interactions on the
rate, the THI was measured in anisole, benzonitrile, and a 1:1
mixture of the two (Fig. 1, filled orange triangles). These two
solvents have a very similar viscosity but a very different
electronic configuration. In benzonitrile (Ink = —6.31) the
metastable isomer has a much shorter half-life than in anisole
(Ink = —7.07), and in fact than in all other aromatic solvents.
We have considered many explanations regarding the remark-
ably different behavior of motor 1 in benzonitrile. The most
likely is the theory that there are more solvent-solute inter-
actions in the aromatic solvents i.e. m-n interactions, and that
the transition state of the isomerization process can therefore
be affected more strongly by the solvent. In the transition state,
the butyl chain on the upper half of motor 1 is compressed
against the lower half of the motor,*® leading to a temporary
increase in electron density. Interaction with the electron
poor benzonitrile would relieve some of this electron density,
thereby stabilizing the transition state and increasing the
reaction rate, which would explain the difference between
benzonitrile and the relatively electron-rich anisole and alkyl-
benzenes. This explanation would indicate a combination of
dipole moment and possibly other solvent effects, but only
affecting the isomerization when n-n stacking can occur.
Such complex interactions are outside the scope of this
research, but would certainly warrant further investigations.
As a control, a different electron-poor aromatic solvent, methyl
benzoate (Fig. 1, unfilled orange triangle, Ink = —7.16), was
measured. The data are in line with the results from the other
aromatic solvents, which might indicate that electron density
on the aromatic ring is irrelevant to the THI, leaving benzo-
nitrile a solitary, inexplicable outlier from the aromatic solvent
trend line.

Finally, the rate of the THI of motor 1 was determined in
several cyclic (green diamonds) and branched (cyan crosses)
alkanes (Fig. 1). Of the branched alkanes, neohexane (In k = —6.248)
lies on the alkane line. Isopentane (Ink = —6.060) has a similar
viscosity to pentane but lies above the line due to a slightly faster
THI. Not much can be concluded regarding the o value based on
2 data points, but for the thermal isomerization of bis-oxonols
Benniston and Harriman®’ find that the o value is very different
for branched alkanols than for linear alkanols. However, they
attribute this effect to steric blocking of the hydroxy group.
The deviation of isopentane from the alkane line might simply
be a result of weaker van der Waals interactions within the solvent,
as is apparent from the difference in cohesive energy density
between isopentane (45.6 ] cm™°) and n-pentane (47.7 ] cm ).
This could lead to a less dense solvent shell and therefore a lower
barrier for the THI.

The cycloalkanes (Fig. 1, green diamonds, R*> = 0.930,
Pearson’s = —0.965), ranging from cyclopentane to cyclooctane,
lie in the same region as the linear alkanes. This solvent group is
not expected to have a linear trend. The smallest cycloalkane
(cyclopentane) is very rigid, but with every methylene expansion
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the ring increases significantly in flexibility, i.e. degrees of
freedom. Therefore, it seems likely that much larger cyclo-
alkanes would ultimately behave as linear alkanes, whereas
the small rings might exhibit a different behavior. Cyclo-
pentane (In k = —6.421) for example, lies below the alkane line.
Analogous to isopentane, the rate might in this case be lower
than expected based on viscosity due to the highly rigid
structure of cyclopentane, which could lead to a relatively
tightly ordered solvent shell.

Correlation to various solvent effects

While viscosity and possibly hydrogen bonding and n-n inter-
actions in the solvent explain most of the general trends
observed in the graphs above, there are clearly other solvent
effects that influence the rate of the THI. In an effort to
elucidate these effects, the rate of the THI has been compared
to 8 solvent parameters:**™*® the Kamlet-Taft parameters for
the hydrogen bond donating and accepting ability (« and f,
respectively), two different polarity scales (z* and Er(30)), the
dielectric constant ¢, the surface tension (ST), the cohesive
energy density (c.e.d.) and the diffusion coefficients D of motor 1.
The diffusion coefficients have been measured by DOSY-NMR
(see ESIT), while the other solvent parameters were obtained from
the literature. The combined data are summarized in Table 2.9

Fig. 2 shows In k for the THI of motor 1 plotted against the
eight solvent parameters. These parameters reflect solvent
properties that might back up the theory regarding the importance
of hydrogen bonding and/or n-rn interactions, and on the other
hand shed light on the unexplained behavior that has been
observed in several solvents. The parameters are not known for
the glycerol/methanol and glycol/methanol mixtures used. How-
ever, comparison with other solvent groups might give some
useful insight. A statistical analysis was performed on the
datasets to avoid any biased interpretation (for details see ESIT).
Where the Pearson correlation coefficient (r) is appropriate to
evaluate the linear relationship between Ink and Ing, it is not
expected a priori of the other datasets to be linear. Therefore, the
Spearman’s rank correlation coefficient (p) was used to assess
the presence of a monotonic relationship between the rate and
the different solvent parameters. For example, the individual
solvent groups exhibited strong linear relationships, indicated by
very high Pearson correlations (r > 0.95 for all solvent groups
except linear alcohols). However, when In k vs. In# is assessed as
a whole, its linear relationship is less evident (r = —0.689).
Nonetheless, the complete dataset does exhibit a significant
strong monotonic relationship (p = —0.728).

Fig. 2a-c show 3 different parameters related to polarity. In
Fig. 2a this is 7%, a polarity scale based on solvatochromism.*®
This scale is based on several dyes and gives a measure of
the extent to which a solvent stabilizes ionic or polar solutes.

9 These solvent parameters are not available for the glycerol/methanol, glycol/
methanol and anisole/benzonitrile mixtures and could also not be found for
cycloheptane, 1-heptanol, dodecylbenzene, neohexane and the deuterated
solvents.
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Table 2 8 different solvent parameters? of 33 solvents, plus the symbols used to depict the solvents in Fig. 2

Solvent Symbol  Ink XA g0 Ef(30)* o pY ST (mNmY) D ce.d.®*® (Jem™?)
Pentane | -6.172  —0.08 1.84 309 0 0 16.1 17.93 47.7
Hexane | -6.221  —0.08 1.89 309 0 0 18.4 52.8
Heptane | —6.299  —0.08 1.94 309 0 0 21.1 11.00 56.3
Octane | —6.388 0.01 195 31 0 0 21.6 56.9
Nonane | —6.454 1.97 30.8 22.9

Decane | —6.514 0.03 1.99  30.8 0 0 23.8 59.9
Undecane | —6.603 24.7

Dodecane n —6.686 0.05 210 31 0 0 24.5 2.500  61.2
Dichloromethane o —6.386 0.82 9.02 40.7 0.13 0.10 27.8 11.28 97.5
Acetonitrile ® —6.511 0.75  36.0 45.6 0.19 0.31 29.3 143
Methanol . —6.844 0.60  33.6 55.4 0.93 0.62 22.5 8.719 204
Ethanol . —6.984 0.54  25.0 51.8 0.83 0.77 22.4 168
1-Propanol . —6.975 0.48  21.5 50.5 0.76 0.84 23.7 143
1-Butanol 14 —6.883 047 184 49.7 0.79 0.88 25.4 122
1-Pentanol * —6.882 0.40  15.8 49.3 0.84 0.86 25.8 1.386
1-Hexanol . —6.929 0.40 144 48.9 0.8 0.84 26.2

1-Octanol . —7.002 0.40  10.3 48.3 0.77 0.81 27.5

1-Nonanol * —7.120 28.3 0.425
Benzene u —6.869 0.59 240 343 0.10 28.9 7427 841
Toluene O —6.851 0.54 243 339 0.11 28.5 7425  79.3
Ethylbenzene | —6.843 29.3 76.3
Butylbenzene | —6.874 29.2

Hexylbenzene O —6.944 30.0

Octylbenzene | —7.034 1.724
para-Xylene ® —6.856 0.43 227 331 0 0.12 28.6 79.2
Diethylbenzene ® —6.941 29.0

Dibutylbenzene ® —7.080 2.032

Anisole —7.074 0.73 0.32 35.7 4.339
Benzonitrile —6.307 0.90  25.3 41.5 0.41 39.4 5.544

Methyl benzoate —7.159 38.1 0.39 37.8

Cyclopentane * —6.421 22.6 65.6
Cyclohexane * —6.486 0 2.02  30.8 0 0 25.2 66.9
Cyclooctane * —6.634 29.8

Isopentane —6.060 45.6

% Solvent parameters are the solvatochromism scales 7* and E1(30), the dielectric constant ¢, the Kamlet-Taft parameters for hydrogen bonding
ability («) and hydrogen donating ability (), the surface tension (ST), the diffusion constant D and the cohesive energy density (c.e.d.).

As motor is 1 neither ionic nor polar, any correlation found on
this scale must be treated with caution. However, the position
of the polar and some aromatic solvents on this scale relative to
the alcohols indicates that there is no obvious relation between
the n* scale and Ink evident from a very weak Spearman’s
correlation (p = —0.345). In Fig. 2b, Ink is plotted against
the dielectric constant, ¢. This parameter reflects dipoles,
polarizability and hydrogen bonding sites and is therefore a
relevant measure of polarity. In this plot, the alcohol solvent
group is again seen ranging from a high value on the x-axis
(for methanol) to much lower values upon increasing the
aliphatic tail length. All aliphatic and apolar aromatic solvents
have a dielectric constant <5, and any other solvents are more
or less randomly distributed over the graph (p = —0.571).
Finally, Fig. 2¢ shows the E1(30) solvatochromism scale.>® Out
of the three polarity scales, this is the only one that plots

This journal is © the Owner Societies 2016

dichloromethane and acetonitrile between the aliphatic
solvents and the alcohols, where they would be expected if a
correlation between E1(30) and In & existed.

Otherwise, this plot looks very similar to Fig. 2a and b and
exhibits a slightly better but still only moderate correlation
(p = —0.629). Clearly the aliphatic and alcoholic groups stay well
separated from each other on all polarity scales. However, within the
alcoholic group or with respect to the other solvents under inves-
tigation, no clear correlation between the rate and solvent polarity
has been observed. This is expected since we rationalized that the
retardation in alcohols was specifically due to their hydrogen bond
donating and accepting properties, while for aromatic solvents the
retardation stems from their n-n solvent-solvent interaction. Both
effects have a different origin than the polarity of the solvent.

In Fig. 2d and e the parameters plotted are the Kamlet-Taft
parameters for hydrogen-bond donating ability and hydrogen
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Fig. 2 Thermal helix inversion of 1; Ink plotted against 8 different solvent parameters. (a) The n* polarity scale, (b) dielectric constant, (c) the E+(30) polarity
scale, (d) the Kamlet—Taft parameter for hydrogen bond donating ability «, (e) the Kamlet—Taft parameter for hydrogen bond accepting ability f, (f) surface
tension, (g) diffusion coefficient, (h) cohesive energy density. Spearman'’s rank correlation coefficient (p) indicated on each plot, for details see ESI.{

bond receiving ability, « and f, respectively, with scales ranging f values of up to 0.4 but « values of 0, ruling out any solvent-
from 0 to 1.°'°* For example, the aromatic solvents all have
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These parameters are 0 for all aliphatic solvents, but approach
1 for the alcohols. For « it is clear that a correlation is absent
(p = —0.411), however, a noteworthy moderate correlation is
observed for  (p = —0.703). This relatively high value may be
attributed to weak hydrogen bonding of the solvent to the
aromatic molecular motor. It has to be noted that this correla-
tion is strongly influenced by the lack of distinction between
the aliphatic solvents, which all possess an identical « and f
value. Interestingly though, the Kamlet-Taft parameters of the
alcohols decrease with an increasing alkyl length, mirroring the
convergence of our alcohol trend line with the alkyl trend line
(see Fig. 2). The polar solvents can be found about halfway
between the alcohols and most other solvents on the Kamlet-
Taft scales.

We expected a reasonable correlation for surface tension, it
being strongly related to viscosity (Fig. 2f).*” Surprisingly it
provided a very weak and insignificant correlation (p = —0.437)
with most data points spread around the mean. The most
notable feature for this solvent property is the single significant
outlier, benzonitrile. This solvent displayed a significant deviation
in rate when compared to viscosity. Likewise, benzonitrile deviates
when the natural logarithm of the rate is plotted against surface
tension. However, in Fig. 1 this solvent deviates mainly form
the aromatics while in Fig. 2f benzonitrile is an outlier from all
other solvents, making the solvent an interesting subject for
further studies.

Another property strongly related to viscosity is the diffusion
coefficient (D).>* Furthermore, this property is more attuned to
the specific solvent-solute interaction since it is measured
specifically for motor 1 by DOSY-NMR in several selected
solvents (Fig. 2g).>* Contrary to surface tension, the diffusion
coefficient does exhibit a strong correlation with Ink (p = —0.797).
This correlation is even stronger than that of viscosity with the
rate, also when the viscosity dataset is reduced to the same size
as that of the diffusivity (see ESIf). In addition, the Pearson
correlation is high, which implies that the rate experiences a
stronger linear relationship with the diffusion coefficient than
with the viscosity. The high Pearson’s r highlights the sensitivity
of the diffusion coefficient with respect to solute-solvent
interactions, which is to be expected from Kramer’s theorem.
Consequently, the diffusion coefficient is of the highest interest
for future studies. It should be noted that also in this case the
incongruity between benzonitrile and anisole persists with both
solvents exhibiting similar diffusivities for 1.

Finally, in Fig. 2h, Ink for selected solvents is plotted
against the solvent cohesive energy density.***® This parameter
indicates the energy of vaporization, and is a direct reflection of
the degree of van der Waals forces holding the molecules of the
liquid together. Since rotation of the motor needs the solvent
matrix to rearrange, which requires the van der Waals inter-
actions between individual solvent molecules to be broken
and reformed, this parameter could be very informative. This
solvent parameters exhibits a significant and strong correlation
(p = —0.782), even though it deviates from linearity, as can be
seen in Fig. 2h, with acetonitrile and dichloromethane being
the greatest outliers. This parameter does place the aromatic
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solvents roughly in the right position between the alkanes and
alcohols, and due to the curvature it strongly differentiates
between the groups. The lack of linearity and the limited
amount of liquids for which the cohesive energy density is
known makes the interpretation complex and warrants a
deeper investigation of the relationship of the reaction rate to
this solvent property.

The eight solvent properties (Table 2) under investigation
were also examined for their viability as a correction factor for
the viscosity with rate relationship (Fig. 1) which might reveal
the property as a possible explanation for the deviation from
linearity of the complete set of In # versus In k. Of all properties,
the cohesive energy density provided the largest improvement,
however, none were found to fall within significant limits
(p-value < 0.01, see ESIT). Therefore, from this analysis no
additional information could be obtained regarding the differences
in the solvent groups with respect to the viscosity dependence
of their rates. An explanation might be obtained by the use of
computational chemistry. In our previous paper we achieved a
reasonable estimate for the THI barrier from DFT calculations and
such calculations can be corrected using solvent models. However,
the very subtle manner in which the solvents influence the rate for
THI possibly require the inclusion of significant amounts of
solvent molecules. Therefore, simulations using classical molecular
dynamics might be the most appropriate tool to investigate the
solvent shell surrounding the molecular motor as well as solvent-
solute interactions. Such a study is beyond the scope of this paper
but efforts towards this end are currently undertaken.

Conclusions

In conclusion, the rate of an apolar thermal unimolecular
process has been measured in 50 different solvents and solvent
mixtures. A large overall dependence of the rate on viscosity is
clear, which follows our preliminary conclusions described in
detail in earlier work.?® This dependence is especially strong for
groups of solvents of which other solvent properties remain
consistent upon increasing viscosity. These groups exhibit a
linear dependence of In k on In#. However, the strength of this
dependence differs between the series.

The relatively good fit between the overall data set and
viscosity shows that solvent-solute interactions are small com-
pared to those in azobenzenes and bis-oxonols This effect is
presumably due to the apolar nature of motor 1 used as the
solute. Therefore, the proposed model suggests that inter-
molecular forces in the solvent are the main reason behind
this difference. The solvent shell around the solute needs to
rearrange upon isomerization of motor 1. When the van der
Waals interactions between these solvent molecules are high,
due to for example hydrogen bonding or n—r interactions, this
requires more energy and therefore the thermal process is
decelerated. Such effects have not been described previously
for unimolecular thermal isomerizations, as rate change in polar
and/or hydrogen bonding solutes is dominated by solvent-solute
interactions, which are of a much larger magnitude. The natural
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logarithm of the rate of rotation was plotted against 8 different
solvent parameters. Statistical analysis provided a useful
insight into the correlation of these solvent parameters
with the rate of the THI. A moderate correlation was found
with hydrogen bond donating ability of the solvent. However,
the overall retained dependence on viscosity indicates
only minor solvent-solute interactions. These results provide
a markedly different insight in solvent effects on the isomeri-
zation process, since hydrogen bonding interactions are
typically much stronger. As far as we are aware, no parameter
scale based on m-m interactions exists. However, as the rate
retardation in aromatic solvents could not be explained by any
of the other parameters that were compared, it seems likely
that these interactions are a relevant factor in the rate retarda-
tion of the THI of motor 1. Furthermore, the best correlation
was found with the diffusion coefficient and cohesive energy
density. As the diffusion coefficient is strongly related to
viscosity, these findings can be rationalized. However, the
influence of cohesive energy density on the rate of the THI
offers an interesting opportunity for further investigation.
Additionally, dispersive interactions might play a significant
role. In depth computational studies could shed light on such
interactions.

Solvent effects comprise a vast range of different inter-
actions, both among the solvent molecules and between
solvent and solute. Hence, it is not surprising that the rate
change of a unimolecular process in different solvents cannot
be simply explained by one or two solvent parameters. It seems
rather logical that such an effect is governed by a complex
interplay between several distinct properties. It is tempting
to draw conclusions based on trends observed within groups
of similar solvents. Indeed, statistical analysis based on one
solvent group could easily lead to a much higher correlation
than any of the values reported in this work. However, we strive
to give a comprehensive overview and show here not only the
most extensive solvent scope performed so far on a thermal
unimolecular reaction, but also the consideration of 9 different
solvent parameters. Despite the complexity of the many possi-
ble combinations of solvent interactions, we have been able to
identify a few parameters that significantly influence the rate of
this apolar unimolecular thermal reaction. This knowledge will
be highly relevant in the future design of molecular switches
and motors, and the study of more complex dynamic systems.
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