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he concept of modular assembly
based on molecular construction kits
offers an approach to artificial func-
tional materials on the nanoscale. In our
version of such a kit,' > analogous to a
children's Tinkertoy4 construction  set,
molecular grids or scaffolds should result
from controlled formation of covalent bonds
between straight molecular rods and con-
nectors to which the rods can be attached at
fixed regular angles. The scaffolds are to be
attached rigidly to a surface and serve as
carriers for various active elements, such as
turning parts.>° 8
Molecules containing rotating parts are
often referred to as “molecular rotors”.
Those of interest to us presently consist of
two covalently connected entities that can
rotate relative to each other about a com-
mon axle. The part with the smaller moment
of inertia about the axle is called the rotator,
and the part with the larger moment of
inertia is the stator. When the stator is rigidly
attached to a macroscopic surface, its mo-
ment of inertia is essentially infinite on a
molecular scale. Computational simulations
suggest that when the rotator carries an
electric dipole moment transverse to the
axle, it can be driven at GHz frequencies by a
rotating electric field,®'® and when it is
axially chiral (propeller-shaped), it can be
driven at similar frequencies by a stream of
fluid directed along the axle.” Such molec-
ular rotors are much smaller and much less
complex than the natural protein motors,
which are driven at slow rates by chemical
reactions and have received considerable
experimental'’ and theoretical'*'* attention.
They are also distinct from the catenane and
rotaxane type rotors of Leigh,'*~"” in which
the stator and the rotator are not covalently
linked, and are conceptually closer to the mole-
cular rotors reported by Kelly,'®'® Feringa,®*'
Garcia-Garibay,”? and to some degree the
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ABSTRACT Friction in molecular rotors
is examined by classical molecular dynamics
simulations for grid-mounted azimuthal
dipolar molecular rotors, whose rotation is
either allowed to decay freely or is driven at
GHz frequencies by a flow of rare gas or by a

rotating electric field. The rotating parts (rotators) are propeller-shaped. Their two to six blades

consist of condensed aromatic rings and are attached to a deltahedral carborane hub, whose

antipodal carbons carry [n]staffane axles mounted on a square molecular grid. The dynamic

friction constant 7 has been derived in several independent ways with similar results. Analysis

of free rotation decay yields 77 as a continuous exponentially decreasing function of rotor

frequency. The calculated dependence of friction torque on frequency resembles the classical

macroscopic Stribeck curve. Its relation to rotational potential energy barriers and the key role

of the rate of intramolecular vibrational redistribution (IVR) of energy and angular momentum

from rotator rotation to other modes are considered in two limiting regimes. (i) In the strongly

overdamped regime, rotation is much slower than IVR, and effective friction can be expressed

through potential barriers to rotation. (ii) In the strongly underdamped regime, rotation is

much faster than IVR, whose rate then determines friction.

KEYWORDS: molecular rotors - friction - molecular dynamics - potential energy

barriers - intramolecular vibrational redistribution

very simple rotors investigated recently by
Sykes. 34

Regular three-dimensional or two-dimen-
sional arrays of dipolar rotors are of even
more interest than noninteracting indivi-
dual rotors, especially if ferroelectric. They
could respond to electric fields at a variety
of frequencies as light polarization modula-
tors and other optoelectronic components.
Surface-mounted altitudinal molecular
rotors (“molecular paddle wheels”), driven by
oscillating electric field,>?® fluid flow,?”
or light absorption,>* 3" might pump a thin
layer of a fluid. Still other molecular paddle
wheels and rotors have been theoretically
considered by Krél.>?> Modeling of such rotor
assemblies®*~*° requires a prior phenom-
enological characterization of an individual
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rotor, particularly the friction constant, and we at-
tempt to achieve this by means of classical molecular
dynamics (MD).

The general concept of friction®' on a molecular
scale has received considerable attention,*>** but to
our knowledge, friction in molecular rotors has not
been examined in detail and the quantitative validity of
macroscopic concepts such as a friction coefficient
remains unclear. Dynamic friction in a molecular rotor
is dictated by the rate at which driving energy and
angular momentum need to be supplied to the rotator
to compensate for their continual loss to other modes
of motion if a steady rotation is to be maintained. For
dipolar rotors mounted on an insulator surface, the
dominant friction source is nuclear, that is, transfer of
energy and momentum from the rotating dipole to other
modes of vibrational, librational, and rotational freedom
in the molecule,'® whereas for dipolar rotors mounted
on a metal surface, it is electronic, that is, transfer from
the rotating dipole to the electrons in the metal.®

We examine how various structural features affect
the performance of rotors based on a carborane** hub
and how friction operates in molecular rotors and in
molecular machines generally.

STRUCTURES AND PROCEDURES

Propeller-Shaped  Molecular  Rotors. A flow-driven
azimuthal rotator should be synthetically accessible,
chiral, and not easily racemizable and should have a
sizable dipole moment. The blades should be rigid,
large, inclined relative to the rotational axis, mechani-
cally approximately balanced, and stiffly attached to
the axle, which in turn should be rigidly attached to a
molecular grid, preferably at both ends to avoid pen-
dulum-like motion. The mounting grid should not
shade the propeller from the incoming gas atoms
excessively. The principal unknowns that require opti-
mization are the number and size of blades, their angle
of inclination, the size of the dipole, and the mode of
attachment to the grid.

We initially examined””® a propeller-shaped octahe-
dral complex of rhenium with two o-phenanthrolines
as blades. Presently, we report results of MD simula-
tions of rotors based on carboranes 1 (10-vertex 1,10-
dicarba-closo-decaborane C,BgH; ), 2 (12-vertex 1-carba-
closo-dodecaborate anion CB;;H;57), 3 (14-vertex
1-carba-closo-tetradecaborate anion CBq3H;4 ), and 4
(14-vertex 1,14-dicarba-closo-tetradecaborane C,B;5H14),
which permit a symmetrical attachment of two, three,
four, five, or six symmetrically disposed charge-carry-
ing blade-shaped divalent substituents a—d, arranged
to provide a large dipole moment and overall electro-
neutrality. The charges are carried by tetracoordinate
N*and B~ atoms (Figure 1 and Table 1; see Supporting
Information for additional detail). Most work was done
with blades a and ¢, for which we presently report
detailed results.
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Figure 1. Rotator (propeller) structures. Mode of attach-
ment of blades a-d to a 10-, 12-, or 14-vertex closo-
carborane hub. Top: detail of the attachment.

TABLE 1. Rotator Structures

rotator” A (R ¢ (deg)’ 1, (10° uk®)? u (DY
10a4 320 2 56 40
10c4 470 2% (38) 127 37
12a5 400 37 77 89
12b5 550 37 130 76
1265 590 47 153 67
12d5 490 37 89 101
14a6 470 32 94 113

“The first number indicates the number of vertices in the closo carborane at the hub
of the propeller; the letter denotes the blade structure (Figure 1), and the second
number gives the total number of blades. ® Approximate total blade area.
¢ Approximate blade inclination angle. ¢ The moment of inertia relative to the z
axis (u is the atomic mass unit). ¢ Approximate dipole moment. “Undeformed
(nonstacked) blades.

The parent carboranes 1 and 2 and the aromatic
structures of the blades are known. Chiral multiply
substituted carboranes are not, but the attachment
of a single benzene or naphthalene ring has been
described,**¢ and recent synthetic advances® suggest
that propeller-shaped structures could be made using
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Figure 2. Molecular rotor design with a rotator mounted on
a double square grid. See Figure 1 for the details of rotator
structure.

known reactions. Structures 3 and 4 also appear
realistic because calculations suggested that 14-vertex
carboranes will be stable,*® and the first ones have now
been prepared.*®

The carborane symmetry axis is mounted at both
ends to a double grid through three-fold symmetric
links with low rotational barriers. The grid is based on
the Rhy*" [n]staffanedicarboxylate motif that we used
previously.”® Such Rh,*" connectors®®>? have seen
use in crystalline metallo-organic frameworks,**>* and
[nlstaffane rods are also available.® Progress toward
open molecular grids in many laboratories® % sug-
gests that the grid adopted here (Figure 2) is realistic.

We experimented with three grid sizes (A, B, C; see
Supporting Information) and selected the largest one
(C, 28 A square side and 27 A layer separation) for a
detailed examination. The propeller-grid assemblies
(“molecular rotors”) are labeled by symbols such as
C12a5, where C specifies the grid size, 12 states
the number of vertices in the carborane in the pro-
peller hub, a shows the blade structure (Figure 1),
and 5 is the total number of blades in the propeller.

PROKOP ET AL.

Figure 3. Molecular rotor C12a5 in a stream of He gas (size:
79 A x 79 A x 46 A) with sample gas atom trajectories.

For examples, see Figure 3 and two animations
(Supporting Information).

Molecular Dynamics (MD). We used the MD program
TINK,” based largely on the MOIL 6.2 program of Elber
et al,®’ and the universal force field (UFF) potential
energy and charge equilibration scheme of Rappé
et al.®*% The definitions of the properties monitored
follow our previous work.”'°

Electric-Field-Driven Rotation. An electric field £ (108—
11961 kV cm ™) was taken to rotate in the xy plane, per-
pendicular to the rotator (propeller) axis z, at a frequency
v (3—150 GHz) and an angular frequency of w = 2.

The driving torque N acting on the in-plane com-
ponent of the propeller dipole moment u is

prie|d —F X (1)

where boldface symbols indicate vectors.

In the steady state, Npﬁeld is compensated by the
friction torque of magnitude —yw between the stator
(the mounting grid) and the rotator. Using a for the
angle by which u lags behind the field,

N = Eusina = —no ()

The steady state is well behaved in the limit of strong
field and/or negligible thermal fluctuations. At fields
weaker than the break-off field E,, the rotator still
follows the field but does so irregularly and asynchro-
nously at a frequency lower than that of the rotating
electric field.”'°

We evaluated 7 as a function of the field frequency
v from the MD results in a rotating electric field in two
different ways. To obtain the approximation #4(v), we
replaced sin ot in eq 2 with its average value (sin o) and

VoL.6 = NO.3 = 1901-1914 = 2012 ACNJANIC)

WWww.acsnano.org

1903



 with its average value {w):
nv) = —Eufsin a)/(w) 3)

To obtain the approximation 7,(v),” we evaluated
the probability a that the propeller will skip a turn,
expressed per turn of the field, a = 0,o/27tn. Here, 0oy is
the cumulative angle a(t) by which the propeller lags
behind the driving field after n turns of the field. This
approach is useful if the driving force is fighting friction
and not random thermal motion, that is, if Eu > kT,
where k is Boltzmann's constant and T is temperature.

Turn skipping is described in terms of thermally
activated hopping within a potential defined in a system
of axes rotating at the angular frequency w, and the
result for a is”

a=(p-p)lo+p —p) (4)

where p and p’ are the probabilities of forward and
backward hopping (see the Supporting Information for
additional detail). In the runs used for the evaluation, the
rotor was nearly synchronous with the field (a < 0.23), and
v therefore stands not only for the frequency of the field
but approximately also for the frequency of the rotor.
Gas-Flow-Driven Rotation. The flow conditions are ap-
proximately those of a gas stream near a supersonic
nozzle fed by a pressurized room-temperature reservoir.
From conservation of angular momentum about the z axis

Lz(p)+Lz(gr) = /Npgasdt+ /Ngrgasdt

= —3"L'(g) (5)

where N, and Ny, 9 denote the torques induced by the
flow of gas in the propeller-shaped rotator and the grid,
respectively, m is the number of gas particles in the
system, and LJ(g) is the angular momentum of
ith gas molecule relative to the z axis. The angular
momentum of the rotator, L,(p), and of the stator (grid),
L,(gr), satisfy the conditions

L(p) = / Np9%sdt — / Np9"dt (6)

L,(gr) = / Ny 2%dt + / No9 dt (7)

where Ny is the torque caused by interaction be-
tween the stator and the rotator. For a given gas type,
temperature, flow velocity, and density, the values of
N2, N, and Ny, 2 are characteristic of a particular
molecular rotor. In a flow of gas with no external
electric field, the average driving torque (Ng4(p)) can
be associated with the average torque exerted by the
gas on the rotator, (N,%).
Conservation of angular momentum requires

N9y = —(N™ — I,(p)dew/dt (8)

where (N™) is the average torque due to friction and w
is the angular frequency of the rotor. For a propeller
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that has attained a steady angular velocity w, the
second term on the right-hand side of eq 8 is zero and

NeTS) = — (N = — pog 9)

Substituting the steady propeller angular velocity
g With angular velocity averaged over periods of steady
rotation encountered during the simulation {(w,’),
where the prime indicates a restriction of the averaging
time to the periods of regular motion, we obtain

15 = —Ne)/ S (10)

Propeller friction can be assessed at any frequency
by assuming (N = (N,2"). For the friction coefficient,
this gives

7% = N¥) /(w,") (11)

Due to the complexity of rotor behavior in gas flow,
the data on steady rotation had to be individually
selected and processed for each simulation. The result-
ing 9% and 74 values were averaged for several
frequency ranges using 7 (the rotational period com-
puted over the whole simulation time) or 7/7’ (where
7’ is the average rotational period computed over
the periods of steady rotation only) as the weight,
respectively.

Free Decay of Rotation. The rate of decay of rotator
angular momentum dL,/dt or angular velocity w in the
absence of an external driving force also provides a
measure of propeller friction:

—dL,/dt = N, = n%w (12)
Angular velocity should then decay as
o(t) = woexp( — n%t/I,) (13)

where wq stands for the initial angular velocity of the
rotator. Since the friction constant is a sensitive func-
tion of the instantaneous rotational frequency, we
used a direct evaluation from the change in angular
momentum instead:

n%w) = —(dL,/db)/w (14)

RESULTS

Rotational Barrier. The rotational barrier W is not
intrinsic to the rotor but arises from interactions be-
tween the rotor and the mounting grid. Its height was
estimated at 0.01—0.05 kcal/mol for both C12a5 and
C12c5 by calculating the potential energy profile for a
full revolution of the propeller with a geometry opti-
mized at each angle of rotation (Figure S4 in Support-
ing Information).

When calculated on the bare grid without a pro-
peller, the grid charge distribution possessed the C,4
symmetry of the grid. In that case, the rotational
potential barrier curve of a five-bladed propeller may
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show up to 4 x 5 =20 minima. However, due to small
energy differences between the rotamers, only 4 mini-
ma usually appear. When the charges were calculated
for the whole assembly, no symmetry was present and
typically just one shallow minimum was observed.

Flow-Driven Rotation. Examples of results are col-
lected in Table S2 in Supporting Information. As a
result of collisions with the grid, which represents a
significant obstacle to flow, the gas densities and
temperatures below the grid were always lower than
those above. The average gas density (dq4(r)) peaks
above the upper part of the grid, where it is 2—6 times
higher than in the region near the propeller. The
average velocity (v(r)) is distributed much more
uniformly.

All runs started with a period of irregular rotor
motion of length 7, (Table S2). Thereafter, in some
cases, the motion remains irregular, and in others, the
rotor gradually begins to rotate regularly and attains a
steady limiting frequency. A measure of the regularity
of the rotation is the difference of the average angular
velocity (w) of the propeller computed over the whole
duration of the run and angular velocity (@) computed
over the steady state period of smooth rotation. The
irregularity of propeller rotation R is then

R = [(@'y —w)*)'"? (15)

Another measure of rotation irregularity is T,o(p),
which provides a measure of the microscopic irregu-
larity of the angular motion. The efficiency e of the
conversion of the kinetic energy of the gas flow into
the rotational excitation of the propeller is defined as

e = E(p)/E"(9) (16)

"*Y(p) stands for the kinetic energy of propeller

where E;
rotation

E(p) = (1/2)l,@? (17)

and £.(g) is the total kinetic energy of gas particlesin a
tube of a diameter 40 A and height 20 A centered at the
propeller. Other measures of efficiency are the average
angular momentum (L (p)) and the temperature
equivalent of the rotational kinetic energy, (Teq(p))
(Table S2). When the rotor fails to turn regularly, {Teq(p))
is close to (Tiot(p)) and (Tier(gr)).

The instantaneous propeller response to the flow of
gas during simulation was judged from a graph of time
dependence of the angular positions of the N* and/or
B~ ends of the rotor dipole, the corresponding angular
momentum L,(p) in gas flow, and its integrated value
(Figure 4).

Performance of Propeller Designs in Helium Gas Flow
(Table S2). The propellers (rotators) in C10a4, C12a5, and
C14a6 with relatively narrow blades behaved similarly. All
were driven by He successfully, but with frequent periods
of violent vibration. The performance of C14a6 was the
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a-(He, 2 nm®, 1841 ms™)
b-(He, 2nm™, 2250 ms™)
c-(He, 2nm”, 2598 ms™)
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Figure 4. C12c5. Integrated value of the z component of
propeller angular momentum L, (bottom) and plot of
angular position of a tip of propeller blade against time
(top), a: drag dominates over gas driving torque, b: gas
driving torque is fighting molecular friction, c: gas driving
torque dominates over molecular friction (for details see
also Table S2).

poorest. An attempt to improve performance by increas-
ing the blade length failed, and C12d5 behaved similarly
as C12a5. A reduction of the number of blades was
detrimental, and C14a2 and C14a3 did not rotate at all.
The use of larger blades improved the performance,
and €C10c4, C12b5, and C12¢5 rotated well under most
conditions.

In simulations of rotators that were bare and not
mounted on a grid, the total angular momentum
transferred from gas to the propeller was used as a
measure of performance. Table 2 provides a compar-
ison with propellers mounted on grid C.

Field-Driven Rotation. Friction coefficients at a series
of rotational frequencies are summarized in the Sup-
porting Information, Tables S3 and S4. Since heat is not
removed, the temperature of the rotator increases
during a simulation run from the initial 300 K and
reaches ~350 K at field strengths £ below 700 MV m ™"
and as much as 500 K at E above 700 MV m~'. The
gradual heating of a molecular rotor in a rotating
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TABLE 2. Performance of Isolated and Grid-Mounted
Propellers in a Stream of Gas (He, 2 He/nm?3, 1841m/s)

rotator”” vyc' (GHz)  [1,"dt (uA? rad fs ") v (GH2)® [L,5dt (uA? rad fs ")

10a2 88 47 33 37
10a4 75 73 237 37
12a5 53 72 234 48
14a2 72 39 30.4 27
14a3 69 53 17.7 24
14a6 49 84 131 39
(1024 M 39 22,6 19
(10c4 27 47 120 32
(12a5 27 37 9.0 17
(1265 23 65 16.0 46
(14a6 20 34 2.7 8

“The first number indicates the number of vertices of the closo-carbaborane that
forms the hub of the propeller; the letter denotes the blade structure, and the
second number gives the total number of blades. ° Capital letter in front of a
propeller name indicates the mounting grid type.  Terminal rotational frequency
without charged groups at the tips of propeller blades (F,B~ and Me,N™ replaced
with Me,C). “ The z component of rotator angular momentum integrated over the
length of the simulation, without charged groups.  Terminal rotational frequency
with charged groups at the tips of propeller blades. "The component of rotator
angular momentum integrated over the length of the simulation, with charged
groups.
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Figure 5. C12a5 rotor performance at various field
strengths at 80 GHz (top) and the dependence of average
lag per turn (a) on field strength for various field frequen-
cies (bottom).

electric field is characterized in Table S5 (Supporting
Information).

In the plot of the average lag {(a) of the rotor behind
the field against £ (108—11 961 kV cm ™) at a constant
field frequency v (3—160 GHz), {a) starts to deviate
detectably from unity at the break-off field E,, and
reaches 1/e at the critical field E. (Figure 5). These

PROKOP ET AL.

TABLE 3. Friction Coefficients 7 for Rotators Mounted on
Grid C and Driven by Rotating Electric Field

v (GHz)
rotor 7 (eV ps) 3 10 20 40 60 80 120 150
(12a5 7, 144 16 102 094 110 110 112 1.5
s 094 051 034 019 031 026 016 0.27
s g, 208 134 110 144 235 23 174 200
s 154 046 044 058 068 061 048 093

TABLE 4. Friction Coefficients 7 for Four- and Six-Bladed
Rotators Mounted on Grid C and Driven at 10 GHz by
Rotating Electric Field

rotor
7 (eV ps) (10a4 C10c4 (14a6
a 0.71 0.37 1.05
s 0.17 0.42 0.33
38 T T T T T T T T T T T T T
3.0 4
2.4 -

n (eVps)
—

~ o—a0 O o ]
g~ Us——pg— -
i — 0 / i
06 5\I/' ] \.
v \./.\._\./I
0.0 T T T T T

T T T T
0 20 40 60 80 100 120 140 160
v (GHz)

Figure 6. Friction coefficients from simulation in electric
field: 77, C12a5 (solid dark blue box); 77, C12c5 (solid green
box); 17, C10a4 (solid black triangle); 17, C10c4 (solid red
triangle); 7, C14a6 (solid light blue circle); 75 C12a5 (open
dark blue box); ns C12c5 (open green box); 15 C10a4
(open black triangle); s C10c4 (open red triangle); 7
C14a6 (open light blue circle).

values are only approximate since {(a) tends to fluc-
tuate in the transition region between E,, and E..

Friction coefficients 7, and 75 were evaluated from
(ayand (sin o), respectively, obtained from simulations
in electric field at v ranging from 3 to 150 GHz, with
field strengths up to 11 MV/cm. Higher frequencies and
stronger fields were avoided because preliminary re-
sults indicated that the temperature of the system then
tends to rise above 450 K. Most calculations were
performed for C12a5 and C12c5 (Table 3). The rotors
C14a6, C10a4, and C10c4 were studied in a narrower
frequency range as needed for comparison with simu-
lations in gas flow (Table 4).

The calculated values of 17,(v) and 7(v) are shown
in Figure 6. The friction coefficient 7,(v) obtained
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Figure 7. Flow of angular momentum from rotator to grid in
C12a5 driven by gas flow (He, 2250 ms ™', 2 He/nm?>). Blue
line: integrated N,9% red line: integrated N,°"; black line:
L, of rotator.

Figure 8. Angular representation of the motion of the
nitrogen-carrying tip of C12a5 driven by gas flow (He,
2250 ms~', 2 He/nm?).

from a fit of a to the simple model of ref 9, eq 4, is
considerably higher than the coefficient 7,(v) ob-
tained from eq 3. The significance of the 1,(v) values
is limited since they are sensitive to the trial input
value of #. The standard deviation of #,(w) is as high
as ~60% at low to medium frequencies and ~40% at
higher frequencies.

Gas-Flow-Driven Rotation. The evaluation of friction in
the flow-driven regime spanned a frequency range of
about 3—40 GHz, where the highest rotational frequency
attainable without overheating the rotor is limited by the
gas flow velocity. With He as the driving gas, velocities up
to 2600 m/s were necessary. Due to the rotator-grid
friction and irregularities in the direction of gas flow as it
passes through grid openings, the attainable propeller
angular velocities are far below the terminal angular
velocity of a solitary propeller. Figure 7 shows the flow of
angular momentum between the gas, the rotator, and
the grid in the molecular rotor C12a5, whose motion
is shown in polar representation in Figure 8 (He at
2250 ms~' and gas density of 2 He/nm®). Integrated
N2 and N, values and the ratio of their absolute
values are shown in Supporting Information (Figure S5).
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TABLE 5. Friction Coefficients 7 for Gas-Flow-Driven
Molecular Rotators Mounted on Grid C°

v (GHz)
rotor nVps) 1—-7 10+3 18+5 28+5 38+£5

(10a4 7%y 0.88 0.29 0.15 0.09

7o 1.03 0.22 0.75 0.37 0.22
(104 N 0.27 0.16 0.07 0.07

7o 1.19 0.22 0.18 0.09 0.11
(12a5 7% 0.20 0.22 0.09 0.04

7o 0.22 0.05 0.11 0.04
1265 N 0.29 0.31 0.18 0.11

7o 0.11 0.18 0.16 0.11 0.07
C126NC 7% 0.33 0.18 0.09 0.11 0.07

7o 0.31 0.15 0.07 0.04 0.09
(14a6 N 0.59 0.20

7o 0.68 0.40 0.22
(14a6NC 77 0.33 0.11 0.09

n 0.31 0.15 0.16

“ NC: rotors without charged groups at the tips of rotator blades (Me,N* and F,B~
replaced with Me,().

0.8 -

1 (eVps)

0.4 |

I
0.2 - x J
O § —_— _
0.0 T T T T T i T T - T
0 5 10 15 20 25 30 35 40
v (GHz)

] ]

Figure 9. Friction coefficient 74,9%° from (Np9°) obtained in
gas flow as a function of rotational frequency: 77,%%° C10a4
(black); 757 C10c4 (red); 752 C12a5 (dark blue); 74%%°
C12¢5 (green); 175.9%° C12c5NC (magenta); 75.7*° C14a6 (light
blue); 7,%*° C14a6NC (yellow).

In a series of runs, for a given gas type, temperature,
flow velocity, and density, each rotor was characterized
by the values of N2, N9, and Ng,?*. Both (Np%**) and
(Np9") were used to evaluate #9%° and 74%% in the
molecular rotors C10a4, C10c4, C12a5, C12c5, and
C14a6. In order to evaluate the effect of the rotator
dipole moment on friction, structures C12c¢5NC and
C14a6NC in which the charged Me,N" and F,B~groups
at the tips of the propeller blades were replaced with
the electroneutral Me,C group were also calculated
(Table 5). Figures 9 and S6 (Supporting Information)
show the friction coefficients derived for rotors
driven by gas flow obtained from the steady part
and from the total length of the molecular dynamics
runs, respectively.

Free Decay of Rotation. Rotation of C10a4, C10c4,
C12a5, C12c¢5, and C14a6 was excited with rotating
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Figure 10. Sample trajectories of free decay of rotation of
the rotator in C14a6.
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Figure 12. Friction coefficients 77 from free rotational decay
of C10a4 (black); C10c4 (red); C12a5 (dark blue); C12c5
(green); C14a6 (light blue).

electric field, the field was turned off, and #9“(w) was
evaluated from the rate of rotational decay using eq 14.
The results for each rotor were smoothed using adja-
cent averaging with a characteristic span of 1/100
of the total decay time and/or frequency range
and subsequently averaged over several decay runs.
Figures 10 and S7 show illustrative examples of rotor
excitation and subsequent decay trajectories. The course
of N, and 7%(») for selected rotors is exemplified in
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TABLE 6. Friction Coefficients 779 (eV ps) of Rotators on
Grid C from Free Decay

v (GHz)
rotor 10 20 40 60 80 120 150
(12a5 0.38 0.25 0.10 0.05 0.05 0.02
1265 0.14 0.21 0.14 0.10 0.10 0 0
(10a4 0.27 0.1 0.10 0.10 0 0 0
C10c4 0.14 0.16 0.1 0.10 0.10 0 0
(14a6 0.27 0.24 0.18 0.1 0.10 0 0

TABLE 7. Friction in Molecular Rotators Mounted on Grid
Cat 10 £+ 3 GHz

rotor
n(eVps) (C10a4 (104 (12a5 (125  C126NC°  (14a6  (14a6NC”
Taed®® 026 025 021 025 016 030 0.13
s 071 037 051 134 1.05
s 017 042 038 046 033
e 027 014 038 014 170

“ NC: rotors without charged groups at the tips of rotator blades (Me,N™ and F,B~
replaced with Me,C). ® Value of 77,,¢>® is averaged 17, and 7.

TABLE 8. Friction Coefficients 7 for Rotators Mounted on
Grid C Driven by Rotating Electric Field and from Free
Rotational Decay

v (GHz)

rotor 7 (eV ps) 3 10 20 40 60 80 120 150
(12a5 7, 144 116 102 094 110 110 112 115

s 094 051 034 019 031 026 0.6 0.27

V]de( 038 025 010 005 005 002
a2s g, 208 134 110 144 235 230 174 2.00

s 154 046 044 058 068 061 048 093

rjd“ 0.14 021 014 008 005 003 002
(1024 7, 0.71

s 0.17

nd“ 027 011 010 008 003 002 002
104 7, 0.37

s 0.42

nde( 0.14 016 011 006 005 002 002
(1426 7, 1.05

s 0.33

nde( 027 024 018 011 008 003 003

Figures 11 and S8 (Supporting Information). The results
from rotation decay are summarized in Figure 12 and
Table 6.

Figure S9 in Supporting Information shows a com-
parison of friction coefficients for C12a5 estimated
under different operating regimes. Results for a series
of rotors in the X-band frequency range (10 & 3 GHz)
are summarized in Table 7, which shows averaged
values of 9% and 7,9%° together with 7, 77, and 7.
Similar results for five rotors at a series of frequencies
are shown in Table 8.
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DISCUSSION

Grid Structure. Compared to the previous system,7
the present rotors offer some advantages, but the
maximum angular velocity attainable in a flow of gas
is lower, mostly because the second grid layer makes
the gas flow at the propeller less regular. Also, the
increased overall grid size enhances low-frequency
vibrations, and this apparently increases friction. The
four-fold grid symmetry shades the blades from the
gas flow, especially in C10a4 and C10c4.

Propeller Blade Structure. The total blade shape and
area, inclination toward the rotational axis, and num-
ber of blades are important. Blades with larger area are
more efficient (Tables 2 and S2). Blades b and c tend to
bend at the position of attachment to the carborane,
due to strong attractive interactions of adjacent blades
with oppositely charged tips. The resulting stacking
reduces the dipole moment of the propeller by about
25% compared to C12a5 and leads to more frequent
and stronger fluctuation of the driving torque in rotat-
ing electric field, to stronger spatial interaction with the
grid, and to a two-fold increase in the rotator moment
of inertia. This may be why friction in C12¢5 is higher
than in C12a5 (Table 3) and its 5, varies more. In
contrast, the small blades of C12a5 tend to twist easily,
and the torque in gas flow goes quickly to zero as the
angle of incidence decreases and can even reverse its
sense. The large blades of C12¢5 remain quite effective
even at low angles of incidence, and despite their
tendency to stack, they tend to twist less frequently
and to lesser degree. This may explain why the values
of 5 for C12a5 and C12c5 in the gas flow are much
closer to each other than in the case of electric-field-
driven regime (Table 5).

The inclination angle is more favorable in carbor-
anes with fewer vertices (cf. 10a2 and 14a2 in Table 2).
Blade deformation by stacking interaction and Cou-
lombic attraction between the aromatic systems re-
duce the inclination angles, particularly when there are
many blades. These deformations may also enhance
rotator shading by the grid, as it can adopt a shape
congruent with the grid (Figure S10 in Supporting
Information).

When the distance between adjacent blades is
close to the mean free path of the gas, some of the
gas atoms that impact a blade are seen to scatter onto
a neighboring blade, nearly canceling the driving
effect of the initial impact. The effects of an increased
number of blades and of the overall blade area on
performance are therefore not additive (cf. 10a2 and
10a4 in Table 2).

The small difference in friction coefficient 79 bet-
ween the small C12a5 and large C12c5 rotors (Table 6)
might be attributed to the higher moment of inertia of
the C12c5 rotator that may partially compensate for
stronger propeller—grid interaction in the latter.

PROKOP ET AL.

Rotor Charges. Some gas flow simulations were re-
peated with rotators in which the charged F,B~ and
Me,N* groups at blade ends were replaced with neutral
Me,C groups (Figures 9 and S6 and Tables 2, 5,and 7). This
charge removal reduced friction significantly and in-
creased the average angular velocity (w,) by 10—40%
for large blades (C10c4, C12¢5) and by 50—100% for
small ones (C10a4, C12a5). It also improved the effective
propeller shape, and C10a4 and C12a5 performed nearly
twice better than C10c4 and C12c5. In the former two,
blade deformation was mostly due to Coulombic interac-
tion and in the latter two to the stacking interaction,
largely unaffected by charged group removal.

Driving Fluid. Gas identity, density, and velocity are
important. When the energy density of the driving He
flow was increased to 125, 150, 175, and 250%, a
steadier rotation and up to 3.8 times higher rotational
frequencies were achieved for C12a5, C12c¢5, and
C14a6. This trend is more pronounced for C10c4 and
C12c5 than for C10a4, C12a5, and C14a6 because at
higher gas velocities the unfavorable stacked confor-
mations of the large blades (C10c4 and C12¢5) tend to
occur less frequently and there is more resistance to
longitudinal vibrations that hamper the effectiveness
of the narrow blades (C10a4, C12a5, C14a6). Using
increased He gas density to achieve the same gas flow
energy density did not produce such improvement
(Figure S11 in Supporting Information) because the
increased collision rate of gas atoms with the grid led
to less regular gas flow at the propeller. This was
confirmed by additional improvement in runs with
gas density reduced to 75 and 50% and those combin-
ing lower He density with increased velocity.

The previously studied system’ showed that the hea-
vier noble gases rock the propeller and are less capable of
driving it into regular motion at the same energy density
of gas flow. Our results with Ne show that the carborane
propellers handle the stronger collisions with heavier
particles much better because of their sturdier attachment
to the grid. Since we need higher gas flow energy densities
for high propeller efficiency, yet moderate gas densities to
keep smooth flow at the propeller, the use of heavier
gases deserves further examination.

Friction in Molecular Rotors. We assume the rotators to
be nearly rigid objects experiencing thermal motion
but acting on the average according to macroscopic
equations of motion. Presently, we limit our attention
to the driven as opposed to thermal (Brownian) rotational
motion regime, in the sense employed in our previous
work? In the driven regime, the driving force is strong
enough to modify the rotational potential sufficiently to
periodically remove any barriers to the rotational motion
that may be present in its absence, and such rotors will
operate even at 0 K. The origin of dynamic friction
experienced by driven molecular rotors is the need to
replenish the loss of energy and angular momentum from
the rotational mode of motion.
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The loss can occur in two ways. (i) Angular momen-
tum could be lost, but energy could remain constant in
the rotational mode, associated equally with clockwise
and counterclockwise hops and no longer counted as
energy of directional rotation, just as the kT/2 of such
energy present in the rotational mode at equilibrium is
not counted. Because of inertia, this contribution to
friction is only important if the rotator hardly rotates at
all and carries an amount of directed rotational energy
comparable to kT. (ii) The energy can flow into other
modes of motion and be randomized there. In the
molecular rotors investigated here, the rotational en-
ergy is moved into intramolecular vibrational modes
(nuclear friction). This type of intramolecular energy
transfer is often referred to as intramolecular vibrational
redistribution (IVR) or, more generally, intramolecular
energy redistribution (IER). Recognizing that the IVR
time scale in common molecular structures is at most
picoseconds or tens of picoseconds, we anticipate that
molecular rotors are likely to experience very substan-
tial dynamic friction. When a dipolar rotor is mounted
on a metal, most of the energy is moved into electronic
degrees of freedom within the conductor (electronic
friction),®> and energy dissipation is even faster.

In addition to dynamic friction, molecular rotors can
also experience static friction when they are initially
brought from thermal equilibrium into directed rota-
tion. On a molecular scale, static friction results from
the potential energy barrier that hinders the internal
rotation. In the limit of fast IVR, dynamic and static
friction effectively become the same.

The dynamic friction constant 7 is perhaps the least
understood among the properties of molecular rotors
and might not even be a valid concept. According to
Stokes' law,%* the friction force on a rotor is a product of
1 with the angular velocity w. In a previous simulation
of a molecular rotor,” we found indications that the
friction constant is not actually constant but increases
approximately linearly with w in the region of 3—155
GHz, suggesting an approximately quadratic depen-
dence of the friction force on frequency. The frequency
dependence showed additional structure, possibly due
to resonances. It is unclear how general this behavior is,
and we now examine the validity of the notion of a
friction constant in a molecular rotor in more detail.

Comparison of Methods for Friction Constant Evaluation.
The alternative analyses of results for rotors driven by
an electric field (Figure 6 and Tables 3 and 4), by gas
flow (Figures 9 and S6 and Table 5), and freely decaying
(Table 6) produced similar results for the dependence
of 7 on v, and even the numerical values of 17 mostly lie
within an order of magnitude (Tables 7 and 8). Con-
sidering how different the methods are, this finding is
quite remarkable and suggests that the concept of a
friction constant for a molecular rotor is basically sound.

In the region of 3—40 GHz, the values of 7% and
7s°%° compare well with 7. The higher values of 7

PROKOP ET AL.

might be attributed to lower temperature of the
electrically driven rotor, starting mostly at ~280 K
and gradually increasing at a rate that is nearly inde-
pendent of frequency (Table S5), whereas for the gas-
flow-driven rotor, the temperature ranged from 350 to
750 K. Moreover, low-frequency motions are also being
excited differently in the two driving modes.

The 7, values show the same general trend but are
significantly higher and more scattered than the others,
particularly above 40 GHz (Figure S9), perhaps because
their evaluation spans a broad range of field strengths,
including some where the rotation is very irregular and
often completely stops. The values of #%(v) compare
better with %% and 7, than with 77,. The elevated values of
7% relative to 7%%° and 7,2 at low to medium frequen-
cies might again be primarily due to a lower temperature
of the rotor (~200 K) and the absence of a driving torque
which can restart the rotor when it stops. At high frequen-
cies, rotor inertia appears to have an opposite effect and
lowers the value of % considerably below 75 and ..

Overall, it seems that the most reliable ways to
deduce friction coefficient values for a driven rotor are
those that lead to 7 and 9% or 74%%°. The magnitude
of %€ shows significant deviations to higher values at
low frequencies and to lower values at high frequencies.

All values of 7 represent average behavior, and any
one trajectory can deviate considerably, as illustrated in
Figure 10. During the initial 200 ps, the several rotation
decay trajectories shown for C14a6 follow the same rate
of angular momentum decay, indicating similar values of
friction torque, but later they diverge, suggesting sudden
random changes in friction in response to an accidental
thermally induced change in geometry, which signifi-
cantly influences the rotor for tens of picoseconds.

Angular Momentum Transfer from Propeller to Grid. In our
simulations, the whole rotor structure is allowed to
rotate in the xy plane, and the rotator gradually transfers
its angular momentum to the grid (Figure 7). If the rotor
and the grid happen to lock, as illustrated in Figure 8,
the angular momentum of the rotor is transferred to
the grid rapidly. Figure S5 gives an example where the
transfer in the steady rotational regime is ~50%, while
in the strongly hindered regime or grid lock, it exceeds
95%. Since the rotation is not very stable, the overall
value is more than 80%. The lock event becomes more
common as the rotor momentum decreases. This may
be the cause of the increase of the friction coefficient
with decreasing frequency as a general trend.

General Consideration of Friction in Molecular Rotors. In
engineering applications, the dependence of the dy-
namic rotational friction torque on angular velocity
(the Stribeck®®® curve, Figure 13) is usually modeled
as a sum of three friction components: Stribeck friction
(a negatively sloped part encountered at low frequen-
cies, right after breakaway or static friction), Coulomb
friction (constant), and viscous friction (increasing
linearly with velocity).®”®® Figure 13 provides a
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Figure 13. Schematic representation of the Stribeck curve
(friction torque as a function of angular frequency).'*

schematic representation of the three components
and also includes static friction.

In physical chemistry, it is usual to define the IVR
rate constant kyg for energy flow from a particular
highly excited mode to others as®®

kv = T' = 1/QrtvR) (18)

where 7, is the IVR relaxation time. In statistical IVR,
which is likely to occur in large molecular systems,
application of the Fermi golden rule leads to

kvr(E) = (2t/RXV2)p(E) (19)

where p is the density of coupled states and (V) is the
magnitude of coupling. In most molecular studies, as £
is augmented, the former grows faster than the latter
drops, and ki is an increasing function of E.

The manner in which friction affects the behavior of
an electric-field-driven molecular rotor by removal of
energy and angular momentum from the rotational
mode depends on the relative size of kyg and the
rotational frequency . It is useful to discuss two limits:
(i) the strongly overdamped (low frequency) regime,
v < kyg, and (i) the strongly underdamped (high
frequency) regime, v > kyg. Similar definitions of
friction regimes can be obtained for gas flow simula-
tions using flow torque delivered per time unit.

(i) In the strongly overdamped regime, the kinetic
energy and angular momentum delivered by electric
field or gas flow are rapidly removed by IVR, but not fast
enough to prevent the rotator from turning when the
driving force has removed a barrier. This is realistic in
ordinary molecules. Metal-mounted dipolar rotors that
were investigated at microwave frequencies®® belong
to this category. In this regime, effective # for a unidirec-
tional driven rotation can be approximated by the
sum total of potential energy barriers £ encountered
during one complete 360° turn (i = 1,2,.../). The mini-
mum amount of directional total energy that needs to
be added to the thermal energy (1/2)kgT already pre-
sent in the rotational mode for a full successful turn is

PROKOP ET AL.

W=3[E5 — (1/2)kgT], where the sum is over all barriers
encountered in a 360° turn. This is ultimately converted to
heat and counted as friction. If the field is stronger than
this necessary minimum, more energy will be converted
to heat and friction will be higher. The minimum work
accomplished by the friction torque per cycle is W= 27N =
27w, where N is the average friction torque, and

n=(1/270)SE® — (1/2)kgT] (20)

(ii) In the strongly underdamped regime, only a
negligible fraction of the kinetic energy delivered by
electric field or gas flow is removed by IVR by the time
the rotor completes a turn, and # is dictated by kyg. In
principle, it can be calculated from eq 19, with p calculated
by one of the methods common in applications of RRKM
theory.”® The molecular rotors and frequencies examined
in this paper belong to this category.

Determination of ki is closely related to our free
rotation decay simulation. The difference is that in IVR
one follows the loss of energy from an initially excited
mode, whereas we deal with unidirectional rotation
and measure the loss of angular momentum. The IVR
expression is

Ewin(t) = Eoexp(—t/Tivr)
= (1/2)l;wo*exp(~t/Tivg) 1)
while combining Eyin = 1/2L,0°(t) with eq 13 leads to
Ein(t) = (1/2)l;w0°exp(—21t/1,) (22)

and comparison of the exponents in 21 and 22 vyields a
relation between the friction coefficient and the rate of IVR

nw) = I,/2twg) = 7l kwr(w) (23)

Figure 10 shows that the free rotation decay is strongly
nonexponential and accelerates as the rotor slows down.
Without the driving torque, the rotor molecule initially
rotating at 200 GHz slows down to thermal motion within
less than 450 ps. We find that # decreases roughly
exponentially with increasing frequency (Figure 12)

n = Aexp(—w /o) (24)

An example of the interplay between inertia and
friction in a rotor driven by rotating electric field is pro-
vided in Figure S7. Here, a very strong rotating field was
used to start the rotor. Due to its inertia, the rotor took
about 3 turns of the field before the it caught up with the
field, and then it continued to librate significantly about
the field direction. Due to friction, the librational motion
gradually decreased. Once the driving electric field was
turned off, angular momentum was lost rapidly.

The dependence of the friction torque and friction
constant on the frequency of rotation observed for the
molecular rotors resembles strongly the macroscopic
Stribeck behavior (compare Figures 13 and 11, 12 and
S8), in that friction drops with increasing v. Figure 11 even
shows a hint of a transition to Coulomb and Stokes
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behavior. This similarity to macroscopic behavior is not
a trivial result that follows automatically from the use of
classical mechanics to describe a mechanical object
because the microscopic nature of the object
is taken into account properly (kT is not negligible).
We doubt that a result of a quantum calculation would
be qualitatively different. The moment of inertia of
our rotors is so large that the quantization of rotational
motion will have an insignificant effect and the main
effict of a quantum mechanical treatment would prob-
ably be on the description of the high-frequency
CH stretching vibrations. At the molecular level, the
initial decrease of the friction coefficient followed
by an anticipated increase at higher frequencies most
likely results from an interplay of the (V) and p factors
in eq 19, with the former dropping and the latter grow-
ing at increasing frequencies. It would be interesting
to determine the structural factors that determine
which type of friction will dominate the behavior
of a molecular rotor, but presently, they are not
understood.

SUMMARY

MD simulations show that carborane-based molecular
propellers can be successfully driven at GHz rates by

METHODS

MD calculations were performed with the program TINK’
using the UFF potential, modified for use with carboranes as
explained in the Supporting Information, and the charge equili-
bration method.®>®> The VMD program was used for result
visualization.”" The details of the computational procedure
used are given in the Supporting Information.
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