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Abstract

We show herein that 1,10-dicyano substitution restricts the paragon fluxionality of

bullvalene to just 14 isomers which isomerize along a single cycle. The restricted flux-

ionality of 1,10-dicyanobullvalene (DCB) is investigated by means of: (i) Bonding ana-

lyses of the isomer structures using the adaptive natural density partitioning

(AdNDP). (ii) Quantum dynamical simulations of the isomerizations along the cyclic

intrinsic reaction coordinate of the potential energy surface (PES). The PES possesses

14 equivalent potential wells supporting 14 isomers which are separated by 14 equiv-

alent potential barriers supporting 14 transition states. Accordingly, at low tempera-

tures, DCB appears as a hindered molecular rotor, without any delocalization of the

wavefunction in the 14 potential wells, without any nuclear spin isomers, and with

completely negligible tunneling. These results are compared and found to differ from

those for molecular boron rotors. (iii) Born-Oppenheimer molecular dynamics

(BOMD) simulations of thermally activated isomerizations. (iv) Calculations of the

rate constants in the frame of transition state theory (TST) with reasonable agree-

ment achieved with the BOMD results. (v) Simulations of the equilibration dynamics

using rate equations for the isomerizations with TST rate coefficients. Accordingly, in

the long-time limit, isomerizations of the 14 isomers, each with Cs symmetry,

approach the “14 Cs ! C7v” thermally averaged structure. This is a superposition of

the 14 equally populated isomer structures with an overall C7v symmetry. By extrap-

olation, the results for DCB yield working hypotheses for so far un-explored proper-

ties e.g. for the equilibration dynamics of C10H10.
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1 | INTRODUCTION

The fluxionality of bullvalene C10H10 is unequaled, and it remains chal-

lenging. On one hand, we already know many of its important properties,

but on the other hand, there are many other properties which remain

unexplored, even 60 years after its prediction by von Doering and Roth1

and after its first synthesis by Schröder.2,3 For example, bullvalene has

10!/3 = 1,209,600 equivalent isomers which can isomerize along a

network of 10!/(3 � 14/3) =259,200 cyclic paths, with 14 isomers in

each cycle in which each isomer is shared by three cycles and each arc is

common to two different paths.4 But it is unknown, for example, how

the isomerizations yield equilibration, how long it will take to equilibrate,

and how the thermally averaged structure would look like.5

Here we restrict the fluxionality of bullvalene by 1,10-dicyano substi-

tution. The restricted fluxionality of the resulting 1,10-dicyanobullvalene

(DCB) is still significant, but no longer exorbitant, namely it allows
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14 equivalent isomers to isomerize along a single cyclic path, as illus-

trated in Figure 1. This allows us to investigate properties of DCB

which remain unexplored for the parent bullvalene, such as the equili-

bration dynamics. Our investigation profits from experience of our

previous studies on fluxional molecules and fluxional bonds.6–13

We note that an even more drastic restriction of bullvalene's

isomerizations to just one isomerization of two equivalent isomers has

been achieved by replacing the three CH groups of the “wheel” ABC

of C10H10 shown in Figure 1 by just two or even by just a single CH

group. These modifications generate the so-called barbaralane and

semi-bullvalene (SBV) which have lent themselves to enormous num-

bers of illuminating experimental and theoretical investigations.14–24

The methods and the time-independent and time-dependent

results for DCB are in Sections 2–4. Section 5 has a summary

and the conclusions, with the results for DCB extrapolated to

working hypotheses for so far unexplored properties of

bullvalene.

2 | THEORETICAL PROCEDURE AND
COMPUTATIONAL METHOD

Isomer structures (IS) and transition state (TS) structures of DCB in

the electronic ground state were optimized at the hybrid density

F IGURE 1 Cycle of 14 isomer structures IS1, IS2, …, IS14 with 14 transition states TS1-2, TS2-3, …, TS14-1 of bullvalene or
1,10-dicyanobullvalene (DCB). The top views of the ISi's appear as a “wheel” on top of the “bearing” with carbon nuclei A, B, C and a, b, c, …, g,
respectively, in accord with the “rotational operation” predicted in Reference [1]. In the case of DCB, the two cyano groups are attached to the
carbon nuclei A and C. Bullvalene has 10!/(3 � 14/3) equivalent cycles, whereas DCB has just one cycle. The intrinsic reaction coordinates from
IS1 via TS1-2 to IS2 and so forth. are indicated schematically, compare with Figure 2B. Isomerizations between neighboring ISi and ISi + 1 are
indicated by “⇌”. The angles of the “wheel” with respect to the “bearing” are φi = (2i � 1) � β for ISi, i = 1, 2, …, 14, with β = 360�/28.
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functional theory (DFT) level of PBE0 with the basis set of 6–311 + G

(d).25,26 Frequency calculations were performed to make sure that all

the optimized structures are true ISs or TSs. All the PBE0 structural

optimizations and additional coupled cluster CCSD(T) single-point

calculations in this work were performed using the Gaussian

16 package and Molpro.27–29 Detailed bonding analyses of the

structures were performed using the adaptive natural density par-

titioning (AdNDP).30,31 Born-Oppenheimer molecular dynamics

simulation (BOMD) of DCB were performed using the CP2K pro-

gram at temperatures ranging from 700 to 900 K.32 The isomeriza-

tion rate constants (k) are calculated by means of transition state

theory (TST).33,34

3 | TIME-INDEPENDENT RESULTS

3.1 | Time-independent results for individual IS
and TS structures

DCB has various close-lying isomers, see Figure S1. Here we consider

DCB. Two equivalent ISs with Cs symmetry called ISi and ISj are shown in

Figure 2A. Figure 2A also shows the other isomer ISj0 obtained from the

second fluctuating channel which lies 0.14 eV higher than ISi at CCSD(T)

level, as shown in Figure 2B. The intrinsic reaction coordinates (IRC) from

ISi via the transition state TSi � j to ISj as well as from ISi via the transi-

tion state TSi � j0 to ISj0 are shown in Figure 2B.

F IGURE 2 (A) Top views of the optimized isomer structures ISi, ISj, and ISj0 and transition states TSi � j and TSi � j0 of 1,10-dicyanobullvalene
(DCB). (B) Intrinsic reaction coordinates (IRC) from ISi via TSi � j to ISj and from ISi via TSi – j0 to ISj0, in units of u1/2�a0. The values of the barrier
heights of TSi � j and TSi – j0 and the energy of ISj relative to ISj0 are obtained at the PBE0/6-311 + G(d) and CCSD(T)/6-311 + G(d) (in square
brackets []) levels.
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DCB possesses the lowest energy barrier obtained between any

two isomers at the transition state TSi � j. The path

ISi ! TSi � j ! ISj is, therefore, the preferred isomerization among

various competing processes, as evidenced by detailed BOMD simula-

tions presented later. Note that without the 1,10-dicyano substitution,

the path ISi ! TSi � j0 ! ISj0 would be equivalent to the path

ISi ! TSi � j! ISj, as in the case of bullvalene where the isomer struc-

tures ISj and ISj0 are equivalent. Turning the table, the 1,10-dicyano sub-

stitution supports the isomerization ISi! TSi � j! ISj between two

equivalent isomers but blocks the alternative isomerization

ISi ! TSi � j0 ! ISj0 to the third isomer. This kinetic blockade is due to

the much high energy barrier (0.83 eV) of TSi � j0 compared to that

(0.54 eV) of TSi � j at CCSD(T). As a consequence, the 10!/(3 � 14/3)

isomerization cycles of bullvalene are restricted to a single cycle for DCB.

For this restriction, DCB was chosen as the best candidate out of several

other low-lying isomers, cf. Supporting information.

The calculated adaptive natural density partitioning (AdNDP)

bonding patterns of ISi, ISj, and TSi � j of DCB are shown in Figure 3.

As anticipated, Cs IS DCB possesses 2 lone pair electrons on each N,

4 C N 2c 2e π bonds, 24 2c-2e σ-bonds including 14 C C σ single

bonds, 2 C N σ single bonds, and 8 C H σ single bonds with the

occupation numbers of ON = 1. 89–2.00 jej, and 3 C C 2c 2e π

bonds with ON = 1. 93 jej. Cs TS DCB possesses 2 lone pair electrons

on each N, 4 C N 2c 2e π bonds, 23 2c 2e σ-bonds including

13 C C σ single bonds, 2 C N σ single bonds, and 8 C H σ single

bonds with the occupation numbers of ON = 1. 93–2.00 jej, 1 4c 2e

σ-bonds on C1, C8 and C6, C10, and 1 2c 2e π bonds and 2 3c 2e π

bonds with ON = 1. 91–1.96 jej. AdNDP bonding analysis suggests

that DCB isomerizes by rapid Cope rearrangements. Accordingly,

DCB undergoes a concerted structural fluctuation involving one flux-

ional σ-bond (ISi (1 2c 2e σ) ! TSij (1 4c 2e σ) ! ISj (1 2c 2e σ))

and two fluxional π bonds (ISi (2 2c 2e π) ! TSi � j (2 3c 2e π) !
ISj (2 2c 2e π)) which fluctuate in opposite directions simultaneously.

3.2 | Time-independent results for the interacting
14 ISs

DCB has altogether 14 equivalent isomer structures labeled as IS1,

IS2, …, IS14 or ISi, i = 1, 2, …, 14. The IRC leads in a cycle from IS1

via TS1-2 to IS2, then from IS2 via TS2-3 to IS3, and so forth, and

finally from IS14 via TS14-1 back to IS1. The cycle

IS1 ! TS1-2 ! IS2 ! TS2-3 ! … ! IS14 ! TS14-1 ! IS1 is illus-

trated in Figure 1, with top views of the ISi and TSi � i + 1. With these

labels, the structures ISi, TSi � j, ISj shown in Figure 2A correspond to

IS14, TS14-1 and IS1, respectively. For convenience, the carbon nuclei

labeled as 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 in Figure 2A are re-labeled as A, a, b,

c, d, e, f, g, B, C, respectively in Figure 1. In this way, carbon nuclei (A, B,

C) may be considered as a “wheel” which is rotating on top of the “bear-
ing” consisting of seven carbon nuclei (a, b, …, g). This type of “rotational
operation” was already predicted for bullvalene.1 The rotation angles of

the wheel with respect to the bearing are φ = (2i � 1) � β for ISi, i = 1,

2, …, 14, with β = 360�/28.

All nuclear coordinates (Xi, Yi, Zi), i = 1, 2, …, 22 of all 14 IS's and

all 14 TSi � i + 1, i = 1, 2, …, 14 are listed in Table S2, respectively.

For this purpose, we use a laboratory fixed right-handed system of

F IGURE 3 Adaptive natural density partitioning (AdNDP) bonding patterns of ISi, ISj, and TSi � j of 1,10-dicyanobullvalene (DCB). The ON
values represent the calculated occupation numbers of the corresponding bonds.

4 PEI ET AL.

 1096987x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcc.27379 by Shanxi U

niversity, W
iley O

nline L
ibrary on [14/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Cartesian coordinates. The origin is at the center of mass. For the spe-

cific isomer structure IS4, the Cs-symmetry plane is the y-z-plane, with

the principal axis along the z-coordinate almost perfectly parallel to

the CBHB bond that is, the z-axis serves as the rotation axis of the

“wheel” (A, B, C) with respect to the “bearing” (a, b, c, …, g). During

the rotation of the “wheel” (A, B, C), the “bearing” (a, b, c, …, g)

undergoes slight deformations (below the graphical resolution of

Figure 1). The values of the corresponding moments of inertia of the

“wheel” and the “bearing” of the isomer structures are

Iw ¼
X14
j¼1

Mj� X2
j þY2

j

� �
and

Ib ¼
X22
j¼15

Mj� X2
j þY2

j

� �
, respectively:

The reduced moment of inertia is IIS ¼ Iw�Ib
IwþIb

. Equivalent expres-

sions hold for the reduced moment of inertia of the transition state

ITS. For the model below, we use the mean value, I=0.5 (IIS+ ITS)

=170.76μÅ2.

The cycle IS1 ! TS1-2 ! IS2 ! TS2-3 ! … ! IS14 ! TS14-1

shown in Figure 1 is mapped on the cyclic one-dimensional

(1D) profile of the potential energy surface (PES) versus rotation angle

φ for the rotation of the “wheel” (A, B, C) versus the “bearing” (a, b, c,
…, g), cf. Figure 4. The PES has 14 equivalent minima supporting the

14 equivalent IS1, IS2, …, IS14. They are separated by the energy

barriers for the 14 equivalent transition state structures TS1-2, TS2-3,

…, TS14-1. Isomerizations ISi ⇌ ISi + 1 between neighboring isomer

structures are indicated by double arrows “⇌”.
The 1D PES V(φ) shown in Figure 4 lends itself for a simplistic 1D

model of the coupled isomerizations IS1 ⇌ IS2 ⇌ IS3 ⇌ … ⇌

IS13 ⇌ IS14 ⇌ IS1 mapped on the rotation of the “wheel” (A, B, C)

versus the “bearing” (a, b, c, …, g) along the rotation angle φ. The cor-

responding 1D Schrödinger equation.

�ℏ2

2I
∂2

∂φ2
þV φð Þ

" #
ψn φð Þ¼ Enψn φð Þ ð1Þ

with reduced moment of inertia I yields the corresponding rotational

eigenenergies En. Figure 4 illustrates selected En's below the potential

barriers by horizontal lines. They are grouped in sets of 14 eigenstates

with near degenerate energies E0 ≈ E1 ≈ … ≈ E13 < E14 ≈ E15 ≈ …

≈ E27 < … < E294 ≈ E295 ≈ … ≈ E307, cf. Table S3. These sets of

14 eigenstates for the cyclic potential energy V(φ) with 14 equivalent

minima may be called “tunneling quattuordecimets” (using the Latin num-

ber for 14), by analogy with the familiar “tunneling doublets” for cyclic

potential energies V(φ) with two degenerate minima. In the case of DCB,

they form extremely narrow bands of eigenstates. The band widths

increase with mean energies of the bands. The highest band—actually the

22th—with mean energy just below the potential barriers has band width

0.0036 eV. By exponential extrapolation for the dependence of the

tunneling splittings on the effective barrier heights, the bandwidth of

the lowest energy band is about 5 � 10�13 eV—this is much below the

graphical resolution of Figure 4. These splittings are even much below

the interaction energies of the associated nuclear spins of the protons of

the CH-bonds in DCB. As a consequence, DCB does not have any

nuclear spin isomers—these would be represented by wavefunctions

which are delocalized over all 14 minima of the PES. Instead DCB pos-

sesses localized eigenfunctions for the individual ISi's. This property of

DCB is in contrast with the molecular boron rotors such as B11
�, B13

+,

B19
+ which have nuclear spin isomers with delocalized wavefunctions

covering all ISi's.6,10–13 This fundamental difference is a consequence of

the much higher potential barriers and the much higher moment of inertia

I of DCB compared to the boron rotors. Accordingly, DCB may be consid-

ered as “hindered molecular rotor”.

4 | TIME-DEPENDENT RESULTS

Our investigation of the time-dependent aspects of the fluxionality of

DCB has four parts labeled as IV.A–IV.D.

4.1 | Isomerization by tunneling

In the frame of the 1D-model developed in Section 3, the extremely

small splittings of the energies of the 14 eigenstates in the lowest

band (“quattuordecimet”), ΔE ≈ 5 � 10�13 eV imply the correspond-

ing very long tunneling time,

F IGURE 4 Cyclic one-dimensional profile of the potential energy
surface (PES) versus rotation angle φ of the “wheel” (A, B, C) versus
the “bearing” (a, b, c, …, g) of 1,10-dicyanobullvalene (DCB),

cf. Figure 1. The PES has 14 equivalent minima supporting the isomer
structures IS1, IS2, …, IS14 separated by the equivalent transition
state structures TS1-2, TS2-3, …, TS14-1. The profile of the PES from
ISi via TSi � i + 1 to ISi + 1 corresponds to the intrinsic reaction
coordinate (IRC) shown in Figure 2B. The horizontal lines illustrate
bands (“tunneling quattuordecimets”) of 14 near degenerate
eigenenergies (En) of the intrinsic rotation versus φ, cf. Table S3.

PEI ET AL. 5
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τ¼ h=ΔE≈8ms: ð2Þ

Multi-D models take the couplings of tunneling along the intrinsic

reaction coordinate IRC with complementary nuclear motions into

account. These tend to slow down the tunneling that is, the 1D esti-

mate (3) provides a lower limit to even longer tunneling times for

multi-D models. Tunneling of DCB is in fact much slower than tunnel-

ing of semibullvalene at cryogenic temperatures20 or tunneling of the

boron rotors.35 This is again a consequence of the much higher energy

barrier and moment of inertia (or the corresponding reduced mass) of

DCB compared to the boron rotors and semibullvalene.16 As a

resume, tunneling of the “hindered molecular rotor” DCB is negligible

compared to thermally activated isomerizations, which will be consid-

ered in the next Section 4.2.

4.2 | BOMD simulations of thermally activated
isomerizations

Molecular dynamics simulations of the fluxional isomerizations of

DCB during 120 ps have been carried out for temperatures from

700 to 900 K. At these temperatures, the molecule would ultimately

decompose, but this would take longer times. For reference, bullva-

lene is robust till 700 K.36 The dynamics during the rather short tem-

poral domain of 120 ps allow to monitor systematic trends which can

be extrapolated to lower temperatures e. g. to room temperature

where DCB is robust, but BOMD simulations would have to be carried

out during much longer times which are beyond our computational

resources.

Typical results for the time evolution of the root mean square

deviation (RMSD) of the nuclear coordinates at time t from the config-

uration of the initial (t = 0) isomer IS1 obtained for a single trajectory

are shown in Figure 5, for example, for T = 900 K. For the specific

example, the initial IS1 apparently isomerizes to IS2, then back to IS1,

then to IS14, …. and so forth. Analogous results for T = 700,

750, 800 K are presented in Figure S2. One may extrapolate that in

the long-time limit, the isomerizations will visit all isomer structures

with equal probabilities. The residence times for the isomer

structures are shown in Table 1. The inverse of the mean values of

the residence times yields an estimate of the rate of isomerization-

here this is kBOMD(T = 900 K) = 1/<τ> = 1/2.665 ps = 0.375 ps�1.

The results are shown in Figure 6.

4.3 | Transition state theory estimates of the rate
coefficients for thermally activated isomerizations

Alternatively, we also calculate the rate constants of the isomeriza-

tions of DCB from ISi via TSTi � i + 1 to ISi + 1 using TST, cf. Equa-

tion (3).

kTST Tð Þ¼ kBT=hð Þ�QTST=QIS� exp � ETST�EIS
� �

=RT
h i

, ð3Þ

where QTST and QIS are the vibrational partition functions of the TST

and IS without vibrational zero- point energies (ZPEs) corrections con-

sidered, and ETST � EIS = 0.27 eV is the energy difference of the TST

F IGURE 5 Born-Oppenheimer molecular dynamics (BOMD)
simulation of the isomerizations of 1,10-dicyanobullvalene (DCB), by a
single trajectory starting from isomer structure IS1 and visiting
sequentially the ISi labeled by i = 2, 1, 14, 13, and so forth at 900 K.
The root mean square deviation (RMSD) is the root mean square
deviation of the nuclear coordinates at time t from the initial (t = 0)
configuration.

TABLE 1 Residence times for isomer structures ISi of
1,10-dicyanobullvalene) during a Born-Oppenheimer molecular
dynamics simulation visited by the trajectory starting at IS1 at
T = 900 Ka.

900 K

Structure τ (ps) Structure τ (ps) Structure τ (ps)

IS14 0.15 IS13 1.26 IS12 3.10

IS14 0.18 IS3 1.36 IS13 3.37

IS1 0.21 IS2 1.52 IS14 3.86

IS12 0.29 IS1 1.75 IS13 4.01

IS4 0.31 IS14 1.96 IS11 4.21

IS11 0.44 IS12 2.00 IS4 4.65

IS2 0.49 IS13 2.33 IS11 4.86

IS2 0.51 IS3 2.36 IS12 5.96

IS3 0.53 IS1 2.43 IS14 6.32

IS13 0.71 IS12 2.61 IS12 6.75

IS13 0.73 IS3 2.78 IS10 6.96

IS2 0.74 IS14 2.79 IS11 7.75

IS10 0.92 IS12 2.82 IS11 9.13

IS11 1.08 IS1 3.08

aThe residence times correspond to the root mean square deviations of

the trajectory shown in Figure 5. They are ordered from the shortest to

increasing values. The mean value is <τ> = 2.665 ps.

6 PEI ET AL.
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and IS including the ZPEs. The results are also shown in Figure 6, in

reasonable agreement with the BOMD results.

Figure 6 also shows the TST rate constants k0(T) for the com-

peting isomerizations from ISi via TSTi � j0 to ISj0 , cf. Figure 2. The

much higher energy barrier of TSTi � j0 compared to TSi-i + 1

implies that k0(T) < < k(T). For example, at 273 K (outside the range

of Figure 2) we have k0(273 K) = 16.8/s < < k(273 K)

= 4.79 � 107/s. This confirms the restriction of the fluxionality of

DCB by dicyano substitution.

4.4 | Equilibration of DCB

The BOMD simulations presented in Section 4.2 assume that ini-

tially, at t = 0, DCB is prepared in a selective isomer ISj (in brief:

the initial isomer) for example, in IS1 for the results shown in

Figures 5 and 6 and in Table 1. The initial probabilities of observing

the isomers IS1, …, ISi, …, IS14 (or in other words, the initial popu-

lations of the isomers) can thus be expressed in terms of Kroneck-

er's symbol.

Piðt¼0Þ¼ δij ¼
1 for i¼ j ðeg: j¼1Þ;
0 for i≠ j:

�
ð4Þ

Subsequently, the isomerizations of DCB induce transitions from the

initial ISj to its nearest neighbors, ISj + 1 or ISj � 1, then to the next near-

est neighbors ISj + 2 or ISj � 2, or back to ISj, and so forth. As a working

hypothesis, in the long-time limit, the trajectorieswhich simulate the isom-

erizations should visit all ISi's, ultimatelywith equal probabilities.

Pi t!∞ð Þ!1=14: ð5Þ

This long-time limit of equal populations of all the equivalent iso-

mers is in fact mandatory by fundamental laws of statistical thermody-

namics. On the way from the initial to the final states, the population

Pj(t) of the selected initial ISj should decrease from its initial (=1) to

the final (=1/14) value, whereas all other Pi(t) should increase from

0 to 1/14.

This working hypothesis calls for calculations of the time evolu-

tions of all Pi(t) as solutions of the rate equations for the cyclic isomer-

izations of the ISi's,

dP1=dt¼�2kP1þkP14þkP2,

dP2=dt¼�2kP2þkP1þkP3,

dP3=dt¼�2kP3þkP2þkP4,

…

dP13=dt¼�2kP13þkP12þkP14,

dP14=dt¼�2kP14þkP13þkP1

ð6Þ

subject to the initial condition Pi(t = 0) = δij, with the rate coefficient

k as determined in Section 4.3. It is convenient to rewrite equation (6)

in matrix–vector notation.

dP=dt¼�kRP ð7Þ

with the “vector” of probabilities (or populations) P = (P1, P2, …, P14)
T

and the 14 � 14 “reaction matrix”.

R¼

2 �1 �1

�1 2 �1

�1 2 �1

. .
.

�1 2 �1

�1 2 �1

�1 �1 2

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA
: ð8Þ

The special form of R guarantees normalization,

X14
m¼1

Pm tð Þ¼1 ð9Þ

because,

d
X14
m¼1

Pm

 !
=dt¼�k

X14
m¼1

X14
n¼1

RmnPn ¼0: ð10Þ

The solution of the rate equations is obtained by diagonalization

of the reaction matrix.

RU¼UD ð11Þ

with unitary matrix U and with diagonal matrix.

F IGURE 6 Comparison between the rate constants k for
isomerizations ISi ⇌ TSi � j ⇌ ISj obtained from transition state
theory (TST in blue) and BOMD simulations (in red) at different
temperatures (T). For comparison, the much smaller TST rate
constants k0 for the competing isomerizations ISi ⇌ TSi � j0 ⇌ ISj0 are
also shown in blue at the bottom, cf. Figure 2B.

PEI ET AL. 7

 1096987x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcc.27379 by Shanxi U

niversity, W
iley O

nline L
ibrary on [14/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



D¼

d1
d2

. .
.

d13
d14

0
BBBBBBB@

1
CCCCCCCA

ð12Þ

The solution of Equation (11) can be adapted from the

analytical solution for the diagonalization of the isomorphous

Hückel matrix for a cyclic aromatic hydrocarbon molecule

with 14 equivalent 2pz-orbitals.
37 Accordingly, the diagonal ele-

ments are.

dm ¼2 1� cos m�1ð Þ�2π=14½ �f g ð13Þ

or re-ordered with ascending values.

d1,d2,…,d14ð Þ¼ 0:00,0:20,0:20,0:75,0:75,1:55,1:55,2:44,2:44,3:24,ð
3:24,3:80,3:80,4:00Þ

ð14Þ

The dm are associated with the elements Umn of the unitary matrix

U. For example, the matrix elements Um1 associated with the lowest

eigenvalue d1 = 0.00 are all equal,

Un1 ¼1=
ffiffiffiffiffiffi
14

p
forn¼1,2,…,14: ð15Þ

The general solution of the rate equations is obtained in terms of

the elements of the matrices D and U as.

Pi tð Þ ¼
X14
m¼1

X14
n¼1

Uime
�kdmtUnmPn t¼0ð Þ: ð16Þ

For the special case Pn(t = 0) = δnj of the exclusive initial popula-

tion of ISj, (cf. equation (4)) this simplifies to

Pi tð Þ¼
X14
m¼1

Uim e�kdmtUjm: ð17Þ

As an example, for the initial IS7, the time evolutions of the popu-

lations Pi(t) of all isomer structures ISi at T = 800 K with k = 0.302/ps

are illustrated in Figure 7A.

The numerical simulations of the time evolutions of the popula-

tions Pi(t) of ISi confirm the conjectures based on the BOMD simula-

tions in Section 4.2. In particular, in the long time limit, all

exponentials in Equation (16) decay to zero, except the first one, since

exp(�k d1 t) = exp(0) = 1. This implies equilibration.

Pi t!∞ð Þ!Ui1 Uj1 ¼1=14 ð18Þ

in accord with Equation (5). The long-time approach to equilibrium is

determined by the exponential in Equation (16) with the

slowest decay that is, by exp(�k d2 t). In practice, one may say that

equilibrium has been reached “essentially” if exp(�k d2 t) has

decreased below some reasonable limit, say exp(�k d2 t)

< ε = 0.01 for

t> tε ¼� ln ε= k d2ð Þ: ð19Þ

For example, for the present application of the isomerizations of

DCB with rate coefficients k(T) = 1.50 � 1011, 3.02 � 1011,

5.29 � 1011/s at temperatures T = 700, 800, and 900 K, the times for

equilibration are tε=0.01(T) = 153, 76, and 43 ps, respectively. For compar-

ison, at 273 K, k(273 K) = 4.79 � 107/s and tε=0.01(T) = 0.48 μs.

Figure 7 also reveals additional phenomena, or rules during equili-

bration. These rules depend on the “distance” between the isomers

ISi from the initial ISj. Here the “distance” depends on the arc

between ISi and ISj on the circle of isomerizations illustrated in

Figure 1. It is proportional to the minimum number of elementary

isomerizations which transform ISj into ISi. For example, for the initial

ISj = IS7, its nearest neighbors IS6 and IS8 have the closest distance

to IS7, whereas the “opposite” IS14 has the largest distance from IS7.

F IGURE 7 (A) Time evolutions of the populations Pi(t) of the isomer
structures ISi starting from initial preparation of DCB in ISj, j = 7 at
T = 800 K. (B) Time evolutions of the populations of three groups of

isomers, (i) the initial ISj = IS7, (ii) its six close neighbors ISi, i = 4,5,6,8,
9,10 and (iii) the remaining more distant isomers ISi, i = 1,2,3,11,12,13,14.
Group (ii) exhibits overshooting above the final equilibrium.
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First, Figure 7 reveals the “rule of hierarchy” of the populations

of the isomers. Accordingly, the population Pj(t) of the initial isomer ISj

(cf. Equation (4)) remains always dominant,

Pj tð Þ>Pi tð Þ for i≠ j: ð20Þ

Furthermore,

Pi tð Þ>Pk tð Þ, ð21Þ

if isomer ISi is closer to the initial ISj than isomer ISk. Explicitly, for

ISj = IS7, we have

P7 tð Þ>P6 tð Þ¼P8 tð Þ>P5 tð Þ¼P9 tð Þ>P4 tð Þ¼P10 tð Þ>P3 tð Þ
¼P11 tð Þ>P2 tð Þ¼P12 tð Þ>P1 tð Þ¼P13 tð Þ> P14 tð Þ: ð22Þ

This rule can be rationalized by the sequence of isomerizations

which start from the initial ISj to its nearest neighbors ISj + 1 and

ISj � 1, then to the next nearest neighbors ISj + 2 and ISj � 2, and so

forth.

Second, Figure 7 reveals the “rule of symmetry” that is,

Pi tð Þ¼Pk tð Þ ð23Þ

if isomers ISi and ISk have the same distance from the initial ISj,

cf. Equation (22). This rule can be rationalized by the equivalence of

clockwise and counterclockwise rotations of the “wheel” versus the

“bearing” along the circle of isomerizations illustrated in Figure 1.

Third, Figure 7 reveals the “rule of overshooting” of the popula-

tions of the close neighbors of the initial isomer. Explicitly, all isomers

can be assigned to three groups:

1. The initial isomer ISj (here: IS7)

2. Its close neighbors ISi. These yield transient populations which

“overshoot” the equilibrium value. Here ISi = IS4, IS5, IS6, IS8, IS9,

IS10 yield transient populations Pi(t) > 1/14 at sufficiently large

times t. Those Pi(t) pass through a rather early temporal maximum

before the long-time approach to equilibrium.

3. The remaining isomers ISk at large distances from the initial ISj. Their

populations increase monotonously to equilibrium, Pk(t) < 1/14.

This rule can be rationalized by the fact that isomers ISi can isom-

erize in two directions. Isomerizations in the direction away from the

initial ISj contribute to populations of isomers at ever larger distances

from the initial isomer. Isomerizations in the direction towards the ini-

tial ISj contribute to transient accumulation of populations of isomers

close to the initial isomer, causing “overshooting. The populations of

the isomers in groups (i), (ii) and (iii) are illustrated in Figure 7B, with

clear demonstration of the phenomenon of overshooting of the iso-

mers in group (ii) close to the initial ISj.

Equilibration by isomerization of all 14 isomers of DCB has impor-

tant consequences for the thermally averaged structure and symme-

try. The superposition of the structures of all 14 ISi's, each of them

with Cs symmetry, is illustrated with rainbow colors in Figure 8B. The

symmetry of this thermally averaged structure is C7v. In brief, equili-

bration raises the symmetry of the 14 ISi's according to 14 Cs ! C7v.

The C7v structure of DCB at equilibrium is anticipated to have a
1H NMR spectrum with two sets of inequivalent hydrogen atoms in

the ratio of n(a+b+c+d+e+f+g): nB = 7:1 (cf. Figure 1), in contrast to bull-

valene C10H10 which is known to exhibit only one 1H NMR signal

above 120�C.36 This reminds of the rise of symmetry of the boron

rotors from multiple global minimum structures to unified quantum

mechanical structures, for example, 18 C2h ! D9d for La-[B2@B18]-

La.12 There is, however, an important difference between the two

applications: The unified quantum mechanical structures of the boron

rotors are for nuclear spin isomers with wavefunctions delocalized

coherently over all equivalent global minimum structures. In contrast,

the present DCB does not possess any nuclear spin isomers, and its

thermally averaged structure is obtained as incoherent superposition

of the isomer structures.

F IGURE 8 (A) Isomer structure IS1 of 1,10-dicyanobullvalene (DCB) illustrated by the positions of 10 carbon nuclei labeled as A, B, and C for
the “wheel” and a, b, c, d, e, f, and g for the “bearing”, cf. Figure 1. Figure 1 illustrates altogether 14 equivalent ISi, i = 1, 2, …, 14, all of them with
Cs symmetry. (B) The thermally averaged structure of DCB illustrated as rainbow-colored superposition of the structures of ISi, i = 1, 2, …, 14 [IS1
(red), IS2(orange), IS3(yellow), IS4(green), IS5(cyan), IS6(blue), and IS7(purple), with IS8-IS14 overlapped with IS1-IS7]. A, B, and C in (B) represent
the positions of the corresponding groups in IS1 in (A). The symbol “14 Cs ! C7v” means that the superposition of 14 ISi, each with Cs symmetry,
yields the thermally averaged structure with C7v symmetry.
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5 | CONCLUSIONS

Restriction of the paragon fluxionality of bullvalene by 1,10-dicyano

substitution allows to investigate a broad variety of properties of

DCB. These yield working hypotheses for corresponding properties

of the parent bullvalene which cannot (yet) be investigated with the

available methods and techniques.

First, the energy barriers between any two neighboring isomers

and the reduced moment of inertia for the rotation of the “wheel” ver-
sus the “bearing” of DCB are so large that tunneling is entirely negligible.

At low temperature, DCB appears, therefore, as frozen molecular rotor.

The corresponding rotational energies are grouped into extremely narrow

bands with tunneling splittings much below the interaction energies of

nuclear spins. Consequently, DCB does not possess any nuclear spin iso-

mers, and the wavefunctions are localized for the individual isomers

instead of being delocalized over all isomer structures. The corresponding

energy barriers of bullvalene are even higher than for DCB. The reference

DCB suggests, therefore, the working hypothesis that bullvalene does not

possess any nuclear spin isomers, either. This is non-trivial since 12C10H10

has 10 protons with nuclear spin ½ (in units of ħ). These might add up to

total values of nuclear spins I = 0, 1, …, 5. Thus one might speculate that
12C10H10 should have total molecular wavefunctions labeled by I = 0,

1, …, 4 or 5. This possibility is ruled out, however, by the present results

for DCB. The non-existence of nuclear spin isomers of DCB and bullva-

lene is entirely different from the boron rotors such as B11
�, B13

+, B19
+

which possess nuclear spin isomers and delocalized wavefunctions

because they isomerize via much lower energy barriers and with much

lower reduced moments of inertia.6

Second, the present equilibration dynamics of DCB suggests, as

working hypothesis, analogous phenomena for bullvalene. Thus, if

bullvalene is prepared in one of its isomers, say in ISj, one should

assign “distances” between ISj and the other 1,209,600–1 isomers ISi

which depend on the length of the shortest isomerization path from

the initial ISi to ISj. This length is proportional to the smallest number

of elementary isomerizations which transform the initial ISj to the tar-

get ISi. The path must be determined on the rather complex graph for

the 259,200 cyclic isomerization paths which has been described in

the Introduction, adapted from Reference [4]. As a working hypothe-

sis, the three rules of hierarchy, symmetry and overshooting during

equilibration of DCB (cf. Equations (20)–(23)) should also apply to

bullvalene. However, numerical simulations and analyses would be

challenging. They would require the solution of the corresponding

1,209,600 coupled rate equations for all ISi, analogous to Equa-

tions (7). The underlying 1,209,600 � 1,209,600 reaction matrix R is

still unknown, however, and we are not aware of any recipe for gener-

ating R. Its diagonalization (analogous to Equations (8)–(17)) appears

as another formidable task.

In any case, the example of DCB shows that at (still unknown)

rather long times, isomerizations yield equal populations of all isomers.

The corresponding thermally averaged structure is the superposition

of all individual isomer structures. In the case of DCB it has C7v sym-

metry, which is “higher” (i.e. it has more symmetry elements) than the

Cs symmetry of the 14 individual isomers, in brief 14 Cs ! C7v,

cf. Figure 8. By extrapolation, if bullvalene could be prepared in a sin-

gle isomer, then a rather long series of isomerizations should yield the

thermally averaged structure 1,209,600 C3v ! X with higher but still

unknown (possibly Ih?) symmetry.
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