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Nuclear quantum and H/D isotope effects on aromaticity: path 
integral molecular dynamics study 
Hikaru Tanaka,a Kazuaki Kuwahata, b  Masanori Tachikawa b and Taro Udagawa *a

Aromaticity is an important concept in organic chemistry, and thus, many theoretical and experimental 
studies have been conducted so far. However, the majority of theoretical studies have concentrated 
on the aromaticity of the stationary point structures. Herein, the influence of nuclear quantum 
fluctuation (nuclear quantum effects: NQEs) and thermal fluctuation on the aromaticity of benzene 
have been analyzed by path integral molecular dynamics (PIMD) simulation. The PIMD simulations 
revealed that the NQEs affected not only the C-H bonds but also the C-C bonds.  The HOMA and NICS 
calculations demonstrated that the aromaticity decreased due to the NQEs of carbon atoms, 
attributed to an increase in the contribution from specific vibrational modes strongly correlated with 
benzene’s aromaticity.
    

Introduction
Aromaticity is a distinctive property observed in cyclic and 
planar molecules with 4n + 2 (n = 0, 1, 2…) π electrons.1 The 
delocalized π electrons stabilize the energy and induce 
equalization of the bond lengths. Even though the aromaticity 
is a very important concept, it is defined in various ways.2–5 
Thus, there are several methods for assessing the degree of 
aromaticity. Theoretical calculations have been used for a long 
time to evaluate the degree of the aromaticity. The harmonic 
oscillator model of aromaticity (HOMA)6 and the nucleus-
independent chemical shifts (NICS)7 are the representative 
theoretical methods to evaluate the molecular aromaticity. The 
HOMA estimates the aromaticity based on bond lengths, 
whereas the NICS estimates the aromaticity based on its 
response to an external magnetic field. These indices have been 
widely used to assess the aromaticity of various molecules and 
ring fragments so far.8–10

It is known that molecules fluctuate at any temperature. 
Nevertheless, most theoretical studies evaluated the 
aromaticity only for optimized structures. Hence, the effects of 
thermal fluctuation on the aromaticity were not considered in 
such studies. Although aromatic rings tend to become flat and 
are considered rigid, recent theoretical studies have revealed 
that even the C6-ring framework of benzene is not rigid but 

highly flexible. 11–13 Thus, several groups have analyzed the 
aromaticity of molecule, taking thermal fluctuations into 
account with molecular dynamics (MD) simulations. Cysewski 
suggested that structural distortions arising from the normal 
mode may have an impact on the delocalization of π electrons 
in benzene, even at room temperature.14 Dopieralski studied 
the deuterium isotope effect (H/D isotope effect) on the 
molecular structure and the aromaticity of furan using ab initio 
MD simulation.15 These studies demonstrated that thermal 
fluctuations are important in assessing molecular aromaticity. 
However, fluctuations arising from the quantum nature of 
nuclei (nuclear quantum effect: NQE) were rarely taken into 
account in previous theoretical studies.16–18 In conventional 
quantum chemistry calculations, nuclei are not treated 
quantum mechanically because they are much heavier than 
electrons. Therefore, the NQEs have been ignored. However, it 
is known that NQEs often become important for light nuclei, 
such as proton and deuteron. For example, several groups and 
we have reported that NQEs of hydrogen nuclei enhance the 
hydrogen bond strength and facilitate proton transfer 
reactions.19–24 Furthermore, we have also demonstrated that 
considering the NQEs is indispensable for the analysis of the 
H/D isotope effects. 24

The NQEs of heavier atoms, such as carbon, have not been 
focused because their nuclei are much heavier than electrons. 
However, several recent studies have pointed out that the NQEs 
are also important when calculating the electronic structures of 
carbon atoms.25,26 Kundu et al. performed the ab initio path 
integral MD (PIMD) simulations in combination with a quantum 
thermostat.26 They found that the NQEs have a substantial 
impact on the electronic properties of amorphous carbon. They 
advocated that the NQEs are also significant in even carbon 
atom to determine the electronic structure. 
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From the above, it can be inferred that the NQEs should be 
considered in order to analyze the aromaticity accurately. 
However, to the best of our knowledge, there are no theoretical 
studies that have analyzed aromaticity with considering the 
NQEs so far. Thus, we would like to investigate the NQEs on 
aromaticity in this study. The simplest aromatic molecule, 
benzene, was chosen as the focus of this study. Additionally, we 
also investigate the H/D isotope effects on the aromaticity by 
analyzing deuterated benzene.

Computational Detail
First, we determined the level of electronic structure calculation 
for the PIMD simulations. The C-H and C-C bond lengths in the 
equilibrium structure of benzene obtained by CCSD(T)/aug-cc-
pVQZ method were 1.0830 Å and 1.3954 Å, respectively. Note 
that since benzene has D6h symmetry, all six C-H bond lengths 
are exactly equal, and similarly, all six C-C bond lengths are 
exactly equal. Since PIMD simulations require a very large 
number of atomic force calculations, it is essential to select an 
appropriate calculation level that can reproduce the results 
obtained by a highly accurate method at a low computational 
cost. We found that the APFD/6-311G27 level of calculation can 
reproduce the CCSD(T)/aug-cc-pVQZ geometry well. The C-H 
and C-C bond lengths obtained by APFD/6-311G calculation 
were 1.083 Å and 1.396 Å, respectively.  We also confirmed that 
the APFD/6-311G calculation adequately reproduced the 
normal modes (NMs) of benzene obtained from the 
CCSD(T)/aug-cc-pVQZ calculation. The NMs are listed in Table 
S1 of the SI. Thus, APFD/6-311G was adopted for the PIMD 
simulations. In addition, the “int(grid=finegrid)” keyword 
implemented in Gaussian16 was utilized to reduce the 
computational cost. 

In this study, we performed PIMD simulations on benzene 
(C6H6) and deuterated benzene (C6D6). In the PIMD simulations, 
all nuclei were treated as quantum particles, and each nucleus 
was expanded using 16 beads. We have confirmed that P = 16 
is sufficient for the present study by preliminary PIMD 
simulations (see Figure S1 in the Supplementary information). 
On-the-fly ab initio PIMD simulations were performed for 
90,000 steps after 10,000 steps of thermal equilibration run, 
with a timestep size of 0.1 fs. The Classical molecular dynamics 
(CLMD) simulation, in which each nucleus was represented by 
only one bead and hence the NQEs were not considered, was 
also carried out for benzene for 400,000 steps, after 100,000 
steps of thermal equilibration run. Both the PIMD and CLMD 
simulations were conducted in the canonical ensemble (NVT) at 
300 K. Moreover, we used the massive Nosé-Hoover chain 
thermostats28,29 with the chain length parameter L = 4, 
combined with the velocity Verlet algorithm for efficient 
sampling. The PIMD simulations were performed using a house 
code.30,31

The HOMA and NICS methods were employed to evaluate 
the aromaticity of benzene. The HOMA evaluates the 
aromaticity in terms of bond lengths.6 The HOMA value is 
calculated by the following equation:

 HOMA =  1 ―  257.7
𝑛

∑𝑛
𝑖 𝑑𝑜𝑝𝑡 ― 𝑑𝑖

2 (1)

where n is the number of C-C bonds, dopt is the optimized bond 
length of the reference molecule (1.388 Å), and di is the i’s C-C 
bond length obtained by each simulation. In addition, 257.7 is 
the normalization constant. According to the definition of the 
HOMA scheme, aromaticity of a molecule is evaluated as the 
sum of the squared deviations of the C-C bond lengths from 
those in the ideal aromatic molecule: HOMA = 1 indicates that 
the target molecule is a perfectly aromatic, while HOMA = 0 
indicates a non-aromatic character. For example, the HOMA 
value is 0.997 for the optimized structure of benzene calculated 
at APFD/6-311G level.

The NICS index7 is calculated based on a magnetic shielding 
constant estimated at the center of the target ring (NICS(0)). 
Negative (positive) NICS values indicate that the target ring is 
aromatic (anti-aromatic), respectively. The NICS value is often 
evaluated at 1.0 Å above the ring center (NICS(1)) to prevent 
contamination of the contribution from π electrons. In addition, 
the zz component of the NICS(1) value, denoted as NICS(1)zz, is 
also commonly used for analyses. These NICS values (NICS(1) 
and NICS(1)zz) are generally considered better aromaticity 
indices compared to NICS(0).3 It should be noted here that the 
benzene does not strictly maintain its planarity during the 
simulation. Hence, the NICS(0) value was evaluated at the 
center of gravity of the six carbon atoms of benzene. In addition, 
we defined the least-squares plane for the six carbon atoms of 
benzene to measure NICS(1) and NICS(1)zz. The NICS(1) values 
were evaluated at 1.0 Å above and below the center of gravity 
in the least-squares plane.  

Results and Discussion
Nuclear quantum effects for structural parameters

Figure 1 shows the one-dimensional distribution of C-H and C-C 
bond lengths obtained by PIMD(H), PIMD(D), and CLMD 
simulations.   

Figure 1. One-dimensional distributions of (a) C-H bond lengths 
and (b) C-C bond lengths obtained by PIMD and CLMD 
simulations.

First, we examined the one-dimensional distributions of C-H 
bond lengths as depicted Figure 1(a). In a comparison of the 
PIMD(H), PIMD(D), and CLMD results, we discovered that the 
PIMD(H) and PIMD(D) distributions were broader than the 
CLMD distribution due to the nuclear quantum fluctuations. 
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Furthermore, it is noteworthy that the PIMD(H) distribution is 
slightly broader than that of PIMD(D). This disparity (H/D 
isotope effects) can be attributed to the differences in nuclear 
quantum nature of proton and deuteron, arising from the 
difference in the masses of proton and deuteron. This 
difference affects the stretching motion of the C-H/C-D bond. 
Next, we focused on the distribution of C-C bond lengths 
illustrated in Figure 1(b). Similar to the C-H bond lengths, the 
distributions of PIMD(H) and PIMD(D) were broader than that 
of CLMD. However, unlike C-H bond lengths, the distribution of 
PIMD(H) and PIMD(D) were nearly identical. Therefore, the 
difference between CLMD and PIMD distributions was 
attributed to the NQEs of carbon nuclei themselves, not the 
secondary NQEs of the hydrogen nuclei. These results 
demonstrate that even the NQEs of heavy atoms can sometimes 
directly influence the bond lengths.

Nuclear quantum effects on aromaticity

The HOMA values were calculated at every snapshot structure 
obtained from each simulation. The distribution of the HOMA 
values was illustrated in Figure 2, and the average HOMA values 
for each simulation were listed in Table 1.

Figure 2. One-dimensional distributions of HOMA values 
obtained in PIMD(H) (red), PIMD(D) (green), and CLMD (blue) 
simulations.

Table 1. Average HOMA value obtained in PIMD and CLMD 
simulations and HOMA value at the equilibrium structure (EQ).

PIMD(H) PIMD(D) CLMD EQ
HOMA 0.418 0.419 0.804 0.997

In the CLMD distribution, the HOMA values were primarily 
distributed within a narrow range between 0.5 and 1, and the 
average value of CLMD (0.804) did not become significantly 
smaller compared to the EQ value. This fact suggests that the 
decrease in the aromaticity of benzene due to thermal effects is 
not so significant. The HOMA values for PIMD(H) and PIMD(D) 
were distributed to a lower range than the CLMD. In other 
words, the aromaticity was clearly reduced due to the NQEs. On 
the other hand, the results of PIMD(H) and PIMD(D) were nearly 
identical for both the distributions and the average values. This 
tendency is consistent with the distributions of C-C bond 
lengths (Figure 1), in which the NQEs of hydrogen nuclei had no 
significant effects on the C-C bond lengths constituting the 
benzene ring. 

HOMA is a simple index that evaluates aromaticity solely 
based on C-C bond lengths. Details of the electronic structure, 
such as polarization effects, were not considered in the 
calculated HOMA values. To gain a deeper insight into the 
aromaticity, we also calculated NICS values for every snapshot 
structure. The distributions of NICS values obtained from each 
simulation were shown in Figure 3. Additionally, Table II lists the 
average NICS values obtained in each simulation.

Table 2. Average NICS value (ppm) obtained in PIMD and CLMD 
simulations and NICS value at the equilibrium structure (EQ).

PIMD(H) PIMD(D) CLMD EQ
NICS(0) -6.85 -6.87 -7.03 -7.26
NICS(1) -10.39 -10.43 -10.64 -10.79

NICS(1)zz -25.45 -25.54 -26.17 -26.53

The one-dimensional distribution of NICS values obtained by 
CLMD simulation distributed within a narrow range around the 
EQ value, as shown in Figure 3. The average NICS values of 
CLMD were slightly larger than those of EQ, but smaller than 
those of PIMD. The distribution of NICS values obtained in PIMD 
simulations was distributed over a wider range than in the 
CLMD simulation. In addition, unlike the HOMA results, 
PIMD(H) and PIMD(D) distributions were slightly different, and 
the average values of PIMD(H) and PIMD(D) were also not 
identical. In other words, the NICS results might suggest the 

Figure 3. One-dimensional distributions of (a) NICS(0) (b) NICS(1), and (c) NICS(1)zz.

Page 4 of 7Physical Chemistry Chemical Physics



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

existence of a modest H/D isotope effect on the aromaticity, 
unlike the HOMA results.

Normal mode analysis and contribution ratio of each vibration 
mode

In order to identify the factor contributing to the reduction of 
the aromaticity due to the NQEs, firstly, we performed normal 
mode analysis to examine the changes in aromaticity resulting 
from variations according to each normal vibrational mode of 
benzene. We can specify which NM(s) provides a significant 
impact on aromaticity from this analysis. By identifying the 
important vibrational mode(s), we can gain insights into the 
underlying mechanisms responsible for the observed changes.

　Benzene possesses 30 NMs, however, some of them are 
degenerate due to D6h symmetry. Consequently, benzene has 
20 unique NMs. The lowest vibrational mode was calculated to 
be 421.24 cm-1, which corresponds to 606 K, at the APFD/6-
311G level. Therefore, we do not need to consider the 
vibrational excited state in the present analysis because the 
PIMD and CLMD simulations have been performed at 300 K. 
Figure 4 illustrates the changes in NICS(1)zz for each NM up to 
the classical turning point, which corresponds to the 
approximate maximum amplitude in the NM motion (see, 
Supplementary Information). Figure 4 provides information 
about the influence of individual NMs on the aromaticity of 
benzene.

Figure 4. NICS(1)zz values along normal coordinate q. Red, blue, 
and green lines represent the changes in NICS(1)zz values 
according to structural distortions induced by Breathing, Kekulé 

and C-H stretching vibrational modes, respectively. Black lines 
represent the changes induced by other vibrational modes.  

Figure 5. Three NMs strongly correlated with the aromaticity of 

benzene. The names are given arbitrarily.

Obviously, three NMs (named Breathing (1019.28 cm-1), 
Kekulé (1364.65 cm-1), and C-H stretching (3220.63 cm-1), 
illustrated in Figure 5), have significant effects on the 
aromaticity. Breathing mode induces expansion and 
contraction of the entire benzene ring, whereas Kekulé 
vibrational mode leads D6h benzene to D3h (Kekulé) benzene 
structure. In addition, C-H stretching corresponds to the C-H 
stretching vibrational mode. Breathing and C-H stretching 
decrease aromaticity during ring expansion and raise it during 
contraction, Kekulé vibration, on the other hand, always 
decrease aromaticity. As shown in Figure 5, these three modes 
were categorized into in-plane mode. On the other hand, other 
NMs were found to contribute less to the aromaticity. In 
addition, some previous studies also pointed out that 
aromaticity was sensitive to in-plane vibrations.14 Therefore, 
these in-plane vibrational modes may strongly influence the 
aromaticity of benzene.

 We then calculated the inner product of the NM vectors 
and the displacement vector defined by the difference between 
each snapshot structure and the equilibrium structure. This 
analysis allows us to assess the contribution ratio of each NM to 
the snapshot structure. In the present study, we calculated the 
inner product for only the aforementioned three vibrational 
modes.

Figure 6 showed the one-dimensional distributions of the 
inner product of the NM vectors and the vectors defined by the 
difference between each snapshot structure and the 

Breathing Kekulé C-H stretching

Figure 6. One-dimensional distributions of the inner product of the vector defined by the difference between each snapshot structure 
and the equilibrium structure and the NM vectors.
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equilibrium structure. Thus, the distributions represented the 
magnitude of the contributions from the Breathing, Kekulé, and 
C-H stretching vibrational modes, and appear to be almost 
symmetrically spread over the positive and negative ranges 
centered on 0. Broader distributions were obtained by the PIMD 
simulation, indicating that the NQEs expanded the width of the 
distribution. 

However, since positive variations along Breathing and C-H 
stretching modes increase NICS value, while negative variations 
decrease it, the NQEs on these modes do not induce any H/D 
isotope effects on the average NICS value. Only the variations 
along the Kekulé mode affect the NICS average value; these 
variations reduced aromaticity. This is why only modest H/D 
isotope effects were observed in the average NICS values. 

Therefore, we revealed that while the NQEs influenced the 
magnitude of the contributions from each vibrational mode, 
they resulted in only slight effects on aromaticity.

Conclusions
In this study, we investigated the NQEs and H/D isotope effects 
on benzene and deuterated benzene to analyze the effect of the 
quantum nature of nuclei on aromaticity using ab initio PIMD 
method and CLMD.

Considering the NQEs, we observed the increase in 
fluctuations not only in the C-H bond lengths but also in the C-C 
bond lengths, indicating that even the NQEs of carbon atoms 
cannot be ignored. The HOMA index, which estimates the 
aromaticity based on bond lengths, and NICS index, which 
estimates the aromaticity reflecting the electronic states, 
showed a decrease in aromaticity due to the NQEs. The NICS 
results revealed that the aromaticity of benzene might be 
slightly reduced by deuterium substitution due to the increase 
in the contribution from the Kekulé vibrational mode. We found 
that the NQEs of not only light nuclei, such as hydrogen nuclei, 
but also heavier atoms’ nuclei affected chemical properties 
such as aromaticity. Therefore, it is crucial to consider the NQEs 
of all atoms for a comprehensive understanding of chemical 
properties.
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