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Nuclear quantum effects on intramolecular
hydrogen bonds and backbone structures in
biuret analogues

Kotomi Nishikawa,a Hikaru Tanaka,a Kazuaki Kuwahata,b Masanori Tachikawa c

and Taro Udagawa *a

Biuret analogues, dithiobiuret and thiobiuret, form six-membered ring structures via intramolecular

hydrogen bonds. The proton donor and acceptor atoms differ between these molecules, leading to

varying energy barriers for proton transfer. We performed path integral molecular dynamics (PIMD)

simulations for dithiobiuret and thiobiuret to investigate the correlation between proton transfer and

changes in the bond alternation pattern in the backbone structure. In addition, we performed PIMD

simulations for deuterated species. The results indicate that the fluctuations of the backbone originate

not from secondary nuclear quantum effects (NQEs) of the transferring hydrogen nucleus, but from the

NQEs of the heavy nuclei in the backbone structure.

1. Introduction

The hydrogen bond is one of the important interactions that
exists in various systems ranging from organic and inorganic
compounds to living things.1–4 In particular, a low-barrier
hydrogen bond (LBHB), which has a low energy barrier for
proton transfer, is known to play important roles in expression
of biomolecular functions and enzyme catalysis.5–8 Hydrogen
bonds such as X–H� � �Y (where X and Y are highly electronega-
tive atoms, such as O or N) have been extensively studied, in the
context of not only normal hydrogen bonds but also the LBHB.
On the other hand, hydrogen bonds involving sulfur, such as
S–H� � �Y and X–H� � �S, exhibit different bonding properties and
chemical behavior, suggesting that they play a unique role in
proton transfer reactions and in determining molecular
structures.9–13 For example, Zhang et al. demonstrated through
theoretical calculations that replacing one of the oxygen atoms,
which acts as either a proton donor or a proton acceptor, with a
sulfur atom in 3-hydroxy-2-(naphthalen-2-yl)-4H-chromen-4-one
alters the molecular absorption and fluorescence wavelengths.
This is expected to be applicable to the modulation of lumines-
cence properties through sulfur substitution, as the direction of
wavelength shift depends on whether the donor or acceptor is

replaced.11 Additionally, in terms of molecular structure, hydro-
gen bonds involving sulfur atoms have been shown to play an
important role in stabilizing the a-helix structure of proteins.12

Recent advances in computational methods and computer
technology have expanded the scope of theoretical studies,
particularly electronic structure analysis, toward understanding
chemical phenomena and predicting the activity of biofunctional
molecules.14,15 It should be noted that nuclear motions are
generally neglected in theoretical calculations; thus, nuclear
quantum effects (NQEs) are not taken into account. The Born–
Oppenheimer approximation is usually valid because even the
lightest nucleus, the proton, is about 1800 times heavier than an
electron. However, NQEs become important in certain
systems,16–20 with one example being systems involving the LBHB.

The path integral molecular dynamics (PIMD) method is one
of the computational approaches that can account for NQEs.
The PIMD method has been employed to analyze a wide range
of NQEs, such as H/D isotope effects, in various systems and
reactions.21–29 In the PIMD method, nuclei are represented as a
ring of beads connected by virtual springs, enabling the incor-
poration of NQEs. Moreover, PIMD simulations can capture not
only NQEs but also thermal effects, as the molecular dynamics
is used to obtain statistical averages.

Recently, we analyzed the NQEs in curcumin, a molecule
featuring an intramolecular LBHB, using the PIMD method.
Our analysis revealed that, due to NQEs, the hydrogen-bonded
proton tends to reside near the midpoint between the two oxygen
atoms, corresponding to the transition state (TS) on the potential
energy surface, as a diffusive quantum particle.29 Furthermore,
although it is generally believed that intramolecular proton
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transfer is almost completely coupled with changes in the bond
alternation pattern in the OCCCO backbone (Fig. 1), our PIMD
analysis showed that the coupling between them is relatively
weak.29 More recently, we extended our PIMD analysis to biuret
and biguanide, both of which have a backbone containing
nitrogen atoms. Notably, in biguanide, in which the proton
donor and acceptor are nitrogen atoms, we found that p-
electrons in the backbone are delocalized, despite the high
proton transfer barrier.30

Since the ease of proton transfer varies depending on the
atomic species of the proton donor and acceptor atoms (X and
Y in X–H� � �Y), extending this analysis to systems containing
heteroatoms other than nitrogen may provide further insight
into the behavior of proton transfer and the associated changes
in the backbone structure. Such studies would enable a more
systematic investigation of the relationship between proton
transfer and changes in the bond alternation pattern within
the backbone in more detail.

In this study, we investigated the NQEs in dithiobiuret and
thiobiuret (Fig. 2), where sulfur atoms are involved in the
intramolecular hydrogen-bonded structures. Furthermore, by
analyzing the H/D isotope effect, we aimed to clarify whether
the observed NQEs originate from the quantum effects of
hydrogen nuclei or from those of heavier atoms.

2. Computational methods

Since PIMD simulations require a large number of atomic force
calculations, it is crucial to select a method that can reproduce
the results of high-accuracy calculations within a reasonable
computational time. Therefore, in this study, we chose density
functional theory (DFT) to compute atomic forces. Table 1
summarizes the activation energies for intramolecular proton
transfers in dithiobiuret, biuret and biguanide, as obtained
using each method. Note that intramolecular proton transfer
does not occur in thiobiuret. The activation energy is defined as
the electronic energy difference between the stable structure
and its corresponding TS structure for proton transfer. In this

study, the activation energy calculated using the MP2/cc-pVTZ
method is regarded as the reference value. To evaluate the
reliability of the MP2/cc-pVTZ level for activation energy esti-
mation, CCSD(T)/aug-cc-pVTZ single-point calculations were
carried out on the MP2/cc-pVTZ optimized geometries of
dithiobiuret, which exhibits an extremely small activation
barrier. The resulting barrier of 0.4 kcal mol�1 supports the
validity of the MP2/cc-pVTZ method for this purpose. We tested
the performance of four functionals, B3LYP, CAM-B3LYP, M06-
2X, and APFD, with the 6-31G** basis set for evaluating the
activation barriers. Among them, the B3LYP/6-31G** method
most accurately reproduced the MP2/cc-pVTZ results. There-
fore, we adopted the B3LYP/6-31G** method to calculate atomic
force in the PIMD simulations.

In the present PIMD simulation, each nucleus was repre-
sented by 16 beads to account for the quantum nature of nuclei.
A time step of 0.1 fs was used, and 50 000 steps were sampled
after thermal equilibration of 10 000 steps. For the symmetric
molecules, namely, dithiobiuret, biuret, and biguanide, the
distributions obtained from the simulations were folded and
symmetrized with respect to the molecular symmetry axis.
Since thiobiuret is asymmetric, 100 000 steps were sampled
after thermal equilibration of 10 000 steps. In the classical
molecular dynamics (CLMD) simulation, each nucleus was
represented using a single bead, and 250 000 steps were
sampled after 50 000 equilibration steps for symmetric mole-
cules, whereas 500 000 steps after 50 000 equilibration steps
were sampled for thiobiuret. All steps, except for the prelimin-
ary calculations for thermal equilibration, were used in the
analysis. Both PIMD and CLMD simulations were carried out in
the canonical ensemble (NVT) using a Nosé–Hoover chain31 at
300 K. All electronic calculations were carried out using the
GAUSSIAN16 program package, while an in-house code was
used to carry out the PIMD simulations.32,33

Here, we introduce the parameter dRXH to describe the
position of the intramolecular hydrogen-bonded proton, as
defined below:

dRXH = RX1H8 � RX2H8, (1)

In the definition, dRXH = 0 corresponds to the TS structure,
in which the hydrogen-bonded proton is located exactly at the
midpoint between X1 and X2. This parameter has been used to
analyze the position of the hydrogen-bonded proton in various
previous studies.16,19,29,30,34

Fig. 1 Intramolecular proton transfer and p-electron reorganization in the
backbone.

Fig. 2 Structure and definition of atomic labels and structural parameters
for dithiobiuret (X1 and X2 = S) and thiobiuret (X1 = O and X2 = S).

Table 1 Activation energies [kcal mol�1] for intramolecular proton trans-
fer in dithiobiuret, biuret and biguanide obtained by several methods

Method Dithiobiuret Biureta Biguanidea

MP2/cc-pVTZ 0.1 (0.4)b 1.0 5.6
B3LYP/6-31G** 0.2 0.9 5.1
CAM-B3LYP/6-31G** 0.6 0.8 5.0
M06-2X/6-31G** 0.2 0.7 4.5
APFD/6-31G** 0.0 0.6 4.3

a Ref. 30. b CCSD(T)/aug-cc-pVTZ//MP2/cc-pVTZ.
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To discuss the extent of p-electron delocalization in the
X1C3N4C5X2 backbone, we also introduced a p-delocalization
index, l:35

l = 1/2[n1,2 + n3,4], (2)

n1,2 = 1/2[(n1 � 1) + (2 � n2)], (3)

n3,4 = 1/2[(n3 � 1) + (2 � n4)], (4)

where n1, n2, n3, and n4 are the bond orders of the X1–C3, C3–
N4, N4–C5, and C5–X2 bonds, respectively. The bond orders
were calculated based on Peter’s definition (eqn (5)):36

dABn
= rA1

+ rB1
� 10|DwAB| � (CA + CB � 17|DwAB|)log n,

(5)

where dABn
is the actual bond length, rA1

and rB1
are the single

covalent bond radii, CA and CB are the multiple bond para-
meters, DwAB is the difference in electronegativities between
elements A and B, and n is the bond order. For the single
covalent bond radii, multiple bond parameters, and electro-
negativity of the C, N, O, and S atoms, the values reported by
Peter et al.36 were used (Table 2). According to the definition,
l = 0.5 corresponds to the fully p-delocalized structure (TS),
while l = 0 or 1 corresponds to the fully p-localized structure.

3. Results and discussion
3.1. Dithiobiuret

Table 3 lists the optimized interatomic distances (REQ/TS
S1H8 , REQ/TS

S2H8 ,
and REQ/TS

S1S2 ) and calculated dREQ/TS
SH values. The dREQ

SH value is less
negative than the dREQ

OH values for biuret, indicating that the
hydrogen-bonded proton is located closer to the midpoint
between the two sulfur atoms even in the EQ structure. The
TS exhibits C2v symmetry, meaning that the proton is located
exactly at the midpoint between S1 and S2.

Fig. 3 shows the one-dimensional distributions of (a) RSH, (b)
RS1S2, and (c) dRSH for dithiobiuret obtained from PIMD and
CLMD simulations. Due to the C2v symmetry, both RS1H8 and
RS2H8 are plotted together in Fig. 3(a). The average values from
the PIMD and CLMD results are also shown in Fig. 3(b). The
statistical errors shown in parentheses were estimated using
the blocking method.37 To symmetrize the distribution in
Fig. 3(c), the values with inverted signs were plotted together
with the original values.

The distribution of RSH (Fig. 3(a)) obtained from the CLMD
simulation exhibits two distinct peaks around the REQ

S1H8 and
REQ

S2H8 values. Compared to the ROH distribution for biuret
obtained from the CLMD simulation,30 the population near
the TS region is clearly larger in dithiobiuret. This is because
the energy barrier for proton transfer is significantly lower.
In the CLMD simulation, the position of the proton fluctuates
due to thermal effects, resulting in a slight shift of the second
peak away from the EQ structure. In contrast, in the PIMD-H
results, the population near the TS region is substantially
increased. As a result, the second peak (RSH D 2 Å) disappears,
yielding a single-peaked distribution, consistent with the beha-
vior observed in the PIMD results for biuret.

In addition to the RSH distributions, the one-dimensional
distributions of RS1S2 obtained from the CLMD and PIMD-H
simulations are compared in Fig. 3(b). While the peak positions
in both cases are located near the REQ

S1S2 value, the CLMD
distribution is slightly more extended toward longer distances.
The average RS1S2 value decreases when NQEs are included.
This trend is also observed in biuret,30 and the underlying
mechanism is the same: quantum fluctuations make the
hydrogen-bonded proton more likely to interact with the
sulfur atoms.

Next, we focused on the one-dimensional distribution of
dRSH (Fig. 3(c)), which represents the position of the hydrogen-
bonded proton. The distribution obtained from the CLMD simula-
tion shows clear peaks around dRSH = �0.6 Å, slightly shifted from
the dREQ

SH values. This shift observed in the CLMD results can be
attributed to vibrational excitation induced by thermal effects.
The SS stretching mode was found at 206.57 cm�1. The corres-
ponding characteristic vibrational temperature can be calculated as
follows:38

Y ¼ h~nc
kB
; (6)

where h, ~n, c, and kB are the Planck constant, the vibrational
wavenumber, the speed of light, and the Boltzmann constant,
respectively. The characteristic vibrational temperature for
206.57 cm�1 is calculated to be 297 K. Therefore, the SS stretching
mode is thermally activated at a simulation temperature of 300 K.
This activation leads to an elongation of the RS1S2 distance, which
weakens the hydrogen-bond interaction and induces both a con-
traction of the covalent S–H bond and an elongation of the
hydrogen-bonded S–H� � �S distances. As a result, the peaks in the
dRSH distribution shift toward larger |dRSH| values. In contrast to
the CLMD result, where a clear valley appears at dRSH = 0 Å, the

Table 2 Bonding parameters for C, N, O and S atoms36

Atoms
Single bond
radius,a r

Multiple bond
parameter, C Electronegativity,b w

C 77 35 2.50
N 73 38 3.07
O 74 45 3.50
S 103 29 2.44

a Picometers. b Allred–Rochow scale.

Table 3 Optimized interatomic distances [Å] at EQ and TS in dithiobiuret
and biuret obtained at the B3LYP/6-31G** level of calculations

EQ TS

Dithiobiuret REQ/TS
S1H8 1.460 1.621

REQ/TS
S2H8 1.856 1.621

REQ/TS
S1S2 3.241 3.183

dREQ/TS
SH �0.397 0.000

Biureta dREQ/TS
OH �0.456 0.000

a Ref. 30.
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PIMD distribution exhibits a single peak centered at dRSH = 0,
indicating delocalization of the shared proton.

The relative free energy profile along the proton coordinate,
dRSH, provides valuable insights into the behavior of the pro-
ton. The relative free energy, DF, can be estimated using the
following expression:

DF(dRXH) = �kBT{ln(P(dRXH)) � ln(P(dRmax
XH ))}, (7)

where kB is the Boltzmann constant, T is the temperature, and
P(dRXH) is the probability distribution as a function of dRXH.
P(dRmax

XH ) represents the maximum P(dRXH) value of the prob-
ability distribution. The free energy at this point is set to

Fig. 3 One-dimensional distributions of (a) RSH, (b) RS1S2, and (c) dRSH, (d) relative free energies, and (e) p-delocalization index (l) for dithiobiuret
obtained via PIMD and CLMD simulations.
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0.0 kcal mol�1 as a reference. The relative free energy profiles of
dithiobiuret obtained from the CLMD and PIMD simulations
are shown in Fig. 3(d). The CLMD free energy profile of
dithiobiuret exhibits a double-peaked shape with a shallow
barrier at dRSH = 0.0 Å. In contrast, the PIMD-H simulation
yields a single-well free energy profile for dithiobiuret, with a
minimum at dRSH = 0.0 Å, suggesting that the hydrogen-bonded
proton does not experience an energy barrier for the proton
transfer and can freely delocalize between the two sulfur atoms
due to NQEs.

Fig. 4 shows the two-dimensional distributions of dRSH and
RS1S2 for dithiobiuret, overlaid with a contour map of the
corresponding potential energy surface. In the CLMD results,
the distributions are located in relatively low-energy regions
and are skewed around the EQ structures. Notably, the CLMD

distribution exhibits two distinct peaks, corresponding to the
proton being localized near either sulfur atom. Furthermore,
high-population regions extend toward longer RS1S2 values,
which can be attributed to the aforementioned thermal excita-
tion of the SS stretching mode. In contrast, the PIMD-H results
exhibit a slightly more contracted distribution along the RS1S2

axis, with a single peak centered at dRSH = 0 Å. This increase in
population occurs particularly at RS1S2 values larger than those
in the TS structure, indicating that proton migration tends to
occur in the elongated RS1S2 region during the PIMD-H
simulation.

Fig. 3(e) shows the one-dimensional distribution of the p-
delocalization index, l, for dithiobiuret. It should be noted that
the l values for the EQ structure are lEQ = 0.405 and 0.595,
indicating that the S1C3N4C5S2 backbone structure in

Fig. 4 Two-dimensional distributions of the dRSH and RS1S2 for dithiobiuret obtained from (a) PIMD-H and (b) CLMD simulations. The black circles and
triangles correspond to EQ and TS structures, respectively, and the dashed line corresponds to the IRC pathway.

Fig. 5 Two-dimensional distributions of dRSH and l for dithiobiuret by (a) PIMD-H, (b) PIMD-D, and (c) CLMD simulations.
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dithiobiuret is significantly delocalized even in the EQ struc-
ture. The CLMD distribution exhibits a double peak, with a
modest valley remaining at l = 0.5. The peaks observed in the
CLMD results are located near the lEQ values. In contrast, the
distribution becomes completely single-peaked with a peak at

Table 4 Optimized interatomic distances [Å] at EQ in thiobiuret obtained
at the B3LYP/6-31G** level of calculations

REQ
O1H8 REQ

S2H8 REQ
O1S2 REQ

O1H8–REQ
S2H8

EQ 1.023 1.944 2.888 �0.921

Fig. 6 One-dimensional distributions of (a) RO1H8, (b) RS2H8, (c) RO1S2, (d) RO1H8–RS2H8, (e) relative free energies, and (f) p-delocalization index (l) for
thiobiuret obtained from PIMD and CLMD simulations.
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l = 0.5, in the PIMD-H result, suggesting that NQEs enhance the
formation of p-delocalized structures, as also observed in the
PIMD simulations of biuret.30

Fig. 5 shows the two-dimensional distribution of dRSH and l
values obtained from the PIMD and CLMD simulations of
dithiobiuret. In the CLMD results, clear high-density regions
appear around the EQ structures (dREQ

SH = �0.397 Å and lEQ =
0.405 and 0.595). In contrast, the distribution obtained from
the PIMD-H simulation does not exhibit distinct high-density
regions. Instead, the population around the TS structure
(dRTS

SH = 0.0 Å and lTS = 0.5) increases, indicating that the
hydrogen-bonded proton tends to be located near the midpoint
between two sulfur atoms and that the p-electrons in the
S1C3N4C5S2 backbone tend to be delocalized due to the NQEs.
The distribution is spread along the l direction, implying that
the correlation between the extent of proton migration and the
bond alternation in the S1C3N4C5S2 backbone is not particu-
larly strong, similar to the case observed in biuret.

3.2. Thiobiuret

Table 4 lists the optimized interatomic distances in the EQ
structure of thiobiuret, obtained at the B3LYP/6-31G** level of
theory. The proton-transferred structure does not correspond to
an energy-minimum structure; therefore, a TS structure does
not exist for thiobiuret.

Fig. 6 shows the one-dimensional distributions of (a) REQ
O1H8,

(b) REQ
S2H8, (c) REQ

O1S2, and (d) REQ
O1H8–REQ

S2H8 for thiobiuret obtained
from PIMD and CLMD simulations. The average values are also
depicted in Fig. 6(c). First, we focus on the RO1H8 distributions

(Fig. 6(a)). The peaks of both PIMD-H and CLMD distributions
appear near REQ

O1H8, whereas the PIMD-H distribution is broader
and slightly shifted toward longer RO1H8 values, due to the
anharmonicity of the potential energy curve along the covalent
bond length direction. In contrast, for the RS2H8 distribution
(Fig. 6(b)), the PIMD-H distribution is shifted toward shorter
RS2H8 values, opposite to the trend observed in the RO1H8

distribution. One possible explanation is that elongation of
the covalent RO1H8 bond length at the proton donor site leads to
a shortening of the RS2H8 distance. In addition to the elongation
of the RO1H8, changes in the bond angles within the
O1C3N4C5S2 backbone caused by NQEs also contribute to
the contraction of the RS2H8 distance. The angles of H8O1C3,
O1C3N4, C3N4C5, and N4C5S2 are found to be slightly smaller in
the PIMD-H results than in the CLMD simulations (Table 5),
indicating that NQEs induce a closing distortion of the
H8O1C3N4C5S2 six-membered ring structure. This structural
change further contributes to the shortening of the RS2H8 distance.

The one-dimensional distributions of the RO1S2 distance
obtained from the PIMD-H and CLMD simulations are similar
in both shape and peak height. The average value of the PIMD-
H distribution is slightly smaller than that of the CLMD
distribution, consistent with the trends observed in dithio-
biuret, biuret, and biguanide.

Both the PIMD-H and CLMD distributions of RO1H8–RS2H8

exhibit a single peak around REQ
O1H8–REQ

S2H8 (�0.921 Å), indicating
that the hydrogen-bonded proton is always localized on the
oxygen side and never migrates to the sulfur side. However, the
NQEs extend the distribution towards RO1H8–RS2H8 = 0 Å.

Fig. 6(e) shows the one-dimensional relative free energy
curves for thiobiuret. Unlike those for dithiobiuret, both the
PIMD-H and CLMD free energy curves exhibit a single mini-
mum. The free energy increases as the value of RO1H8–RS2H8

deviates from REQ
O1H8–REQ

S2H8. Although the free energy curve
obtained from the CLMD simulation is nearly harmonic, the
curve from the PIMD-H exhibits anharmonic behavior, becom-
ing less steep as RO1H8–RS2H8 approaches 0 Å from negative
values. This behavior indicates that NQEs cause the hydrogen-

Table 5 Average values of angles (f) [degrees] in the O1C3N4C5S2
backbone in thiobiuret obtained from PIMD-H and CLMD simulations

PIMD-H CLMD

f(H8O1C3) 106.6 107.0
f(O1C3N4) 127.8 128.3
f(C3N4S5) 121.6 122.1
f(N4C5S2) 128.2 128.4

Fig. 7 Two-dimensional distributions of the RO1H8–RS2H8 and RO1S2 for thiobiuret obtained by (a) PIMD-H and (b) CLMD simulations. The black circle
corresponds to EQ.
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bonded proton to localize near the midpoint between the
oxygen and sulfur atoms.

Fig. 7 shows the two-dimensional distributions of RO1H8–
RS2H8 and RO1S2 obtained from the PIMD-H and CLMD

Fig. 8 Two-dimensional distributions of RO1H8–RS2H8 and l for thiobiuret by (a) PIMD-H, (b) PIMD-D, and (c) CLMD simulations.

Fig. 9 Two-dimensional distributions of dROH and l for biuret from (a) PIMD-H and (b) PIMD-D simulations and those of dRNH and l for biguanide from
(c) PIMD-H and (d) PIMD-D simulations.
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simulations. In the CLMD results, the distribution is spread
along the RO1S2 axis in the low-energy region centered around
the EQ structure. In contrast, the PIMD-H results show a
broader distribution along the RO1H8–RS2H8 axis than the CLMD
results because the primary NQE of the hydrogen nucleus,
which directly affects the RO1H8 covalent bond length, is more
pronounced than its secondary NQE acting on the heavy atom
(RO1S2).

One-dimensional distributions of p-delocalization index (l)
obtained from the PIMD and CLMD simulations for thiobiuret
are shown in Fig. 6(f). Both PIMD-H and CLMD distributions
exhibit a single peak around lEQ, indicating that the p-electrons
in the O1C3N4C5S2 backbone of thiobiuret are significantly
delocalized even in the CLMD simulation. The l distribution
obtained from the PIMD-H simulation is broader than that
from the CLMD simulation, indicating that the O1C3N4C5S2
backbone undergoes larger fluctuations, although the peak
positions of the two distributions are nearly identical.

To gain further insights into the fluctuation of the backbone
structure, Fig. 8 shows the two-dimensional distributions of
RO1H8–RS2H8 and l. Both the PIMD-H and CLMD distributions
(Fig. 8(a) and (c)) are centered around RO1H8–RS2H8 = �0.9 Å and
l = 0.5, while the PIMD-H distribution is slightly broader along the
l axis. These results indicate that the p-electrons in the
O1C3N4C5S2 backbone remain significantly delocalized, even
though the hydrogen-bonded proton is localized on the oxygen side.

3.3. Deuterium isotope effect

To investigate the NQEs on the backbone structure in detail, PIMD
simulations were performed for the deuterium-substituted com-
pounds, in which H8 was replaced with deuterium. The two-
dimensional distribution of dROH and l for deuterated dithiobiuret
is shown in Fig. 5(b) as the PIMD-D distribution. The PIMD-D
distribution is more delocalized than the CLMD distribution; how-
ever, it is less delocalized than the PIMD-H distribution, indicating
that a modest energy barrier remains in the PIMD-D simulation.

In the case of thiobiuret (Fig. 8), where proton transfer does
not occur, the distribution around the EQ region is slightly
denser in the PIMD-D distribution compared to the PIMD-H
result. However, the overall distributions are very similar.

To gain deeper insights into the deuterium isotope effects,
PIMD simulations were also conducted for deuterated biuret
and biguanide. Fig. 9 shows the two-dimensional distributions
of l and dROH or dRNH for biuret and biguanide, respectively.
For biuret, the distribution obtained from PIMD-D shows low
density near the TS region, similar to the case of dithiobiuret.
In contrast, biguanide, which does not undergo proton transfer
due to its high barrier, shows almost no distribution around
dRNH = 0, with populations clearly localized in either the
positive or negative regions of dRNH.

Including the distributions of dithiobiuret and thiobiuret
shown in Fig. 5 and 8, we found that a significant H/D isotope
effect appears along the dR direction only when the proton
transfer barrier is low, as in dithiobiuret and biuret. In contrast,
for biguanide and thiobiuret, where proton transfer does not
occur or occurs only rarely, the distributions along the dR

coordinate are clearly separated, and no substantial H/D differ-
ence is observed. Importantly, in all systems, no appreciable H/D
isotope effect is found along the l coordinate. This indicates that
while the H/D isotope effect has a substantial impact on proton
transfer, it does not significantly influence the fluctuations of
the backbone. Furthermore, since the PIMD distributions for
dithiobiuret and thiobiuret are clearly broader along the l
coordinate than those obtained from the CLMD, this broadening
is attributed not to secondary NQEs of hydrogen nuclei, but
rather to the NQEs of the heavy nuclei themselves.

4. Conclusions

In this study, we analyzed the NQEs on the intramolecular
hydrogen bond and the X1C3N4C5X2 backbone of dithiobiuret
and thiobiuret using the PIMD method.

In dithiobiuret, due to the low activation barrier, proton
transfer readily occurs, and the proton is predominantly dis-
tributed near the TS on the Born–Oppenheimer potential
energy surface at room temperature. In contrast, although
proton transfer does not occur in thiobiuret, the l value was
found to fluctuate significantly, indicating that p-electrons in
the backbone structure are delocalized. These results reveal
that fluctuations in the backbone structure can occur, to some
extent, independent of proton transfer.

To further investigate the structural fluctuation of the back-
bone, we examined the deuterium isotope effects in dithio-
biuret, thiobiuret, biuret, and biguanide. The results showed
that although the distributions are significantly broader along
the l coordinate in the PIMD simulations than in the CLMD
simulations, no notable difference was observed between the
PIMD-H and PIMD-D results. This indicates that the structural
fluctuations originate not from the secondary NQE of the
transferring hydrogen nucleus, but from the NQEs of the heavy
nuclei in the backbone structure.
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M. Engelhard, E. Bamberg, G. Büldt and V. Gordeliy, Nat. Struct.
Mol. Biol., 2022, 29, 440–450.

8 C. S. Cassidy, J. Lin and P. A. Frey, Biochemistry, 1997, 36,
4576–4584.

9 J. A. Platts, S. T. Howard and B. R. F. Bracke, J. Am. Chem.
Soc., 1996, 118, 2726–2733.

10 Monu, B. K. Oram and B. Bandyopadhyay, Comput. Theor.
Chem., 2023, 1225, 114133.

11 Z. Zhang and H. Fang, J. Lumin., 2024, 265, 120209.
12 P. Zhou, F. Tian, F. Lv and Z. Shang, Proteins, 2008, 76,

151–163.
13 A. Amadeo, M. F. Torre, K. Mráziková, F. Saija, S. Trusso,
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